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1. Streszczenie

1.1. Streszczenie polskojezyczne

Odsadzenie prosiat to kluczowy moment w hodowli $win, obcigzony ryzykiem zaburzen
jelitowych, stresu oksydacyjnego i infekcji. W konteks$cie poszukiwania nowych zrodet biatka
oraz dodatkow paszowych o dzialaniu prozdrowotnym, badano petnottusta maczke z larw
muchy Hermetia illucens (HI), bogata w aminokwasy i1 zwiazki bioaktywne (peptydy
antybakteryjne, chityng, kwas laurynowy) wspierajace odpornos¢. Ponadto, oceniano wplyw
astaksantyny (AST), silnego naturalnego antyoksydantu, na rownowage oksydacyjng i status
zdrowotny zwierzat. Dos§wiadczenie mialo na celu okreslenie wptywu mieszanki paszowej,
wzbogaconej w naturalne substancje immunostymulujace pochodzace z maczki z larw muchy
Hermetia illucens 1 astaksantyny, na rozwdj przewodu pokarmowego, wskazniki produkacyjne
oraz status zdrowotny prosigt. W doswiadczeniu wykorzystano 48 prosiat (6 grup po 8
osobnikow), ktérych pasze suplementowano maczka HI (0; 2,5%; 5%) i/lub AST (0; 0,25
mg/kg). W ramach do§wiadczenia, oprocz oceny podstawowych wskaznikéw produkcyjnych,
przeprowadzono szereg analiz, w tym badania biochemiczne i hematologiczne krwi, analizy
immunoenzymatyczne, immunohistochemiczne i histologiczne oraz genomiczne. Wykonano
réwniez analizy chemiczne mig¢sa oraz stoniny.

Wyniki wskazuja, ze wiaczenie maczki HI i AST do dawki pokarmowej nie miato
negatywnego wplywu na wyniki wzrostu, mas¢ narzagdow 1 odcinkéw przewodu pokarmowego
(obliczong jako % masy ciata), a takze zuzycie paszy i $redni dzienny przyrost masy ciata u
prosiat bioracych udziat w tym badaniu. Chociaz zaobserwowano statystycznie istotne roznice
migdzy grupami, parametry hematologiczne 1 biochemiczne krwi miescity si¢ w normach
fizjologicznych, co sugeruje, ze suplementacja maczka HI i AST nie wptywa negatywnie na
stan zdrowia prosigt. Analiza stoniny przechowywanej w zamrozZeniu przez 3 miesigce
wykazata, Ze dodatek do paszy AST razem z maczka HI obnizyt poziom wskaznika TBARS.
Wynik ten wskazuje na mozliwo$s¢ wykorzystania tych dodatkéw jako skutecznego
antyoksydantu, ograniczajacego skutki peroksydacji lipidow w tkance tluszczowej. W
przypadku migsa nie uzyskano tak wyraznego efektu. Analizy histologiczne wykazaly, ze
jednoczesne podawanie AST wraz z maczka HI na poziomie 2,5% znaczaco zwigkszylo
szeroko$¢ migsniowki 1 jej warstw w dwunastnicy co potencjalnie moze przyczyni¢ si¢ do
lepszej perystaltyki. Z kolei 2,5% maczka HI wplyneta na zwiekszenie dtugosci i szerokosci
kosmkow, a podawana wraz z AST wptynela na polepszenie stosunku dlugosci kosmkow do

glebokosci krypt. W jelicie czczym zaobserwowano korzystny wptyw AST, ktéra zwigkszyla
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szerokos$¢ btony Sluzowej, grubos¢ warstwy mie$ni podtuznych, liczbg¢ komoérek kubkowych
oraz wydtuzyta kosmki, natomiast dodatni wptyw maczki HI na powierzchni¢ wchtaniania byt
widoczny zarowno w jelicie czczym, jak i kretym. Dodatkowo, stwierdzono zwigkszong
proliferacje komorek w kryptach dwunastnicy 1 jelita czczego, szczeg6lnie w przypadku 2,5%
suplementacji mgczka HI. Analiza ekspresji bialek polaczen Scistych sugeruje, ze najwyzsza
ekspresja wystepowata w grupie kontrolnej, niepoddanej suplementacji dodatkami. W ramach
realizacji badan przeprowadzono takze ocen¢ wplywu astaksantyny na status zdrowotny
watroby prosiat, uwzgledniajac zarowno histologie tkanki watrobowe;j, jak i ekspresje genow
zwigzanych z jej funkcjonowaniem. W przeprowadzonym do$§wiadczeniu zaobserwowano
istotne rdéznice histologiczne migdzy zwierzetami otrzymujacymi dodatek AST w mieszance
paszowej a tymi z grupy kontrolnej. W grupie suplementowanej AST stwierdzono znaczne
zmniejszenie odkladania si¢ wiokien kolagenowych w tkance watroby, co wskazuje na
potencjalng role¢ AST w ochronie przed nadmiernym gromadzeniem si¢ kolagenu. Analiza
ekspresji genow wykazala, ze watroba prosiat otrzymujacych pasze z dodatkiem AST
charakteryzowata si¢ obnizong ekspresja genu NRIH3, ktéorego hamowanie moze wspierac
regeneracj¢ hepatocytow po stluszczeniu watroby. Z kolei ekspresja genu CYP7A41, kluczowego
dla metabolizmu cholesterolu i wydalania go poprzez synteze kwasdéw zolciowych, byla
zwigkszona. Zmiany te sugeruja, ze AST moze wspiera¢ procesy detoksykacyjne i homeostaze
lipidowa w watrobie. Ponadto, obserwowano obnizong ekspresje genow NOTCHI 1 CREB,
cho¢ ich rola w tagodzeniu zwtdknienia watroby pozostaje niejasna.

Podsumowujac, mozna stwierdzi¢, Ze suplementacja paszy dla prosigt w okresie
okotoodsadzeniowym maczka HI i AST moze stanowi¢ cenne uzupelienie diety prosiat,
poprawiajac strukture 1 funkcjonowanie jelit 1 watroby, wspierajac status zdrowotny oraz
korzystnie wplywajac na stabilno$¢ oksydacyjna tkanki thuszczowej, bez negatywnego wptywu

na wskazniki produkcyjne zwierzat.
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1.2. Streszczenie anglojezyczne

Weaning is a critical phase in pig breeding, often associated with an increased risk of
intestinal disorders, oxidative stress, and infections. In the context of climate change and the
need for alternative protein sources, this study investigated the effects of a full-fat meal derived
from Hermetia illucens (HI) larvae—rich in amino acids and bioactive compounds
(antimicrobial peptides, chitin, lauric acid)—on piglet immunity. Additionally, the impact of
astaxanthin (AST), a potent natural antioxidant, on oxidative balance and overall health status
was evaluated. The study was designed to assess the effects of HI larvae meal and AST
supplementation on the production performance and health status of weaned piglets. A total of
48 piglets were assigned to six groups (n = 8 per group) with diets supplemented with HI meal
(0%, 2.5%, or 5%) and/or AST (0 or 0.25 mg/kg). In addition to evaluating basic production
parameters, a series of analyses were conducted, including biochemical and hematological
blood tests, immunoenzymatic, immunohistochemical, histological, and genomic assessments.
Chemical analyses of meat and fat composition were also performed. The results indicate that
the inclusion of HI and AST meal in the feed ration had no negative effect on growth
performance, weight of organs and gastrointestinal tract sections (calculated as % of body
weight), as well as feed consumption and average daily weight gain in the piglets participating
in this study. Although statistically significant differences were observed between groups,
hematological and biochemical blood parameters were within physiological norms, suggesting
that HI and AST meal supplementation does not adversely affect piglet health. Analysis of lard
stored frozen for 3 months showed that the addition of AST to the feed along with HI meal
reduced the level of the TBARS index. This result indicates that these additives can be used as
an effective antioxidant to reduce the effects of lipid peroxidation in adipose tissue. In the case
of meat, no such clear effect was obtained. Histological analyses showed that simultaneous
administration of AST along with HI meal at 2.5% levels significantly increased the width of
the muscularis and its layers in the duodenum, which could potentially contribute to better
peristalsis. In contrast, 2.5% HI meal increased the length and width of the villi, and when
administered together with AST, improved the ratio of villi length to crypt depth. In the jejunum,
a beneficial effect of AST was observed, which increased the width of the mucosa, the thickness
of the longitudinal muscle layer, the number of goblet cells and lengthened the villi, while a
positive effect of HI meal on the absorption surface was seen in both the jejunum and ileum. In
addition, there was increased cell proliferation in the crypts of the duodenum and jejunum,
particularly with 2.5% HI meal supplementation. Analysis of the expression of tight junction

proteins suggested that the highest expression was in the control group, not subjected to
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supplementation with supplements. As part of the implementation of the study, the effect of
astaxanthin on the health status of the piglet liver was also evaluated, taking into account both
the histology of the liver tissue and the expression of genes related to its function. In the
experiment conducted, significant histological differences were observed between animals
receiving AST supplementation in the feed mixture and those in the control group. In the AST-
supplemented group, there was a significant reduction in the deposition of collagen fibers in
liver tissue, indicating a potential role for AST in protecting against excessive collagen
accumulation. Gene expression analysis showed that the liver of piglets receiving AST-
supplemented feed had reduced expression of the NR1/H3 gene, whose inhibition may promote
hepatocyte regeneration after liver steatosis. In contrast, expression of the CYP741 gene, which
is key to cholesterol metabolism and excretion via bile acid synthesis, was increased. These
changes suggest that AST may promote detoxification processes and lipid homeostasis in the
liver. In addition, reduced expression of NOTCHI and CREB genes was observed, although

their role in alleviating liver fibrosis remains unclear.

In conclusion, it can be concluded that the supplementation of piglet feed during the
peri-weaning period with HI and AST meal can be a valuable addition to piglet diets, improving
the structure and function of the intestine and liver, promoting health status, and favorably
influencing the oxidative stability of adipose tissue, without adversely affecting animal

production rates.
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2. Wstep

W produkcji trzody chlewnej najwicksze straty wynikajace z upadkéw zwierzat,
stanowigce ponad 80% wszystkich strat §win, notuje si¢ w okresie od urodzenia do odsadzenia
od lochy. W tym czasie prosi¢ta narazone sg na wiele czynnikoéw stresogennych (zar6wno
zywieniowych, behawioralnych, jak i srodowiskowych), ktore naktadajg si¢ na zmiany jakie
zachodza w rozwijajacym si¢ uktadzie pokarmowym i odporno$ciowym. Zespot czynnikow
stresu zwigzanego z odsadzeniem powoduje u prosigt zaprzestanie pobierania pokarmu, co
prowadzi do niekorzystnych zmian w jelicie cienkim oraz do wystgpienia stresu oksydacyjnego
(Campbell i in., 2013; Pluske i in., 2003). Do 2006 roku w celu zapobiegania potencjalnym
chorobom na jakie narazane sg prosi¢ta w tym w okresie, dozwolone byto profilaktyczne
stosowanie antybiotykow paszowych, ktore przyczynily si¢ do powstania lekoopornosci wielu
szczepOw bakterii. Zjawisko to jest wysoce grozne zaréwno dla zwierzat jak i ludzi. Stad tez
prowadzone sg badania majace na celu znalezienie substancji (nie bedacych antybiotykami),
ktére oddziatywalyby na stan zdrowia zwierzat zwigkszajac ich odporno$¢ oraz stymulujac
rozw0j ukladu pokarmowego. Dlatego tez optymalizacja sktadu paszy i wybdr odpowiednich
dodatkow paszowych naleza do dziatan stosowanych w celu poprawy stanu zdrowia prosiat
1 ograniczenia stosowania $rodkow antybiotykowych (Kil i Stein, 2010; Szczepanik

i Swiatkiewicz, 2024).

2.1. Problemy zwigzane z okresem okoloodsadzeniowym prosiat

Jednym z najtrudniejszych etapow w odchowie §win jest okres odsadzenia, wigze si¢ on
z wystagpieniem istotnych zmian w fizjologii przewodu pokarmowego i1 mikroflory oraz
funkcjonowaniem uktadu immunologicznego mtodego zwierzgcia (Boudry i in., 2004).
W trakcie odsadzenia, prosi¢ta muszg poradzi¢ sobie nie tylko z odstawieniem od matki, ale
rowniez ze zmiang diety na pasz¢ stala, zmiang Srodowiska, interakcjami z innymi prosigtami
oraz probg zaadoptowania si¢ do nowej sytuacji (Lalles 1 in., 2007a). Problematyka zaburzen
w strukturze jelit odsadzonych prosiat budzi zainteresowanie naukowcoéw. Badania wykazaty,
ze odsadzenie prowadzi do pogorszenia integralnosci jelit, zaburzen procesow trawienia
1 wchianiania oraz zwigkszenia stresu oksydacyjnego (Campbell 1 in., 2019, 2013; Xiong i in.,
2019). Czynniki te negatywnie wptywaja na pozniejsza wydajno$¢ zwierzat, a tym samym na
optacalnos¢ produke;ji $win (Pluske 1 in., 2003). Zaburzenia przewodu pokarmowego wynikajg
nie tylko ze zmian w jego architekturze i funkcji, ale takze z powaznych zmian w adaptujacej

si¢ mikrobiocie jelitowej 1 odpowiedzi immunologicznej organizmu (Lallés 1 in.,
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2007b). Ponadto, badania wskazujg, ze proces odsadzenia wpltywa na parametry zwigzane
z budowa histologiczng jelit, takie jak zanik kosmkéw i hiperplazja krypt (Pluske i in., 1997).
Wedtug badan Hampson (1986) u prosiat odsadzonych w 21 dniu zycia wystapito skrocenie
kosmkoéw o okoto 30% z jednoczesnym rozrostem glebokosci krypt. Stan ten utrzymywat si¢
przez okoto 7 dni po odsadzeniu. Sugeruje to, ze pierwsze dni po odsadzeniu sg niezwykle
istotne dla prosigcia i decyduja o jego dalszych losach. Krytycznym momentem w odchowie
prosiat jest czas, w ktorym odsadzone prosigta zaczynajg przyjmowac wytacznie staly pokarm.
Badania donosza, ze okoto 50% odsadzonych prosiagt spozywa pierwsza pasze w ciagu 24
godzin po odsadzeniu, ale u okoto 10% odsadzonych glodéwka utrzymuje si¢ do 48 godzin
(Brooks i Tsourgiannis, 2003). Taki okres niejedzenia moze prowadzi¢ do problemow
zdrowotnych i wptywaé na morfologi¢ przewodu pokarmowego. Udowodniono, ze gtéwnym
czynnikiem ograniczajagcym produkcyjno$¢ zwierzat bezposrednio po odsadzeniu jest
opoOznienie rozpoczecia karmienia 1 ograniczone spozycie pokarmu statego w tygodniu
nastgpujacym po odsadzeniu (Worobec i in., 1999). Ponadto, okres glodu w potaczeniu
z brakiem obecno$ci matki, negatywnie wpltywa na zdolno$¢ prosigt do utrzymania
prawidtowej termoregulacji. Zjawisko to znajduje odzwierciedlenie w zmianach zaréwno
behawioralnych, jak 1 fizjologicznych (Hay 1 in., 2001). Utrzymanie prawidtowej funkcji jelit
zalezy migdzy innymi od cigglego procesu regeneracji nabtonka jelitowego. Wang i in. (2022a)
stwierdzili, ze w ciggu pierwszych 7 dni po odsadzeniu w jelicie czczym dochodzi do
intensywniejszego ztuszczania komorek nablonka, a jednoczes$nie obserwuje si¢ spadek liczby
komorek proliferujagcych. Skrocenie kosmkow jelitowych moze by¢ skutkiem zwigkszonego
zhuszczania 1 obnizonej proliferacji komorek, co skutkuje takze zmniejszeniem liczby
enterocytoOw. Zmiany te ustepuja do okoto 14. dnia po odsadzeniu. W pierwszym tygodniu po
odsadzeniu dochodzi réwniez do zmniejszenia liczby komorek kubkowych w kosmkach
1 kryptach dwunastnicy oraz jelita czczego, co jest powigzane z modyfikacjami w ekspresji
mRNA Muc?2 1 NGN3. Zwigkszona ekspresja NGN3 moze wskazywaé na wzrost liczby
enterocytow, co z kolei moze prowadzi¢ do redukcji liczby komoérek kubkowych. Z kolei,
w jelicie kretym najwigksza liczba komorek kubkowych wystepuje w pierwszym dniu po
odsadzeniu, co moze peti¢ funkcje ochronng, =zabezpieczajac przed zaburzeniami

mikrobiologicznymi poprzez wydzielanie §luzu (Wang i in., 2022a).

Kolejnym waznym aspektem w prawidlowym funkcjonowaniu jelit jest bariera
utworzona m.in. z bialek polaczen Scistych (TJ). Biatka TJ, skladajace si¢ z biatek
transbtonowych (okludyna i klaudyna) oraz biatek cytoplazmatycznych (zonula occludens),
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zamykajg przestrzen parakomoérkowg pomiedzy komorkami, kontrolujac przepuszczalnos$é
przez warstwe¢ nablonka. Zwigkszenie przepuszczalno$ci jelit moze powodowad reakcje
zapalne, umozliwiajgc wnikanie toksyn, zwigzkoéw alergennych lub bakterii (Arrieta i in., 2006;
Asmar i in., 2002). Odsadzenie prosigt zaburza funkcjonowanie bariery migdzykomoérkowej,
a badania pokazuja, ze odsadzenie na wczesnym etapie zycia (przed ukonczeniem 3 tygodnia)
ogranicza aktywne wchlanianie sktadnikow odzywczych, co sugeruje, ze proces odstawienia
od matki moze negatywnie wplywaé na integralnos¢ bariery jelitowej (Wijtten 1 in., 2011).
Skutki odsadzenia wplywaja rowniez na funkcjonowanie innych narzadéw, w tym watroby,
ktora jest szczegolnie wrazliwa na stres oksydacyjny, charakterystyczny dla tego etapu zycia
prosiat. Dodatkowo, poniewaz krew z jelit przeplywa do watroby przez zyl¢ wrotna, zaburzona
funkcja jelit i zwigkszona przepuszczalno$¢ miedzykomorkowa moga prowadzi¢ do
translokacji metabolitow i1 patogendéw, co dodatkowo obcigza watrobe i moze uposledzac jej
funkcje (Luo i in., 2016; Seki i Schnabl, 2012). Cho¢ watroba odgrywa kluczowa rolg
w metabolizmie i detoksykacji, istnieje stosunkowo niewiele badan skupiajacych si¢ na jej
podatnosci na zaburzenia zwigzane ze stresem oksydacyjnym w okresie odsadzenia (Luo i in.,
2016).

W celu usprawnienia funkcjonowania przewodu pokarmowego oraz zapobiegania
zahamowaniu wzrostu, ktore moga wystapi¢ w czasie odsadzenia, istotne jest opracowanie
efektywnych strategii zywieniowych. Podstawa prawidlowego zywienia prosiat sa dobrej
jakos$ci, tatwostrawne surowce paszowe, o wysokiej zawarto$ci biatka cechujacego sig
optymalnym sktadem aminokwasowym 1 dobrze przyswajalnej energii. Ponadto, stale
poszukuje si¢ nowych dodatkow paszowych, ktére wspomagatyby rosngcy organizm niwelujac

problemy zdrowotne zwigzane z okresem okotoodsadzeniowym.

2.2. Krajowe zrodla bialka paszowego
Zwierzeta monogastryczne, w tym glownie Swinie, potrzebuja w zywieniu pasz biatkowych o
wysokie] warto$ci biologicznej, ktora determinowana jest skladem aminokwasowym.
Optymalnym sktadem aminokwasowym i wysoka strawnos$cig charakteryzuja sie pasze
biatkowe pochodzenia zwierzgcego, jak mleko czy serwatka, jednakze ze wzgledu na wysoka
cen¢ wykorzystywane sg jedynie w zywieniu najmlodszych prosigt. Jednym z najbardziej
popularnych surowcow biatkowych wykorzystywanych do produkcji mieszanek paszowych
jest poekstrakcyjna §ruta sojowa, ktora jest importowana do Polski przede wszystkim z krajow
Ameryki Poludniowej. Pochodzi ona gléwnie z nasion soi genetycznie modyfikowanej (GMO).

Obawy czesci konsumentow przed stosowaniem pasz pochodzacych z upraw GMO zmuszaja
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naukowcow do znalezienia alternatyw dla tego surowca (Grela, 2022). Ponadto, szybko rosngca
populacja ludzi i ich wzrastajace zapotrzebowanie na produkty pochodzenia zwierzgcego
zwigkszaja dodatkowo zapotrzebowanie na pasze biatkowe (Nadathuri in., 2017). Od kilku lat
prowadzone sg dziatania majgce na celu zwigkszenie wykorzystania krajowych zrddet biatka
oraz zmniejszenie deficytu bialka paszowego poprzez intensyfikacje jego pozyskiwania
z zasobow rodzimych. Dziatania te s wspierane rowniez przez polityke perspektywiczng Unii
Europejskiej na lata 2023-2035, ktora przewiduje znaczaca zmiang w uzytkowaniu gruntow -
ze zboz na rosliny bobowate, w tym soj¢. Wsrdd krajowych surowcéw biatkowych pochodzenia
roslinnego wymieni¢ mozna nasiona tubinu, grochu, bobiku oraz soi. W Instytucie Zootechniki
PIB przeprowadzono badania nad alternatywnymi zrdédtami biatka, takimi jak nasiona ro$lin
bobowatych, czy produkty uboczne takie jak makuchy rzepakowe czy suszone wywary
gorzelniane DDGS. Wyniki badan wykazaly, Ze surowce te moga jedynie czgsciowo zastapi¢
poekstrakcyjng Srut¢ sojowa. Ograniczenia wynikaja min. z obecnosci substancji
antyzywieniowych, ktore negatywnie wplywaja na strawnos$¢, a tym samym ograniczaja
przyswajalno$¢ biatka 1 innych sktadnikéw odzywczych zawartych w tych paszach
(Hanczakowska 1 in., 2019, 2017; Hanczakowska i1 Swiqtkiewicz, 2014)W doswiadczeniu
przeprowadzonym w ostatnim czasie, opisywanym w niniejszej Rozprawie Doktorskiej jako
gléwne zrodlo biatka paszowego stosowano makuch sojowy - produkt z ekstrudowanych nasion
krajowej soi odmiany Viola poddanych nastepnie ttoczeniu (Swiatkiewicz i in., 2021). Nasiona
soi moga by¢ wykorzystywane w zywieniu réznych gatunkow zwierzat gospodarskich,
jednakze surowe zawieraja zwigzki antyzywieniowe, m.in. inhibitory trypsyny, lektyny i biatka
alergenne 1 nie moga by¢ dodane do paszy bez wczesniejszego przygotowania. Do zabiegdw
majacych na celu zminimalizowanie zawartos$ci zwigzkéw antyzywieniowych w nasionach soi
mozna zaliczy¢ przede wszystkim techniki baro-termiczne, ktore unieczynniaja wigkszo$¢
substancji antyzywieniowych, w tym inhibitory proteaz. Zabiegi te zwigkszaja dostepnos¢
skrobi, strawno$¢ biatka i innych sktadnikow pokarmowych (Vagadia i in., 2017). Wplywaja
roOwniez na poprawe smakowitosci nasion sojowych (Vagadia i in., 2017; Witaszek i in., 2020).
Dodatkowo, wytloczenie oleju z ekstrudowanych nasion soi pozwala na uzyskanie materiatu
paszowego (makuchu) o wyzszej zawartosci bialka 1 nizszej zawartosci ttuszczu, co jest
korzystniejsze do stosowania w zywieniu prosiat.

Interesujacym biatkowym materiatem paszowym, dostepnym w naszym kraju od kilku lat,
sa maczki z suszonych larw owadow, zgodnie z krajowym ustawodawstwem (Dz.U. L 295
z 18.8.2021) definiowane jako przetworzone biatko zwierzgce. Ze wzgledu na ograniczong

dostepnos¢ gruntdéw rolnych i1 konkurencj¢ o zrodta biatka miedzy zywnos$cia dla ludzi, karma
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dla zwierzat domowych 1 pasza dla zwierzat gospodarskich, badane sg alternatywne metody
produkcji biatka, a hodowla owadéw wytania si¢ jako obiecujaca opcja (Hong i Kim, 2022).
Jedynym z najpopularniejszych i1 najbardziej efektywnych owadéw wykorzystywanych do
produkcji maczek sa larwy muchy Hermetia illucens (HI), miedzy innymi z powodu
mozliwosci utrzymywania ich w duzym zaggszczeniu oraz wysokiemu wspotczynnikowi
biokonwersji. Dzigki temu do ich produkcji mozna wykorzystywac¢ biomase organiczng, w tym
produkty uboczne przemyshu rolno-spozywczego. Sprzyja to bardziej efektywnemu
zarzadzaniu  zasobami  skladnikéw  odzywczych,  zarowno  organicznych, jak
1 nieorganicznych, ze szczegdlnym uwzglednieniem azotu i fosforu (Elsayed i in., 2022).
Produkcja owadow jest przyjazna dla srodowiska ze wzgledu na minimalny $lad ekologiczny,
niewielkie zuzycie wody, szybki wzrost i tempo reprodukcji. Maczka z larw HI charakteryzuje
si¢ duza zmiennos$cig zalezng m.in. od gatunku owadow, sposobu ich zywienia, czy tez stopnia
przetworzenia maczki. Wedlug danych literaturowych (Lu 1 in., 2022) mozna wskaza¢ pewne
granice zawarto$ci biatka - od 42 do 56%, zawarto$¢ thuszczu (uzalezniona jest od stopnia
odttuszczenia maczki) waha si¢ od 7% do 28%, natomiast widkna surowego od 9% do 12%.
Maczka jest bogata w aminokwasy, w tym leucyn¢ (26,2 g/kg), lizyn¢ (21,6 g/kg) oraz
fenyloalaning z tyrozyng (36,2 g/kg; Lu i in., 2022).

2.3. Wybrane dodatki paszowe jako stymulatory wzrostu i zdrowia prosiat
Modulowanie zdrowia i funkcjonalnosci btony §luzowej przewodu pokarmowego §win,
poprzez rdzne strategie Zywieniowe, moze zmniejszy¢ wystepowanie chorob,
a w konsekwencji ograniczy¢ stosowanie antybiotykow. Prosieta odsadzone charakteryzuja si¢
stabg przyswajalnoscig sktadnikow pokarmowych 1 nieuksztaltowang mikrobiotg jelitowa,
a dodatki paszowe moga by¢ stosowane w celu zapobiegania chorobom uktadu pokarmowego
1 poprawy wskaznikéw produkcyjnych (Ferronato i Prandini, 2020). W$rdd najwazniejszych
funkcji dodatkéw paszowych mozna wskaza¢ wspieranie potrzeb zywieniowych i zdrowotnych
zwierzat, w tym korzystne ksztaltowanie srodowiska tresci pokarmowe;j i flory jelitowej oraz
poprawie strawnos$ci sktadnikéw pokarmowych. Powinny rowniez pozytywnie wptywaé na
status oksydacyjny organizmu, trwatos¢ paszy 1 jakos¢ produktow zwierzecych. Dodatkowo
moga wykazywac¢ dziatanie kokcydiostatyczne lub histomonostatyczne. Do najwazniejszych
dodatkow paszowych dla §win zalicza si¢ regulatory kwasowosci, prebiotyki, probiotyki,

enzymy paszowe, dodatki fitogeniczne, dezaktywatory mykotoksyn, a takze przeciwutleniacze.
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2.3.1. Maczka z larw muchy Hermetia illucens

Maczka owadzia jest materiatem paszowym, ktoéry poza swojg rolg jako pasza biatkowa
(przetworzone biatko zwierzgce), stanowi rowniez bogate zroédto sktadnikéw o wartosci nie
tylko odzywczej, ale takze prozdrowotnej (Lu i in., 2022). Obiecujaca pod wzgledem poprawy
stanu zdrowia zwierzat jest obecnos¢ w larwach owadow substancji bioaktywnych, takich jak
chityna, peptydy przeciwdrobnoustrojowe (AMP) i kwasy tluszczowe. Wsrod kwasow
tluszczowych najwazniejszy jest kwas laurynowy (LA), ktory dominuje wsrod kwasow
obecnych w larwach Hermetia illucens. Wykazuje on wiasciwosci immunostymulujgce
i przeciwzapalne (Kaczor i in., 2022). Dodatkowo posiada dziatanie antybakteryjne oraz jest
efektywnie wchianiany przez watrobg jako Zrédto energii (Lieberman i in., 2006). Ponadto, LA
jest rowniez szeroko stosowany jako surowiec w przemysle spozywczym, farmaceutycznym
i kosmetycznym (Suryati i in., 2023), jest wykorzystywany podczas produkcji lekow do
zwalczania infekcji wirusowych, w tym niektoérych rodzajéw grypy, opryszczki wargowej,
zapalenia oskrzeli, infekcji drozdzakowych, rzezaczki, opryszczki wywotanej przez wirus HSV,
HIV/AIDS (Enig, 2017), infekcji jelitowych wywotanych przez pasozyta Giardia lamblia
i grzybicy. Co wigcej, LA wykazuje dzialanie przeciwbakteryjne przeciwko bakteriom Gram-
dodatnim: S. aureus, B. megaterium, Pneumococci sp. i Corynebacterium sp. 1 bakteriom
Gram-ujemnych: H. pylori, C. trachomatis i N. gonorrhoeae (Bergsson i in., 1999, 1998;
Galbraith 1 in., 1971; Kabara i in., 1972; Sun i in., 2003). Z kolei, chityna, polisacharyd
wystepujacy w pancerzu larw, wykazuje wilasciwosci prebiotyczne, co zwigksza warto$¢
maczki jako dodatku do paszy (Kieronczyk i in., 2022; Reategui i in., 2020). Wigkszo$¢ badan
wskazuje, ze chityna jest odporna na trawienie i wchlanianie w jelicie cienkim zwierzat
monogastrycznych. Przechodzi do jelita grubego, gdzie mikrobiota wykorzystuje ja jako
fermentowalny substrat (Han 1 in., 2007). Badania na prosi¢tach wykazaty, ze pochodne
chityny, takie jak chitozan, moga potencjalnie ogranicza¢ lub hamowac¢ rozw6j patogennych
bakterii wywolujacych biegunke po odsadzeniu (Xu i in., 2020; Yu 1 in., 2020). Stanowi to

obiecujaca perspektywe do hamowania tego schorzenia w tym newralgicznym momencie.

Za niezwykle cenne zwigzki nalezy uznaé peptydy antybakteryjne (AMP), ktore
stanowig glowny mechanizm obronny u larw owadow i zwigkszaja ich odporno$¢ na zakazenia
bakteryjne (Hoffmann i Hetru, 1992), dzigki czemu moga stanowi¢ alternatywna opcje dla
antybiotykow w medycynie weterynaryjnej (Elhag i in., 2017). Integralnym dopeinieniem
niniejszej Rozprawy Doktorskiej jest publikacja przegladowa (Publikacja 4), dostarczajaca

szczegdtowego omowienia kluczowych zwigzkdéw biologicznych wystepujacych w larwach
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Hermetia illucens — biomolekut AMP. Sa one szczegoélnie interesujace ze wzgledu na ich
szerokie spektrum aktywno$ci. AMP syntetyzowane s3 przez owady w ciele tluszczowym,
a nastgpnie s3 uwalniane do hemolimfy (Bulet i in., 1999; 2005). To ewolucyjne
konserwatywnie bioczasteczki, (Ebenhan 1 in., 2014), ktore charakteryzuja si¢ selektywng
cytotoksycznos$cig, co umozliwia im skuteczne zwalczanie patogennych mikroorganizméow bez
szkody dla komoérek gospodarza. Mechanizm dziatania AMP wynika z réznic strukturalnych
pomiedzy komoérkami gospodarza a patogenami (Ebenhan i in., 2014). W ciagu ostatnich
kilkudziesigciu lat udato si¢ wyizolowa¢ 1 scharakteryzowa¢ wiele AMP, ktore zostaly
sklasyfikowane wedtug sekwencji aminokwasowej 1 struktury na trzy grupy: (1) cekropiny, (2)
defensyny oraz (3) peptydy bogate w reszty proliny i/lub glicyny (Lata i in., 2007). Do
najwazniejszych AMP pochodzacych od owadow naleza cekropiny, defensyny, attacyny,
dipterycyny, drosomycyny, ponerycyny i metchnikoviny (Mylonakis i in., 2016; Wu 1 in.,
2018). Badania nad AMP pochodzacymi od HI doniosty, Zze owad ten wykazuje ekspresje ponad
50 gen6éw kodujacych przypuszczalne AMP (Van Moll i in., 2022). Uwaza sig, ze jest to Scisle
powiazane ze srodowiskiem, w ktorym zyje (Miiller i in., 2017). Ich dziatanie bateriostatyczne
1 bakteriobdjcze mozliwe jest dzigki specyficznym oddzialywaniom elektrostatycznym
pomiedzy aminokwasami AMP a ujemnie natadowanymi czasteczkami na powierzchni
mikroorganizmow, ktére pozwala na wigzanie si¢ peptydéw z btonami bakteryjnymi (Moretta
1 in., 2020; Zhang 1 in., 2021). Dzialanie AMP polega gtownie na formatowaniu kanatow
jonowych badZ poréw transmembranowych co prowadzi do zniszczenia patogennej komorki,
a ich glownymi celami sa lipidy blonowe bakterii (Jozefiak i in., 2016). Ze wzgledu na rosnace
problemy z antybiotykoopornoscig wielu bakterii, peptydy moga by¢ jedng z alternatyw
zarOwno w weterynarii, jak 1 medycynie ludzkiej. AMP mogg by¢ szczegdlnie istotne
w zwalczaniu gronkowca ztocistego opornego na metycyling (MRSA) (Park i in., 2015; Park
1 Yoe, 2017). Oproécz roli immunologicznej, AMP sg rowniez zaangazowane w utrzymywanie
1 ksztattowanie spotecznos$ci bakterii jelitowych HI (Vogel 1 in., 2018). Omoéwione w publikacji
przegladowej (P4) prace naukowe uzupelniajg badania przeprowadzone w ramach Rozprawy
Doktorskiej, podkreslajac wartos¢ AMP z maczki z larw Hermetia illucens 1 wskazujac na
zasadno$¢ traktowania tego materialu jako innowacyjnego i skutecznego dodatku paszowego.
Opisywane badania pokazuja, ze maczka HI poprawia zdrowie jelit u zwierzat poprzez
modulacje¢ mikrobioty jelitowej 1 redukcje szkodliwych drobnoustrojow, wzmacnianie
odpornosci 1 zmniejszanie stanu zapalnego (Sultana 1 in., 2022). Doswiadczenia
przeprowadzone na $winiach wykazaty, Ze suplementacja maczka zwigkszyla liczbe

pozytecznych bakterii i poziom cytokin przeciwzapalnych, jednoczes$nie redukujac szkodliwe
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metabolity bakteryjne (Tang 1 in., 2022). Badania przeprowadzone na kurach nioskach
i kuropatwach berberyjskich wykazatly, ze diety z maczka owadzia poprawiaja odpornos$¢ na
choroby, co odzwierciedlaja markery odpowiedzi immunologicznej, takie jak stosunek
albuminy do globuliny (Marono i in., 2017; Loponte i in., 2017; Bovera i in., 2018).
W badaniach Biasato 1 in. (2019b) suplementacja paszy dla drobiu 5% dodatkiem maczki HI
poprawita zdrowie jelit, ale wyzsze dawki (15%) miaty negatywne skutki. Z kolei, u §win
dodatek maczki HI zmniejszyt biegunke i regulowal mikrobiotg jelitowa oraz ekspresje cytokin
(Tang i in., 2022). Podsumowujac zebrane dane literaturowe mozna stwierdzi¢, ze stosowanie
maczki z larw HI jest obiecujace nie tylko jako zréwnowazona i korzystna pod wzgledem
odzywczym alternatywa dla tradycyjnych pasz biatkowych dla zwierzat gospodarskich, ale
takze jako dodatek paszowy poprawiajacy zdrowie §win poprzez modulowanie mikrobioty
jelitowej 1 wskaznikéw immunologicznych. Jednakze optymalne poziomy maczki HI w diecie
nie sa doktadnie okreslone. W do$wiadczeniach stanowiacych istote tej Rozprawy Doktorskiej,
uzywana byla pelnotlusta maczka z larw HI jako dodatek, w ilosci 2,5% lub 5%. Zawarto$¢
biatka surowego wynosita 426 g/kg, thuszczu surowego 264 g/kg, widkna surowego 91 g/kg,
a popiotu 85 g/kg.

2.3.2. Astaksantyna

Istotnym dodatkiem paszowym rozpatrywanym w niniejszej Rozprawie Doktorskiej sa
antyoksydanty. Analizujagc profil kwasow tluszczowych makuchu z nasion soi mozna
stwierdzi¢, ze ponad 80% stanowig kwasy nienasycone, a wigkszo$¢ z nich to kwasy thuszczowe
wielonienasycone. Znana jest podatnos¢ tych kwasdéw na utlenianie, ktore powoduje jelczenie
thuszczu paszy, negatywnie wplywa na zdrowie zwierzat, a takze na jako$¢ oraz trwato$¢ migsa
1 thuszczu, zwigkszajac podatnos¢ tych produktow na utlenianie 1 psucie si¢ w czasie
przechowywania (Medic 1 in., 2014; Muhammad 1 in., 2020). Stad tez, dobrg praktyka jest
zastosowanie przeciwutleniaczy w celu zabezpieczenia pasz zawierajacych znaczne ilosci tego
rodzaju thuszczu.

Wyniki badan wykazaly, ze wczesne odsadzanie moze powodowaé dyshomeostaze
statusu redoks u prosigt (Buchet 1 in., 2017; Yin 1 in., 2014). W doswiadczeniach
przeprowadzonych przez Luo i in. (2016) oraz Zhu i in. (2012) stwierdzono, ze stres
oksydacyjny wywotany odsadzeniem znaczaco przyczynia si¢ do uszkodzen jelit i watroby.
W warunkach homeostazy organizmu, rownowaga redoks jest utrzymywana poprzez dziatanie
reakcji utleniajacych i antyoksydacyjnych. Kiedy ta rOwnowaga zostaje zaktocona, reaktywne

formy tlenu (ROS), takie jak anion ponadtlenkowy (O%"), nadtlenek wodoru (H,0>) oraz rodnik
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hydroksylowy (-OH), zaczynaja si¢ nadmiernie gromadzi¢. ROS pelnig istotng rolg
w sygnalizacji komorkowej, jednak ich nadmiar jest toksyczny dla biatek, lipidow i DNA
(Stanley i in., 2019). Stres oksydacyjny uznaje si¢ za jeden z kluczowych czynnikow
ograniczajacych zdrowie i rozwoj prosiagt odsadzonych (Luo 1 in., 2016; X. Tang i in., 2022).
Watroba jest wyjatkowo wrazliwa na wptyw ROS, ktére powstajg zarowno podczas procesoOw
metabolicznych, jak i biotransformacji ksenobiotykow. Badania pokazuja, ze w okresie
odsadzenia obserwuje si¢ hamowanie rozwoju watroby, oslabienie jej funkcji
antyoksydacyjnych 1 wzrost poziomu ROS, co z kolei wywoluje apoptoze 1 autofagi¢ komorek
tego narzadu (Allameh i in., 2023; Mooli i in., 2022). Stres oksydacyjny odgrywa rowniez role
w patogenezie wielu choréb zwigzanych z uszkodzeniem watroby (Chen and Kotani, 2016),
posredniczy m.in. w progresji zwtoknienia watroby, a ROS moga petni¢ funkcje mediatorow
procesow molekularnych i komorkowych zwigzanych z rozwojem zwldknienia watroby
(Sanchez-Valle 1 in., 2012). Zwazajac na powyzsze, stosowanie antyoksydantow w dawce
pokarmowej moze chroni¢ narzady, w tym gldwnie watrobe przed negatywnymi skutkami
stresu oksydacyjnego.

Kluczowym dodatkiem stosowanym w badaniach wchodzacych w sktad niniejsze;j
Rozprawy Doktorskiej jest silny przeciwutleniacz — astaksantyna (AST). Astaksantyna (3,3'-
dihydroksy-p,B-karoten-4,4'-dion) nalezy do grupy karotenoidow ksantofilowych i jest
naturalnie wyst¢pujacym antyoksydantem (Choi 1 in., 2011). Wtasciwosci przeciwutleniajace
AST analizowano dwiema metodami, tj. FRAP (ang. ferric ion reducing antioxidant parameter)
1 2,2-difenylo-1-pikrylohydrazyl (DPPH). Obie metody potwierdzily silng aktywno$é
przeciwutleniajagcg AST: DPPH - 91% zahamowania rodnikow, FRAP - 298,34 um TE/g
(Szczepanik 1 in., 2024 (P2)). Wlasciwosci przeciwutleniajace AST przewyzszajg wlasciwosci
innych, podobnych zwigzkow. Jej aktywnos¢ jest 14-krotnie wigksza niz witaminy E, 54-
krotnie wyzsza niz B-karotenu i az 65-krotnie przewyzsza witaming C (Igielska-Kalwat 1 in.,
2015). Wedtug Miki (1991) astaksantyna dziata dziesig¢ razy silniej niz zeaksantyna, luteina,
kantaksantyna czy [-karoten, a jej potencjal antyoksydacyjny jest 100 razy wickszy niz
a-tokoferolu. Z perspektywy technologii produkcji pasz szczegolnie istotny jest fakt, ze AST
cechuje si¢ wigksza odpornoscia na dziatanie $wiatta 1 wysokich temperatur w poréwnaniu do
innych karotenoidow (Pogorzelska i in., 2016). Podczas wchtaniania w przewodzie
pokarmowym AST taczy si¢ z kwasami zolciowymi, tworzac micele, ktére ulatwiajg jej
transport przez nabtonek jelitowy, nastgpnie zostaje wiaczona do chylomikronoéw, a po ich
metabolizmie w ukladzie limfatycznym i1 krwiobiegu, jest transportowana w polaczeniu

z lipoproteinami do réznych tkanek organizmu (Ekpe 1 in., 2018). Tam petni funkcj¢ ochronna,
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zabezpieczajagc komorki przed uszkodzeniami oksydacyjnymi. Jej silne wlasciwosci
przeciwutleniajagce wynikaja z obecno$ci tancucha polienowego z wieloma wigzaniami
podwdjnymi, ktére skutecznie neutralizujg tlen singletowy oraz wolne rodniki, przerywajac
reakcje oksydacyjne. Jej zdolnosci antyoksydacyjne wynikajag rowniez z chemicznych
1 fizycznych interakcji z blonami komérkowymi, gdzie wychwytuje wolne rodniki, stabilizujac
strukture blony i zapobiegajac jej uszkodzeniom (Ekpe i in., 2018). Zgodnie z najnowszymi
badaniami, AST wykazuje pozytywny wplyw na zdrowie watroby, gtownie dzigki swoim
wlasciwosciom antyoksydacyjnym. Pomaga w regulacji uktadu odpornosciowego i procesow
metabolicznych, a takze wspomaga regeneracj¢ watroby w przypadku uszkodzen, takich jak
bliznowacenie, odkladanie si¢ tluszczu, nowotwory czy toksyczno$¢ wywolana lekami
(Arefpour i in., 2024). Wedlug najnowszych doniesiefi, astaksantyna moze regulowaé
metabolizm tryptofanu poprzez modyfikacj¢ mikrobioty jelitowej i zwigkszenie poziomu
metabolitow indolu (Ren 1 in., 2025). Z kolei, doswiadczenie wykonane na lochach wykazato,
ze dodatek AST znacznie zwigkszyt liczbg zywych urodzen i §redni dzienny przyrost masy ciata
prosiat ze znaczng poprawg angiogenezy lozyska i statusu rozwoju dwunastnicy u prosiat.
Oznacza to, ze karotenoid ten moze przechodzi¢ przez tozysko lub mleko, co moze poprawic¢
wyniki reprodukcyjne lochy 1 wzrost prosigt poprzez zmniejszenie stresu oksydacyjnego

w pbznej cigzy 1 w trakcie trwania laktacji (Qin i in., 2024).
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3. Hipotezy badawcze

H1. Bioaktywne substancje zawarte w maczce z larw Hermetia illucens, dzigki swoim
wlasciwosciom bakteriobojczym 1 prebiotycznym, moga korzystnie wptywa¢ na status

zdrowotny i produkcyjno$¢ mtodych zwierzat.

H2. Maczka z larw Hermetia illucens charakteryzuje si¢ wysoka jakos$cig bialka i dobra
strawnosciag sktadnikow pokarmowych, co powinno wspiera¢ optymalne wskazniki wzrostu

1 produkcyjnosci odsadzonych prosiat.

H3. Astaksantyna, ze wzgledu na silne witasciwosci antyoksydacyjne, moze wspomagac

utrzymanie réwnowagi oksydacyjnej organizmu i poprawiaé jego ogolny status zdrowotny.

4. Cel badan

Celem naukowym badan bylo okreslenie wptywu mieszanki paszowej, wzbogaconej
w naturalne substancje immunostymulujgce pochodzace z maczki z larw muchy Hermetia
illucens 1 astaksantyny, na rozwd¢j przewodu pokarmowego, wskazniki produkacyjne oraz status

zdrowotny prosiat.
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5. Material i metody

Prace badawcze prowadzone w ramach doktoratu byty podzielone na dwa gtowne etapy
(Rycina 1): etap 1) doswiadczenie wzrostowe na zwierzgtach oraz etap 2) analizy probek

materiatu biologicznego pobranego od zwierzat.

5.1. Metodyka badan - Etap 1

Na wszystkie zaplanowane w do$wiadczeniu procedury badawcze obejmujace
wykorzystanie zywych zwierzat (Uchwata nr 420/2020 z dnia 22 lipca 2020 r.) uzyskano zgode
I Lokalnej Komisji Etycznej ds. Do$wiadczen na Zwierzgtach w Krakowie.

Doswiadczenie wzrostowe przeprowadzono na 48 prosigtach rasy polska biata
zwistoucha (PBZ), kastrowanych samcach, odsadzonych w wieku 35 dni. Swinie podzielono
na 6 grup po 8 osobnikow w kazdej. Zwierzeta utrzymywano indywidualnie w kojcach.
Mieszanki paszowe dla wszystkich grup byly izoenergetyczne i izobiatlkowe oraz pokrywaty
zapotrzebowanie na sktadniki pokarmowe 1 energi¢. Glownym Zrédlem biatka we wszystkich
mieszankach byt makuch z nasion rodzimej soi odmiany Viola. Mieszanki dla poszczegdlnych
grup réznity si¢ obecnoscig i poziomem maczki owadziej pelnotlustej wytworzonej z larw
muchy Hermetia illucens (HI; HiProMine S.A., Robakowo, Polska) oraz obecnoscia
przeciwutleniacza — astaksantyny (AST) wytworzonej z alg Haematococcus Pluvialis
(Podkowa AD 1905 sp. z 00, Lublin, Polska). Sktad komponentowy oraz warto$¢ pokarmowa
mieszanek paszowych przedstawiono w publikacji P1.

Uklad do$wiadczenia na zwierzetach byl nastepujacy:

= grupa | (kontrolna) — mieszanka paszowa bez dodatkéw paszowych,

= grupa Il — mieszanka paszowa z 2,5% dodatkiem maczki HI,

= grupa lll - mieszanka paszowa z 5% dodatkiem maczki HI,

= grupa IV - mieszanka paszowa z 2,5% dodatkiem maczki HI i AST (0,025 g/kg),
» grupaV - mieszanka paszowa z 5% dodatkiem maczki HI i AST (0,025 g/kg),

= grupa VI - mieszanka paszowa z dodatkiem AST (0,025 g/kg).

Doswiadczenie zywieniowe trwato 35 dni. Mase ciata zwierzat kontrolowano w 1 i 35 dniu

doswiadczenia, jak rowniez obliczono pobranie paszy, $rednie dzienne przyrosty masy ciata

1 zuzycie paszy w okresie od 1 do 35 dnia do§wiadczenia (P1).
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5.2. Metodyka badan - Etap 2

Po zakonczeniu 35 dniowego okresu odchowu wszystkie zwierzgta zostalty u§miercone
w celu pobrania probek do dalszych pomiardéw i analiz. Pobrano probki krwi do oznaczenia
wskaznikow hematologicznych i biochemicznych (P1). Wypreparowano zotadek, jelita,
watrobe, nerki oraz $ledzione, ktore zostaly zwazone (P1). Zwazono rowniez poszczegdlne
odcinki przewodu pokarmowego (P1). Probki tkanki mig$niowej z migsnia najdtuzszego
grzbietu (longissimus m.) 1 thuszczowej (slonina grzbietowa) do analiz chemicznych pobrano
z obszaru mig¢dzy ostatnim kregiem piersiowym, a pierwszym kregiem ledzwiowym (P1).
Z odcinkéw jelita cienkiego (dwunastnica, czcze, krete) pobrano wycinki tkanki do analiz
histomorfometrycznych, immunohistochemicznych, w tym oznaczenia bialek potaczen
scistych (P2). Dodatkowo, przeprowadzono oceng, na poziomie histologicznym oraz
genomicznym, przeciwutleniajagcego wptywu AST na zdrowie watroby odsadzonych prosiat.
W tym celu po uboju od zwierzat z grupy I 1 VI pobrano wycinek tkanki watroby do analizy
histologicznej oraz oznaczenia ekspresji wybranych gendéw zwigzanych z rolg watroby

w metabolizmie lipidow (P3).

5.2.1. Analizy chemiczne paszy

Podstawowe analizy chemiczne probek pasz przeprowadzono zgodnie ze
standardowymi metodami (AOAC, 2009). Aktywno$¢ antyoksydacyjng analizowano przy
uzyciu dwoch testow: test z rodnikiem DPPH (2,2-difenylo-1-pikrylohydrazyl) — metoda oparta
na neutralizacji stabilnego rodnika przez antyoksydant, oraz test FRAP (Ferric Reducing
Antioxidant Power) — metoda oparta na redukcji jonéw metali (Fe** do Fe*") przez antyoksydant

(Benzie 1 Strain, 1996).

5.2.2. Analiza wskaznikéw hematologicznych krwi (P1)

Probki pelnej krwi analizowano przy uzyciu automatycznego analizatora
hematologicznego Vet Mythic 18 (Orphée C2 Diagnostics, Francja). Ocenianymi parametrami
byty catkowita liczba: bialych krwinek (WBC), limfocytow (LYM), monocytow (MON),
granulocytow (GRA), czerwonych krwinek (RBC), a takze zawarto$¢ hemoglobiny (HGB),
hematokryt (HCT), srednia objetos¢ krwinki czerwonej (MCV), $rednia masa hemoglobiny
erytrocycie (MCH), szerokos$¢ rozkladu czerwonych krwinek (RDWC), liczba plytek krwi
(PLT) 1 ich $rednia objetos¢ (MVP), wskaznik heterogenicznosci wielkosci ptytek krwi (PDW)
1 hematokryt ptytkowy (PCT).
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5.2.3. Analiza wskaznikéw biochemicznych krwi (P1)

Probki krwi pobrane do oznaczania parametrow biochemicznych odwirowano
(3500% g, 15 min, 4°C), aby uzyska¢ surowice. Wskazniki biochemiczne mierzono
kolorymetrycznie przy uzyciu automatycznego analizatora biochemicznego BS-180 (Shenzhen
Mindray Biomedical Electronics Co. Ltd., Shenzhen, Chiny) i zestawow testowych Cormay
(Lublin, Polska). Oznaczono nastgpujace parametry: aminotransferaza alaninowa (ALT),
aminotransferaza asparaginianowa (AspAT), fosfataza alkaliczna (ALP), glukoza (GLU),
albumina (ALB), kreatynina (CREA), mocznik (UREA), biatko catkowite (TP), wapn (Ca),
fosfor (P), magnez (Mg), zelazo (Fe), cholesterol catkowity (CHOL), lipoproteiny o duzej
gestosci (HDL), lipoproteiny o matej gestosci (LDL), trojglicerydy (TG), dehydrogenaza

mleczanowa (LDH).

5.2.4. Analiza immunoenzymatyczna (ELISA) enzymow zwigzanych z ochrong
antyoksydacyjna

Analize stgzenia w surowicy enzymoOw antyoksydacyjnych, w tym dysmutazy
ponadtlenkowej (SOD), katalazy (CAT) oraz peroksydazy glutationowej (GPX),
przeprowadzono przy uzyciu zestawow ELISA firmy Bioassay Technology Laboratory

(Szanghaj, Chiny), zgodnie z protokotem producenta.

5.2.5. Analiza chemiczna migsa i sloniny (P1)

Podstawowe analizy chemiczne (sucha masa, biatko surowe, tluszcz surowy 1 popiot
surowy) probek migsa wykonano zgodnie ze standardowymi metodami (AOAC, 2009). Poziom
kwasu tiobarbiturowego (TBARS) oznaczono w prébkach migsa i stoniny po 3 miesigcach
przechowywania w temperaturze —20 °C, stosujac zmodyfikowang metode zaproponowang

przez Pikul 1 in. (1989).

5.2.5. Analiza histomorfometryczna tkanki jelita cienkiego (P2) oraz analiza
histologiczna tkanki watroby (P3)

Probki tkanki jelit i watroby (lewy ptat) utrwalono w 4% roztworze buforowanej
formaliny (Idalia, Polska). Po utrwaleniu, probki pocigto na dwa fragmenty o wielkos$ci okoto
1 cm® i umieszczono w kasetach histologicznych. Kasetki umieszczono w procesorze
tkankowym (Citadel 2000, Thermo Fisher Scientific), gdzie odwodniono je w rosngcych
stezeniach alkoholu (30%, 50%, 70%, 80%, 96%, 100%), zanurzono w ksylenie 1 zatopiono
w parafinie (Idalia, Polska). Z kazdej kasetki utworzono dwa bloczki parafinowe, a z kazdego
bloczka wykonano dwa preparaty mikroskopowe tnagc bloczek na skrawki o grubosci 4 pm

z wykorzystaniem mikrotomu (4 skrawki na szkietko; Microm HM 340 E, Thermo Scientific,
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Niemcy). Preparaty z tkanek jelit barwiono metoda Pas-Alcian (Elektromed, Polska), ktora
umozliwia zliczanie komodrek kubkowych. Wybarwione preparaty obserwowano pod
mikroskopem $wietlnym (Axio Lab.Al Carl Zeiss, Oberkochen, Niemcy) wyposazonym
w kamer¢ Olympus EP50 (Olympus, Tokio, Japonia). Zebrane obrazy mikroskopowe zostaty
zbadane przy uzyciu nast¢pujgcego oprogramowania do analizy graficznej: EPview (Olympus,
Tokio, Japonia) i ImageJ (wersja 1.53; US National Institutes of Health, Bethesda, MD, USA,
dostepne na stronie: http://rsb.info.nih.gov/ij/index.html, dostep 15 maja 2023).
W dwunastnicy, jelicie czczym 1 jelicie krgtym analizowano nastepujgce parametry: szerokos¢
btony $luzowej, diugos¢ kosmkoéw (od konca kosmka do potaczenia kosmek-krypta)
i szeroko$¢ kosmkow (mierzong w potowie ich dlugosci), gtebokos¢ krypt (dlugos¢ wglobienia
migdzy sasiednimi kosmkami), szeroko$¢ krypt (mierzong w potowie glgbokosci krypty),
liczbe komorek kubkowych, 1 enterocytow na dtugosci 100 um w przekroju kosmka (w 2/3
dhugosci catego kosmka mierzonej od jego podstawy), szeroko$¢ mig§niowki z rozrdznieniem
na warstwe miesni podtuznych i okreznych oraz stosunek diugosci kosmka do glebokosci
krypty. Zmierzono tylko pionowo zorientowane kosmki i krypty. Dla kazdego osobnika
wykonano 20 pomiaréw btony §luzowej i mig§niowej oraz 15 pomiarow komodrek kubkowych
1 enterocytow, dtugosci 1 szerokosci kosmkow oraz glebokosci 1 szerokosci krypt. Obliczono
réwniez powierzchni¢ absorpcyjng dwunastnicy, jelita czczego i1 jelita kretego, zgodnie

z metodg opisang przez Kisielinskiego 1 in. (2002).

Preparaty watroby barwiono technikg tréjchromowa Massona-Goldnera z bigkitem
anilinowym (Diapath S.P.A., Wiochy) w celu rozroznienia struktur kolagenowych. Zebrane
obrazy mikroskopowe poddano badaniu przy uzyciu oprogramowania Zen 2.3 blue edition
(wersja 2.3; Carl Zeiss Microscopy, Jena, Niemcy) i ImageJ. Program Image] w wersji 1.53
zostal uzyte do obliczenia procentowej zawarto$ci wiokien kolagenowych w 10 losowo
wybrancyh obszarach zainteresowania (ROI) u kazdego osobnika. [losciowa ocena wtdknienia
watroby zalezala od rozrozniania kolorow pomiedzy niebieskim (wlokna kolagenowe)
1 czerwonym (migzsz). Ilo§¢ widkien kolagenowych na obrazie oceniano przy uzyciu funkcji
Threshold (po ustawieniu 8-bitowej skali szaro$ci). Wyniki podawano jako §rednig procentowg

zawarto$¢ widkien kolagenowych dla poszczegdlnych osobnikow.

5.2.6. Analiza immunohistochemiczna tkanek jelita cienkiego (P2)

Ocenie proliferacji poddano wycinki z dwunastnicy, jelita czczego 1 kretego,
a reprezentatywna probke jelita czczego do analizy wybranych biatek potaczen Scistych (TJ).
Reakcje immunohistochemiczne dla Ki-67, klaudyny 5, klaudyny 1 1 okludyny
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przeprowadzono po deparafinizacji w ksylenie 1 rehydratacji zmniejszonymi stezeniami
etanolu. Indukowane cieptem odzyskiwanie epitopow przeprowadzono w buforze cytrynianu
sodu (10 mM cytrynian sodu, pH 6,0) przy uzyciu urzadzenia Rapid Cook (Morphy Richards,
Swinton, Wielka Brytania). Nastepnie skrawki schlodzono do temperatury pokojowej
1 pieciokrotnie przeptukano buforem TBS, po czym szkietka inkubowano w roztworze
blokujagcym enzymy(endogenng peroksydazg, pseudoperoksydazg i alkaliczng fosfataze;
UltraCruz® Blocking Reagent, Santa Cruz Biotechnology, Inc., Dallas, Texas, USA) przez 30
minut w temperaturze pokojowej. Aby zablokowa¢ niespecyficzne miejsca wigzan przeciwciat,
szkietka inkubowano w 5% roztworze surowicy koziej (ab7481, Abcam, Cambridge, Wielka
Brytania) przez 20 minut w temperaturze pokojowej. Szkietka przeptukano trzykrotnie buforem
TBS, po czym inkubowano w komorze wilgotnej z pierwszorzgdowymi przeciwciatami
przeciwko Ki67 (ab15580, Abcam, Cambridge, Wielka Brytania; rozcienczenie 1:200),
klaudynie 5 (AF5216, Affinity, Jiangsu, Chiny), klaudynie 1 (AF0127, Affinity, Jiangsu, Chiny)
i okludynie (DF7504, Affinity, Jiangsu, Chiny) przez 1 godzing w temperaturze pokojowe;.
Jako rozcienczalnika dla przeciwcial uzyto Emerald Antibody Diluent (Sigma, Merck Life
Science, Kanada). Szkietka ptukano pigciokrotnie buforem TBS, a nastgpnie inkubowano
z przeciwcialem drugorzedowym Goat Anti-Rabbit IgG H&L (HRP) (ab205718, Abcam,
Cambridge, Wielka Brytania; rozcienczenie 1:1500). Reakcje wizualizowano przy uzyciu DAB
Quanto (3 min; Epredia™ DAB Quanto Detection System; Montréal, Quebec, Kanada).
Barwienie kontrastowe przeprowadzono przy uzyciu hematoksyliny Mayera (Sigma-Aldrich,
St. Louis, MO, USA). Immunoreakcja zostala zweryfikowana przy uzyciu kontroli
negatywnych poddanych identycznemu barwieniu immunohistochemicznemu, z wylaczeniem
uzycia przeciwciat pierwszorzedowych (Hutas-Stasiak 1 in., 2020). W przypadku reakcji
z Ki-67 dla kazdego osobnika wyznaczono pig¢ obszarow zainteresowania (ROI) w obrebie
btony $luzowej, obejmujacych wycinki kosmkow 1 sgsiednich krypt. W kazdym ROI liczbe
komorek dodatnich w kryptach (ulegajacych proliferacji) liczono za pomocg wtyczki Cell
Counter w programie Image] (na podstawie (Vega-Lopez 1 in., 1993). Do analizy biatek
potaczen $cistych wybrano osiem obszardw zainteresowania w nabtonku kosmkow dla kazdego
zwierzgcia. ROI mialy takie same wymiary na kazdym analizowanym obrazie w obrgbie
kazdego zwierzecia 1 grupy. IHC Profiler (wtyczka Image]) umozliwia ilo$ciowa ocene
intensywnos$ci barwienia ITHC w preparatach zapewniajac obiektywng analiz¢ wynikow.
Dziatanie wtyczki opiera si¢ na metodzie dekonwolucji koloru umozliwiajgc oddzielenie
sygnatow barwnika (DAB i hematoksylina) w celu precyzyjnej oceny reakcji (Seyed Jafari and

Hunger, 2017; Varghese i1 in., 2014). Wynik jest wyswietlany w sposéb potilosciowy
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1 wykorzystywany do obliczen gestosci optycznej IHC (Seyed Jafari and Hunger, 2017;
Varghese i in., 2014).
5.2.7.1zolacja RNA i iloSciowa reakcja lancuchowa polimerazy (qPCR) w tkance watroby
(P3)

Izolacje RNA z probek watroby (lewy plat) przeprowadzono przy uzyciu Total RNA
Mini (A&A Biotechnology, Gdansk, Polska) zgodnie z zaleceniami producenta. Jakos¢ RNA
oceniano przy uzyciu Tapestation 2200 (Agilent, Santa Clara, CA, USA), a jego ilo$¢ mierzono
przy uzyciu Nanodrop 2200 (Thermofisher Scientific, Waltham, MA, USA). Do oczyszczania
RNA wykorzystano RNAClean XP (Beckman Coulter, Beckman Coulter, Brea, CA, USA). Po
oczyszczeniu jakos¢ RNA oceniano za pomocg elektroforezy w zZelu agarozowym. Nastepnie
RNA poddano odwrotnej transkrypcji przy uzyciu zestawu High Capacity cDNA Archive Kit
(Thermofisher Scientific, Waltham, MA, USA). Nastepnie wykonano qPCR przy uzyciu testow
ekspresji genow TaqMan: NOTCHI Ss03377164 u, CYP7A1 Ss03378689 ul, NRIH3
Ss03389237 gl, CREBI Ss03386122 ul, SREBF2 Ss03376492 ul, SIRT3 Ss03386766 ul,
DHCR24 Ss04323966 ml, APOE Ss503394681 ml, ACAA2 Ss04245775 ml, HKI
Ss04323446 ml, CXCLI0 Ss03391845 gl, CYPIAI  Ss03394917 gl, COLIA2
Ss03375009 ul, SOD1 Ss03373476 ul 1 CAT Ss04323025 ml. Proces przeprowadzono
trzykrotnie przy uzyciu QuantStudio 7-flex (Thermofisher Scientific, Waltham, MA, USA)
z wykorzystaniem TagMan Gene Expression Master Mix. Jako kontrol¢ endogenna uzyto

RPS29 8503391548 gl.

5.2.8. Analizy statystyczne

Dane dotyczace masy ciala zwierzat, pobrania paszy, Srednich dziennych przyrostow
masy ciala i zuzycie paszy, analizy chemicznej mi¢sa i stoniny, wynikow hematologicznych
i biochemicznych (P1) oraz analiz histologicznych i immunohistochemicznych (P2)
analizowano za pomocg dwuczynnikowej analizy wariancji (ANOVA) przy uzyciu
oprogramowania Statistica® ver. 13.3 (StatSoft Inc., Tulsa, OK, USA) 1 programu GraphPad
Prism wersja 10.0.2 dla Windows (GraphPad Software). Wyniki opisano jako $rednia + btad
standardowy $redniej (SEM). Model obejmowat dwa gléwne czynniki: (1) udziat maczki z larw
Hermetia illucens (0%, 2,5% lub 5%) oraz (2) obecno$¢ astaksantyny w mieszance paszowej
(- lub +), a takze ich interakcje. Kazde prosi¢ stanowito jednostke eksperymentalng (n = 8 na
grupg). Przed analiza wariancji normalnos$¢ rozkladu danych oceniono za pomocag testu

Shapiro-Wilka oraz na podstawie histogramoéw a jednorodno$¢ wariancji sprawdzono testem
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Browna-Forsythe'a. W przypadku istotnych réznic (P < 0,05) do pordéwnania Srednich

zastosowano test Duncana.

Yije =+ o+ B+ (aB)i + 8iji
gdzie:
o VYjx — warto$¢ zmiennej zaleznej dla k-tego prosigcia w grupie z i-tym poziomem
czynnika a oraz j-tym poziomem czynnika f3,
e p—wartos$¢ srednia (stala),

e a; — efekt i-tego poziomu czynnika a (udziat maczki Hermetia illucens: 0%, 2,5% lub
5%),

o [, —efekt j-tego poziomu czynnika {3 (obecnos¢ astaksantyny: tak (+) vs nie (-)),

o (ap);; — efekt interakcji pomigdzy czynnikami a i 3,

o §;ji —blad losowy dla k-tego prosigcia.

Wyniki analizy ekspresji gendow analizowano za pomocg nieparametrycznego testu
U Manna-Whitneya (P3). Dane dotyczace procentowego udzialu wlékien kolagenowych oraz
analizy immunoenzymatycznej enzymow antyoksydacyjnych oceniano przy uzyciu
jednoczynnikowej analizy wariancji (ANOVA), a przy P < 0,05 wykonywano testy post-hoc
Duncana (P3). Dane dotyczace procentowego udziatu wtokien kolagenowych przedstawiono
jako $rednig + odchylenie standardowe (SD), a zwigzane z analizg ekspresji genow
przedstawiono jako $rednig + blad standardowy $redniej (SEM). Wszystkie analizy
przeprowadzono z wykorzystaniem oprogramowania Statistica® ver. 13.3 (StatSoft Inc., Tulsa,
OK, USA). Model eksperymentalny obejmowat dwie grupy: Grupe¢ I (kontrolng) oraz Grupe
VI (z astaksantyng, AST). Kazde prosi¢ traktowano jako indywidualng jednostke

do$wiadczalng (n = 8 §win na grupg).
Yij= pu+ i+ €ij
gdzie:
e Y;; —warto$¢ zmiennej zaleznej dla j-tej obserwacji w i-tej grupie,
e W —ogolna $rednia,
e 7i—efekt i-tego poziomu czynnika (Grupa I vs. Grupa VI),

e ¢ij —Dblad losowy dla j-tej obserwacji w i-tej grupie.
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6. Wyniki i dyskusja

6.1. Wplyw maczki z larw Hermetia illucens oraz astaksantyny na wskazniki
produkcyjne i zdrowotne prosiat

W ramach realizacji do§wiadczenia analizowano wyniki dotyczace wzrostu prosigt
1 wykorzystania paszy, z uwzglednieniem oceny statusu zdrowotnego zwierzat na podstawie
parametrow hematologicznych i biochemicznych krwi (P1). Wyniki te byly kluczowe dla
uzyskania informacji, w jaki sposob stosowane dodatki paszowe (maczka HI
1 AST) wplywaja na wzrost i zdrowie odsadzonych prosiat, a takze wytyczyly kierunek
dalszych badan. Gléwnym wyzwaniem powodujacym straty ekonomiczne w hodowli §win jest
okres odsadzenia prosigt. Ta stresujgca faza obejmuje oddzielenie od lochy, zmiany
srodowiskowe 1 dietetyczne, zwigkszong ekspozycje¢ na patogeny i nowg hierarchi¢ grupowa.
Odsadzanie zaburza integralno$¢ jelit, zmniejsza wydolno$¢ trawienng oraz zwigksza
podatno$¢ na stres oksydacyjny i choroby przez niewyksztalcony w pelni uktad
immunologiczny (Campbell i in., 2013; Ding i in., 2022; Y. Li i in., 2018b). Pozywienie,
w szczegolnosci tatwostrawne biatko o korzystnym sktadzie aminokwasowym, ma kluczowe
znaczenie dla zdrowia prosigt. Ze wzgledu na zmiany klimatyczne i obawy spoteczenstwa
dotyczace genetycznie modyfikowanej paszy, potrzebne sa nowe zrodia biatka (Lestingi, 2024).
Uwage zwrocono na maczke z larwy muchy czarnej (Hermetia illucens), bogata nie tylko
w niezbedne aminokwasy, ale takze zwigzki bioaktywne, takie jak chityna i kwas laurynowy,
ktore oferuja korzySci immunostymulujace, przeciwdrobnoustrojowe 1 przeciwzapalne,
wspierajac zdrowie prosiat (Jozefiak i in., 2016; 2017 Mikotajczak i in., 2023). Prosigta szybko
rosng przez co tempo ich metabolizmu jest bardzo wysokie, co w potaczeniu ze stresem
odsadzenia prowadzi do zwigkszonej produkcji wolnych rodnikéw 1 stresu oksydacyjnego.
Moze to uszkodzi¢ struktury komorkowe, takie jak lipidy, biatka i DNA (Luoiin., 2016; Nussey
1 in., 2009). Dobra praktyka jest stosowanie przeciwutleniaczy w dawce pokarmowej. Jako
przeciwutleniacz w doswiadczeniu zastosowano astaksantyne, ktora jest jednym z pigmentow
karotenoidowych o silnych wlasciwosciach antyoksydacyjnych, przeciwzapalnych
i przeciwnowotworowych (Park i in., 2010; Lei i Kim., 2014). Astaksantyna pomaga regulowac
biatka mitochondrialne, zmniejszajac apoptoz¢ i stan zapalny, jednocze$nie wzmacniajac
funkcje neutrofili 1 zdolno$¢ bakteriobdjcza (Kim and Kim, 2019; MacEdo 1 in., 2010; Wu 1 in.,
2020).

Wilaczenie maczki z larw HI do dawki pokarmowej nie mialo negatywnego wplywu na

wyniki wzrostu, mase narzadéw i odcinkéw przewodu pokarmowego (obliczong jako % masy
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ciata) prosiat bioracych udziat w tym badaniu (P1). Nie zaobserwowano negatywnego wptywu
maczki HI na spozycie paszy, co wskazuje, ze maczka HI nie miata negatywnego wptywu na
smakowito$¢ paszy. Takze zuzycie paszy i §redni dzienny przyrost masy ciata byly zblizone
w catym do$wiadczeniu. Badania innych autoréw potwierdzajg te ustalenia, nie wykazujac
istotnych réznic we wskaznikach produkcyjnych przy roéznych poziomach maczki HI,
z wyjatkiem kilku przypadkéw zwigkszonych dziennych przyrostow i masy tuszy (Biasato i in.,
2019; Chia i in., 2021; Hékenésen i in., 2021; Ipema i in., 2021; Spranghers i in., 2018). Takie
zroznicowanie niektérych wynikow moze by¢ spowodowane zaroéwno okresem, w ktorym
swinie byty objete eksperymentem (wiek zwierzecia, dlugos¢ okresu karmienia) lub wielkoscig
dawki maczki oraz jej forma. To stwierdzenie jest zgodne z obserwacja liniowe] poprawy
zardwno przyrostOw masy ciala, jak i zuzycia paszy, gdy dodatek maczki HI w paszy wzrost
z 0 do 4% w ciaggu dwoch pierwszych tygodni po odsadzeniu, podczas gdy
w czterotygodniowym okresie karmienia nie stwierdzono réznic (Yu i in., 2020).

W przeprowadzonym doswiadczeniu nie zaobserwowano istotnego wplywu
suplementacji AST na wskazniki produkcyjne odsadzonych prosiat (P1), co bylo zgodne
z wynikami innych badan przeprowadzonych na $winiach otrzymujacych w paszy 1,5 - 3 mg
AST na kg (Yang 1 in., 2006) lub 5 - 20 mg/kg (Bergstrom 1 in., 2009). Waznym aspektem jest
nie tylko wielko$¢ dawki, ale takze pochodzenie astaksantyny, gdyz w prezentowanych
badaniach zastosowano karotenoid pochodzacy z alg Haematococcus pluvialis, natomiast czes$¢
naukowcow wybrata AST pozyskang z drozdzy Phaffia rhodozyma. Na przyktad w przypadku
brojlerow otrzymujacych 2,3 - 4,6 mg/paszy astaksantyny pozyskanej z drozdzy Phaffia
rhodozyma zauwazono poprawe przyrostu masy ciala, ale gorsze wykorzystanie paszy (Jeong
and Kim, 2014), podczas gdy znacznie wyzsza dawka AST (133 lub 266 mg/kg paszy) z alg
Haematococcus pluvialis wyraznie poprawila zardwno przyrosty masy ciala, jak 1 zuzycie
paszy kurczat brojleréw (Inborr i in., 1997).

W przeprowadzonych badaniach oceniano poziom wskaznikdw biochemicznych
1 hematologicznych krwi (P1), w Tabelach 1 1 2 przedstawiono wybrane najistotniejsze wyniki
tych analiz. Suplementacja maczka HI na poziomie 5% spowodowata wzrost liczby LYM
(P =0,04). Analiza interakcji wykazala, ze liczba MON i GRA zmieniata si¢ tylko wtedy, gdy
oba czynniki dietetyczne byly stosowane tacznie (5% maczki HI i AST), odpowiednio P = 0,01
1P=0,02. Zarowno maczka HI, jak 1 AST wplywaly na parametry czerwonych krwinek, jednak
istotne interakcje odnotowano jedynie dla HCT 1 MCV, a najnizsze warto$ci tych parametréw
stwierdzono w grupach suplementowanych 5% maczka HI (odpowiednio P < 0,01 i P = 0,02).

W analizie gltownych czynnikéw doswiadczalnych zauwazono istotny wzrost RDWC
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u zwierzat otrzymujacych AST 1 5% maczki HI (P < 0,01). Liczba RBC wzrosta u prosiat
otrzymujacych AST (P < 0,01), natomiast nie zmieniata si¢ w wyniku suplementacji maczka
HI. Poziom Fe w surowicy byt nizszy u prosigt karmionych maczka HI (P = 0,01), lecz wzrost
o okoto 30% po dodaniu AST (P <0,01). Stezenie HGB obnizyto si¢ zard6wno po suplementacji
AST (P <0,01), jak 1 5% maczka HI (P = 0,02). Zaréwno AST, jak i maczka HI w dawce 5%
zmniejszyly MCH (P < 0,01). W przypadku parametrow plytek krwi, jedyny istotny efekt
zaobserwowano w PDW, ktora zmniejszyta si¢ po zastosowaniu 2,5% maczki HI w mieszance
paszowej (P <0,01). Analiza statystyczna wykazata istotny wptyw maczki HI na poziom HDL
w surowicy odsadzonych prosiat, ktory byl wyzszy w grupie otrzymujacej 2,5% maczki HI
W porownaniu z grupg otrzymujaca 5% maczki HI (P = 0,031). Stgezenie LDH byto wyzsze
w grupie otrzymujacej 5% maczki HI, w poréwnaniu do grupy kontrolnej oraz otrzymujace;j
2,5% maczki HI (P <0,01). W analizie profilu watrobowo-trzustkowego odnotowano interakcje
pomiedzy suplementacjg maczka HI a dodatkiem AST. Efekt astaksantyny na aktywnos$¢ ALP
byt uzalezniony od obecnosci maczki HI w diecie - wprowadzenie astaksantyny do mieszanek
paszowych zawierajagcych HI, niezaleznie od jej poziomu, spowodowalo wzrost ALP
w porownaniu z dietg bez maczki HI. Natomiast w grupach prosiat otrzymujacych pasze bez
AST nie stwierdzono istotnych réznic w tym parametrze, niezaleznie od udziatu maczki HI.
W grupach otrzymujacych 5% maczki HI odnotowano najnizsze stezenie GLU w surowicy,
podczas gdy u prosigt otrzymujacych AST bylo ono wyzsze (P < 0,01) niz
niesuplementowanych AST. Stwierdzono interakcje migdzy HI oraz AST w stezeniu ALB. Byto
ono najnizsze w grupach niesuplementowanych AST, ale otrzymujacych maczke HI w iloSci
2,5 lub 5%, w poréwnaniu do pozostatych grup (P <0,01), natomiast w grupach otrzymujacych
AST nie odnotowano istotnych roznic w tym parametrze, niezaleznie od poziomu maczki HI.
W analizie profilu nerkowego wykazano wzrost stezenia CREA w grupach otrzymujacych AST,
natomiast w grupach suplementowanych maczka HI na poziomie 2,5% zaobserwowano nizsze
stezenie CREA w poréwnaniu z grupg kontrolng (P < 0,01). Zaobserwowano interakcje migedzy
maczka HI a AST, w odniesieniu do poziomu TP. Najnizsze wartosci TP wystapily w grupie
otrzymujacej 5% HI bez AST, podczas gdy suplementacja AST niwelowata ten efekt,
niezaleznie od poziomu HI (P < 0,01). Stezenie Ca byto nizsze w grupach otrzymujacych 5%
maczki HI, natomiast wyzsze w grupach suplementowanych AST (P < 0,01). Suplementacja
maczka HI na poziomie 2,5% wplynela na wzrost stezenia P, podczas gdy dodatek AST
zwiekszyt stezenie Mg (dla obu P <0,01).

Chociaz zaobserwowano statystycznie istotne roéznice migdzy grupami, wskazniki

hematologiczne i1 biochemiczne krwi miescily si¢ w normach fizjologicznych (Winnicka,

35



2008), co wskazuje, ze stosowanie maczki HI 1 astaksantyny nie mialo negatywnego wptywu
na stan zdrowia odsadzonych prosigt. Oba dodatki paszowe nalezy bada¢ zard6wno razem, jak
1 osobno, poniewaz ich efekty moga si¢ wzajemnie uzupetlia¢ lub wyklucza¢. Pomimo
wyzszych poziomow limfocytow w niektorych grupach $winie nie wykazywaly zadnych
objawéw choroby, a parametry odchowu pozostaly w normach. Podobne wyniki otrzymat
Biasato iin. (2019), podczas suplementowania dawki pokarmowej §win maczka HI, obserwujac
wzrost komorek odpornosciowych proporcjonalny do wzrastajacego poziomu dodatku maczki
HI. Prezentowane dos$wiadczenie wykazalo istotng zalezno$¢ miedzy stosowaniem maczki
z larw Hermetia illucens na poziomie 5%, a niektérymi parametrami czerwonokrwinkowymi.
Zaskakujagcym bowiem wynikiem byto obnizenie poziomu hemoglobiny i zelaza w surowicy,
co z punktu fizjologii jest niekorzystne dla organizmu. Im nizsze st¢zenie hemoglobiny, tym
gorsza cyrkulacja tlenu w organizmie, a tym samym gorsza sprawnos¢ zwierzecia. Niektore
badania potwierdzaja, ze kwas laurynowy w ludzkich czerwonych krwinkach stymuluje
erytoze, a ponadto mechanizmem wptywajacym na erytoze jest stres oksydacyjny, a stres ten,
moze by¢ wywolywany przez duze stezenie kwasu laurynowego (Althili and Aljuraiban, 2021;
Lang i in., 2014). Stad mozna zatozy¢, Ze w niniejszym doswiadczeniu ekspozycja na kwas
laurynowy, w formie suplementacji maczka HI skutkowata obnizeniem poziomu tych
parametrow czerwonych krwinek. Mimo iz, jak wspomniano wczesniej, poziom zelaza
w omawianym doswiadczeniu nie spadt ponizej zakresu typowego dla gatunku (90-142 ng/dl;
Winnicka, 2008), kwestia obnizenia poziomu tego pierwiastka wymaga obserwacji
w przysztych badaniach nad stosowaniem maczki HI w Zywieniu prosiat. Jednak analizujac
dalsze wyniki, zauwazalny jest korzystny wptyw dodatku AST na te parametry (RBC, Fe, HCT,
RDWC). Tak wigc mozna sadzi¢, ze AST jako silny antyoksydant cze¢sciowo zapobiegl
nadmiernemu stresowi oksydacyjnemu przyczyniajagcemu si¢ do erytozy.

Wptyw udziatu maczki z Hermetia illucens 1 astaksantyny w paszy na podstawowy
sktad chemiczny migsa (m. longissimus) oraz stabilno$¢ oksydacyjng migsa i tkanki thuszczowej
przedstawiono w Tabeli 3 (P1). Zaobserwowano istotng interakcje migdzy maczka HI a AST
w odniesieniu do zawarto$ci suchej masy (P = 0,016). W przypadku grup niesuplementowanych
AST, dodatek maczki HI zwigkszyl jej poziom wzgledem kontroli (P < 0,05), natomiast nie
odnotowano rdéznic w obrgbie grup suplementowanych AST. Najnizszy procent popiotu
w migsie (w przeliczeniu na suchg masg¢) zaobserwowano w grupie zywionej pasza z udzialem
2,5% maczki HI (P <0,01) oraz w grupach, ktore nie otrzymywaty AST (P = 0,03). Zawartos¢
biatka i tluszczu w migsie (obliczona w suchej masie) nie zostala zmieniona przez badane

dodatki paszowe. Zard6wno maczka HI jak i AST znaczaco obnizyty poziom TBARS w stoninie
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po 3 miesigcach mrozonego przechowywania (P < 0,01), a interakcja miedzy tymi czynnikami
byla statystycznie istotna (P < 0,01). W poréwnaniu z grupa kontrolng, zar6wno obecnos¢
w paszy maczki HI, jak i AST, obnizyta poziom TBARS (0,3 Iub 0,4 mg/kg w grupach II-VI
vs. 1,3 mg/kg w grupie I). Natomiast w przypadku migsa, suplementacja maczka HI nie
wplynela na poziom TBARS, podczas gdy suplementacja AST spowodowata niewielki wzrost
tego parametru (P < 0,01).

Waznym aspektem produkcji wieprzowiny sa wyniki dotyczace trwatosci i jakoS$ci
produktu zwierzecego. W ramach badan wchodzacych w sktad Rozprawy Doktorskiej
analizowano odporno$¢ miesa (longissimus m.) i stoniny na utlenianie w czasie 3 miesi¢cznego
przechowywania w temperaturze -20°C, przy uzyciu testu TBARS. Metoda oznaczania
poziomu malondialdehydu, jest cennym wskaznikiem peroksydacji lipidéw i1 podatnosci na
utlenianie. Odzwierciedla stopief utleniania: im wyzsza warto§¢ TBARS, tym intensywniejsze
jest utlenianie lipidow. W przeprowadzonym badaniu stwierdzono, Zze po 3-miesigcznym
mrozeniu magczka HI i AST dodane do mieszanki paszowej skutecznie obnizyly poziom
TBARS w tkance stoniny, jednakze nie byty skuteczne w odniesieniu do ochrony stabilno$ci
oksydacyjnej w migsie przechowywanym w tych samych warunkach. W badaniach Yang i in.
(2006), w ktoérych tuczniki otrzymywaly pasze¢ z dodatkiem 1.5 lub 3 mg AST takze nie
stwierdzono réznic w poziomie TBARS po 10 dniach przechowywania migsa w temperaturze
4°C, natomiast w badaniach Carr 1 in. (2010) odnotowano skuteczno$¢ AST w hamowaniu
proceséw utleniania lipidow w migsie $win otrzymujacych w paszy 66,7 mg/kg AST. Po
przeanalizowaniu wynikow wtasnego do$wiadczenia mozna stwierdzi¢, ze zarowno maczka
HI, jak 1 AST s3 obiecujacym dodatkiem paszowym wspierajagcym stabilnos¢ oksydacyjna, przy
czym w wigkszym stopniu w odniesieniu do tkanki tluszczowej niz migsniowej. Mozliwe, ze
wyzsza zawarto$¢ tluszczu w tkance sprzyja lepszemu wykorzystaniu mechanizméw

antyoksydacyjnych tych dodatkow, ale zagadnienie to wymaga dalszych badan.
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Tabela 1. Wplyw udziatu maczki z Hermetia illucens i astaksantyny w paszy na wybrane wskazniki hematologiczne krwi prosiat

Czynnik HI: Czynnik AST: I I I v \ VI P-value
Parametr maczka z larw H. illucens astaksantyna 2L - - SEM
0 2.5 5 - + OHI 2.5HI SHI +;&ST +AST | +AST HI AST HIXAST

LYM, 10%/pL 4,5% 6,3%® 7,0° 5,3 7,2 4,4 5,1 6,3 7,6 8,4 4,6 0,043 0,058 0,508 0,43
MON, 10%/pL 0,5 0,4 0,4 0,4 0,4 0,4 0,5% 0,4* 0,3* 0,6° 0,5 0,444 0,308 0,012 0,02
GRA, 10/pL 4,6 4,7 4,5 4,6 4,6 5,1%® 5,0%® 3,9%® 4.4 5,8° 3.4° 0,657 0,733 0,022 0,24
RBC, 10%/pL 6,2 6,5 6,1 5,7% 6,9° 5,7 6,1 54 6,9 6,9 6,8 0,210 <0,01 0,218 0,12
HGB, g/dL 12,9* 12,7* 11,7 13,0* 11,8° 13,9 13,4 11,8 12,0 11,7 11,8 0,024 <0,01 0,081 0,20
Fe, pg/dL 140,3? 116,4° 107,0>  106,1° 137,8° 125,8 104,1 86,0 128,8 128,0  156,6 0,011 <0,01 0,743 5,37
HCT % 39,8 41,0 35,6 35,5 423 37,7° 38,3b 30,3¢ 43,74 41,004 4224 <0,01 <0,01 <0,01 0,74
RDWC % 18,8 18,0* 20,0° 18,5* 19,4° 18,5 17,2 19,8 18,7 20,2 19,2 <0,01 0,032 0,518 0,23
MCYV, pm? 64,0 63,4 58,4 62,2 61,7 65,74 63,2¢d 57,1% 63,5% 59,6® 62,1  <0,01 0,724 0,025 0,59
MCH, pg 21,3% 19,8° 19,6° 22,9% 17,5° 24,2 22,1 22,3 17,5 17,0 18,0 <0,01 <0,01 0,120 0,43
PDW, % 39,9* 31,9° 43,6° 36,9 40,2 37,3 31,2 42,0 32,5 45,2 429 <0,01 0,079 0,652 1,16

I, IL, I, IV, V, VI - grupa I - kontrola; grupa II - dodatek 2,5% maczki z larw HI; grupa III - dodatek 5% maczki z larw HI; grupa IV - dodatek 2,5% maczki z larw HI i AST;
grupa V - dodatek 5% maczki z larw HI 1 AST; grupa VI - dodatek AST.
a, b, ¢, d — $rednie w wierszach oznaczone réznymi literami, r6znia si¢ istotnie przy p < 0,05.
Skroty: LYM — limfocyty, MON — monocyty, GRA — granulocyty, RBC — erytrocyty, HGB — hemoglobina, Fe — zelazo, HCT — hematokryt, MCV — érednia objetos¢ krwinki
czerwonej, MCH — srednia hemoglobina krwinki czerwonej, RDWC — szerokos$¢ rozktadu czerwonych krwinek, PDW — stopien zroznicowania wielkosci ptytek krwi
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Tabela 2. Wplyw udziatu maczki z Hermetia illucens 1 astaksantyny w paszy na wybrane wskazniki biochemiczne krwi prosiat

Czynnik HI: Czynnik AST: I | I v \% VI P-value
Parametr maczKka z larw H. illucens astaksantyna - <t - SEM
0 2.5 5 - + OHI 2.5HI 5HI TAST +AST | +AST HI AST HIxAST
Profil lipidowy
HDL, mg/dL 40,5% 44,7* 38,7° 40,3 42,2 38,8 44,7 37,6 44,6 39,8 42,3 0,031 0,321 0,716 0,94
LDH, U/L 1324,7*  1482,1* 1706,8° 1528 1472,5 1300,7 1556,6  1755,1 1407,5 16584 1351,7 <0,01 0,426 0,576 45,10
Profil watrobowo- trzustkowy
ALP, U/L 237,5 2554 261,44 234,8 268,2 263,4% 217,52 220,0* 293.4%  302,8° 208,4° 0,374 0,031 <0,01 9,08
GLU, mg/dL 135,6° 136,4° 120,9° 121,2*  141,3° 131,8 124,1 106,3 148,6 1355 139,9 0,046 <0,01 0,269 3,25
ALB, g/dL 4,2 3,9 3,9 3,9 4,1 4,344 3,8% 3,7% 4,1bcd 4,2¢  4,0% 0,058 0,115 <0,01 0,01
Profil nerkowy
CREA, mg/dL 1,0* 0,9° 1,0% 0,9* 1,0 1,0 0,8 0,9 1,0 1,1 1,0 0,022 <0,01 0,177 0,02
TP, g/dL 6,3 6,2 6,0 6,1 6,3 6,4 6,1° 5,6* 6,3° 6,4° 6,2° 0,174 0,051 <0,01 0,07
Ca, mg/dL 12,2* 12,7* 10,9° 11,52 12,40 11,8 12,6 10,0 12,9 11,8 12,6  <0,01 <0,01 0,085 0,19
P, mg/dL 10,32 11,4° 9,6* 10,6 10,3 10,5 11,3 10,0 11,4 9,2 10,1  <0,01 0,322 0,581 0,19
Mg, mg/dL 2,2 2,3 2,2 2,12 2,4b 2,1 2,3 2,0 2,4 2,3 2,3 0,162 <0,01 0,603 0,05
Profil kostny
Ca, mg/dL 12,2# 12,7* 10,9° 11,52 12,40 11,8 12,6 10,0 12,9 11,8 12,6  <0,01 <0,01 0,085 0,19
P, mg/dL 10,32 11,4° 9,6 10,6 10,3 10,5 11,3 10,0 11,4 9,2 10,1  <0,01 0,322 0,581 0,19
ALP, U/L 237,5 2554 261,44 234,8 268,2 263,4% 2175 220,02 293,4°  302,8° 208,4* 0,374 0,031 <0,01 9,08
ALB, g/dL 4,2 3.9 3,9 3.9 4,1 4,34 3,8% 3,6° 4,]bed 42¢  39%c 0058 0,115 <0,01 0,05

L IL, 11T, IV, V, VI - grupa I - kontrola; grupa II - dodatek 2,5% maczki z larw HI; grupa III - dodatek 5% maczki z larw HI; grupa IV - dodatek 2,5% maczki z larw HI i AST;
grupa V - dodatek 5% maczki z larw HI 1 AST; grupa VI - dodatek AST.

a, b, ¢, d — $rednie w wierszach oznaczone r6znymi literami, r6znia si¢ istotnie przy p < 0,05.
Skroty: ALB — albumina, ALP — fosfataza alkaliczna, GLU — glukoza, CREA — kreatynina, TP - biatko catkowite, Ca — wapn, P — fosfor, Mg — magnez, HDL — lipoproteiny o

duzej gestosci, LDH — dehydrogenaza mleczanowa
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Tabela 3. Wptyw udzialu maczki z Hermetia illucens i astaksantyny w paszy na podstawowe analizy chemiczne migsa (m. longissimus) oraz

stabilno$¢ oksydacyjng migsa i tkanki thuszczowe;j

Czynnik HI: . .
maczka z larw H. Ca:ty;;g:(n?snj; I 11 I v \% VI P-value
Parametr illucens y SEM
2.5HI SHI 0HI
0 2.5 5 - + 0HI 2.5H1 SHI TAST PAST FAST HI AST | HIXAST
Zawarto$¢ skladnikéw odzywcezych w miesie
Sucha masa, % 23,50 24,10 23,60 23,81 23,72 2321  2420°¢  23,95%  2392b 2343  2383% 0,007 0,706 0016 0,09
Bialko, % sm 87,81 80,4 862 829 869 883 74,4 85,2 86,34 87,23 87,00 0,074 0123 0,132 144
Tluszez, % sm 772 752 730 791 7,13 843 7,62 7,54 7,43 7,23 6,82 0,871 0,112 0348 021
Popiol, % sm 521° 433% 501 4720 503 513 4,12 4,91 4,62 5,13 533 <0,010 0030 0,633 0,01
Zawarto$¢ TBARS w tkankach (mg/kg)

Tkanka migsniowa 35 31 (31 025 031" 030 0,30 0,21 0,32 0,33 0,34 0,160 0,002 0,144 0,01
(longissimus m.)
Tkanka thuszczowa
(stonina 0,80 033 042 072 031  130° 0,31 0,440 0,31° 0,41° 0,30°  <0,010 <0,010 <0,010 0,07
grzbietowa)

I, 11, 1V, V, VI - grupa | - kontrola; grupa 11 - dodatek 2,5% maczki z larw HI; grupa III - dodatek 5% maczki z larw HI; grupa IV - dodatek 2,5% maczki z larw HI i AST;

grupa V - dodatek 5% maczki z larw HI i AST; grupa VI - dodatek AST.
a, b, ¢ — srednie w wierszach oznaczone r6znymi literami, r6znig si¢ istotnie przy p < 0,05.
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6.2. Wplyw maczki z larw Hermetia illucens oraz astaksantyny na strukture jelita
cienkiego prosiat

W dalszej cze$ci badan skoncentrowano si¢ na zdrowiu i funkcjonalnosci jelit (P2), ktore
w okresie odsadzeniowym s3 szczegOlnie podatne na réznego rodzaju dysfunkcje bedace
wynikiem stresu oraz zmieniajacych si¢ warunkow srodowiskowych i zywienia (Rycina 2.).

Okres odsadzenia stanowi kluczowy 1 stresogenny moment w zyciu prosiat, czgsto
powodujac powazne zaburzenia w funkcjonowaniu uktadu pokarmowego i immunologicznego
(Campbell i in., 2019). Odsadzenie, a takze nagla zmiana srodowiska oraz rodzaju pokarmu,
moga prowadzi¢ do naruszenia integralnosci bariery jelitowej, zmniejszenie wysokosci
kosmkéw oraz poglebienia krypt jelitowych. Takie zmiany strukturalne upos$ledzaja
wchtanianie sktadnikow odzywczych i negatywnie wplywaja na funkcjonowanie przewodu
pokarmowego (Xiong i in., 2019). W kontekScie ograniczen stosowania antybiotykéw
w hodowli zwierzat poszukuje si¢ alternatywnych metod, takich jak zoptymalizowane strategie
zywieniowe oraz dodatki naturalne, ktore mogtyby wspiera¢ zdrowie prosiat (Kil and Stein,
2010). Maczka z larw Hermetia illucens (HI), bogata w kwas laurynowy, peptydy
przeciwdrobnoustrojowe oraz chityng, wykazuje obiecujace wyniki w zakresie wspierania
zdrowia jelit 1 ograniczania rozwoju patogendow (Jozefiak i in., 2016). W zwigzku z tym, ze
odsadzenie znaczaco zwigksza poziom stresu oksydacyjnego, co prowadzi do uszkodzenia
komorek oraz stymuluje powstawanie stanow zapalnych, stosowanie przeciwutleniaczy, takich
jak astaksantyna, moze stanowi¢ skuteczne wsparcie zdrowotne mtodych zwierzat.
Astaksantyna (AST), bedaca silnym przeciwutleniaczem, wzmacnia odpowiedz
immunologiczng oraz chroni komorki jelitowe przed apoptoza i stresem oksydacyjnym

(Igielska-Kalwat i in., 2015.).
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Dwunastnica Jelito czcze Jelito krete

Rycina 2. Zdjecia reprezentatywne preparatow histologicznych z jelit prosigt. 1-VI numery grup
doswiadczalnych. Powigkszenie 4%, pasek skali =200 pum. Barwienie: Pas-Alcian.
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Oba badane dodatki dodawane do paszy wywieraly zréznicowany wplyw na
analizowane struktury dwunastnicy. Oddzielny efekt oddziatywania maczki HI zaobserwowano
w dlugosci 1 szeroko$ci kosmkow, natomiast AST jako samodzielny czynnik wptywat na
szerokosci krypt. Z kolei, interakcje pomiedzy odziatywaniem maczki HI a AST zauwazono w
przypadku szerokosci catej migsniowki, warstwy migsni okrgznych i podtuznych, gltgbokosci
krypt, stosunku dhugosci kosmkow do glebokosci krypt (VC), liczbie komorek kubkowych i
enterocytow na 100 um kosmka (Wykres 1). Analizujac uzyskane dane mozna zauwazy¢, ze
2,5% dodatek maczki HI zwigkszal dlugos¢ 1 szerokos¢ kosmkoéw (P < 0,05), natomiast w
grupach otrzymujacych dodatek AST odnotowano najszersze krypty (P < 0,05). Suplementacja
tacznie 2,5% maczki HI z AST spowodowala znaczny wzrost catkowitej szeroko$ci migsnidwki
1 warstwy mig$ni okreznych w przeciwienstwie do grup otrzymujacych AST, lub 2,5% HI (P <
0,001). Warstwa migsni podtuznych byta réwniez szersza w grupie 2,5% HI z AST niz w grupie
2,5% HI (P < 0,001) czy tez w przypadku suplementacji sama AST (P < 0,01). Dodanie same;j
AST do paszy spowodowato wzrost giebokosci krypt w pordwnaniu do grupy bez tego dodatku
(P < 0,001) oraz grup 2,5% HI z AST i 5% HI z AST (odpowiednio P < 0,001 i P < 0,01).
Wyzszy stosunek VC zaobserwowano w grupie 2,5% HI z AST niz w grupie samej AST
(P <0,001), 5% HI z AST (P < 0,05) 1 2,5% HI (P < 0,05). Jednak parametr ten byt znacznie
wyzszy w grupie kontrolnej niz w grupie z samym dodatkiem AST (P < 0,05). Wigcej
enterocytow na 100 pum zaobserwowano w grupie z samg AST niz w grupie kontrolnej
(P <0,05). I odwrotnie, wiecej komorek kubkowych na 100 pm odnotowano w grupach 2,5%
HI (P <0,01) i samej AST (P < 0,05) niz w grupie 2,5% HI z AST. Maczka na poziomie 2,5%
wplyneta na rozszerzenie 1 wydtuzenie kosmkow, a w potaczeniu z AST takze na rozszerzenie
migs$nidwki, jednoczesnie zmniejszajac liczbe komorek kubkowych. Nie stwierdzono istotnych
rdéznic w grubosci blony §luzowej lub powierzchni chtonnej w dwunastnicy.

W jelicie czczym roéwniez zauwazono wptyw obu czynnikow gtownych. Dodatek AST
wplywat na szeroko$¢ btony S$luzowej, warstwy migsni podtuznych, liczbe komorek
kubkowych i dlugo$¢ kosmkow. W przypadku dodatku maczki HI zauwazono jej odzialywanie
na szeroko$¢ krypt. Interakcje migdzy czynnikami zaobserwowano w odniesieniu do szerokosci
calej migsniowki, szerokosci kosmkow, liczby enterocytow oraz powierzchni chtonnej jelita
(Wykres 2). AST spowodowala znaczne poszerzenie btony $luzowej oraz warstwy migsni
podtuznych jelita czczego w pordéwnaniu z grupg niesuplementowang (P < 0,01). Diugos¢
kosmkow byta determinowana obecnoscig AST — jej dodatek wydtuzat kosmki (P < 0,05).
Wiecej komorek kubkowych zaobserwowano w grupie bez dodatkow niz w grupie

suplementowanej sama AST (P < 0,05). Szersze krypty wystapily w grupach
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suplementowanych maczka na obu poziomach (P < 0,05). Znacznie szerszg mig¢sniowke
stwierdzono w grupie 5% HI z AST niz w grupie otrzymujacej jedynie AST (P < 0,05) lub 5%
HI (P < 0,05). Co ciekawe, grupa bez HI lub bez AST miata grubsza warstwe mi¢$§niowg niz
grupa z AST (P < 0,05). Dodatkowo, kombinacja 2,5% HI 1 AST znaczaco poszerzyta kosmki
w porownaniu do grupy z samg AST (P < 0,01) 1 2,5% HI (P <0,01), a takze w grupie 5% HI
z AST w poréwnaniu do grupy z samg AST (P < 0,05) 1 2,5% HI (P < 0,05). Znacznie wigksza
powierzchnia chtonna jelit i wyzszy stosunek kosmkow do krypt byly obecne w grupie z samag
AST (odpowiednio P < 0,001 i P <0,05) oraz w grupie z 2,5% HI (oba P < 0,05) w poréwnaniu
z grupg bez dodatkow. Najwyzszg liczbe enterocytow stwierdzono w jelicie czczym u $win,
ktére nie otrzymywaly zadnych dodatkow w paszy, w poréwnaniu do grup 2,5% HI (P < 0,001)
i samej AST (P < 0,001). Co wigcej, zwierzgta otrzymujace 5% HI miaty liczbe enterocytow
prawie tak wysoka, jak te w grupach 2,5% HI (P < 0,01) 1 5% HI z AST (P < 0,001). Ogolnie
rzecz biorgc, potaczenie HI 1 AST wydaje si¢ znaczaco poprawia¢ niektdre parametry
strukturalne jelita czczego, w tym zwigkszenie grubo$ci migsnidowki i wymiary kosmkow,
w porownaniu z kazdym z suplementow osobno. Nie stwierdzono znaczacych réznic
w glebokosci krypty 1 grubosci warstwy migsnia okreznego migdzy grupami.

W jelicie kretym zaobserwowano wptyw obu badanych dodatkéw. AST wptywata na
mierzong szeroko$¢ krypt, natomiast maczka HI odziatywata na dtugo$¢ kosmkow, glebokos¢
krypt oraz stosunek dtugosci kosmkoéw do glebokosci krypt. Ponadto oba czynniki, jako efekty
gléwne, mialy wplyw na szeroko$¢ miesni okreznych. Interakcje miedzy czynnikami
odnotowano w szeroko$ci catej migsniowki 1 warstwy migéni podtuznych, a takze w szerokos$ci
kosmkow 1 liczbie enterocytéw (Wykres 3). Suplementacja 2,5% HI zwigkszyla grubos¢ tej
warstwy w porownaniu zarowno do grupy 2,5% HI (P <0,001), jak 1 grupy 5% HI zAST (P <
0,01). Co wiecej, warstwa migsni okreznych byta znacznie szersza w grupie suplementowane;j
AST niz w grupach 5% HI z AST (P < 0,01) 1 bez suplementacji (P < 0,001). Oznacza to, ze
maczka na poziomie 2.5% 1 AST dziata korzystnie na warstwe migsni okreznych. W grupie 5%
HI zaobserwowano wyzszy stosunek dlugosci kosmkow do gtebokosci krypt niz w grupie bez
suplementacji (P < 0,05). Suplementacja HI w dawkach 2,5% 1 5% spowodowala znaczny
wzrost dlugos$ci kosmkéw w pordwnaniu z grupg bez suplementacji (odpowiednio P < 0,051 P
<0,001). Najgtebsze krypty odnotowano w grupie 5% HI (P <0,01). Mniej enterocytow na 100
um  stwierdzono w  grupie 5% HI niz zarbwno w grupie 2,5% HI
(P < 0,001), jak 1 w grupie bez suplementacji (P < 0,05). I odwrotnie, wigkszg liczbe
enterocytow zaobserwowano w grupie 5% HI + AST niz zarowno w grupie 5% HI bez AST

(P<0,001), jak i w grupie 2,5% HI + AST (P <0,01). Dodatkowo, wigcej enterocytow zliczono
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w grupie 2,5% HI niz w grupie 2,5% HI + AST (P < 0,001). Suplementacja paszy 2,5% HI +
AST spowodowata znaczny wzrost catkowitej migsniowki w jelicie kretym w pordwnaniu
z grupa 2,5% HI (p <0,001) i grupa 5% HI + AST (p <0,01). Warstwa mig$niowa byta réwniez
wyraznie grubsza w grupie suplementowanej AST niz w grupie bez suplementacji (p < 0,05).
Mniej zmian zaobserwowano w warstwie migsni podtuznych. Szersza warstwg zaobserwowano
w grupie 2,5% HI z AST niz w grupach 2,5% HI (P <0,001) 1 5% HI z AST (P <0,05). Znacznie
szersze kosmki stwierdzono w grupie 2,5% HI z AST niz w grupach samej AST (P < 0,01)
12,5% HI (P <0,01). Co wigcej, szersze kosmki zaobserwowano w grupie 5% HI z AST niz w
grupie 5% HI (P < 0,05). Réznice w powierzchni wchianiania w wigkszo$ci odzwierciedlaly te
obserwowane w dlugosci kosmkow. Suplementacja HI spowodowala znaczacy wzrost
powierzchni wchtaniania w jelicie krgtym zarowno przy 2,5%, jak i 5% w pordwnaniu do
kontroli bez HI (odpowiednio P < 0,051 P <0,01). Powierzchnia wchianiania w grupie 5% HI
z AST byta najwyzsza wsrdd grup suplementowanych AST (P < 0,01 vs. AST bez HIi P <0,001
vs. 2,5% HI z AST). Jednak suplementacja AST zmniejszyta powierzchni¢ wchtaniania
w grupie z 2,5% HI z AST w pordwnaniu z 2,5% samg HI (P < 0,01). Potaczenie 2,5% HI
1AST znaczaco poprawito cechy morfologiczne jelita kretego, co sugeruje efekt synergistyczny,
gdy AST jest potaczona z HI. Nie zaobserwowano znaczacych réznic w szeroko$ci blony

sluzowej, szerokos$ci krypt oraz liczbie komoérek kubkowych na 100 pum.
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Wykres 1. Wplyw interakcji pomiedzy maczka z larw Hermetia illucens (HI) oraz astaksantyng (AST) na wybrane parametry strukturalne $§ciany dwunastnicy (P2)

Skroty: AST(-) — brak dodatku astaksantyny, AST(+) — dodatek astaksantyny; OHI, 2,5SHI, SHI — dodatek maczki z Hermetia illucens odpowiednio w ilosci 0, 2,5 lub
5%. Stupki przedstawiaja $rednie dla grupy, a wasy - SEM. *p< 0,05; **p< 0,01; ***p<0,001.
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Wykres 2. Wplyw interakcji pomiedzy maczka z larw Hermetia illucens (HI) oraz astaksantyng (AST) na wybrane parametry strukturalne $ciany jelita czczego (P2)

Skroty: AST(-) — brak dodatku astaksantyny, AST(+) — dodatek astaksantyny; OHI, 2,5HI, SHI — dodatek maczki z Hermetia illucens odpowiednio w ilosci 0, 2,5 lub
5%. Stupki przedstawiaja $rednie dla grupy, a wasy - SEM. *p< 0,05; **p< 0,01; ***p<0,001.
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Wykres 3. Wptyw interakcji pomigdzy maczka z larw Hermetia illucens (HI) oraz astaksantyng (AST) na wybrane parametry strukturalne $ciany jelita kretego (P2)

Skroty: AST(-) — brak dodatku astaksantyny, AST(+) — dodatek astaksantyny; OHI, 2.5HI, SHI — dodatek maczki z Hermetia illucens odpowiednio w ilosci 0, 2,5 lub
5%. Stupki przedstawiajg srednie dla grupy, a wasy - SEM. *p< 0,05; **p< 0,01; ***p< 0,001.
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W prezentowanym doswiadczeniu przeanalizowano dodatki paszowe — maczke HI
1 AST — wspomagajace zdrowie prosiagt i majgce na celu ztagodzenie negatywnych skutkoéw
odsadzenia. We wczesniejszych badaniach opisywano role AST w redukcji stanu zapalnego
1 uszkodzen oksydacyjnych w r6znych modelach zwierzgcych, co sugerowato podobne efekty
u prosiat (Lee 1 in., 2022). Wyniki prezentowanych badan potwierdzily zwiekszong proliferacje
enterocytow i poprawg struktury jelit.

W doswiadczeniu opisywanym w tej Rozprawie swinie karmione pasza z dodatkiem
5% maczki HI wykazaty zwigkszong wysokos¢ kosmkow w jelicie kretym oraz wyzszy
stosunek dlugosci kosmkéw do glebokosci krypt. Ten efekt jest zgodny z badaniami
wykazujacymi podobne wyniki przy roznych poziomach suplementacji maczka HI (Jin i in.,
2021; Tang i in., 2022). Dodanie maczki HI na poziomie 2,5% zwickszyto réwniez liczbg
komoérek kubkowych w dwunastnicy, potencjalnie wzmacniajac obrong jelitowa lub
wspomagajac adaptacje pierwszego odcinka jelita do podanego suplementu. Jednoczesne
podawanie AST wraz z maczka HI dodatkowo wzmocnito strukturg jelit, zwigkszajac grubosé
mig$ni 1 glebokos¢ krypt, co prawdopodobnie sprzyjato lepszej perystaltyce i moglo
potencjalnie zwigckszy¢ zdolno$¢ do absorpcji sktadnikow odzywcezych. Badania na szczurach
potwierdzaja korzys$ci wynikajace z podawania AST do paszy, takie jak zwickszony rozmiar
kosmkow 1 zmniejszona apoptoza (Akduman i in., 2022; Yilmaz i in., 2022). Wykazano
réwniez, ze mieszanki przeciwutleniaczy tagodza negatywne skutki odsadzenia, wplywajace
na zaburzenia zwigzane z histologia jelit (Zhu 1 in., 2012). Wyniki prezentowanych badan
sugeruja, ze poprawa parametrow histologicznych jelita cienkiego w wyniku dodatku maczki
HI moze by¢ dodatkowo wzmocniona wlasciwosciami antyoksydacyjnymi AST, co prowadzi
do lepszego utrzymania struktury i funkcji blony §luzowej oraz migsniowki jelita. Oba czynniki
zywieniowe zwigkszaja powierzchni¢ wchianiania w wybranych odcinkach jelita cienkiego.
Efekt ten moze wynika¢ z obnizenia stresu oksydacyjnego, dzialania przeciwzapalnego,
dostarczania substancji odzywczych oraz aktywnosci prebiotycznej dodatkow (MacEdo 1 in.,

2010; Mikotajczak 1 in., 2023).

6.3. Wplyw maczki z larw Hermetia illucens oraz astaksantyny na proliferacj¢
i bariere¢ jelitowa jelita cienkiego prosiat

Kolejnym etapem prac badawczych byta analiza przepuszczalno$¢ bariery jelitowej
oraz poziom odnowy btony Sluzowej w jelicie cienkim prosigt (P2). Obliczono stosunek
komorek proliferujacych do komorek nieproliferujacych w kryptach jelita cienkiego (Wykres
4). W dwunastnicy 1 jelicie czczym zaobserwowano tgczny wptyw dodatku maczki HI i AST

na proliferacje komorek w kryptach. Nie wykazano natomiast znaczacych réznic w jelicie
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kretym. W dwunastnicy znaczaco wyzszy stosunek komorek proliferujacych, oznaczonych
przeciwcialem Ki-67, do komorek nieproliferujacych wykazano w grupie 2,5% HI
w pordéwnaniu z grupami 5% HI (P <0,001), 2,5% HI z dodatkiem AST (P < 0,001) oraz grupa
bez suplementacji (wszystkie P < 0,001). Co wigcej, grupa 2,5% HI z AST wykazywala wyzszy
stosunek niz grupy z samg AST (P < 0,001) i 5% HI z AST (wszystkie P < 0,001). W jelicie
czczym proporcja komorek proliferujacych byla istotnie wyzsza w grupie 2,5% HI z AST
w poréwnaniu z grupami 5% HI z AST (P < 0,01) 1 2,5% HI (P < 0,001). Dodatkowo, grupa
z samg AST wykazywata wyzszy stosunek niz grupa bez suplementacji (P < 0,001) oraz grupa
5% HI z AST (P < 0,01). Wyniki wskazuja wigc istotng interakcje miedzy 2,5% HI a AST,
wplywajaca na liczbe komorek proliferujacych. Homeostaza nabtonka jelitowego opiera si¢ na
rownowadze miedzy proliferacja komorek w kryptach a ztuszczaniem ich na koncu kosmka
(Negroni 1 in., 2015). W prezentowanym badaniu wykorzystano biatko Ki-67, ktére do oceny
stopnia proliferacji komoérek w dwunastnicy, jelicie czczym i jelicie kretym. W dwunastnicy
i jelicie czczym dodanie 2,5% maczki owadow zwigkszyto proliferacje komorek, przy czym
AST zwigkszata proliferacj¢ tylko w jelicie czczym. Kwas laurynowy réwniez wplywa na
proliferacje komorek, co zostato potwierdzone w badaniach Liu i in. (2021) 1 Zeng 1 in. (2022).
Réwnowaga redoks nabtonka jelitowego ma kluczowe znaczenie dla funkcjonowania tego
narzadu pod wzgledem proliferacji komoérek macierzystych (Cao i in., 2018). Wysoki
wspolczynnik proliferujacych komoérek w jelicie czczym, obserwowany w prezentowanych
badaniach, moze by¢ zwigzany z dzialaniem antyoksydacyjnym AST. Zatem dziatanie
antyoksydacyjne AST pomaga utrzymac¢ rownowage redoks niezbedng do proliferacji komorek
jelitowych, podczas gdy kwas laurynowy obecny w maczce HI bezposrednio jg stymuluje.
Analiza ekspresji biatek polaczen Scistych w jelicie czczym wykazala, Ze najwyzsze ich
poziomy wystepowaly w grupie bez dodatkéw (Wykres 4). Wykazano, ze dodatek maczki HI
facznie z AST znaczaco wptywat na poziom klaudyny 1. Ekspresja klaudyny 1 w grupie
kontrolnej byta wyzsza niz w grupach 2,5% HI (P < 0,001), 5% HI (P < 0,05) oraz z samym
dodatkiem AST (P <0,001). Grupa 5% HI wykazywata przy tym wyzsza ekspresje klaudyny 1
niz grupa 2,5% HI (P < 0,05). W grupie z samg AST ekspresja klaudyny 1 byta nizsza w
porownaniu do grup 5% HI z AST (P < 0,01) i 2,5% HI z AST (P < 0,001). Wskazuje to na
zmniejszenie ekspresji klaudyny 1 pod wptywem AST. W przypadku klaudyny 5 réwniez
wystgpita istotna interakcja pomiedzy czynnikami do$wiadczalnymi. Dla klaudyny 5
zaobserwowano istotnie wyzszy poziom ekspresji w grupie bez dodatkéw niz w grupach 2,5%
HI (P <0,01), 5% HI (P <0,001) i z samg AST (P < 0,01). Ponadto ekspresja klaudyny 5 byta
wyzsza w grupie 2,5% HI z AST w poréwnaniu do 2,5% HI (P < 0,05) oraz w grupie 5% HI
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z AST w stosunku do 5% HI (P < 0,05). Wyniki te wskazuja na negatywne dziatanie HI na
poziom ekspresji klaudyny 5. Zauwazono takze interakcj¢ migdzy czynnikami w ekspres;ji
okludyny. Byta ona najwyzsza w grupie bez dodatkow w pordwnaniu z grupami 2,5% HI, 5%
HI iz samym AST (wszystkie P <0,001). W grupach 2,5% HI 1 5% HI ekspresja okludyny byta
wyzsza niz w odpowiednich grupach z dodatkiem AST (P < 0,001). Dodatkowo grupa 2,5% HI
z AST wykazywata wyzsza ekspresj¢ okludyny niz grupa z samym AST (P < 0,05).

Do oceny bialek potaczen $cistych (TJ) wybrano odcinek jelita czczego, poniewaz
obszar ten ma kluczowe znaczenie dla wchtaniania sktadnikéw odzywczych (Bovera i in.,
2018). Utrzymanie integralnosci jelit jest niezwykle wazne dla prawidlowego trawienia
i wchlaniania sktadnikow odzywczych u prosigt a bariera nablonkowa utworzona przez
potaczenia migdzykomorkowe, takie jak TJ, oddziela mikroorganizmy bytujace w przewodzie
pokarmowym od glebszych tkanek organizmu, zapobiegajac translokacji patogenéw (Biasato
i in., 2019; Paradis i1 in., 2021). Niektore klaudyny tworza jonoselektywne pory
parakomorkowe, podczas gdy okludyna oddziatuje z biatkami sygnalizacyjnymi, wptywajac na
sygnalizacje ERK 1 dysocjacj¢ polaczen indukowang przez TGF-f (Paradis i in., 2021; Shan
11in., 2023; Zihni 1 in., 2016). Cytowane powyzej publikacje wskazuja na zwigkszenie ekspresji
TJ pod wptywem maczki HI, jednak w wigkszosci byty to analizy na poziomie mRNA lub po
indukowanym zakazeniu bakteryjnym. W prezentowanych badaniach stwierdzono, ze maczka
HI zmniejszyta ekspresj¢ wybranych bialek potaczen Scistych, jednak zaobserwowano
niewielki wptyw AST na ekspresje klaudyny 5 w jelicie czczym. Biatka TJ sa powigzane ze
szlakiem sygnatowym NF-«xB, a cytokiny, takie jak IFN-y i TNF-a, prowadza do zmniejszenia
ich poziomu. AST zmniejsza ekspresje czynnikéw zapalnych, hamujac aktywacje NF-«xB, co
chroni integralno$¢ blony S$luzowej. Wczesniejsze prace potwierdzity, ze wlasciwosci
przeciwzapalne AST przywracaja ekspresje biatka TJ w endometrium bydta po narazeniu na

LPS (Chen i in., 2021).
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Wykres 4. Wplyw suplementacji paszy maczka z larw Hermetia illucens (HI) oraz astaksantyng (AST) na stopien proliferacji enterocytow w Kryptach

Dwunastnica

%k k A kk
5o —
2 kokk sk
2% 20 — —
-4
L
2z
z £ o154
3z
]
3 2 1.0
Ey
It
13
£ E 05+
2
z
0.0~
AST ()
e ek
e ek
*
Ak kK %%k
* ok k
- OHI
. 2 5HI
== SHI
AST (1) AST (+)

jelita cienkiego i ekspresje biatek potaczen Scistych (P2)

Skroty: AST(-) — brak dodatku astaksantyny, AST(+) — dodatek astaksantyny; OHI, 2,5HI, SHI — dodatek maczki z Hermetia illucens odpowiednio w

AST (+)

Claudin 5 [OD]

Jelito czeze

*kk

== OHI
- 25HI
- SHI
*k
sk ok *
%k * == OHI
i == 2 5HT
= SHI
AST () AST ()

*dk

AST ()

Oceludin [OD)]

¥k
== ol
%K = 25HI
— = SH
AST (+)
Heokk
*okk
*kk
%k kk k%
I * = (OHI
- 25
mm SHI
AST () AST (+)

ilosci 0, 2,5 lub 5%. Stupki przedstawiajg srednie dla grupy, a wasy - SEM. *p< 0,05; **p< 0,01; ***p<0,001.



6.4. Protekcyjne dzialanie astaksantyny w ograniczaniu skutkow stresu
oksydacyjnego

Do przeprowadzenia oceny efektywnosci AST w ochronie organizmu przed stresem
oksydacyjnym wykorzystano dwie grupy prosiat: grupe I (kontrolng), pozbawiong dodatkéw
paszowych oraz grupe VI, ktéra zywiona byla pasza z udzialem AST. Aktywnos¢
antyoksydacyjng samej AST potwierdzono testami DPPH oraz FRAP (P2). Analiza ELISA
wykazata zwigkszone stezenie GPX i1 zmniejszone CAT w grupie otrzymujacej dodatek AST
(P <0,051P<0,01) oraz brak istotnej roznicy pomigdzy grupami w poziomie SOD (Wykres
5). Na skutek walki ze stresem oksydacyjnym organizmy rozwingly system obrony
antyoksydacyjnej, w tym enzymy takie jak SOD, CAT i GPX. Dysmutaza ponadtlenkowa jest
pierwszym enzymem detoksykacyjnym i najsilniejszym przeciwutleniaczem w komorce
katalizujacym dysmutacje dwodch czasteczek anionu ponadtlenkowego do nadtlenku wodoru
i tlenu czasteczkowego (Fridovich, 1995). Z kolei, peroksydaza glutationowa rozktada
nadtlenki wodoru do wody oraz nadtlenki lipidow do odpowiadajacych im alkoholi. Dzigki
swoim wlasciwosciom odgrywa kluczowa role¢ w hamowaniu procesu peroksydacji lipidow
(Dringen 1 in., 2005). Katalaza obecna w wigkszosci tkanek wymagajacych dostgpnosci tlenu,
wykorzystuje zelazo lub mangan jako kofaktor i katalizuje degradacje lub redukcje nadtlenku
wodoru do wody i tlenu czasteczkowego, w konsekwencji konczac proces detoksykacji
wspotdzialajac z SOD (Chelikani 1 in., 2004). Wyzsze stezenia CAT 1 SOD sugeruja, ze
organizm potrzebuje intensywniejszej reakcji tych enzymow w celu neutralizacji rodnikéw
ponadtlenkowych (Chien i in., 2003). W badaniu opisanym w Rozprawie nizszy poziom CAT
w grupie otrzymujacej dodatek AST wskazuje, ze AST wykazuje prawdopodobnie rownie silng
zdolno$¢ neutralizowania ROS jak enzym CAT. Dlatego tez AST moze zmniejszy¢ stres
oksydacyjny poprzez bezposrednie neutralizacje reaktywnych form tlenu, zmniejszajac
potrzebg¢ nadaktywnosci enzyméw do wykonywania tej funkcji (Zhang i in., 2013). Z kolei,
zwigkszony poziom GPX przy jednoczesnym spadku CAT moze wynika¢ z roznicy ich
dziatania (konieczno$¢ obecnosci kofaktora dla GPX), lokalizacji w komorce (GPX wystepuje
gléwnie w mitochondriach 1 cytoplazmie, natomiast CAT jest obecna przede wszystkim
w peroksysomach) oraz roli w ochronie antyoksydacyjnej. Stad przypuszczenie, ze AST moze
indukowa¢ specyficzng odpowiedz organizmu, w ktdrej wzrasta poziom GPX jako bardziej
uniwersalnego mechanizmu ochronnego, podczas gdy stezenie CAT, zmniejsza si¢ na skutek

obnizenie zapotrzebowania na aktywnos¢ tego enzymu.
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W ramach realizacji badan przeprowadzono takze ocen¢ wplywu astaksantyny na status
zdrowotny watroby prosiat, uwzgledniajagc zaré6wno histologi¢ tkanki watrobowej, jak
1 ekspresje gendw zwigzanych z funkcjonowaniem watroby (geny kodujace biatka receptorowe;
zwigzane z metabolizmem kwasow ttuszczowych, lipidow, cukréw oraz cholesterolu, kodujace
mechanizmy mitochondrialne i metabolizm egzogennych substancji chemicznych). Ponadto,
analiza objeta geny bezposrednio lub posrednio zwigzane z odkladaniem macierzy
zewnatrzkomorkowej oraz z reakcjami immunologicznymi i ochrong antyoksydacyjng (P3).
Stres zwigzany z odsadzeniem oraz zwigkszony metabolizm u rosngcych prosiat prowadzi do
licznych konsekwencji widocznych w réznych narzadach, szczegdlnie w watrobie. Polaczenie
miedzy jelitami a watrobg (0§ jelitowo-watrobowa) czgsto sprzyja przenikaniu patogenow do
tkanki watrobowej, co moze powodowac uszkodzenia hepatocytow. Astaksantyna, wykazujaca
silne wiasciwosci antyoksydacyjne, wydala si¢ obiecujacym dodatkiem paszowym
wspierajacym ochrong watroby co zostato niejako potwierdzone
w wynikach tej cze$ci badan. Astaksantyna wykazuje rowniez dziatanie przeciwzapalne
1 przeciwnowotworowe, a jako antyoksydant chroni komodrki przed uszkodzeniami
wywotanymi przez nadmiar wolnych rodnikéw (Chen and Kotani, 2016). Stres oksydacyjny
organizmu jest powigzany z réznymi schorzeniami watroby, w tym ze zwtdknieniem. Znaczaca
role w procesie zwtoknienia watroby odgrywaja komoérki gwiazdziste (HSC) wraz z komérkami
Kupffera 1 komorkami jednojadrowymi. Jedng z glownych przyczyn zwldknienia jest
aktywacja komorek HSC, ktore zaczynaja produkowacé kolagen I, ktory jest jednym

z wazniejszych sktadnikoéw macierzy zewnatrzkomorkowej (Friedman, 2000; Kisseleva and
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Brenner, 2007; Poli, 2000; Sanchez-Valle 1 in., 2012). Wolne rodniki (ROS) bedace produktami
stresu oksydacyjnego, poprzez uposledzenie funkcji mitochondriow, mogg inicjowac $mieré
hepatocytow i promowac¢ wydzielanie mediatorow prozapalnych. W zwiazku z tym uwaza sig,
ze ROS potencjalnie sprzyjaja zwldknieniu watroby na skutek promowania $mierci
hepatocytow badz aktywacje komoérek Kupffera (Jaeschke, 2011). Astaksantyna wykazuje
dziatanie hepatoprotekcyjne w roéznych modelach zwierzecych, wykazujac potencjat
przeciwdziatania uszkodzeniom watroby 1 zaburzeniom metabolicznym. Badania na
gryzoniach podkreslaja zdolno$¢ AST do tagodzenia hepatotoksycznosci, zmniejszania stanu
zapalnego, obnizania akumulacji lipidow i1 zmniejszania markeréw uszkodzenia watroby
w surowicy (Liu i in., 2018; Yang i in., 2016). AST wykazuje korzystne dzialanie w przypadku
uszkodzen watroby wywolanych stresem oksydacyjnym, tagodzac stan zapalny i wzmacniajac
reakcje antyoksydacyjne, o czym $wiadczy zmniejszenie stezenia cytokin prozapalnych
1 poziomoéw ROS. AST poprawia réwniez metabolizm lipidéow (Jia i in., 2016; Zhang 1 in.,
2020). Podczas gdy dysfunkcje jelit u odsadzonych prosigt sa dobrze udokumentowane
w literaturze naukowej, kwestia podatnosci watroby na uszkodzenia w tym okresie pozostaje
stabo zbadana. W tym czasie prosi¢ta do§wiadczajg intensywnego stresu oksydacyjnego, ktory
dodatkowo negatywnie oddzialuje na ten narzad. Ta luka w pracach naukowych wskazuje, ze
dalsze badania nad ochronng rolg AST przed stresem oksydacyjnym w watrobie odsadzonych

prosiat s niezbedne.

6.4.1. Wplyw astaksantyny na strukture histologiczng tkanki watroby

Analiza histologiczna tkanek watroby wykazata, ze dodanie AST znaczaco zmniejszyto
(P <0,001) odsetek wtokien kolagenowych wokoét zrazikow watroby (Wykres 6). W grupie [
zaobserwowano brak typowych naczyn sinusoidalnych, co sugeruje zmiany
w mikroarchitekturze watroby. Ponadto, zauwazono zmiany w ksztatcie hepatocytow, ktére
stracity charakterystyczny wielokatny kontur, a ich struktura byta zaburzona przez obrzgk
komorkowy. W przeciwienstwie do tego, w grupie suplementowanej AST, hepatocyty
zachowaly swoj normalny wielokatny ksztalt, a naczynia sinusoidalne byty wyraznie widoczne,
wskazujac na ochronny efekt AST na strukture tkanek watroby oraz na zachowanie ich
prawidlowej architektury (Rycina 3). W przeprowadzonym do$wiadczeniu zaobserwowano
istotne roznice histologiczne miedzy zwierzgtami otrzymujacymi dodatek AST w mieszance
paszowe] a tymi z grupy kontrolnej — bez dodatku. W grupie suplementowanej AST
stwierdzono znaczne zmniejszenie odktadania si¢ widkien kolagenowych w tkance watroby, co

wskazuje na potencjalng role AST w ochronie przed nadmiernym gromadzeniem si¢ kolagenu,
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a w przypadku patologicznego czynnika - zwtdknienia. Zwtoknienie watroby jest wynikiem
nadmiernego gromadzenia si¢ bialek macierzy pozakomorkowej, gldéwnie kolagenu, z powodu
uszkodzenia i stanu zapalnego. Podstawowy mechanizm napedzajacy fibrogenez¢ w watrobie
obejmuje aktywacj¢ komorek gwiazdzistych watroby (HSC), w produkujace kolagen komorki
miofibroblastopodobne (Kisseleva i Brenner, 2007; Wynn, 2007). Proces ten jest zaostrzany
przez stres oksydacyjny, w ktérym reaktywne formy tlenu (ROS) uszkadzaja hepatocyty,
indukuja stan zapalny i1 aktywuja komorki Kupffera i HSC. Astaksantyna, znana ze swoich
wiasciwosci antyoksydacyjnych, wykazuje dzialanie ochronne na zdrowie watroby, jak rowniez
hamuje aktywacje HSC, zmniejsza produkcje ROS 1 zwigksza ekspresje NrF2 (Chen i Kotani,
2016; Jiang 1 Torok, 2013; Lieber, 2000; Yang i in., 2016).

6.4.2. Wplyw astaksantyny na ekspresje¢ genow w tkance watroby

Analiza ekspresji genéw wykazata, ze suplementacja AST znaczaco zwigkszyla
ekspresje CYP741 (P = 0,001) i znaczaco zmniejszyto poziomy ekspresji CREB (P = 0,040),
NOTCHI (P=0,004)1 NRIH3 (P=0,002; Wykres 7). Nie stwierdzono jednak istotnych rdznic
miedzy grupami w zakresie ekspresji SREBF2, SIRT3, APOE, DHCR24, ACCA2, HKI,
CXCL10,CYPIAI, COLIA2, SODI 1 CAT.

Procent tkanki lacznej

6 % %k xk
—_— mm ]

V]

procent tkanki Igcznej | %]
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Wykres 6. Sredni odsetek wtokien kolagenowych w watrobie w grupie I kontrolnej oraz w grupie VI
z dodatkiem AST. ** p <0,01. Stupki przedstawiaja Srednig, wasy — SEM.
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Rycina 3. Obraz mikroskopowy tkanki watroby: I - grupa kontrolna bez dodatku AST, VI - grupa
z dodatkiem AST. Powickszenie 4%, pasek skali = 200 um. Barwienie trojchromowe Massona-Goldnera
z bigkitem aniliny.
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Wykres 7. Geny, ktorych poziomy ekspresji roznig si¢ statystycznie istotnie (P < 0,05) miedzy dwiema
badanymi grupami: | - grupa kontrolna bez dodatku AST, VI - grupa z dodatkiem AST. ** p < 0,01
Stupki przedstawiajg $rednie dla grupy, a wasy - SD.

W  prezentowanych badaniach sprawdzono wptyw AST na ekspresje genow,
podkreslajac kluczowa rolg watroby w metabolizmie lipidéw. Otrzymane wyniki wykazaty, ze
watroba prosiat zywionych pasza z dodatkiem AST charakteryzowata si¢ obnizong ekspresja
genu NRIH3, ktéorego hamowanie moze sprzyja¢ regeneracji hepatocytow po sthuszczeniu
watroby (Nakamuta 1 in., 2009; Zhang 1 in., 2016). Zaobserwowano réwniez zwigkszong
ekspresje genu CYP7A1, ktory jest kluczowy dla metabolizmu cholesterolu i jego wydalania
z watroby poprzez synteze kwasdéw zoélciowych. Zmiany te sugeruja, ze AST moze wspomagac
procesy detoksykacyjne i homeostaze lipidowa w watrobie (Wang i in., 2022b). Ponadto,
stwierdzono obnizenie ekspresji gendow NOTCH1 i CREB, jednak ich doktadna rola w procesie

tagodzenia zwloknienia watroby pozostaje niejasna. W prezentowanym doswiadczeniu
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zauwazalny byt zwigzek migdzy nizszg ekspresja CREB 1 nizszg zawartoscig kolagenu w tkance
watroby prosiagt otrzymujacych w paszy dodatek AST. Gen CREB wplywa na aktywacje
i proliferacje komorek gwiazdzistych, a takze na stan zapalny. Ponadto badania wskazuja, ze
gen CREB bierze udziat w odkladaniu si¢ macierzy pozakomorkowej i utracie komorek
funkcjonalnych (Eng i Friedman, 2001; Li i in., 2018b). Z kolei, szlak sygnalowy NOTCH jest
kluczowy dla adipogenezy, w tym proliferacji i réznicowania progenitorow adipocytow.
Badania opisywane w literaturze podaja, ze haploinsuficjencja zwicksza akumulacj¢ thuszczu
1 wigze si¢ z insulinoopornoscia, a w przypadku zwtoknienia watroby udokumentowano
aktywacje NOTCH (Ferrando, 2009; Yamaguchi i in., 2021). Mozna wigc wnioskowac, ze

w oparciu o analizg ekspresji genéw, AST wykazuje potencjat ochronny wobec watroby.

Otrzymane  wyniki  przeprowadzonych  chemicznych  analiz ~ wlasciwosci
antyoksydacyjnych AST (FRAP i DPPH) i immunoenzymatycznych w surowicy krwi,
w polaczeniu z rezultatami stwierdzonymi w analizie histologicznej i genomicznej tkanki
watroby, wykazaly pewne aspekty protekcyjnego dziatania AST i interesujaca mozliwos¢
wykorzystania tej naturalnej substancji jako prozdrowotnego dodatku do paszy dla prosiat.
Jednakze stosowanie AST w praktyce, opisanie zaobserwowanych niejasno$ci oraz ustalenie
optymalnej dawki AST, wymaga dalszych badan, szczegdlnie w warunkach produkcyjno-

fermowych oraz na zwierzetach starszych.
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7. Podsumowanie

Przeprowadzone badania wykazaty, ze dodatek do paszy dla prosiat maczki z larw Hermetia
illucens (HI) nie wptynal negatywnie na wzrost, pobranie paszy ani status zdrowotny zwierzat.
Suplementacja paszy astaksantyng (AST) rowniez nie miala znaczacego wplywu na wyniki
produkcyjne, natomiast ograniczyla stres oksydacyjny organizmu i poprawita parametry krwi, takie
jak poziom hemoglobiny i zelaza, ktore spadaty przy wyzszym udziale maczki HI w paszy. Analiza
stoniny przechowywanej w zamrozeniu przez 3 miesigce wykazata, ze dodatek do paszy AST razem
z maczka HI obnizyl poziom wskaznika TBARS. Wynik ten wskazuje na mozliwo$¢ wykorzystania
tych dodatkow jako skutecznego antyoksydantu, ograniczajacego skutki peroksydacji lipidow
w tkance tluszczowej. W przypadku migsa nie uzyskano tak wyraznego efektu.

Analizy histologiczne wykazaty, ze jednoczesne podawanie AST wraz z maczka HI na
poziomie 2,5% znaczaco zwigkszylo szeroko$§¢ migsnidwki 1 jej warstw w dwunastnicy, co
potencjalnie moze przyczyni¢ si¢ do lepszej perystaltyki. Sama maczka HI na poziomie 2,5%
wptyneta na zwigkszenie dlugosci i szerokosci kosmkow, a podawana wraz z AST wptynegta na
polepszenie stosunku dtugosci kosmkéw do glebokosci krypt. W jelicie czczym widoczny byt
wptyw AST, ktéra zwigkszyta szerokos¢ btony Sluzowej, warstwy migsni podtuznych, liczbe
komorek kubkowych oraz dtugo$¢ kosmkow. Zarowno w jelicie czczym, jak i kretym, widoczny
byl korzystny wptyw maczki HI na powierzchni¢ wchtaniania. Jest to zwigzane m.in. z korzystnym
wplywem maczki HI na jelito krete, prowadzacym do wydtuzenia kosmkow. Wykazano zwigkszona
proliferacje komoérek w kryptach dwunastnicy i jelita czczego, zwlaszcza w grupie otrzymujacej
2,5% HI. Jednak maczka HI nie wplynela na ekspresje biatek potaczen $cistych.

Suplementacja paszy astaksantyna zmniejszyta odkladanie widkien kolagenowych
w tkance watroby prosiagt, co sugeruje potencjalng role tego dodatku w ochronie przed
zwltoknieniem. Ponadto, zmniejszenie ekspresji genu NRIH3 oraz zwigkszenie ekspresji genu
CYP7A1 wskazuje na poprawe regeneracji hepatocytoéw i metabolizmu cholesterolu u prosiat
zywionych pasza z udzialem AST. Obnizona ekspresja genow NOTCHI i CREB byta powigzana z
redukcja ilosci kolagenu w watrobie, cho¢ rola tych gendw w ograniczaniu zwldknienia watroby
pozostaje niejasna. Uzyskane wyniki podkreslity role AST w utrzymaniu homeostazy lipidowej
i procesach detoksykacyjnych organizmu prosiat.

Podsumowujgc wyniki przeprowadzonych badan, mozna stwierdzi¢, ze suplementacja paszy dla
prosiat w okresie okotoodsadzeniowym maczka HI 1 AST moze stanowi¢ cenne uzupetnienie diety
prosiat, poprawiajac strukture i funkcjonowanie jelit i watroby, wspierajac status zdrowotny oraz
stabilno$¢ oksydacyjna tkanki ttuszczowej, bez negatywnego wptywu na wskazniki produkcyjne

zwierzat.
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8. Whnioski

I. Dodatek 2,5% maczki HI oraz AST podawane lacznie, maja pozytywny wptyw na
strukturg jelit, co potencjalnie sprzyja lepszemu wchianianiu skltadnikéw

odzywczych u prosiat.

2. Dodatek 2,5% maczki HI oraz AST, stosowane w mieszance paszowej oddzielnie
lub razem, moga zmniejszy¢ podatno$¢ thuszczu wieprzowego na proces utleniania

1 wydluzy¢ jego trwatos$c¢.

3. Stosowanie maczki HI 1 AST nie wplywa negatywnie na wskazniki produkcyjne

1 status zdrowotny odsadzonych prosiat.
4. Astaksantyna stosowana jako dodatek paszowy dla prosiat petni role ochronnag przed

zwltoknieniem watroby, przyczynia si¢ do poprawy regeneracji hepatocytow

1 metabolizmu cholesterolu oraz detoksykacji organizmu.
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Simple Summary: Weaning is a stressful period that reduces digestive capacity and increases
oxidative stress and disease susceptibility in piglets. Feed additives can protect the piglets” health
status in a natural way. This study aimed to evaluate the effects of full-fat H. illucens larvae meal (HI)
and astaxanthin (AST) supplementation on the growth performance and health status of weaned pigs.
HI contains bioactive substances (chitin, antimicrobial peptides, lauric acid) with immunostimulatory,
antimicrobial, and anti-inflammatory properties. Astaxanthin is a carotenoid pigment with strong
antioxidant and anti-inflammatory capacities. The results showed that astaxanthin supports the
inhibition of oxidative stress. In the experiment lasting from 35 to 70 days of age, 48 weaned pigs
(about 8.7 kg body weight) were involved. Both supplements were tested separately or combined
in feed mixtures. The 2.5% HI and AST supplementation can reduce the susceptibility of pork fat
to oxidation. However, a higher concentration of HI (5%) was not beneficial because of the adverse
changes in some of the red cell indices and thus should be combined with the antioxidant AST to
improve these indices. Both supplements did not negatively affect the piglets” productivity.

Abstract: Weaning is a critical period in farming, and therefore, searching for health-promoting
feed additives of natural origin is necessary. This study aimed to evaluate the effects of full-fat
H. illucens larvae meal (HI) and astaxanthin (AST) supplementation on the growth performance and
health status of weaned pigs. The experiment was carried out on 48 pigs (8.7 kg) divided into six
groups: I—control; II—2.5% HI; III—5% HI; IV—2.5% HI and AST; V—5% HI and AST; VI—AST.
The experiment lasted from the 35th to 70th day of age, and animals were fed ad libitum. The results
obtained indicate that HI meal and astaxanthin had no effect on feed intake and utilization, weight
gain, or organ weight. Additionally, blood parameters remained within the norms. It seems that
astaxanthin supports the inhibition of oxidative stress, which became apparent in the case of some red
blood cell parameters. The 2.5% HI and AST supplementation can reduce the susceptibility of pork
fat to oxidation (lower adipose tissue TBARS). However, 5% HI in feed was not beneficial because of
the adverse changes in some red cell indices, and it should be combined with the antioxidant AST to
improve these indices.

Keywords: insect meal; astaxanthin; pigs; growth performance; biochemical blood indices; hemato-
logical blood indices

1. Introduction

One of the major problems generating economic losses in pig farming is the weaning
period of piglets [1]. There is a very stressful period of the animal’s life, involving separation
from the sow, environmental and nutritional changes increasing exposure to pathogens and
food antigens [2], and a new group hierarchy. Weaning from the sow disrupts the intestinal
integrity of piglets, reduces the digestive capacity of the digestive system, and increases
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intestinal oxidative stress and disease susceptibility in piglets [3]. One of the key factors
affecting piglet health is diet, and an important component of diet is an easily digestible
protein with a favorable amino acid composition. Currently, the main protein sources
for monogastric animals are post-extraction meals and oil-pressed cakes (e.g., soybean,
rapeseed), legumes seeds, animal origin proteins, or algal biomass [4-6]. The rapidly
growing human population and the increasing demand for meat and products of animal
origin have increased the need for protein feed quantities. The search for new protein
sources has become necessary because of the scarcity of plant-based feed protein sources
due to unfavorable climate changes and the aversion to genetically modified feedstuffs, so
the search for new protein sources has become necessary [6].

Attention has begun to turn to insect meal, which could provide an additional source of
nutritional components [7-9]. The innovative protein products obtained from various insect
species have already started to be used for salmonid feeds [10,11] as well as pet food [12].
As a result, interest in black soldier fly (Hermetia illucens) larvae (HI) as a sustainable protein
source for livestock has increased significantly. Insects” production advantage is that they
can be reared at high densities and have a high bioconversion rate [9]. Organic biomass,
byproducts, or food waste can be used for their production, which contributes to more
efficient management of organic and inorganic nutrient resources, particularly nitrogen
and phosphorus recycling [8,13]. There are currently two types of H. illucens larvae meal in
feedstuffs: defatted and full fat, in which the main difference is the fat and saturated fatty
acid content [6]; in the present experiment, a full-fat meal from H. illucens larvae was used.
The amount of crude protein in the full-fat HI meal was 426 g/kg, crude fat content was
264 g/kg, crude fiber content was 91 g/kg, and ash content was 85 g/kg. Noteworthy is
the amino acid composition of black soldier fly larvae meal. The most abundant essential
amino acids were leucine (26.2 g/kg), lysine (21.6 g/kg), and phenylalanine + tyrosine
(36.2 g/kg). Promising in terms of improving the health status of animals is the presence
in insects of bioactive substances such as chitin, antimicrobial peptides, and specific fatty
acids (notably lauric acid) with immunostimulatory, antimicrobial, and anti-inflammatory
properties [14,15]. These bioactive compounds appear to be useful feed additives to
support the growth and health of piglets by stimulating their immune response, which is
important when conducting intensive livestock production and limiting therapy, especially
with antibiotics.

The young piglet’s body develops rapidly, which is associated with an accelerated
metabolism. This and weaning stress affect the production of significant amounts of free
radicals [16]. Reactive oxygen species from the mitochondrial electron transport chain
or excessive stimulation of NAD(P)H) cause oxidative stress can be important media-
tors of damage to cellular structures, including lipids and membranes, proteins, and
DNA [17]. Therefore, adding antioxidants to the diet seems beneficial, which can help
counteract the negative effects of oxidative stress [18]. As an antioxidant in the present
experiment, astaxanthin was used, which is one of the carotenoid pigments with strong
antioxidant, anti-inflammatory, and anticancer properties [19]. The antioxidant properties
of astaxanthin are 14 times greater than those of vitamin E, 54 times greater than those of
[-carotene, and 65 times greater than those of vitamin C [20]. In addition, astaxanthin is
believed to protect against apoptosis by regulating mitochondrial proteins [21]. A study by
Macedo et al. (2010) [22] found that astaxanthin, by reducing the level of pro-inflammatory
cytokines in lipopolysaccharide-stimulated neutrophils, improves the phagocytic capacity
of neutrophils and their bactericidal capacity, and reduces the amount of hydrogen peroxide
and superoxide anion they produce.

Given the above, this experiment aimed to study the effects of Hermetia illucens larvae
meal and astaxanthin as feed additives, with the potential to improve the health status
and production indicators of weaned pigs. The blood health indices (biochemical and
hematological), growth performance, and meat quality traits were estimated.
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2. Materials and Methods
2.1. Ethical Approval

All procedures included in this study relating to the use of live animals agreed with the
First Local Ethics Committee for Experiments with Animals in Cracow, Poland (Resolution
No. 420/2020, date 22 July 2020). Throughout the experimental period, the health status of
postweaning pigs was regularly monitored by a veterinarian.

2.2. Animals and the Layout of the Experiment

The experiment was conducted on forty-eight 35-day-old post-weaning pigs (bar-
rows) weighing about 8.7 kg (+0.2 kg). The barrows were of the Polish Landrace (PL)
breed. The pigs were divided into six groups, with eight pigs in each: group I—control,
group Il—addition of 2.5% Hermetia illucens (HI) larvae meal, group IlI—addition of 5%
H. illucens larvae meal, group IV—addition of 2.5% H. illucens larvae meal and astaxan-
thin, group V—addition of 5% H. illucens larvae meal and astaxanthin, group VI—addition
of astaxanthin. The Hermetia illucens larvae meal was a full-fat product obtained from
commercial sources (HiProMine S.A., Robakowo, Poland). The astaxanthin originated
from Haematoccocus pluvialis (Podkowa AD 1905 sp. z o0.0., Lublin, Poland) and was added
in the amount of 0.025 g per 1 kg (25 mg per kg) of feed mixture. All piglets were fed
an iso-protein and iso-energetic diet, meeting the requirements according to the Polish
standards of pig feeding [23]. The ingredient composition and nutritive value of the diets
are shown in Table 1. Basic chemical analyses of feed mixture samples were performed
according to standard methods [24].

Table 1. Ingredients (%) and nutritive value of diets in the experiment.

I II I v A% VI
o o HI 2.5% HI 5%
Items Control HI 2.5% HI 5% + AST + AST AST
Soybean pressed cake 19 16 13 16 13 19
Hermetia illucens larvae meal - 2.5 5 2.5 5 -
Wheat 42.2 43.6 442 43.6 44.2 422
Corn 20 20 20 20 20 20
Rapeseed oil 0.8 - - - - 0.8
Skimmed milk powder 10 10 10 10 10 10
Dried whey 5 5 5 5 5 5
1-Ca phosphate 0.4 0.3 0.3 0.3 0.3 04
Feed chalk 12 1.1 1.1 1.2 1.1 1.2
Salt 0.1 0.1 0.1 0.1 0.1 0.1
Lysine 0.4 0.4 0.4 0.4 0.4 0.4
Methionine 0.2 0.2 0.2 0.2 0.2 0.2
Threonine 0.2 0.2 0.2 0.2 0.2 0.2
Tryptophan 0.1 0.1 0.1 0.1 0.1 0.1
Vitamin—-mineral premix * 0.5 0.5 0.5 0.5 0.5 0.5
Astaxanthin (0.025 g/kg) - - - + + +
Content in 1 kg:
Dry matter, g 901 899 898 899 898 901
Crude protein, g 183 183 183 183 183 183
Crude fat, g 40 36 40 36 40 40
Crude fiber, g 27 28 29 28 29 27
Crudeash, g 56 55 54 55 54 56
Metabolizable energy, MJ ** 13.8 13.7 13.7 13.7 13.7 13.8
Lysine, g 13.7 13.7 13.6 13.7 13.6 13.7
Methionine + Cystine, g 8.2 8.2 8.2 8.2 8.2 8.2
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Table 1. Cont.
I II III v v VI
o o HI 2.5% HI 5%
Items Control HI 2.5% HI 5% + AST + AST AST
Threonine, g 8.8 8.8 8.7 8.8 8.7 8.8
Tryptophan, g 2.7 2.7 2.7 2.7 2.7 2.7
Calcium, g 7.6 7.7 7.6 7.7 7.6 7.6
Phosphorus digestible, g 3.1 3.1 3.1 3.1 3.1 3.1

Abbreviations: HI—Hermetia illucens larvae meal; AST—astaxanthin. 1, 11, 1II, IV, V, VI—number of groups:
group I—control, group Il—addition of 2.5% Hermetia illucens (HI) larvae meal, group Ill—addition of 5%
H. illucens larvae meal, group IV—addition of 2.5% H. illucens larvae meal and astaxanthin, group V—addition
of 5% H. illucens larvae meal and astaxanthin, group VI—addition of astaxanthin. * Content in 1 kg of premix:
vit A—2,400,000 IU; vit D3—400,000 IU; vit E—8000 IU; vit B1—400 mg; vit B12—6000 ug; vit B2—1000 mg; vit
B5—3000 mg; vit B6—600 mg; vit K—400 mg; biotin—30,000 pg; niacin—5008.3 mg; folic acid—100 mg; pan-
tothenic acid—2760 mg; choline—24,193.548 mg; betaine—12,000 mg; Cu—20,000 mg; Fe—20,000 mg; I—200 mg;
Mn—8000 mg; Se—60 mg; Zn—24,000 mg; Ca—267.979 g; C1—6.268 g; K—0.066 g; Mg—30 g; Na—0.037 g;
5—22.245 g. ** Metabolizable energy was calculated using Hoffmann and Schiemann’s equation (1980) [25].

The experimental fattening lasted 35 days. The pigs were kept in individual pens
and received feed and water ad libitum. The animals were individually weighed on the
experiment’s first and last day. Daily feed intake and conversion, as well as animal weight
gain, were calculated. At the end of the experiment, all pigs were slaughtered. The animals
were killed with an approved standard method by simply stunning with a specialized
penetrating pin device Blitz (Germany), along with cartridges caliber 9 x 17 mm dedicated
to slaughtering pigs. Blood was collected in tubes for biochemical and hematological
analysis. Intestine sections, kidneys, stomach, liver, and spleen were collected for weighing.
Samples of muscle (longissimus m.) and adipose (backfat) tissue were also taken from
the area between the last thoracic and first lumbar vertebrae. The dissected intestine
sections (duodenum, jejunum, ileum, cecum, and large intestine) were rinsed, weighed, and
measured. The pH of the stomach, duodenum, jejunum, ileum, large intestine, and caecum
digesta was measured with a HI 99163 pH-meter (Hanna Instruments Inc., Woonsocke, RI,
USA), with automatic temperature compensation from —5 to 105 °C and equipped with a
pH/T° FC 232 combination electrode.

2.3. Blood Analysis
2.3.1. Hematological Parameters

The full blood samples were analyzed using the Vet Mythic 18 automatic hematology
analyzer (Orphée C2 Diagnostics, France). The parameters evaluated were total white
blood cell (WBC) count, lymphocytes (LYM), monocytes (MON), granulocytes (GRA), red
blood cells (RBC) count, hemoglobin content (HGB), hematocrit (HCT), mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), red cell distribution width (RDWC),
number of platelets (PLT) and their mean volume (MVP), platelet size heterogeneity index
(PDW), and plateletcrit (PCT).

2.3.2. Biochemical Parameters

Blood samples for the biochemical parameters were collected in test tubes and cen-
trifuged (3500 x g, 15 min, 4 °C) to obtain serum samples. The biochemical indices were
colorimetrically measured using test Cormay kits (Lublin, Poland) and a BS-180 biochem-
ical automatic analyzer (Shenzhen Mindray Bio-medical Electronics Co. Ltd., Shenzhen,
China). The following parameters were determined: total cholesterol (CHOL), high-density
lipoprotein (HDL), low-density lipoprotein (LDL), triacylglycerides (TG), lactate dehydro-
genase (LDH), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), glucose (GLU), albumin (ALB), creatinine (CREA), urea (UREA), total
protein (TP), calcium (Ca), phosphate (P), magnesium (Mg), iron (Fe).
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2.4. Meat and Backfat Sample Collection and Analysis

Samples of meat (longissimus m.) and adipose tissue (backfat) were taken from the
area between the last thoracic and the first lumbar vertebrae. Basic chemical analyses (dry
matter, crude protein, crude fat, and crude ash) of meat samples were performed according
to standard methods [24]. Thiobarbituric acid reactive substances (TBARS) were analyzed
in meat and backfat samples after 3 months of storage at —20 °C, using a modified method
proposed by Pikul et al. (1989) [26]. In brief, 10 g of shredded sample was homogenized
with 50 mL of 4% perchloric acid with butylated hydroxytoluene. After filtration, 5 mL of
the filtrate was mixed with 5 mL of 2-thiobarbituric acid (0.02 M). The solution was heated
in a test tube for 1 h, in a boiling water bath, and then cooled under running water for
10 min. The measurement was carried out at 532 nm against a calibration curve containing
a blank sample.

2.5. Statistical Analysis

Data were analyzed by 2-way ANOVA using Statistica® ver. 13.3 software packages
(StatSoft Inc., Tulsa, OK, USA) [27]. The model included two main factors: (1) Hermetia
illucens larvae meal share (2.5% vs. 5.0%) and (2) the astaxanthin presence in the feed
mixture, and their interactions. Each individual piglet served as an experimental unit
(n =8, per group). Before the data analysis, the normality of the data was tested using the
Shapiro-Wilk test and histograms were evaluated. Duncan’s test was used to compare
differences between averages when the difference was found to be significant (p < 0.05).

3. Results
3.1. Growth Performance

All animals were healthy during the experiment and showed no signs of disease.
Indicators of weight gain, feed conversion ratio, average daily gain, feed intake, and param-
eters collected during dissection are shown in Tables 2 and 3. There were no statistically
significant differences between the groups.

Table 2. Effect of Hermetia illucens meal share and astaxanthin presence in feed on the productivity
performance of piglets.

Hermetia illucens Astaxanthin

Share (HI) Share (AST) I 11 I v \% VI p-Level
o o HI25%  HI5% HI x
Items 0 2.5 5 - + Control  HI2.5%  HI5% + AST +AST AST HI AST AST SEM
Average body
weight, kg
1st day of experiment 874 864 875 870 872 8.89 8.58 8.64 8.70 8.85 860 0.88 0941 0578 0.10
35th day of experiment ~ 34.19 3446 34.19 3428 34.29 34.36 34.43 34.05 34.49 34.32 3405 0.883 0988 0.897 0.24
Average daily weight
gains, g
1-35 day of experiment 727 738 727 731 730 728 738 726 737 728 727  0.692 0985  0.992 5.63
Average daily feed
intake, kg
1-35 day of experiment  1.08 1.08 1.08 1.08  1.08 1.08 1.09 1.08 1.08 1.08 1.08 0959 0991 0.781 0.01
Feed conversion
ratio, kg
1-35 day of experiment 149 147 150 148 148 1.49 1.46 1.50 1.47 1.49 149 0191 0876 0.853 0.01

I 11, 111, IV, V, VI—number of groups; Hermetia illucens share of 0% (groups I and VI), Hermetia illucens share of 2.5%
(group II and group 1V), Hermetia illucens share of 5% (group III and group V) and astaxanthin supplementation
(groups 1V, V, and VI), without astaxanthin supplementation (groups I, II, and III).
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Table 3. Effect of Hermetia illucens meal share and astaxanthin presence in feed on the weight of
organs and digestive tract sections of piglets.

Hermetia illucens

Astaxanthin

Share (HI) Share (AST) I 1t 1 v v Vi p-Level
Ttems 0 25 5 ; +  Contol  HI25%  HIS% ' AZ'S5T/" F}sgé AST HI  AST %; SEM
Liver 263 263 262 261 264 263 2,60 261 265 262 264 096 0665 0953 003
Spleen 021 020 020 021 021 021 021 0.20 0.20 020 021 052 0917 0972 0003
Kidney 027 028 027 028 027 028 0.28 0.27 0.27 028 027 0977 0687 0797 0004
Stomach 074 075 074 075 074 074 0.75 0.74 0.75 073 073 0908 059% 0963 001
Duodenum 008 007 008 008 008 008 0.07 0.08 0.07 008 008 0262 0513 034 0002
Caecum 028 027 028 028 027 027 0.28 0.27 0.27 028 028 0965 086 0742 0003
Smallintestine 337 337 335 335 337 335 338 333 335 336 339 0967 0862 0907  0.04
Largeintestine 167 169 166 167 168 168 1.69 165 170 1.66 167 0746 0901 0987  0.02

I 1L 111, IV, V, VI—number of groups; Hermetia illucens share of 0% (groups I and VI), Hermetia illucens share of 2.5%
(group Il and group 1V), Hermetia illucens share of 5% (group III and group V) and astaxanthin supplementation
(groups 1V, V, and VI), without astaxanthin supplementation (groups I, II, and III).

3.2. Blood Indices

The effects of insect meal from Hermetia illucens larvae administered at different doses
and astaxanthin on the biochemical blood indices, as well as the interaction between these
factors, are shown in Table 4. Lipid profile was not affected by the HI meal, except HDL
(p = 0.03) and LDH content (p < 0.01), and not by the astaxanthin supplementation in feed.
Analyzing the hepatic/pancreas and the renal and osteological profiles, some varied effects
of experimental nutritional factors were observed. HI meal lowered the GLU content
(p < 0.05) when added at 5% in the feed, while the astaxanthin supplementation increased
the GLU and ALP contents. However, in the case of ALP as well as ALB content, the
interaction was statistically significant: these parameters were higher when astaxanthin was
added to the feed mixture together with the HI meal. The 2.5% HI meal supplementation
in feed increased the p-level (p < 0.01) and decreased the CREA level (p = 0.02) in piglets’
blood, while 5% HI meal supplementation lowered the Ca level (p < 0.01). The Mg content
in the blood was not affected by the HI meal addition in feed. The astaxanthin increased
CREA, Ca, and Mg levels (p < 0.01). The interaction (p < 0.01) between both nutritional
factors was noticed in the TP amount in the blood, which was the lowest in piglets receiving
a feed mixture containing HI meal without astaxanthin.

The results of the hematological analysis of piglet blood are shown in Table 5. Astaxan-
thin supplementation did not affect white blood cell counts, while the 5% HI meal increased
LYM counts (p = 0.04). Significant interactions indicate that MON and GRA were affected
only when both dietary factors were used together, and the highest amount of MON and
GRA was observed in piglets fed a mixture containing 5% HI meal along with AST (p = 0.01
and 0.02, respectively). Both HI meal and AST affected red blood cell parameters (p < 0.05),
but the interaction was significant for HCT and MCV only. The lowest values of these
parameters were read for the groups fed 5% HI meal supplementation (p < 0.01; p = 0.02).
Analyzing the main factors, a significant increase in the level of RDWC after the addition of
AST and 5% HI was noticeable (p < 0.01). The number of RBCs increased after the addition
of AST (p < 0.01) but was not affected by HI meal in the diet. The Fe level was lower in the
blood of piglets fed with HI meal (p = 0.01) but was about 30% higher after the addition of
astaxanthin (p < 0.01). HGB level decreased after supplementation with AST (p < 0.01) and
5% HI meal (p = 0.02) meal. Both AST and 5% HI meal decreased MCH (p < 0.01). In the
case of platelet parameters, the only effect was observed in PDW when 2.5% HI meal was
used in the feed mixture, which significantly reduced this value (p < 0.01).
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Table 4. Effect of Hermetia illucens meal share and astaxanthin presence in feed on the biochemical indices of piglets” blood.

Hermetia illucens Share Astaxanthin Share
(HID (AST) I 11 11 v v \%! p-Level

Items 0 2.5 5 - + Control  HI25%  HI5% 1| AZ'SSTA’ FLZ; AST HI ast MK sEm

Lipid profile
CHOL, mg/dL 97.4 100.4 93.7 96.0 98.4 95.7 102.8 89.8 98.1 97.6 99.4 0.415 0.573 0.458 2,01
TG, mg/dL 41.0 46.2 36.8 425 40.1 43.1 46.4 38.0 46.0 35.6 38.6 0.063 0.445 0.870 1.60
HDL, mg/dL 40.5 2 4472 38.7°P 40.3 422 38.8 44.7 37.6 44.6 39.8 423 0.031 0.321 0.716 0.94
LDL, mg/dL 51.3 49.4 49.1 50.4 495 51.7 51.8 47.6 46.9 50.6 50.8 0.767 0.736 0.487 1.28
LDH, U/L 1324.72 1482.12 1706.8 1528 1472.5 1300.7 1556.6 1755.1 1407.5 1658.4 1351.7 <0.01 0.426 0.576 45.10

Hepatic and

pancreas profile

ALT,U/L 46.4 48.7 46.6 48.0 46.5 46.7 51.4 46.0 46.0 47.3 46.2 0.756 0.570 0.590 1.32
AST, U/L 50.3 57.1 54.9 55.9 52.2 50.4 58.6 59.3 55.6 50.6 50.2 0.483 0.406 0.758 2.28
ALP,U/L 237.5 255.4 2614 234.82 2682 263.4 20 217.52 220.02 293.4° 302.8° 208.42 0.374 0.031 <0.01 9.08
GLU, mg/dL 135.6 136.42 1209 121.22 141.3° 131.8 124.1 106.3 148.6 1355 139.9 0.046 <0.01 0.269 3.25
ALB, g/dL 4.2 3.9 3.9 3.9 4.1 4344 3.8 3.72 4.1bed 42 4.0 3be 0.058 0.115 <0.01 0.05

Renal profile
CREA, mg/dL 1.02 09° 1.0 092 1.0b 1.0 0.8 0.9 1.0 1.1 1.0 0.022 <0.01 0.177 0.02
UREA, mg/dL 23.8 21.3 224 222 22.8 25.8 20.3 20.2 22.3 245 21.6 0.591 0.712 0.187 0.96
TP, g/dL 6.3 6.2 6.0 6.1 6.3 6.4° 6.1° 5.62 6.3 6.4° 6.2° 0.174 0.051 <0.01 0.07
Ca, mg/dL 1222 12.72 109° 1152 12.4° 118 12.6 10.0 12.9 11.8 12.6 <0.01 <0.01 0.085 0.19
P, mg/dL 10.32 11.4° 9.6 10.6 10.3 10.5 113 10.0 114 9.2 10.1 <0.01 0.322 0.581 0.19
Mg, mg/dL 2.2 23 2.2 212 24P 2.1 2.3 2.0 24 2.3 2.3 0.162 <0.01 0.603 0.05

Osteological profile

Ca, mg/dL 1222 12.72 109° 11.52 12.4° 118 12.6 10.0 12.9 11.8 12.6 <0.01 <0.01 0.085 0.19
P, mg/dL 1032 11.4° 9.62 10.6 10.3 10.5 11.3 10.0 114 9.2 10.1 <0.01 0.322 0.581 0.19
ALP, U/L 237.5 255.4 261.4 234.82 268.2° 263.4 20 21752 220.02 2934 302.8° 208.4 2 0.374 0.031 <0.01 9.08
ALB, g/dL 42 3.9 3.9 39 4.1 434 3.82b 367 4.1 bed 42 3.9 abe 0.058 0.115 <0.01 0.05

I, II, III, IV, V, VI—number of groups; Hermetia illucens share of 0% (groups I and VI), Hermetia illucens share of 2.5% (group II and group 1V), Hermetia illucens share of 5% (group Il and
group V) and astaxanthin supplementation (groups IV, V, and VI), without astaxanthin supplementation (groups I, I, and I1T).*"<4—values within a row with different superscripts differ
significantly at p < 0.05. Abbreviations: CHOL—total cholesterol, HDL—high-density lipoprotein, LDL—low-density lipoprotein, TG—triacylglycerides, LDH—lactate dehydrogenase,
ALT—alanine aminotransferase, AST—aspartate aminotransferase, ALP—alkaline phosphatase, GLU—glucose, ALB—albumin, CREA—creatinine, UREA—urea, TP—total protein,
Ca—calcium, P—phosphate, Mg—magnesium.
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Table 5. Effect of Hermetia illucens meal share and astaxanthin presence in feed on the hematological indices of piglets” blood.

Hermetia illucens Share Astaxanthin Share
(HD (AST) I I 11 v v VI p-Level

Items 0 2.5 5 - + Control HI 2.5% HI 5% I;_H AZSSTA) _'I__III&Z,? AST HI AST Igls; SEM
WBC, 10 /uL 9.5 11.4 12.0 10.4 12.2 9.9 10.6 10.6 12.3 14.8 8.5 0.093 0.201 0.203 0.57
LYM, 103/ uL 452 6.33b 7.0 5.3 7.2 44 5.1 6.3 7.6 8.4 46 0.043 0.058 0.508 0.43
MON, 10%/uL 0.5 0.4 0.4 0.4 0.4 0.423b 0.52b 042 032 0.6° 0.5ab 0.444 0.308 0.012 0.02
GRA, 10%/uL 4.6 47 45 4.6 46 5.1ab 5.02ab 39ab 4440 58P 342 0.657 0.733 0.022 0.24
RBC, 10°/puL 6.2 6.5 6.1 572 6.9b 5.7 6.1 5.4 6.9 6.9 6.8 0.210 <0.01 0.218 0.12
HGB, g/dL 1292 1272 11.7P 13.02 11.8P 13.9 13.4 11.8 12.0 11.7 11.8 0.024 <0.01 0.081 0.20
Fe, ug/dL 140.3 2 116.4° 107.0° 106.12 137.8P 125.8 104.1 86.0 128.8 128.0 156.6 0.011 <0.01 0.743 5.37
HCT % 39.82 4102 35.6° 3552 4230 37.7b 38.3 be 3032 4374 41,0 4224 <0.01 <0.01 <0.01 0.74
RDWC % 18.82 18.02 20.0P 1852 19.4P 185 17.2 19.8 18.7 20.2 19.2 <0.01 0.032 0.518 0.23
MCV, um? 64.02 63.42 58.4P 62.2 61.7 65.7 4 63.2 < 5712 63.5d 59.6 b 62.1bc <0.01 0.724 0.025 0.59
MCH, pg 21.32 19.8P 19.6° 292 175" 24.2 221 22.3 17.5 17.0 18.0 <0.01 <0.01 0.120 0.43
PLT, 103 /uL 220.4 272.6 235.8 241.8 243.2 211.4 2774 240.3 267.8 231.3 230.5 0.068 0.993 0.760 9.19
PDW % 3992 31.9° 43,62 36.9 40.2 37.3 31.2 42.0 32,5 452 429 <0.01 0.079 0.652 1.16
PCT % 0.1 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.2 0.1 0.1 0.127 0.967 0.605 0.01
MPV, um? 8.3 8.4 8.8 8.3 8.7 8.1 8.2 8.7 8.7 8.9 8.4 0.055 0.076 0.838 0.09

I, I1, 11, IV, V, VI—number of groups; Hermetia illucens share of 0% (groups I and VI), Hermetia illucens share of 2.5% (group II and group IV), Hermetia illucens share of 5% (group III and
group V) and astaxanthin supplementation (groups IV, V and VI), without astaxanthin supplementation (groups I, Il and III). abed__yalues within a row with different superscripts differ
significantly at p < 0.05. Abbreviations: WBC—white blood cells; LYM—Ilymphocytes; MON—monocytes; GRA—granulocytes; RBC—red blood cells; HGB—hemoglobin; Fe—iron;
HCT—hematocrit; RDWC—red blood cell distribution width; MCV—mean corpuscular volume; MCH—mean corpuscular hemoglobin; PLT—platelets; PDW—platelet distribution
width; PCT—plateletcrit; MPV—mean platelet volume.
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3.3. Meat and Backfat Analysis
The effects of astaxanthin and H. illucens larvae meal on the basic chemical analysis
of meat are shown in Table 6. The highest dry matter of meat was determined in piglets
treated with 2.5% HI meal or 2.5% HI meal together with AST (interaction p = 0.02). The
lowest percentage of ash in meat (calculated in dry matter) was determined in the group
treated with 2.5% HI meal (p < 0.01) and in groups not treated with AST (p = 0.03). The
protein and fat content in meat (calculated in dry matter) were not affected by HI meal nor
AST supplementation in feed.
Table 6. Effect of Hermetia illucens meal share and astaxanthin presence in feed on the basic chemical
analyses of meat (longissimus m.) and the oxidative stability of meat and backfat tissue.
Hermetia illucens Share Astaxanthin
s Share (AST) I I I v A \2 p-Level
0 o, HI25% HI5% HI x
Items 0 25 5 - +  control HI25% HIS% o 2% AST  HI AST o SEM
Nutrient content
in meat
Dry matter (DM), % ~ 235° 241P 23.6° 238 237  232°  242° 239b 239bc  234%  238bc 0007 0706 0016  0.086
Protein, %inDM 878 804 8.2 829 869 88.3 744 852 863 872 871 0074 0123 0132 1445
Fat, % in DM 7.7 7.5 7.3 7.9 7.1 8.4 7.6 7.5 74 7.2 68 0871 0112 0348 0214
Ash, % in DM 52% 43 50°  47°  50° 51 41 49 46 5.1 53 <0010 0030 0633  0.009
TBARS content in
tissues (mg/kg)
Meat (longissimus m.) 03 0.3 03 03 03° 0.3 03 0.2 0.3 0.3 03 0160 0002 0144 0010
Adipose tissue 08 03" 04> 07* 03°  13° 03° 04® 03" 04  03° <0010 <0.010 <0010 0.068

(backfat)

I, 11, 111, IV, V, VI—number of groups; Hermetia illucens share of 0% (groups I and VI), Hermetia illucens share of 2.5%
(group II and group 1V), Hermetia illucens share of 5% (group III and group V) and astaxanthin supplementation
(groups IV, V, and VI), without astaxanthin supplementation (groups I, II, and III). #*<—values within a row with
different superscripts differ significantly at p < 0.05.

The results of measurements of oxidative stability of meat and adipose tissue from
pigs fed with a mixture containing Hermetia illucens meal or astaxanthin are presented
in Table 6. Both HI meal and AST significantly decreased the TBARS in adipose tissue
(backfat) after 3 months of frozen storage (p < 0.01), and the interaction between these
factors resulted p < 0.01. In comparison to the control group, the 2.5% HI concentration was
more effective than the 5% HI concentration (TBARS decreased by 80% vs. 69%), and the
AST was more effective alone or together with 2.5% HI added to the feed mixture (TBARS
decreased by about 77%). However, in the case of meat, the HI meal supplementation did
not influence the TBARS value, while the AST supplementation increased this parameter
(p <0.05).

4. Discussion
4.1. Growth Performance

The inclusion of H. illucens larvae meal in the diet did not adversely affect the growth
performance of the piglets involved in this study, and no effect of HI meal was observed
on the weight of organs and digestive tract sections of piglets (calculated as % of body
weight). In contrast, in the experiment of Yu et al. (2020) [28], piglets fed with a mixture
containing 0%, 1%, 2%, or 4% of HI meal showed a linear increase in the pancreas and
small intestine in response to this diet supplementation. No negative effects on feed intake,
feed conversion ratio, or average daily gain were observed. The fact that the presence of
HI meal in the feed did not impair the feed intake of the piglets is a favorable result and
confirms that insect-originated feed is palatable to these animals. The interest of piglets
and their willingness to eat black fly larvae have also been observed by other authors [29].
Conclusions similar to ours were reached by Biasato et al. (2019) [30], who carried out an
experiment on weaned piglets fed defatted H. illucens larvae meal. The HI larvae meal
was included in increasing amounts (0%, 5%, or 10%) in diets formulated for two feeding
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phases: I (from day 1 to 23) and II (from day 24 to 61). No significant differences in growth
performance were observed, except for average daily feed intake in phase II, which showed
a linear response to increasing levels of HI meal. Additionally, no effect was observed on
the growth performance of weaned piglets fed diets containing up to 8% full-fat HI meal
for 15 days [31]. No differences in piglets” performance were found also by Driemeyer
(2016) [32] when fish meal was partially replaced by HI meal. The researcher fed piglets (10
to 28 days of age) on a four-week phase feeding schedule with a diet containing 3.5% HI
meal. There were no significant differences obtained for feed intake and average daily gains
of the animals. In contrast, in the study by Chia et al. (2021) [33], an effect of H. illucens
meal on increased daily weight gain was observed. Carcass weights of pigs fed diets with
HI meal as a replacement for a fish meal at 50%, 75%, or 100% (w/w) were higher than
those of pigs fed a control diet. In the groups receiving 50% and 100% insect meal in place
of fish meal, final body weight was significantly higher than in the control and 25% insect
meal-treated groups. In our experiment, no significant differences in final body weight
were observed among groups, and no significant differences in feed conversion ratio (FCR)
were shown. In contrast, in the experiment with 50%, 75%, or 100% insect meal, FCR
was significantly lower than in the control and 25% insect meal groups [33]. In another
study [28], crossbred pigs weighing approximately 76.0 kg were assigned to three groups
in which they received increasing levels of H. illucens meal (0%, 4%, or 8%). The results
showed that the 4% HI diet significantly increased the final body weight and average daily
weight gain of the pigs and decreased the feed to gain ratio compared to the 0% and 8%
HI diets. There were no differences in average daily feed intake among all three groups.
One study [34] was conducted for 40 days to investigate the effect of increasing levels of HI
larvae oil supplementation on the growth performance of newly weaned pigs (at 21 days
of age) reared in a three-phase feeding program. It was found that supplementation with
0%, 2%, 4%, or 6% of insect oil linearly increased (p < 0.05) body weight on days 14, 21, 25,
33, and 40, but did not affect the feed intake throughout the whole experiment. However,
daily weight gains and feed conversion ratios were linearly improved only in the first
rearing period from 0 to 14 days of the experiment. When the weaned piglets received
a feed mixture containing 5%, 10%, or 20% of HI meal [35], no significant linear effect
was observed in weight gain and feed efficiency. Looking at the nutritional factor, which
was an insect product from Hermetia illucens, it is conceivable that the variety of results
observed in the studies cited above may be due to both the type of product (meal, oil) and
the period in which the pigs were included the experiment. This statement is consistent
with the observation of a linear improvement in both ADG and FCR when the supplement
of HI meal in feed increased from 0%, 1%, 2%, to 4% in the two first weeks post-weaning,
whereas no differences were found for a four-week feeding period [36].

The significant effect of astaxanthin supplementation in the amount of 25 mg per 1 kg
of feed on the growth performance of weaned piglets was not observed in the present
experiment. Similarly [37], the addition of astaxanthin to the pigs’ diet (1.5 or 3 mg
per kg of feed) did not affect the average daily gain, average daily feed intake, or feed
conversion ratio. When analyzing the nutritional factor astaxanthin, it is important to
keep in mind the small number of papers describing the effect of AST supplementation on
production performance in pigs. Therefore, the discussion must be expanded to include
other monogastric species. Ao and Kim (2019) [38] experimented on Peking ducks that
were fed astaxanthin originating from Phaffia rhodozyma. A total of 1440 female 1-day-old
Peking ducks (approximately 52 g) were divided into three groups: control group—0 mg
AST/kg diet, group I-—3458 mg AST/kg diet, and group II—6915 mg AST/kg diet. It was
found that on days 22 to 42, the inclusion of AST increased weight gain and decreased
the feed to gain ratio. Throughout the experiment, weight gain and final body weight
were greater in the AST treatment compared to the control group. AST supplementation in
the amount of 25 mg per 1 kg of feed, as in the present experiment, did not affect organ
weights. In an experiment by Jeong and Kim (2014) [39], 1-day-old male chicken broilers
were used to test the effect of AST originated from P. rhodozyma on animal rearing rates.



Animals 2023, 13,163

11 of 15

The birds received a supplement of 0, 2.3, or 4.6 mg AST /kg feed. The inclusion of AST
improved weight gain at finishing and throughout the experimental period and reduced
the feed conversion ratio at finishing. Thus, it was suggested that AST supplementation
may improve weight gain and reduce the feed conversion ratio. Lei and Kim (2014) [40]
evaluated the effects of AST derived from Phaffia rhodozyma on the performance and nutrient
digestibility of finishing pigs. For this purpose, crossbred pigs (initial body weight of about
58 kg) were treated with 0%, 0.1%, or 0.2% supplementation of P. rhodozyma, in which AST
content was 2.305 mg/kg after fermentation and freeze-drying. The results showed that the
addition of P. rhodozyma improved feed efficiency and dry matter digestibility. Evaluating
the effect of increasing dietary astaxanthin (0, 5, 10, or 20 mg/kg) on late-finishing pig
performance [41], it was found that the growth performance of pigs fed the astaxanthin
did not differ from pigs fed a control diet. In our study, astaxanthin was derived from
Haematococcus pluvialis, which could explain the lack of significant changes between groups
compared to work where the source of AST originated from Phaffia yeast. However, as
shown in studies [42,43], a diet with 133 or 266 mg/kg of Haematococcus pluvialis algae
caused faster weight gain and significantly higher breast muscle mass, and higher feed
efficiency in broiler chickens. Perhaps the AST dose used in this study was too low to be
effective in the productivity indicators.

4.2. Blood Indices

Although statistically significant differences were observed between groups, the hema-
tological and biochemical blood indices were within the physiological norms [44], indi-
cating that the use of HI insect meal and astaxanthin did not adversely affect the health
status of the weaned piglets. When studying the interaction between H. illucens meal and
astaxanthin on hematological blood indices, attention should be paid to the effects of these
factors both together and separately, as the multi-component nature of insect meal and
the specific antioxidant and anti-inflammatory properties of astaxanthin will complement
or exclude each other. In the groups where lymphocytes levels were higher than in the
other groups, the pigs showed no signs of disease and the rearing parameters remained
within normal limits. Similarly [30], it was found that the inclusion of H. illucens meal in
the diet did not significantly affect the blood and serum indices in pigs, but there was an
increase in the number of monocytes and neutrophils as the level of this additive increased.
Unexpected in our study was the reduction in hemoglobin level in pigs treated with 5%
HI larvae meal. Similarly, in the case of serum iron concentration, the addition of HI meal
at both levels resulted in a decrease in this parameter. From a physiological point of view,
this is detrimental to the body, as the lower the hemoglobin concentration, the worse the
circulation of oxygen in the body, and thus the worse the performance of the animal [45].
The lower serum iron levels in the groups with HI larvae meal only were reflected in the red
blood cell distribution width (RDWC; p < 0.01) and mean corpuscular hemoglobin (MCH;
p < 0.01). These results contrast with those [45] that showed that replacing 25%, 50%, 75%,
or 100% of fish meal with HI meal did not worsen hematological blood parameters, and
RBC, HGB, HCT, and RDW were even higher (however, p > 0.05) in groups supplemented
with HI meal when compared to the control group. In their experiments, HI meal supple-
mentation significantly decreased the platelets counts, while in the present experiment, this
parameter was not affected. The lipid fraction of Hermetia illucens larvae contains lauric
acid in the amount of about 38.43% by weight [46]. It belongs to the saturated fatty acids
that exacerbate dyslipidemia, and it is lauric acid that raises circulating cholesterol levels
contributing to cardiovascular disease [47]. In our experiment, the supplementation of
feed with 2.5 or 5% HI meal (36.5 g of lauric acid per 100 g of all estimated acids) did
not influence the cholesterol content in the blood. In contrast, in the experiment by van
Heugten et al. (2022) [34] where the HI larvae oil (36.5-37.3 g of lauric acid /100 g) was
used in the amount of 2%, 4%, or 6% in the feed, the increase in total cholesterol level (by
about 17% compared to control group) was the only significant effect observed in piglets’
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biochemical blood indices. These authors, however, did not notice any effect of lauric acid
present in HI oil on the hematological parameters.

One mechanism of cardiovascular disease is erythosis. Some studies have confirmed
that lauric acid in human red blood cells stimulates erythosis [47]. In addition, the mecha-
nism that affects erythosis is oxidative stress [48], and this stress, according to the above
study, is triggered by lauric acid [47]. Hence, it can be assumed that in the present experi-
ment, exposure to lauric acid, in the form of supplementation of H. illucens meal, resulted in
a decrease in the level of selected red cell parameters. Analyzing further results, a beneficial
effect of astaxanthin on these parameters (RBC, Fe, HCT, RDWC) is noticeable. Thus, it can
be thought that astaxanthin partially prevents excessive oxidative stress contributing to
erythosis. The beneficial effect on limiting oxidative stress was confirmed in studies [49]
on broiler chickens receiving from 20 to 80 mg/kg of AST, in which increased catalase
and superoxide dismutase levels were observed in plasma. Biochemical blood indices
were studied by Yu et al. (2020) [36] on weaned piglets receiving 0%, 1%, 2%, or 4% HI
meal in a feed. These authors observed that 2% HI meal increased total protein, IL-10, and
IgA while decreasing urea and triglyceride concentration. In the present experiment, the
concentration of these biochemical indices was not affected by the HI meal supplementation
in feed.

4.3. Meat and Backfat Analysis

In the conducted experiment, a significantly higher TBARS value for meat (longissimus m.)
was noted in the groups receiving astaxanthin, and no effect of HI meal was noticed after
storing at —20 °C for 3 months. On the other hand, the astaxanthin added to the feed
mixture significantly decreased the TBARS value in adipose tissue (backfat) stored in the
same conditions. A significant interaction between the experimental factors was also noted:
the highest TBARS value for backfat was in the control group, while the most effective
combination of dietary supplements for lowering the TBARS was 2.5% of HI meal together
with the astaxanthin. The efficiency of these supplements in improving the shelf life of pork
fat was about 80% (2.5% HI meal group) and 77% (AST group and AST + 2.5% HI meal)
when compared to the control group. TBARS, expressed as malondialdehyde, is a valuable
index of lipid peroxidation and oxidative susceptibility. It reflects the degree of oxidation: the
higher the TBARS value, the more intensive oxidation of lipids appears. The beneficial effect
of astaxanthin was observed in another study [50] when longissimus m. chops originated from
the astaxanthin-supplemented pigs had TBARS values more than 60% lower than chops from
control pigs after 7 days of retail exposure. Improvement in meat quality was also noticed [49]
in broiler chickens fed with 20, 40, or 80 mg/kg of AST, which developed the antioxidant
status in breast meat, reduced malondialdehyde levels, and increased redness and yellowness
of meat. These results suggest a beneficial effect of AST against lipid oxidation. The results are
consistent with the antioxidant activity of AST, which helps protect membrane phospholipids
and other lipids from peroxidation [51]. However, some studies [37] did not confirm any
significant effects of 1.5 or 3 mg of AST supplementation in the feed for fatteners on the meat
TBARS value, drip loss, meat color, and marbling values. This additive was fed to pigs for
14 days only, which could be too short of a period for significant meat quality and oxidative
stability affection.

In the present experiment, there was a significantly lower percentage of crude ash
in the meat of pigs treated with HI larvae meal. A similar result was obtained in another
study where the concentration of ash in breast muscles in broiler chickens (Pectoralis major)
decreased linearly as the proportion of HI larvae meal in the diet increased [52]. The
authors attribute this result to the use of full-fat HI larvae meal, which was also used in our
experiment.

5. Conclusions

The results of the present study indicate that the inclusion of full-fat meal from
H. illucens larvae and astaxanthin did not adversely affect feed intake and utilization,
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daily weight gains, and organ weights in weaned piglets. Both factors, separately and in
interaction, have no negative effect on biochemical and hematological blood parameters,
which remained within the norms. It seems that astaxanthin supplemented even in small
amounts supports the inhibition of oxidative stress, which became apparent in the case of
some red blood cell parameters. The 2.5% full-fat H. illucens larvae meal and astaxanthin,
used in feed mixture separately or together, can reduce the susceptibility of pork fat to the
oxidation process and improve its shelf life. It is suggested that the higher concentration of
H. illucens meal (5%) should not be used, as the presence of lauric acid can cause adverse
changes in some of the red cell indices. However, using the HI meal along with the
antioxidant astaxanthin improves these indices.
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Abstract

The weaning phase in piglets causes significant physiological stress, disrupts
intestinal integrity and reduces productivity, necessitating strategies to improve
intestinal health and nutrient absorption. While current research highlights the role
of diet in mitigating these adverse effects, identifying effective dietary supplements
remains a challenge. This study evaluated the effects of Hermetia illucens (HI) larvae
meal and astaxanthin (AST) on the intestinal histology of weaned piglets. In a
controlled experiment, 48 weaned piglets were divided into six groups and received
varying levels of HI larval meal (2.5% and 5%) and AST in their diets. The
methodology involved comprehensive histological examinations of the small
intestine, assessing absorption area, villi elongation, crypt depth, goblet cells,
enterocytes and expression of ileal tight junction (TJ) proteins. The study found that
HI larval meal significantly improved nutrient absorption in the jejunum and ileum
(b < 0.001), thereby enhancing feed conversion. AST supplementation increased the
number of enterocytes (p < 0.001). Both HI larval meal and AST positively affected
intestinal morphology and function, increasing muscularis muscle mass and villi
elongation (p < 0.001 and p < 0.05, respectively). The 2.5% HI meal improved the villi
length to crypt depth ratio and slightly increased the goblet cell count (both
p < 0.05). Ki-67 antibody analysis showed increased cell proliferation in the duodenal
and jejunal crypts, particularly with the 2.5% HI meal (p < 0.001). Insect meal did not
affect TJ protein expression, indicating that it had no effect on intestinal
permeability. These findings suggest that HI larval meal and AST can enhance the

intestinal wellness and productivity of weaned piglets.

KEYWORDS

astaxanthin, Hermetia illucens meal, intestine histology, piglets feeding, tight junction proteins,
weaning stress
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1 | INTRODUCTION

One of the most sensitive moments in a pig's life is the weaning
period (Campbell et al., 2013). During this time, changes in the
environment, diet and social conditions generate stress. Weaning
impairs intestinal integrity, disrupts digestive and absorption capaci-
ties and increases intestinal oxidative stress (Campbell et al., 2013;
Xiong et al., 2019), and this has a negative impact on the subsequent
productivity of animals and, thus, on the profitability of pig
production. Studies have indicated that significant changes in the
histology and biochemistry of the small intestine, such as villous
atrophy and hypertrophy of the crypts, are closely associated with
this period (Hampson, 1986; Pluske et al., 1997). Hampson's (1986)
study showed that piglets weaned at 21 days of age experienced a
reduction in villi height of approximately 25%-35% of their
preweaning height within the first 24 h. The decrease in villi height
continued until about 5-7 days after weaning, at which time the villi
were about half their initial height. In addition, the pigs showed a
highly significant increase in crypt depth and villi morphology
complexity. The crypts deepened most in the distal part of the small
intestine, while the loss of villi height was greatest in the proximal
part. Improving intestinal development and health is key to increasing
nutrient absorption capacity and disease resistance in piglets and is
associated with increased survival rates (Xiong et al., 2019). Hence,
owing to the reduction in the use of feed antibiotics, researchers are
trying nutritional interventions to prevent the negative effects of
weaning without involving prohibited substances (Pettigrew, 2006).
Optimization of feed composition and supplementation with various
feed additives are among the measures used to improve the health
status of piglets (Kil & Stein, 2010). In addition, an easily digestible
protein with a favourable amino acid composition is recommended
for growing young organisms (Lallés et al., 2007). Recently, interest in
black soldier larvae (Hermetia illucens; HI) as a sustainable protein
source for livestock has increased significantly (Mikotajczak
et al., 2023). Currently, there are two types of H. illucens larvae meal
in feedstuffs: defatted and full-fat, which differ in fat and saturated
fatty acid content (Lu et al., 2022). The experiment described in this
manuscript used full-fat H. illucens larval meal. The choice of this
species dictates a very promising composition: lauric acid, antibac-
terial molecules (AMPs), chitin and a favourable amino acid
composition of proteins. Hl meal is a potential source of antimicrobial
peptides with antimicrobial activity against both Gram-positive and
Gram-negative bacteria. In addition, the larvae contain chitin, which is
a probiotic for commensal bacteria that inhibits the proliferation of
pathogenic bacteria properties. In addition, studies have shown that
HI meal affects the intestinal microflora, which may be related to its
high content of AMPs and fatty acids, which provide energy, lower
intestinal pH and inhibit the proliferation of pathogenic bacteria
(Schiavone et al., 2017; Tang et al., 2022; Vogel et al., 2018; Wasko
et al, 2016). HI meal modulates intestinal microflora, enhances
mucosal immunity and improves nutrient absorption (Rimoldi
et al., 2024). Stelios et al. (2024) found that insect proteins can act
as prebiotics, promoting the growth of beneficial gut bacteria and

improving gut health. Weaning stress also increases oxidation levels,
leading to the formation of free radicals. These, in turn, can modify
certain cellular proteins and activate the upregulation of proinflam-
matory cytokines, contributing to the impaired expression of TJ
proteins and increased intestinal permeability (Xiong et al., 2019).
Studies have indicated that weaning stress is a major cause of loss of
intestinal barrier function in early weaned pigs, promotion of free
radical generation and reduced antioxidant activity (Zhu et al., 2012).
Therefore, the use of antioxidants is promoted to protect the
intestinal epithelium from free radicals. In addition, a study showed
that the use of antioxidants in weaned piglets increased the height of
villi in the jejunum and the width of villi in the jejunum and ileum,
compared to the group without these additives (Zhu et al., 2012).
Therefore, in this study, we evaluated the effects of astaxanthin
(AST), a potent natural antioxidant. The antioxidant properties of AST
are 14 times greater than those of vitamin E, 54 times greater than
those of B-carotene and 65 times greater than those of vitamin C
(Igielska-Kalwat et al., 2015). It has been reported that AST exerts
protective effects on the gastrointestinal tract through several
mechanisms. First, AST helps reduce the bacterial load, lowering
the infection risk. In addition, it modulates the immune response
by enhancing the body's ability to fight pathogens and maintain
intestinal health. Furthermore, AST inhibits the proliferation of cancer
cells, contributing to its potential role in cancer prevention in the
gastrointestinal system. Additionally, AST protects cells against
apoptosis by regulating mitochondrial proteins (MacEdo et al., 2010).
Our previous results presented by Szczepanik et al. (2023) suggested
that both supplements should be supplemented together to improve
red cell parameters.

This study aimed to investigate the effects of H. illucens larvae
meal and AST on intestinal histology and TJ in weaned piglets. Given
the growing demand for new protein sources and the common health
issues in postweaning piglets, the authors explored whether these

dietary factors could provide solutions.

2 | MATERIALS AND METHODS
2.1 | Ethical statement

All procedures included in this study relating to the use of live animals
agreed with the First Local Ethics Committee for Experiments
with Animals in Cracow, Poland (Resolution No. 420/2020, date
22.07.2020). Throughout the experimental period, the health status

of the postweaning pigs was regularly monitored by a veterinarian.

2.2 | Animals and experimental diets

The experiment was conducted on 48 35-day-old postweaning pigs
(barrows) weighing approximately 8.7 kg (0.2 kg). The barrows were
of the Polish Landrace (PL) breed. The pigs were divided into six
groups, with eight pigs in each: group |—control, feed mixture without
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supplementation; group Il—addition of 2.5% H. illucens (HI) larvae

meal; group lll—addition of 5% HI larvae meal; group IV—addition of
2.5% Hl larvae meal and AST; group V—addition of 5% HI larvae meal
and AST; and group VI—addition of AST. H. illucens larvae meal is a
full-fat product obtained from commercial sources (HiProMine S.A.).
Chemical analyses showed that HI larvae meal contained (on a feed
basis) 426 g of crude protein, 264 g of ether extract, 91 g of crude
fibre, 85 g of crude ash and 945 g of dry matter—per kg of the meal.
AST originated from Haematococcus pluvialis (Podkowa AD 1905 sp. z
0.0.) and was added at 0.025 g per 1 kg of feed mixture (in groups IV,
V, VI). The antioxidant properties of AST were analysed using two
methods, FRAP (ferric reducing antioxidant power) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH). Both methods showed strong antioxidant
activity of AST: DPPH 91% inhibition, FRAP 298.34 um TE/g. All
piglets were fed an isoprotein and isoenergetic diet that met the
Polish standards for pig feeding (Grela & Skomiat, 2020). The
composition of ingredients and nutritional values of diets have been
described in detail by Szczepanik et al. (2023; Table S1). Basic
chemical analyses of the feed mixture samples were performed
according to standard methods (AOAC [Association of Oficial
Analytical Chemists], 2009). Experimental fattening lasted for
35 days. The pigs were housed in individual pens and provided feed
and water ad libitum. The pigs were kept in a mechanically ventilated
room, maintaining a temperature of 18-20°C. However, during the
initial acclimatization phase, heating lamps were used to elevate the
surrounding temperature to approximately 28°C. The air humidity of
the room averaged approximately 55%, with an air exchange of
15x/h, and a natural day/night light cycle was maintained. At the end
of the experiment, all pigs were slaughtered. The animals were killed
with an approved standard method by simply stunning with a

specialized penetrating pin device Blitz.

2.3 | Sampling collections

Samples of the small intestinal segments (duodenum, jejunum and
ileum) were obtained and processed for histological analysis. Briefly,
a section of the duodenum (taken 2 cm from the stomach), jejunum
(taken halfway along its length) and ileum (taken 2 cm before the
ileocecal junction) were rinsed with saline solution and placed in
buffered formaldehyde solution (4%). After 24 h, the fragments were
cut into approximately 0.5cm sections and placed in histology
cassettes, followed by dehydration in graded ethanol solutions (up
to 70%).

2.4 | Histology and histomorphometry

The cassettes were placed in a tissue processor, where a cycle of
transitions in ethanol (ldalia), non-polar solvent (Xylene; Idalia) and
paraffin (Histoplast; Thermo Shandon Limited) permeabilization was
set. Two paraffin blocks were prepared from each intestinal sample

to increase the reliability of the results. Two slides were made from
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each paraffin block, and two slides were made; the blocks were cut
using a microtome (Microm HM 340 E; Thermo Scientific) into 4 um
sections. Preparations from intestinal tissues were stained using the
Pas-Alcian method, which allows the counting of goblet cells. Stained
slides were observed under a light microscope (Axio Lab.Al Carl
Zeiss) equipped with an Olympus EP50 microscope (Olympus).
Collected microscopic images were examined using the following
graphical analysis software: EPview (Olympus) and ImageJ (version
1.53; US National Institutes of Health). In the duodenum, jejunum
and ileum, the following parameters were analysed: mucosa, length
(from the tip of the villus to the villus-crypt junction), and width
(measured in the middle of the villi length) of villi, depth (depth of the
invagination between adjacent villi), width (measured in the middle of
the crypt depth) of crypts, number of goblet cells, and enterocytes
per 100 um section of villi (measured at 2/3 of the length of the
entire villi measured from the base), the width of the muscularis
distinguishing between the longitudinal and circular muscle layers,
and the ratio of villus length to crypt depth. Only vertically oriented
villi and crypts were measured. For each individual, 20 measurements
were taken of the mucosa and muscularis, and 15 measurements
were taken of goblet cells and enterocytes, villi length and width and
crypt depth and width.

The absorptive areas of the duodenum, jejunum and ileum were
determined, as described by Kisielinski et al. (2002).

2.5 | Immunohistochemistry (IHC)

For Ki-67 analysis, slides from the duodenum, jejunum and ileum
were prepared, and a representative sample from the jejunum of the
small intestine was prepared for TJ protein analysis. The tissues were
placed on adherent slides. Immunohistochemical staining for Ki-67,
claudin 5, claudin 1 and occludin was performed after deparaffiniza-
tion in xylene and rehydration with reduced concentrations of
ethanol and distilled water. Heat-induced epitope recovery was
performed in sodium citrate buffer (10 mM sodium citrate, pH 6.0)
using a Rapid Cook pressure cooker (Morphy Richards). The sections
were then cooled to room temperature and washed five times with
Tris-buffered saline (TBS) buffer. The slides were then incubated in
an antibody-blocking solution (UltraCruz® Blocking Reagent; Santa
Cruz Biotechnology) for 30 min at room temperature. To block non-
specific binding, the slides were incubated in 5% goat serum solution
(ab7481; Abcam) for 20 min at room temperature. The slides were
washed three times with TBS buffer. The slides were then incubated
with primary antibodies against Anti-Ki67 (ab15580, Abcam; dilution
1:200), claudin 5 (AF5216; Affinity), claudin 1 (AF0127; Affinity) and
occludin (DF7504; Affinity) for 1 h at room temperature in a humid
chamber. The slides were washed five times with TBS. The
preparations were then incubated for 40 min with Goat Anti-Rabbit
IgG H&L (HRP) (ab6721, Abcam; dilution 1:1000) at room tempera-
ture. The slides were washed five times with TBS buffer. Emerald
Antibody Diluent (Sigma; Merck Life Science) was used as a diluent
for the antibodies. The reaction was visualized for 3 min using DAB
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Quanto (Epredia™ DAB Quanto Detection System). Contrast staining
was performed using Mayer's hematoxylin (Sigma-Aldrich). Immunor-
eaction was verified using negative controls subjected to identical
immunohistochemical staining, excluding the use of primary
antibodies.

For Ki-67 staining, five regions of interest (ROIs) within the mucosa
were delineated for each animal to include sections of the villi and
adjacent crypts. In each ROI, the number of positive cells (undergoing
proliferation) was calculated using the Cell Counter plug-in of the Image)
software (based on Vega-Lopez et al., 1993 with minor modifications).
For TJ protein analysis, eight areas of interest within the villus epithelium
were selected for each animal. The ROIs had the same dimensions in
each image analysed within each animal and group. An IHC profiler
(ImageJ plugin) was used for quantitative IHC analysis using colour
deconvolution and computerized pixel profiling, leading to the automatic
scoring of the corresponding image. IHC Profiler generates a DAB image
histogram profile corresponding to the number of pixel intensity counts
and automatically calculates the score. The result is displayed in a semi-
guantitative manner, which is used to calculate the IHC optical density

using a formula (Seyed Jafari & Hunger, 2017; Varghese et al., 2014).

2.6 | Statistical analysis

Data are presented as mean and standard deviation and were analysed
by two-way ANOVA followed by a post hoc Tukey's honest significant
difference test to correct for multiple comparisons using Statistica® ver.
13.3 software packages (StatSoft) and GraphPad Prism version 10.0.2 for
Windows (GraphPad Software). A two-sided significance level (p-value)
of less than 0.05 was considered statistically significant. The model
included two main factors: (1) HI larvae meal share (2.5% vs. 5%), and (2)
the presence of AST in the feed mixture and their interactions. Each
piglet served as an experimental unit (n=8 per group). The normal
distribution of the data was confirmed using the W Shapiro-Wilk test,
and the equality of variance was verified using the Brown-Forsythe test.
In the absence of a normal distribution, a logarithmic transformation was

used to obtain one.

3 | RESULTS

Daily in-depth observations (feed intake, behaviour and mobility)
demonstrated that the piglets showed no signs of disease, indicating
that the weaning procedure was correct and that no adverse health

situations occurred during rearing.

3.1 | Histology

3.1.1 | Duodenum

Supplementation with 2.5% HI + AST caused a significant increase in
the total thickness of the muscularis, and circular muscle layer

(p <0.001) compared to the other groups receiving AST, as well as
animals supplemented with 2.5% HI but without AST. The longitudi-
nal muscularis was also wider (p < 0.001) in the 2.5% HI+ AST group
than in the 2.5% HI group and animals supplemented only with AST
(p < 0.01). Higher and wider villi were observed in the 2.5% HI + AST
group than in the 5% HI+AST group (p<0.05) and the group
supplemented only with AST (p < 0.05). The addition of AST alone to
the feed caused an increase in the depth of crypts compared to the
group without this addition (p < 0.001), and the groups 2.5% HI + AST
and 5% HI+ AST (p < 0.001 and p < 0.01, respectively). Wider crypts
were noted in the 2.5% HI group than in the 2.5% HI+ AST group
(p<0.05). The highest ratio of villi length to crypt depth was
observed in the 2.5% HI+AST group than in the AST alone group
(p <0.001), 5% HI+AST (p <0.05) and 2.5% HI (p < 0.05). However,
this parameter was significantly higher in animals that did not receive
AST or HI supplementation than in those that received AST alone
(p < 0.05). More enterocytes per 100 um were observed in the AST
group than in the control group (p < 0.05). Conversely, more goblet
cells per 100 um were recorded in the 2.5% HI (p <0.01) and AST
alone (p <0.05) groups than in the 2.5% HI+ AST group (Figure 1).
Overall, the simultaneous administration of 2.5% HI meal and AST
affected villi dilatation and elongation, as well as muscularis
dilatation, while reducing the number of goblet cells. There were
no significant differences in the mucosal thickness or absorptive

surface in the duodenum.

3.1.2 | Jejunum

AST, together with 5% HlI, caused a significant widening of the jejunal
mucosa compared to that in the group receiving 5% Hl only (p < 0.01).
The thickest muscularis was found in the 5% HI+ AST group, which
was significantly thicker than that in the AST alone group (p < 0.05)
and the 5% HI group (p < 0.05). Interestingly, the group without HI or
AST had a thicker muscularis than the AST group (p <0.05). The
longitudinal muscle layer was wider in the 5% HI + AST group than in
the 5% HI group (p < 0.05). The shortest villi were observed in the
group without additives compared to the groups with 2.5% HI
(p <0.05) and AST alone (p < 0.05), whereas the longest villi were
observed in the 5% HI+AST group compared to the 5% HI group
(p < 0.05). Additionally, the addition of 2.5% HI and AST significantly
widened Vvilli compared to the AST alone (p<0.01) and 2.5% HI
groups (p <0.01), as well as in the 5% HI+ AST group compared to
the AST alone (p < 0.05) and 2.5% HI groups (p < 0.05). The narrowest
crypts were observed in the AST-alone group compared to the group
without additives (p < 0.05), the 2.5% HI+ AST group (p < 0.01) and
the 5% HI+AST group (p<0.05). A significantly larger intestinal
absorptive surface and higher villi-to-crypt ratio were present in the
AST-alone group (p<0.001 and p <0.05, respectively) and in the
2.5% HI group (both p<0.05) compared to the group without
additives. The highest number of enterocytes was found in the
jejunum of pigs that did not receive any additives in the feed,
compared to the 2.5% HI (p<0.001) and AST alone (p<0.001)
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groups. Furthermore, animals receiving 5% HI had enterocyte
numbers almost as high as those in the 2.5% HI (p <0.01) and 5%
HI+ AST (p < 0.001) groups. More goblet cells were observed in the
group without additives than in the group treated with AST alone
(p < 0.05). Overall, the combination of 5% HI and AST appears to
significantly improve various morphological features of the jejunum,
including mucosal dilatation, muscularis thickness and villi dimen-
sions, compared to either supplement alone. These results suggest a
synergistic effect when AST is combined with 5% HI. No significant
differences were found in the crypt depth or thickness of the circular

muscle layer between the groups (Figure 2).

3.1.3 | lleum

Feed supplementation with 2.5% HI+AST caused a significant
increase in the total muscularis in the ileum compared to that in both
the 2.5% HI group (p < 0.001) and the 5% HI+ AST group (p < 0.01).
The muscle layer was also evidently thicker in the AST-supplemented
group than in the non-supplemented group (p < 0.05). Dipper's insight
into the muscularis revealed more differences in the circular muscles.
Supplementation with 2.5% HI+ AST increased the thickness of this
layer compared to both the 2.5% HI (p<0.001) and 5% HI+AST
groups (p <0.01). Moreover, the circular muscles were significantly
thicker in the AST-supplemented group than in the 5% HI+AST

(p <0.01) and non-supplemented groups (p <0.001). Fewer changes
were observed in the longitudinal muscles. A thicker longitudinal
muscle layer was observed in the 2.5% HI+AST group than in the
2.5% HI (p <0.001) and 5% HI+ AST groups (p < 0.05). Supplementa-
tion with HI at both 2.5% and 5% doses caused a significant increase in
villus length compared to the non-supplemented group (p < 0.05 and
p < 0.001, respectively). Furthermore, longer villi were observed in the
5% HI+ AST group than in the 2.5% HI+ AST (p < 0.01) and AST alone
groups (p <0.01). Significantly wider villi were found in the 2.5%
HI+ AST group than in the AST alone (p <0.01) and 2.5% HI groups
(p <0.01). Moreover, wider villi were observed in the 5% HI+AST
group than in the 5% HI group (p < 0.05). Deeper crypts were recorded
in the 5% HI+ AST group than in the AST alone group (p < 0.05) and
the 2.5% HI+AST group (p<0.01). Differences in the absorptive
surface mostly reflected those observed in the villi length. Supplemen-
tation with HI caused a significant increase in the absorptive surface in
the ileum both at 2.5% and 5% compared to the control without Hl
(b <0.05 and p < 0.01, respectively). The absorptive surface area in the
5% HI+ AST group was the highest among the groups supplemented
with AST (p<0.01 vs. AST without HI, and p<0.001 vs. 2.5%
HI + AST). However, supplementation with AST decreased absorptive
surface in a group with 2.5% HI+ AST compared with 2.5% HI alone
(p <0.01). A higher ratio of villi length to crypt depth was observed in
the 5% HI group than in the non-supplemented group (p < 0.05). Fewer
enterocytes per 100 um were found in the 5% HI group than in both
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the 2.5% HI group (p < 0.001) and the group without supplementation
(p < 0.05). Conversely, a higher number of enterocytes was observed in
the 5% HI+ AST group than in both the 5% HI group without AST
(p < 0.001) and the 2.5% HI+ AST group (p < 0.01). Additionally, more
enterocytes were counted in the 2.5% HI group than in the 2.5%
HI+AST group (p<0.001). The combination of 2.5% HI and AST
significantly enhances various morphological characteristics of the
ileum, such as muscularis thickness, circular muscle layer and villi
dimensions, compared to either supplement alone. This suggests a
synergistic effect when AST is combined with HI, particularly at the
2.5% dosage. No significant differences were observed in the mucosal
width, crypt width or goblet cell count per 100 um (Figure 3).

32 | IHC

The number of proliferating cells in the crypts of each intestinal
segment is shown in Figure 4. The ratio of positive cells (positive by
immunohistochemical staining) to negative cells was calculated. In the
duodenum and jejunum, there was an obvious effect on the level of
cell proliferation in the crypts at 2.5% HI meal. No significant
differences were shown in the ileum. In the duodenum, a significantly
higher ratio of positive Ki-67-labelled cells to negative cells was

found in the 2.5% HI group compared to the 5% Hl (p < 0.001), 2.5%
HI+AST (p<0.001) and no supplementation (for all p<0.001)
groups. Moreover, the 2.5% HI+ AST group exhibited a higher ratio
compared to the groups with AST alone (p<0.001) and the 5%
HI + AST group (for all p < 0.001). In the jejunum, a significantly higher
ratio of positive to negative cells was observed in the 2.5% HI + AST
group than in the 5% HI+ AST (p<0.01) and 2.5% HI (p <0.001)
groups. Additionally, the AST alone group exhibited a higher ratio
compared to the non-supplemented group (p <0.001) and the 5%
HI + AST group (p < 0.01). No significant differences were shown in
the ileum. Thus, there is a noticeable interaction, especially between
2.5% HI and AST, on the number of proliferating cells.

TJ protein expression analysis revealed that the highest levels
were in the non-additive group (Figure 5). Claudin 1 expression was
higher in the no-additive group than in the 2.5% HI (p < 0.001), 5%
HI (p < 0.05) and AST alone (p < 0.001) groups. In contrast, the 5%
HI group showed a higher expression than the 2.5% HI group
(p < 0.05). A lower expression was observed in the AST alone group
than in the 5% HI+AST (p<0.01) and 2.5% HI+AST groups
(p < 0.001). Claudin 5 expression was significantly higher in the no-
additive group than in the 2.5% HI (p < 0.01), 5% HI (p < 0.001) and
AST alone (p<0.01) groups. Moreover, expression levels were
higher in the 2.5% HI+AST group than in the 2.5% HI group
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(p <0.05), and in the 5% HI+AST group than in the 5% HI group
(p <0.05). In the case of occludin, the addition of AST reduced the
protein expression. Occludin expression was significantly higher in
the no-additive group than in the 2.5% HI (p<0.001), 5% HI
(p<0.001) and AST alone (p <0.001) groups. The 2.5% HI group
showed higher expression than the 2.5% HI + AST group, the 5% HI
group showed higher expression than the 5% HI+AST group
(p <0.001), and the 2.5% HI + AST group showed higher expression
than the group with AST alone (p<0.05). Occludin exhibited

significantly higher expression in the no-additive group than in the
2.5% HI, 5% HI and AST alone groups (all p < 0.001).

4 | DISCUSSION

Postweaning stress affects the health and behaviour of pigs. Weaning

is one of the most stressful periods, and it causes many changes in

the immune and digestive systems. The main stressors during this
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period are separation from the mother, a new environment, changes
in feed, social hierarchy stress, mixing with pigs from other litters and
increased exposure to pathogens and food or environmental antigens
(Campbell et al., 2013). Considering the weaning procedure, the focus
was on feed additives that could support piglet health during this
period. The goal was to reduce the negative impact of weaning on the
health and subsequent productivity of animals. The role of AST in
reducing inflammation and oxidative damage has been well-
documented in other animal models, suggesting that similar pathways
may be involved in weaned piglets (Lee et al., 2022). This is consistent
with the findings of this study, which showed increased enterocyte
proliferation and improved intestinal morphology. On the other hand,
global studies have shown positive effects of insect proteins on
intestinal health and nutrient absorption (Yu et al., 2020), which is
also consistent with the results discussed here.

4.1 | Histomorphometry of the intestine

The mammalian intestine consists of proliferating crypts containing
intestinal stem cells and villi containing differentiated, specialized cell
types. The intestine is covered by a single layer of epithelial cells that
have the capacity for rapid and continuous proliferation, and the cells
renew themselves every 4-5 days (Van Der Flier & Clevers, 2009; Qi
& Chen, 2015). The diversity of cells found in the intestines is related
to the vastness of this organ's function. Stem cells in the villi produce
proliferating transit cells that eventually differentiate into four
differentiated cell types, including one type of lymph cell (enter-
ocytes) and three types of secretory cell lines: enteroendocrine cells,
goblet cells and Paneth cells (Cheng & Leblond, 1974). Paneth cells
migrate to the base of the crypts, whereas enteroendocrine and
goblet cells migrate to the apical part of the villi (Van Der Flier &
Clevers, 2009). Studies have shown that early weaning affects the
expression of proteins involved in energy production in enterocytes

(which make up the vast majority of cells that build the intestinal
mucosal epithelium) along the intestinal crypt-villus axis, which
hinders their efficient proliferation (Xiong et al., 2015). The goblet
cells and mucus secreted by these cells are the first line of defence
against pathogens entering the gastrointestinal tract. The number of
goblet cells in the intestine decreases during weaning (Xiong
et al., 2015). H. illucens larvae meal appears to be a good nutritional
component because of its good amino acid composition of easily
digestible protein, favourable fatty acid composition (led by lauric
acid), antibacterial peptides and chitin, which are both fibre and
prebiotic (Wang & Shelomi, 2017; Xiong et al., 2019). The described
experiment used two dietary factors: full-fat HI larvae meal at 2.5%
and 5% levels, and the strong antioxidant AST. Based on these
results, a strong interaction between these factors was observed.
Therefore, when discussing results, it is necessary to consider them
together and separately. In this experiment, pigs receiving a 5% HI
larval meal had significantly longer ileum villi. The villus length-to-
crypt depth ratio in the ileum was greater in both meal-treated
groups, similar to the findings of Jin et al. (2021). Their study showed
that longer villi and a higher ratio of villus length to crypt depth in the
ileum were observed in groups treated with 4% and 8% HI
supplementation. Increased villi height and the ratio of villi height
to crypt depth serve as valuable assessment criteria, indicating
enhanced nutrient absorption (Pluske, 2013). Therefore, an increase
in villi height following supplementation may improve digestibility
and nutrient absorption in weaned piglets. Tang et al. (2022) found
that weaned piglets fed HI larvae meal had increased jejunum villus
height and a higher villus height to crypt depth ratio, along with
decreased crypt depth and more goblet cells in the jejunum. In this
study, the addition of a meal increased the width of crypts in the
jejunum. In the jejunum and ileum, HI supplementation did not affect
the number of goblet cells per 100 um villus length. However, the
addition of 2.5% insect meal increased the number of goblet cells in

the duodenum. Changes in the architecture of the villi and crypts in
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response to the animal's diet can affect the number of goblet cells.

The number and secretion of mucins also depend on commensal and
pathogenic bacteria (Brown et al., 2006). Goblet cells are the first line
of defence, so their increase could potentially suggest adaptation of
the first intestinal tract to the administered supplement. The increase
in goblet cell numbers following the administration of HI meal may be
attributed to chitin and fatty acids present in the meal, which
stimulate goblet cell proliferation. A study by Yu et al. (2020) also
confirmed an increase in villi length in the jejunum of weaned piglets
because of the inclusion of HI larvae meal in the feed at a level of 2%.
The beneficial effect of full-fat HI larval meal was shown by
Phaengphairee et al. (2023). Pigs fed the HI diet had longer duodenal
villi, a higher ratio of villus height to crypt depth and a shorter crypt
depth. In contrast, a study by Spranghers et al. (2018) showed that
the addition of full-fat (4% and 8%) and defatted (5.4%) HI prepupae
did not affect villi length, crypt depth or the ratio of villi length to
width of the proximal and distal parts of the jejunum. Changes in
duodenal histomorphometry in pigs kept in poor sanitary conditions
under the influence of supplementation with full-fat HI larval meal at
concentrations of 6% and 12% were demonstrated by Boontiam et al.
(2022). The researchers showed that the inclusion of the HI diet led
to villus elongation and decreased crypt depth. Adding 6% meal
increased the ratio of villi length to crypt depth. No changes were
observed in the jejunum or the ileum. The 2.5% HI meal affected the
level, length and width of villi in the duodenum, with the highest ratio
observed in the group receiving the 2.5% HI meal with AST.
Improvement in intestinal morphometric parameters with AST
treatment was evident. To the best of our knowledge, there are
few studies on the effect of AST on the histological parameters of the
intestines in pigs. However, such analyses have been performed on
other animals, predominantly aquatic animals. Thus, in a study
conducted on shrimp (Eldessouki et al., 2022), AST administered at
concentrations of 25, 50, 100 and 200 mg/kg significantly increased
villi length, villi width and absorption area, in contrast to animals not
treated with AST. However, no changes were observed in the
muscularis width. In this study, the total thickness of the small
intestinal muscularis increased with AST supplementation. All
sections of the small intestine showed the beneficial effects of AST
and meals at lower levels on muscle thickness. It can, therefore, be
assumed that intestinal peristalsis, contact between the contents of
the intestinal lumen and mucosa, and ultimately, nutrient absorption
were increased (Alshamy et al, 2018). Zhang et al. (2020)
demonstrated the beneficial effects of AST on the intestinal health.
Their study examined the effects of different doses of AST (30, 60
and 120 mg/kg) on the intestinal mucosal function in mice with
cyclophosphamide-induced immunodeficiency. Based on these
results, AST administration at 60 and 120 mg/kg BW improved
the ratio of villus length to crypt width. It was also noted that the
groups receiving AST had significantly longer villi in the jejunum and
wider villi in the ileum. In this study, the addition of insect meal
together with AST increased the villus width in the jejunum. The
effect of AST on the width of crypts in the ileum was also noted;

the groups receiving AST had wider crypts. It was also noted that the
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addition of AST led to a deepening of the duodenal crypts. The
beneficial effects of AST were demonstrated in a study conducted in
an experimental necrotizing enterocolitis model using young rats
(Akduman et al., 2022). Histopathological evaluation showed that the
severity of intestinal damage was significantly reduced in the AST
supplement group (100 mg/kg/day for four days), as well as reduced
apoptosis, as determined by ELISA for caspase-3. Further evidence of
the beneficial effects of AST comes from an experiment conducted in
rats with cisplatin-induced gastrointestinal toxicity (Yilmaz et al.,
2022). All rats were administered a single dose of cisplatin
(15 mg/kg). Rats receiving (intraperitoneal) AST at a dose of
25mg/kg showed a significant decrease in necrotic enterocytes,
mucosal ulceration and inflammation in the duodenum. Animals
treated with 75mg/kg AST had normal enterocytes with visible
microvilli. In the AST-treated groups, caspase-3 positivity in enter-
ocytes was lower than that in the control animals (cisplatin alone). In
the experiment presented in this manuscript, it was shown that the
number of enterocytes along the villi increased in the duodenum. In
addition, the beneficial effect of this supplement on the degree of cell
proliferation in crypts was evident. In addition to AST, which has
strong antioxidant properties, the antioxidant group includes many
other substances, including vitamins, natural plant substances and
transition metal ions. Zhu et al. (2012) investigated the effects of
weaning stress and an antioxidant mixture on intestinal health in
piglets. The antioxidant mixture included 200 mg vitamin C, 100 mg
vitamin E, 450 mg tea polyphenols, 1 g lipoic acid and 5 g microbial
antioxidants fermented by Bacillus, Lactobacillus, photosynthetic
bacteria and beer yeast. Postweaning pigs showed reduced villi height
and width and increased crypt depth in the duodenum, jejunum and
ileum. Treatment with the antioxidant mixture increased villi height in
the jejunum and duodenum and villi width in the jejunum and ileum
compared to the weaned group (Zhu et al, 2012). These results
provide further evidence of the beneficial effects of antioxidants on
intestinal health. Thus, it can be suggested that the improvement in
small intestinal morphology due to HI meal can be further enhanced by
the antioxidant properties of AST, leading to better maintenance of the
structure and function of the mucosa and intestinal muscularis.

4.2 | Surface area of absorption in the intestine

The length of the villi and the width of the crypts determine the
absorptive surface area of the intestine and the absorption of nutrients.
The surface area of the small intestine is a key determinant of absorptive
capacity (Brun et al, 2019); therefore, its measurement provides
important information on functional intestinal function. In the experiment,
it was shown that both factors not only did not worsen the absorption
surface area but also increased it in certain sections. AST and HI meal can
improve intestinal absorption capacity by increasing the intestinal surface
area through mechanisms including reduced oxidative stress, anti-
inflammatory effects, nutrient delivery and prebiotic activity (MacEdo
et al, 2010; Mikotfajczak et al., 2023). These changes may lead to
improved nutrient absorption and improved overall intestinal health.
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4.3 | Immunohistochemical analysis of Ki-67
protein

Homoeostasis of the intestinal epithelium is maintained by a balance
between cell proliferation in the crypt and shedding from the villus tip
(Negroni et al., 2015). In the experiment, the authors used the Ki-67
protein to assess cell proliferation in the crypts of the duodenum,
jejunum and ileum. In the duodenum and jejunum, the addition of
2.5% insect meal increased the number of proliferating cells.
Interestingly, only increased the proliferation of AST increases only
in the jejunum. Lauric acid affects cell proliferation. Zeng et al. (2022)
showed that piglets supplemented with lauric acid had an increased
number of proliferating cells in the crypts of the jejunum. Another
study (Liu et al., 2021) showed that lauric acid improves intestinal cell
proliferation and apoptosis following deoxynivalenol exposure. The
redox balance of the intestinal epithelium is crucial for the function of
this organ in terms of stem cell proliferation, among other things
(Cao et al., 2018). Therefore, we speculated that the high ratio of
proliferating cells in the jejunum is related to the antioxidant effects
of AST. Its action is also noticeable at the length of the intestinal villi
and entire mucosa. Thus, the antioxidant action of AST helps to
maintain the redox balance necessary for intestinal cell proliferation,
whereas lauric acid from insect meal directly stimulates cell

proliferation.

4.4 | Immunohistochemical analysis of TJ proteins

A section of the jejunum was chosen to assess TJ proteins, as it is
well known to be the section of the small intestine where most of
the nutrient absorption occurs. Simple sugars, water-soluble
vitamins (except for vitamin C), and amino acids are absorbed in
this section of the gastrointestinal tract, whereas the rest of the
food passes through the ileum (Bovera et al., 2018). Intestinal
integrity is essential for digestion and nutrient absorption in piglets
(Biasato et al., 2019). The intestinal epithelial barrier, composed of
intercellular junctions, such as TJ, separates microorganisms and
their metabolites from deeper tissues, preventing pathogenic
translocation (Paradis et al., 2021). TJs connect neighbouring cells
in the intestine (enterocytes), ensuring an impermeable barrier and
regulating paracellular transport (Paradis et al., 2021; Shan
et al., 2023). TJ integrity is influenced by various physiological
factors (Livanova et al., 2023). Claudins form ion-selective para-
cellular pores, whereas occludin interacts with signalling proteins,
affecting ERK signalling and TGF-B-induced junctional dissociation
(Paradis et al., 2021; Shan et al., 2023; Zihni et al., 2016). In a study
by Zhao et al. (2023), claudin 3 expression was significantly elevated
in the intestines of Scophthalmus maximus L. in groups treated with
defatted HI meal compared to groups receiving the fish meal, with
no differences in intestinal morphology. In a study on the effect of
HI larvae on the expression of TJ proteins in the intestinal mucosa
of weaned piglets after the administration of Escherichia coli, a

significant increase in the mRNA expression of occludin and claudin

3 was observed in the mucosa of the jejunum in the group receiving
a 4% addition of HI meal compared to the control group (without HI)
(Jin et al., 2021). This contradicts the results of the present study, in
which the addition of HI did not increase the expression and even
decreased it. However, it should be considered that the fattening
pigs were not provoked by E. coli, and the evaluation was performed
by immunohistochemical staining, which is not quantitative but
qualitative and semi-quantitative. In addition, the mRNA expression
in the study by Jin et al. (2021) was examined in the entire mucosa,
and the IHC analysis in the present study only examined the
mucosal epithelium, which significantly reduced the area of interest.
In contrast, Liu et al. (2023) observed no significant differences in
the mRNA expression levels of occludin and claudin 1 in the ileum
between the study groups in which soybean meal was replaced with
HI larvae meal and the control group. However, a small effect of
AST on the expression of TJs in the intestine was observed.
TJ proteins are closely associated with the NF-kB signalling
pathway, with cytokines, such as IFN-y and TNF-a, contributing
to their downregulation. AST has been shown to reduce the
expression of inflammatory factors, thereby inhibiting the activation
of the NF-kB inflammatory pathway. Consequently, AST is believed
to protect the structural integrity of mucosa (Chen et al., 2021). This
aligns with the findings of Wan et al. (2020), who demonstrated that
AST's anti-inflammatory properties of AST restored TJ protein

expression in the bovine endometrium following LPS exposure.

5 | CONCLUSIONS

Histomorphometric analyses of the small intestine showed that both
H. illucens larvae meal (HI) and AST positively affected intestinal
histological parameters, both individually and in interaction. HI meal
increased the area of absorption in the jejunum and ileum, potentially
increasing nutrient absorption and feed conversion. HI meal, together
with AST, increased muscularity, possibly increasing intestinal
peristalsis. In particular, 2.5% HI meal together with AST promoted
villus elongation and improved the ratio of villus length to crypt
depth. The HI meal had little effect on the number of goblet cells,
whereas AST increased the number of enterocytes. Ki-67 antibody
analysis showed increased cell proliferation in the duodenal and
jejunal crypts, especially with the 2.5% HI meal. However, the HI
meal did not increase the expression of TJ proteins, which requires
further study. Based on the analyses, an interaction between AST and
HI meal can be observed, especially in terms of improvement of some
histological features (villus length, ratio of villus length to crypt depth
and muscularis width). The most beneficial in terms of improvement
of intestinal morphology was the use of both factors together: 2.5%
HI meal and AST.
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Simple Summary: Weaning is a period when young animals are exposed to a number of stressors
caused by the separation from the sow, transport and handling, different food sources, a new social
hierarchy, and different physical environments. This situation contributes to the generation of free
radicals that cause oxidative stress. In weaned piglets, the most prominent disorders occur in the
intestines, and their increased permeability can compromise liver function as metabolites migrate
to the liver. Oxidative stress can lead to liver necrosis. Astaxanthin (AST) is a powerful carotenoid
and antioxidant that can scavenge free radicals and protect cells from oxidative damage. Findings
show that AST has a protective effect on the liver, reducing inflammation, lipid accumulation and
markers of liver damage. It also inhibits insulin resistance and lipotoxicity-induced steatohepatitis
and regulates fatty acid metabolism pathways. This study investigated the liver-protective properties
of AST in weaned piglets. The study showed that AST reduces collagen content in liver tissue and
affects the expression of specific genes related to liver function. Expression of CREB, NOTCH1 and
NR1H3 genes decreased, while expression of the CYP7A1 gene increased. These findings underscore
the beneficial effects of AST on liver health and suggest its potential as a protective agent against
liver damage.

Abstract: During the weaning period, piglets are exposed to high levels of stress, which often causes
problems with the digestive system. This stress also promotes the production of free radicals, resulting
in oxidative stress. Astaxanthin (AST) stands out as one of the most potent antioxidants. Its resistance
to light and heat makes it particularly valuable in compound feed production. This study was
to determine the effect of AST impact on liver histology and gene expression in piglets. For our
experiment, we used 16 weaned piglets of the PL breed, which we divided into two groups: Group I
(control group with no AST supplementation) and Group II (supplemented with AST at 0.025 g/kg).
Both feed mixtures were iso-proteins and iso-energetic, meeting the nutritional requirements of
the piglets. The experiment lasted from day 35 to day 70 of the piglets” age, during which they
had ad libitum access. The results indicate that the addition of AST prevents liver fibrosis due to
reduced collagen deposition in the tissue. Analysis of gene expression supported these results. In
the AST-supplemented group, we noted a decrease in NR1H3 expression, an increase in CYP7A1
expression, and reductions in the expression of NOTCHI and CREB genes.

Keywords: astaxanthin; pigs; weaned; liver; oxidative stress; collagen

1. Introduction

Astaxanthin (3,3'-dihydroxy-B,3-carotene-4,4’-dione) belongs to the xanthophyll carotenoid
group [1]. It is found in marine organisms such as shrimps, crabs, fish, and algae, and
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is also found in yeast and bird feathers [2]. It is characterized by its properties such as
antioxidant, anti-inflammatory and anticancer abilities [1,3]. Acting as a potent antioxidant,
astaxanthin serves as a free radical scavenger and reactive oxygen species (ROS) quencher,
thereby protecting molecules and cellular membranes from oxidative damage [4,5]. Free
radicals are formed either by both normal cellular metabolism and external sources like
pollutants, radiation, and drugs. When there is an inability to gradually destroy excess
free radicals, their accumulation in the body leads to the formation of oxidative stress [6].
Oxidative stress plays a role in the pathogenesis of many diseases associated with liver
damage [1]. The liver, being the largest gland, performs detoxification, metabolic, filtration
and storage functions. According to studies, oxidative stress mediates the progression
of fibrosis, and molecules associated with oxidative stress can also act as mediators for
molecular and cellular events associated with liver fibrosis [7]. Stellate cells (HSC), pri-
marily responsible for liver fibrosis, along with Kupffer cells and attracted mononuclear
cells, play significant roles in this process [7,8]. The interactions are controlled and induced
by chemical mediators, among which transforming growth factor 3 (TGF-f3) plays a spe-
cial role. TGE-f3 expression and synthesis are modulated mainly by redox reactions [9].
One of the main pathways underlying fibrogenesis in the liver is the activation of HSC
due to organ damage. During activation, HSC transforms from resting to proliferating
and contracting myofibroblast-like cells and produces type I collagen, which is one of the
main components of the extracellular matrix [10-12]. Oxidative radicals, by impairing
mitochondrial function, can instigate hepatocyte death through various means, such as
oncotic necrosis, necroptosis, and apoptosis, and promote the secretion of proinflammatory
mediators [13]. Consequently, ROS are believed to potentially foster fibrosis by damaging
hepatocytes or by activating Kupffer cells and HSC [10,14].

Scientific reports suggest a protective effect of AST on the liver. In a study by
Sila et al. [15], the potential of astaxanthin to counteract diabetic complications was ex-
plored in adult rats. The results underscored its capability to reverse hepatotoxicity.
Liu et al. [2] showed an effect of AST on the intestinal microflora of mice. Their study
revealed that AST notably attenuated inflammation and reduced excessive lipid accumu-
lation and serum markers of liver damage. Another study showed that this carotenoid
inhibited and reversed mouse lipotoxicity-induced insulin resistance and steatohepatitis, at-
tributed to the reduction in hepatic lipid accumulation and oxidation [16]. Zhang et al. [17]
further cemented AST’s hepatoprotective effects through their experiments on Wistar rats
exposed to arsenic exposure. AST treatment attenuated liver damage induced by long-term
arsenic exposure reduced the increase in inflammatory cytokines like NF-kB, tumor necrosis
factor-o, and interleukin-1p3, as well as lowered oxidative stress levels and overall arsenic
content in the liver. In an experiment by Jia et al. [18], AST was shown to have a beneficial
effect on hepatic steatosis. The research established that astaxanthin elevates PPAR (both
PPAR« and PPARY) levels and impedes the Akt-mTOR pathway, subsequently influencing
lipid metabolism in the liver [18].

In young piglets during the weaning period, the most described health problems are
due to intestinal dysfunction. They result from impaired nutrient absorption caused by,
among other things, atrophy of the intestinal villi and an abnormal ratio of villi length
to crypt depth [19]. Little attention during this period is focused on the liver, which
is extremely susceptible to oxidative stress. In addition, blood reaches the liver from
the intestines through the portal vein; thus, when the intestinal function is disrupted,
increased intestinal permeability can contribute to the translocation of metabolites to
the liver and impaired liver function [20]. A large amount of oxygen is consumed in
the liver, which is related to the presence of numerous mitochondria. This, in turn, is
associated with the formation of ROS. Mitochondria metabolize about 80-90% of the
oxygen used by hepatocytes and 2% of the oxygen consumed is converted to superoxide
anions [21,22]. However, despite the liver’s susceptibility to various stress forms, there
is a noticeable research gap regarding liver dysfunction resulting from oxidative stress in
weaned piglets [23].
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Our study was designed to assess the impact of AST on the liver health of weaned piglets,
both histologically and genomically. Building on the findings of Szczepanik et al. [24] that
confirmed the beneficial effects of AST on liver panel biochemistry and blood morphology
in weaned pigs, the present study was extended to analyze the protective effect of AST
supplementation on piglet livers. Our hypothesis postulated that AST, given its potent
antioxidant properties, would reduce oxidative stress, consequently shielding the liver
from excessive collagen deposition amidst liver lobules. This, in turn, would prevent
possible pathological fibrosis. For gene expression analyses, we selected genes for encoding
receptor proteins (NOTCH1), genes that are regulators of key liver functions, such as fatty
acid metabolism (ACAA2, CYP7A1), lipids (NR1H3), sugars (HK1), cholesterol metabolism
(SREBF2, APOE, DHCR24), mitochondrial mechanisms (SIRT3), and exogenous chemical
metabolism (CYP1A1). Additionally, our analysis encompassed genes either directly or
indirectly related to extracellular matrix deposition (CREB1, COL1A2), immune reactions
(CXCL10) and antioxidant protection (SOD1, CAT). Histopathological analysis, in turn,
allowed us to assess the percentage of collagen in the tissue and predict the antifibrotic
effect of AST.

2. Materials and Methods
2.1. Ethical Approval

All experimental procedures involving live animals in this study were conducted
in strict accordance with the guidelines set forth by the first Local Ethics Committee for
Experiments with Animals in Cracow, Poland (Resolution No. 420/2020, dated 22 July
2020). During the experimental period, the health of the postweaning pigs was regularly
monitored by a veterinarian.

2.2. Animals

The experiment was conducted on sixteen 35-day-old postweaning barrows of the
Polish Landrace (PL) breed, each weighing approximately 8.7 kg (0.2 kg). These pigs were
divided into two distinct groups, with each group containing eight pigs. Group I served as
the control, while Group Il received astaxanthin supplementation. The source of astaxanthin
was Haematoccocus pluvialis (Podkowa AD 1905 sp. z 0.0., Lublin, Poland), and was added
in the amount of 0.025 g/1 kg (25 mg/kg) of feed mixture. It is noteworthy that AST has not
yet been recognized in pig nutrition, resulting in a limited number of studies in this area.
The dose of AST for the piglet feed in our experiment was determined by referencing a few
existing piglet studies [25]. Furthermore, we considered the observed higher antioxidant
activity of AST when compared to vitamin E [26,27], an antioxidant routinely incorporated
into pig feeds. All the pigs were given a diet that was both iso-protein and iso-energetic,
adhering to the nutritional standards set by the Polish standards of pig feeding [28]. Table 1
presents a detailed breakdown of the diets” ingredient composition and basic chemical
analyses of feed mixture samples were performed according to standard methods [29].

The experimental fattening phase lasted 35 days. During this period, the pigs were
housed individually in pens, each fitted with a self-feeder and nipple waterers providing
ad libitum access to feed and water. The pigs were kept in a mechanically ventilated room,
maintaining a temperature of 18-20 °C. However, during the initial acclimatization phase,
heating lamps were utilized to elevate the surrounding temperature to approximately
28 °C. The room’s air humidity averaged around 55%, with an air exchange of 15x /h,
and a natural day/night light cycle was maintained. The pigs were kept in individual
pens and received feed and water ad libitum. At the end of the experiment, all pigs
were slaughtered. The animals were killed with an approved standard method by simply
stunning them with a specialized penetrating pin device Blitz (Bad Neustadt, Germany)
designed for slaughtering pigs and severing the blood vessels of the throat. Immediately
after the animals’ slaughter, their liver was collected. A fragment of liver tissue (from the
right lobe) was immersed in a 4% buffered formalin solution for preservation. Another
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portion from the right lobe was placed initially in liquid nitrogen and later stored in an
ultra-low-temperature freezer set at —80 °C.

Table 1. Ingredients (%) and nutritive value of diets in the experiment.

I I
Items Control AST
Soybean pressed cake 19 19
Wheat 42.17 4217
Corn 20 20
Rapeseed oil 0.8 0.8
Skimmed milk powder 10 10
Dried whey 5 5
1-Ca phosphate 0.4 04
Feed chalk 1.15 1.15
Salt 0.13 0.13
Lysine 0.4 0.4
Methionine 0.23 0.23
Threonine 0.16 0.16
Tryptophan 0.06 0.06
Vitamin-mineral premix * 0.5 0.5
Astaxanthin (0.025 g/kg) - +
Content in 1 kg:
Dry matter, g 901 901
Crude protein, g 183 183
Crude fat, g 40 40
Crude fiber, g 27 27
Crude ash, g 56 56
Metabolizable energy, MJ ** 13.8 13.8
Lysine, g 13.7 13.7
Methionine + Cystine, g 8.2 8.2
Threonine, g 8.8 8.8
Tryptophan, g 2.7 2.7
Calcium, g 7.6 7.6
Phosphorus digestible, g 3.1 3.1

AST—astaxanthin; * Content in 1 kg of premix: vit A—2,400,000 IU; vit D3—400,000 IU; vit E—8000 IU; vit B1—
400 mg; vit B12—6000 pg; vit B2—1000 mg; vit B5—3000 mg; vit B6—600 mg; vit K—400 mg; biotin—30,000 pg;
niacin—5008.3 mg; folic acid—100 mg; pantothenic acid—2760 mg; choline—24,193.548 mg; betaine—12,000 mg;
Cu—20,000 mg; Fe—20,000 mg; I—200 mg; Mn—38000 mg; Se—60 mg; Zn—24,000 mg; Ca—267.979 g; C1—6.268 g;
K—0.066 g; Mg—30 g; Na—0.037 g; S—22.245 g. ** Metabolizable energy calculated using the equation of
Hoffmann and Schiemann [30].

2.3. Histology

A sample of liver tissue was removed from buffered formalin, cut into two fragments
of about 1 cm? in size, and then placed in histology cassettes. These cassettes were sub-
sequently placed in a tissue processor, where they were dehydrated through increasing
alcohol concentrations (30%, 50%, 70%, 80%, 96%, 100%). They were then permeabilized
with xylene and embedded in paraffin. To enhance the reliability of the results, two paraffin
blocks were created from each liver sample. Two slides were produced from each block by
slicing the blocks with a microtome (Microm HM 340 E, Thermo Scientific, Germany) into
4 um sections. These liver preparations were stained using the Masson-Goldner trichrome
technique with aniline blue to differentiate structures. Stained slides were viewed under
a light microscope (Axio Lab. A1, Carl Zeiss, Oberkochen, Germany) equipped with an
Axiocam color 105 camera (Carl Zeiss, Oberkochen, Germany). The collected microscopic
images underwent examination using Zen 2.3 blue edition software (version 2.3; Carl Zeiss
Microscopy, Jena, Germany) and Image] (version 1.53; US National Institutes of Health,
Bethesda, MD, USA; available at: http://rsb.info.nih.gov/ij/index.html, accessed on 15
May 2023). Image] software version 1.53 (US National Institutes of Health, Bethesda, MD,
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USA) was used to calculate the percentage of collagen fibers (colored blue: collagen fibers),
with a random selection of regions of interest (ROIs) in everyone (10 ROIs). Quantitative
assessment of liver fibrosis, in this case specifically peritumoral fibrosis, depended on dis-
tinguishing colors between blue (collagen fibers) and red (parenchyma). The percentage of
collagen fibers in the image was assessed using the Threshold function (after setting an 8-bit
color scale) [17]. The percentage of collagen fibers was counted per area of ROI (percent
fiber content per area of interest). Results were reported as averages for the individual.

2.4. RNA Isolation and Quantitative PCR (qPCR)

RNA isolation was conducted using the Total RNA Mini (A&A Biotechnology, Gdarisk,
Poland) in accordance with the producer’s recommendations. The RNA quality was as-
sessed using the Tapestation 2200 (Agilent, Santa Clara, CA, USA), while its quantity
was measured with the Nanodrop 2200 (Thermofisher Scientific, Waltham, MA, USA).
For further purification, the RNAClean XP (Beckman Coulter, Beckman Coulter, Brea,
CA, USA) was utilized. After purification, the RNA quality was assessed by agarose gel
electrophoresis. The RNA was then reverse transcribed using the High Capacity cDNA
Archive Kit (Thermofisher Scientific, Waltham, MA, USA). Subsequently, qPCR was per-
formed using TagMan Gene Expression Assays (Table 2): NOTCH1 S503377164_u, CYP7A1
5503378689_ul, NR1H3 Ss03389237_g1, CREB1 Ss03386122_ul, SREBF2 Ss03376492_ul,
SIRT3 Ss03386766_u1, DHCR24 5s04323966_m1, APOE Ss03394681_m1, ACAA2 Ss04245775_m1,
HK1 Ss04323446_m1, CXCL10 Ss03391845_g1, CYP1A1 Ss03394917_g1, COL1A2 Ss03375009_u1,
SOD1 Ss503373476_ul, and CAT Ss04323025_m1. The process was performed in triplicate on
the QuantStudio 7-flex instrument (Thermofisher Scientific, Waltham, MA, USA) using the
TagMan Gene Expression Master Mix. For an endogenous control, RP529 5503391548_g1
was used.

Table 2. TagMan assays that were used in the study.

Gene Primers Sequence Amplicon Length, bp

RPS29 ribosomal protein 529 5503391548 _g1 71
HK1 hexokinase 1 5s04323446_m1 59
NOTCH1 notch receptor 1 5s03377164_u 71
CYP7A1 Cytochrome P450 family 7 subfamily A member 1 Ss03378689_ul 119
NR1H3 Nuclear receptor subfamily 1 group H member 3 5s03389237_g1 101
CREB1 cAMP responsive element binding protein 1 Ss03386122_ul 98
SREBF?2 Sterol regulatory element binding transcription factor 2 Ss03376492_ul 67
SIRT3 Sirtuin 3 Ss03386766_ul 80
DHCR24 24-dehydrocholesterol reductase 5504323966_m1 104
APOE Apolipoprotein E Ss03394681_m1 63
ACAA2 Acetyl-CoA acyltransferase 2 Ss04245775_m1 71
CXCL10 C-X-C motif chemokine ligand 10 5503391845_g1 146
CYP1A1 Cytochrome P450 family 1 subfamily A member 1 5503394917_g1 77
COL1A2 Collagen type I alpha 2 chain Ss03375009_ul 76
SOD1 Superoxide dismutase 1 Ss03373476_ul 77
CAT Catalase S5s04323025_m1 56

Gene expression data were analyzed using the nonparametric Mann-Whitney U test,
whereas the percentage data for collagen fibers were evaluated using one-way ANOVA.
All analyses were conducted using the Statistica® ver. 13.3 software package (StatSoft
Inc., Tulsa, OK, USA). The experimental model comprised two groups: Group I (control)
and Group II (with AST). Each piglet was considered an individual experimental unit
(n = 8 pigs per group). Differences were deemed statistically significant when p < 0.05.

3. Results

The evidence showed that the piglets exhibited no signs of disease, indicating that
the weaning procedure was normal and no undesirable health situations occurred during
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the rearing of the piglets. In the present experiment, we checked whether AST has any
protective effect on piglets after a stressful weaning procedure.

3.1. Histology

Histological analysis of liver tissues showed that the addition of AST significantly
reduced (p < 0.001) the percentage of collagen fibers around liver lobules (Figure 1). In the
control group, the typical sinusoidal vessels were not present, and there was an observed
alteration in the customary polygonal shape of hepatocytes, accompanied by their swelling.
Conversely, in the liver tissues from the AST-treated group, the hepatocytes retained their
normal shape, and the standard structure of the sinusoidal vessels was visible.

Percentage of collagen fibers in the liver

8- * %k

"~ average

D average+SkE
| average:2'sD

percentage of collagen fibers in the liver

0 T T
| ]

Group

Figure 1. Masson-Goldner staining with aniline blue. I—control group, II—a group with AST
addition. Magnification 5x. Scale bar = 200 um. The average percentage of collagen fibers in the liver
in the control group (I, n = 8) and the AST-treated group (II, n = 8). Mean £ SD (I) = 3.412 & 1.65%;
mean + SD (II) = 2.018 & 1.05%. * p < 0.01.

3.2. Gene Expression

Gene expression analysis showed that the addition of AST significantly increased
the expression of CYP7A1 (p = 0.001) and significantly reduced the expression levels of
CREB (p = 0.040), NOTCH1 (p = 0.004), and NR1H3 (p = 0.002). However, there were no
significant differences between the groups regarding the expression of SREBF2, SIRT3,
APOE, DHCR24, ACCA2, HK1, CXCL10, CYP1A1, COL1A2, SOD1, and CAT (Table 3).
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Table 3. Analysis of gene expression in group I and group II. RQ, relative quantity of mRNA in
comparison to housekeeping gene.

Mean RQ + SE
Gene Group p-Value
I II
CYP7A1 0.403 + 0.07 0.927 £ 0.14 0.001
SREBP2 0.881 + 0.11 0.786 + 0.14 0.232
SIRT3 0.210 + 0.05 0.395 £ 0.11 0.279
APOE 0.439 + 0.11 0.564 £ 0.22 0.867
CREB 1.701 £ 0.32 0.807 + 0.07 0.040
NOTCH1 0.433 + 0.07 0.193 £ 0.03 0.004
NR1H3 0.459 4+ 0.08 0.134 £ 0.05 0.002
DHCR24 0.268 + 0.04 0.185 + 0.04 0.121
ACCA?2 0.196 + 0.24 0.127 +0.13 0.878
HK1 1.271 £0.24 1.183 = 0.14 0.959
CXCL10 0.205 + 0.04 0.158 + 0.04 0.152
CYP1A1 3.134 +1.28 6.112 +4.11 0.645
COL2A1 3.147 £ 0.50 3.053 £0.52 0.954
SOD1 1.326 £ 0.18 1.638 + 0.23 0.382
CAT 2.381 £ 0.51 2.323 £0.34 0.878

4. Discussion

Postweaning stress is a phenomenon that affects not only the behavior but also the
health status of pigs. Weaning stands out as one of the most stressful periods, resulting in
intestinal, immunological, and behavioral changes. During this transitional period, piglets
confront numerous stressors. These include abrupt separation from the sow, transport,
and handling stress, a different food source, social hierarchy stress, mixing with pigs from
other litters, a different physical environment, increased exposure to pathogens and food
or environmental antigens [31]. After weaning the piglets mostly return to normal status
during 10-14 days, this recovery timeline can drastically extend if they encounter issues
such as diarrhea, atrophy of intestinal villi, or inflammation of the intestinal mucosa. In
such instances, their recuperation is protracted, feed utilization is delayed, and animal
productivity declines. This underscores the idea that the repercussions of weaning may
linger far longer than the effects of a singular stressor, like immobilization stress. Given
the weaning procedure, the focus has shifted towards supplementary feed additives to
support the health of piglets during these difficult postweaning days. The aim is to limit the
negative effects of weaning on the animals’ subsequent productivity. Our task is to alleviate
this transitional period as much as possible for the piglets. Our study spans 35 days and
seeks to examine the effects of AST. This is examined in the context of stress induced not just
by maternal separation, but related to the whole range of previously mentioned stressors.

There are limited results from detailed liver estimations. However, in the case of
intensively fed and fast-growing monogastric animals, this organ is extremely loaded. The
liver’s condition mirrors the health of animals subjected to poor quality or improperly
balanced feed. Our research introduces a novel aspect of liver analysis, encompassing both
histological and genomic analysis.

4.1. Histology

The study observed a potential beneficial impact of AST on the percentage of collagen
in liver tissue. The analysis demonstrated that AST significantly lowered the percentage
of collagen fibers in liver sections. It is vital to note that, when assessing the histological
differences between the livers of the two groups, that samples were taken after 35 days into
the experiment, and during the postweaning period which also affected the structure of the
organ [32]. In the group fed a standard diet, irregular sinusoidal vessels were observed,
along with altered hepatocyte shapes and swelling of these cells. However, in the AST-
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treated group, hepatocytes maintained their normal shape and the standard structure of
sinusoidal vessels was evident.

Liver fibrosis is marked by the excessive buildup of extracellular matrix proteins,
predominantly collagen [1]. It arises due to various diseases that inflict damage on hepa-
tocytes, engage inflammatory cells, and activate collagen-producing cells [33]. A primary
mechanism driving fibrogenesis in the liver involves the activation of HSCs following
organ damage. Upon activation, HSC transforms from a resting state to a proliferative,
contracting myofibroblast-like cells, producing type I collagen—one of the extracellular
matrix’s primary components [34-36]. This stellate cell activation can be exacerbated by
oxidative stress [37]. Oxidative radicals, through interference with mitochondrial function,
can catalyze hepatocyte death (oncotic necrosis, necroptosis and apoptosis) and promote the
secretion of proinflammatory mediators [10]. Hence, it is proposed that Reactive Oxygen
Species (ROS) could encourage fibrosis by harming hepatocytes or by activating Kupffer
cells and HSCs [11,34]. Recent studies underscore AST’s positive effects on liver health.
It is mainly its antioxidant properties that allow AST to play a protective role [1]. Other
scientific reports indicate a controlling effect of AST against glycemia in prediabetes pa-
tients at risk for metabolic syndrome with mixed effects on lipid levels [12,13,35,38]. Yang
et al. (2016) [14] showed that astaxanthin inhibits the activation of resting-phase HSCs and
restores the resting state of activated HSCs in mice. AST also decreased ROS production
and elevated the expression of the nuclear erythroid-related factor 2 (NrF2).

4.2. Gene Expression

The study also investigated AST’s impact on the expression of specific genes, empha-
sizing the liver’s pivotal role in lipid metabolism. Lipid metabolism within hepatocytes
can be divided into three stages: I—lipid acquisition and fatty acid synthesis (de novo
lipogenesis); II—lipid storage; IlI—lipid consumption, including lipolysis, 3-oxidation,
and secretion of low-density lipoproteins [36,39]. Many studies have shown that genes
involved in metabolism are overexpressed or under expressed based on dietary factors.

Our analysis showed that the expression level of CYP7A1 increased significantly in the
AST-treated group. Cholesterol 7o-hydroxylase (CYP7A1) is the rate-limiting enzyme in the
classical bile acid synthesis pathway. These findings align with those of Liu et al. (2022) [40],
who found that AST enhances the fecal excretion of both acidic and neutral sterols derived
from cholesterol by increasing CYP7A1 expression. Similarly, a study by Wang et al. (2022)
demonstrated that administering a high dose of AST (0.75%) to mice on a high-fat diet
elevated CYP7A1 expression, compared to mice only on a high-fat diet [41]. From a physio-
logical perspective, the upregulation of CYP7A1 is advantageous, facilitating cholesterol
efflux which protects against excessive increases in plasma cholesterol concentrations.

Our study observed notably diminished levels of NR1H3 expression in the AST-treated
group. NR1H3 is part of the LXR nuclear receptor superfamily [42], which oversees choles-
terol equilibrium, lipoprotein metabolism and fat synthesis [42—44]. Notably, NR1H3 sig-
naling is associated with liver diseases such as hepatic steatosis. In addition, it contributes
to liver triglyceride content by upregulating lipogenic genes [40,45]. Zhang et al. [45]
found a correlation between NR1H3-exon-5-A201C and fat thickness, emphasizing that
NR1H3 gene expression can modulate lipid accumulation in pigs. Studies have shown
that LXRs are prevalent nuclear receptors in HSC. Signaling via these receptors adjusts
the gene expression related to metabolism, inflammation and fibrogenesis in primary
cells [46,47]. Beaven et al. [47] exemplified this with their discovery that LXR ligands
inhibited fibrosis markers and stellate cell activation in primary mouse stellate cells. In
the present study, there is a noticeable association between the reduced expression of
CREB and the decrease in liver tissue collagen percentage in the AST-supplemented group.
CREB influences stellate cell activation and proliferation, as well as inflammation. Fur-
thermore, studies indicate that CREB is involved in extracellular matrix deposition and
functional cell loss [48]. Eng and Friedman (2001) [49] posited that, under oxidative stress,
a mutated form of CREB (CREB Ala 133) led to a surge in stellate cells transitioning to
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the S phase, initiating HSC proliferation sequences. Moreover, CREB’s protective role
against hepatocyte apoptosis linked to mitochondria, mediated via the ERK-CREB-Bnip3
axis in hepatic steatosis, has been documented [50]. Wang et al. (2016) emphasized CREB’s
association with liver fibrosis, revealing enhanced p-CREB-1 expression in fibrotic liver
tissues in rats and HSCs exposed to exogenous TGF-$1, suggesting p-CREB-1 might boost
fibrogenesis by enhancing TGF-f1 expression in liver fibrosis [51]. Furthermore, we noted a
marked decrease in NOTCH1 expression in the AST-supplemented pigs. NOTCH signaling
pathway plays an important role in adipogenesis processes, such as the proliferation and
differentiation of adipocyte progenitors, and is integral to metabolism regulation [52,53].
Yamaguchi et al. [54] showed that NOTCH haploinsufficiency heightens fat accumulation
and adipogenesis, underscoring the tie between NOTCH signaling and insulin resistance
onset. In mice fed a high-fat diet, NOTCH signaling augments fat storage in the hypotha-
lamus via B cell (NF-«B) activation [55]. NOTCH signaling’s activation in liver fibrosis
models and its abnormal amplification in fibrosis patients have been documented, while
inhibition of NOTCH has shown protective effects against fibrotic disorders [56]. In our
experiment, we also analyzed several liver function-related genes (APOE, ACAA2, CYP1Al,
SIRT3, HK1, DHCR24, and CXCL10). However, after AST addition, no significant expression
changes were identified. These genes encompass a variety of functions: lipid metabolism
(APOE [57], ACAA2 [58,59]), exogenous chemical metabolism (CYP1A1 [60]), mitochondrial
fatty acid oxidation (SIRT3 [61]), antioxidation, free radical scavenging, glucose metabolism
(HK1 [62]), cholesterol synthesis regulation (SREBF2, DHCR24 [63,64]), cellular stress re-
sponses (DHCR24 [63,64]), and liver inflammation augmentation (CXCL10 [65]). In the
case of CXCL10, the important information from the point of view of this work is that
it promotes liver fibrosis by preventing NK cell-mediated inactivation of hepatic stellate
cells [66,67].

Fibrosis markers, such as COL1A2 [65,66], encode collagen. Both COLIAT and COL1A2
genes exhibit a high sensitivity to reactive oxygen species [68]. It is postulated that under
oxidative stress, COL1A2 mRNA expression escalates, a factor contributing to stellate cell
activation [67]. Thus, dampening COL1A2 expression might inhibit stellate cell activation,
offering a potential preventive measure against liver fibrosis [68]. In the present study, we
observed no significant changes in COL1A2 expression in both groups. Similarly intriguing
is the absence of significant changes in the expression of SOD1 and CAT. While some
literature posits that AST may boost hepatic antioxidants SOD and CAT through partial
induction of the Nrf2 pathway [63]. The increase in SOD after AST treatment has been
confirmed in a few studies on hens [69], rats [70] and aquatic animals [71]. However, the
methods for studying the activity or concentration of SOD have varied. Islam et al. [72]
proved that the addition of AST could restore CAT and SOD activity in rats with carbon
tetrachloride-induced liver fibrosis. They argued that AST’s potential protective mechanism
stems from lipid peroxidation inhibition and stimulating cells of antioxidant systems. We
speculate that the lack of change in SOD and CAT expression in the experiment may be
due to insufficient administration of (AST) to the experimental animals.

The obtained findings provide compelling evidence supporting the potential antifi-
brotic properties of AST, particularly when considering the age of the experimental animals
and their weaning period. Nevertheless, the authors acknowledge the constraints of this
study, and they propose the need for additional analyses to further explore the effects of
astaxanthin on the liver. These suggested investigations encompass immunohistochemical
analyses of HSC activity, assessments of serum redox states, and detailed quantifications of
interleukin and proinflammatory cytokines. The authors already have planned future stud-
ies to expand upon the evidence presented in this study, ensuring a more comprehensive
understanding of astaxanthin’s impact on liver health.

5. Conclusions

In the experiment, significant differences in histology between animals with and with-
out astaxanthin in the diet were observed. In the group supplemented with AST, there was
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a noticeable reduction in collagen fiber deposition in liver sections, suggesting AST’s poten-
tial role in safeguarding against excessive collagen accumulation. Furthermore, piglets on
the astaxanthin regimen exhibited a decline in NR1H3 expression—a gene whose inhibition
can foster recovery from hepatocyte steatosis, and increased expression of CYP7Al—a
pivotal gene for expelling surplus liver cholesterol through bile acids. Additionally, the
downregulation of NOTCH1 and CREB genes was observed, although their exact roles in
mitigating liver fibrosis are ambiguous. Gene expression analysis has shown the potential
of AST to protect the liver, but further studies are needed to understand the molecular basis
of this action.
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Abstract
Antimicrobial peptides (AMPs) are the focus of this manuscript, as bioconservative molecules that constitute a major defense mechanism
in many organisms. Various antimicrobial peptides have been isolated and identified, but AMPs derived from Hermetia illucens (HI) will
be the focus of this review. The review focuses mainly on cecropins, defensins, and attacins. Hermetia illucens is a remarkable organism
adapted to life in a diverse, often highly polluted environment, and its resilience is largely attributed to AMPs. AMPs are active against
many bacterial and fungal species and also act to induce the osmotic lysis of protozoa. They attack pathogenic microorganisms without
damaging host cells in the process. Given the increasing antibiotic resistance of many bacterial strains in animal production, AMPs ap-
pear to be a tempting alternative as substances that limit and inhibit the growth and development of pathogens, as well as an option in
veterinary medicine as potential substitutes for antibiotics, the administration of which must be limited in the European Union. The AMP
content of HI larvae extracts, which determines their activity, depends on the larval diet and the solvent used. This review presents in
vitro studies on the effects of AMPs from Hermetia illucens on microorganisms and in vivo studies on the potential of HI larvae meal as

a feed supplement.

Key words: AMPs, Hermetia illucens, antimicrobial, peptides, cecropins, attacins, defensins

Antimicrobial peptides (AMPs) of insect origin —
structure and mechanisms of action

Structure and classification of AMPs

Antimicrobial peptides were discovered in the 1980s
in skin isolates of the African clawed frog Xenopus lae-
vis. These peptides were found to be active against many
species of bacteria and fungi and induced osmotic lysis
of protozoa (Zasloff et al., 1988; Zasloff, 1987, Lee et
al., 2016; Xia et al., 2021). Over the ensuing years, a
wide variety of peptides have been isolated and identi-
fied from many organisms; however, in this review, the
AMPs from insects will be in focus of interest. Insects
are found all over the world, inhabiting a wide variety
of environments. At present, 3569 antimicrobial peptides
from six life kingdoms have been described in the Anti-
microbial Peptide Database (380 isolated from bacteria,
5 from archaeons, 8 from protists, 25 from fungi, 371
from plants, and 2600 from animals (accessed on 10
January 2023; Moretta et al., 2020; https://aps.unmc.
edu/). The ability to survive is linked to these organisms’
immune systems, based solely on the innate immune re-
sponse, which allows for a broad and rapid response to
the threat of a pathogen (Moretta et al., 2020; Sultana
et al., 2021). AMPs are synthesized in insects in the fat
body and then secreted into the hemolymph (Bulet et al.,

1999) and are evolutionarily conserved biomolecules that
exhibit selective cytotoxicity. This means that they attack
pathogenic microorganisms and do not damage host cells
in the process. This mechanism is due to fundamental
differences in the structure of host cells compared to
pathogens (Ebenhan et al., 2014). AMPs consist of amino
acid sequences ranging from 5 to 50 chains in length, and
most of them are positively charged peptides due to their
high content of arginine and lysine residues (Sultana et
al., 2021). Specific electrostatic forces between positive
amino acid residues of the peptide and negative charges
exposed on the surface of microorganism cells allow pep-
tides to interact with bacterial membranes (Moretta et al.,
2020). Peptides are diverse in amino acid sequence and
secondary structure; however, they share some common
properties, including an affinity for negatively charged
phospholipids, which are present on the outer surfaces
of the cytoplasmic membrane of many microbial species
(Lata et al., 2007). Most AMPs format the ion channels
or transmembrane pores to destroy the pathogenic bacte-
rial cell, and their main targets are lipids in the bacte-
rial cell membrane (Jozefiak and Engberg, 2017). AMP
molecules can be divided into several groups depending
on their structure. There are peptides with an a-helix
structure, peptides with a B-sheet structure stabilized by
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disulfide bridges, and also peptides with an extended or
loop structure (Lai and Gallo, 2009). Insect AMPs are
divided into three groups based on their amino acid se-
quence and structure: (1) defensins, (2) cecropins, and
(3) peptides with an overrepresentation of proline and/
or glycine residues (Mylonakis et al., 2016; Wu et al.,
2018).

Defensins

Defensins are small cationic peptides of about 3—4
kDa containing six disulfide-paired cysteines. Three
structurally distinct families of these peptides have been
identified: “classical” defensins, f-defensins, and insect
defensins (Ganz and Lehrer, 1995) found in all insect
species studied. They are produced in fat body cells and
hemocytes and secreted into the hemolymph, where their
concentrations are in the micromolar range (Bulet and
Stocklin, 2005). The defensins consist of an a-helix con-
nected by a loop to an antiparallel f-sheet and are com-
posed of about 38—45 amino acids (Ganz and Lehrer,
1995). Most insect defensins act against Gram-positive
bacteria, although some also inhibit Gram-negative bac-
teria (Hoffmann and Hetru, 1992; Tonk et al., 2015) or
act only against filamentous fungi (Langen et al., 2006).
Defensins bind to the cell membrane or form pore-like
cavities in the cell membrane through which essential
ions and nutrients flow (Wu et al., 2018).

Cecropins

Cecropin is named after the giant silk moth Hyal-
ophora cecropia (cecropia moth), from which the pep-
tide was first isolated (Moore et al., 1994). Cecropins
are composed of 29—42 amino acids and lack cysteine

Antimicrobial peptides———

Bacteria cell membrane -

and methionine. A characteristic of most cecropins is
the presence of tryptophan as the first or second N-ter-
minal amino acid and the presence of an amide group at
the C-terminus (Bulet and Stocklin, 2005). They exhibit
primarily bactericidal activity against Gram-negative
and to a lesser extent Gram-positive bacteria (Bulet and
Stocklin, 2005). Cecropins can disintegrate bacterial
cell membranes, inhibit proline uptake, and cause cell
membrane lysis (Moore et al., 1996; Wu et al., 2018).
In addition to its antimicrobial properties, studies report
an apoptotic effect in cancer cells. Cecropins specifi-
cally target tumor cells by binding to the phospholipid
phosphatidylserine, which is located on the outer sur-
face of plasma membranes of tumor cells (Makwana et
al., 2023).

Attacins

Attacins are glycine-rich proteins that are effective
against Gram-negative bacteria (Wu et al., 2018). Be-
cause of their large size, attacins need to be produced as
recombinant proteins before antimicrobial characteriza-
tion. Attacin causes increased outer membrane perme-
ability and inhibition of outer membrane protein syn-
thesis at the transcriptional level. This is accompanied
by growth inhibition (Carlsson et al., 1998). The activ-
ity of attacins seems to be linked with some sections
of the sequence with particular chemo-physical proper-
ties (e.g., positive charge, the abundance of hydropho-
bic residues) which can cause membrane interaction
and subsequent antimicrobial activity (Buonocore et
al., 2021). Their activity can also be directed against
methicillin-resistant bacteria and infective protozoan
agents.
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Figure 1. Mechanisms of action of antimicrobial peptides — scheme. A — Toroidal pore model. The peptides aggregate into lipid monolayers and
form pores, ultimately destroying the bacterial cell. B — Carpet-like model. Peptide molecules accumulate on the surface of the cell membrane,
displacing phospholipids from it. This results in changes in its fluidity, with consequent disintegration of the membrane and leakage of cytoplas-
mic components. C — Barrel-stave model. a-helical peptides form a bundle with a channel in the center of the membrane, resulting in the formation
of pores in the membrane that allow leakage of cytoplasmic components and a decrease in membrane potential. D — Aggregate model. AMPs bind
to the anionic cytoplasmic membrane, causing peptides and lipids to form a peptide-lipid micelle complex. The channels formed by AMPs, lipids,
and water allow ions and intracellular contents to leak out, resulting in cell death. The channels facilitate the passage of AMPs into the cytoplasm.
Figure 1 is based on Yeaman and Yount (2003); Zylowska et al. (2011); Xia et al. (2021); Zhang et al. (2021)
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Mechanism of action of antibacterial peptides

The mechanisms of AMP antimicrobial action are
mostly based on AMPs’ ability to break down and disrupt
the lipid layer. Mechanisms (Figure 1) include the toroi-
dal pore, carpet-like, barrel-stave, and aggregate model
(Yeaman and Yount, 2003; Zytowska et al., 2011; Zhang
et al., 2021; Xia et al., 2021). In addition to cell mem-
brane disintegration, some AMPs can spontaneously pass
through cell membranes, interact with intracellular mol-
ecules, and thereby interfere with intracellular metabolic
processes (Xia et al., 2021).

Due to the increasing antibiotic resistance of bacte-
ria, new solutions are being sought to treat both humans
and animals (Wang et al., 2016). The potential effects of
insect-derived antimicrobial peptides on the health and
productivity of livestock have begun to be investigated
and alternative substances based on antimicrobial pep-
tides are being studied.

Antimicrobial peptides in the black soldier fly
(Hermetia illucens, HI)

Hermetia illucens, also known as the black soldier fly
(BSF) belongs to the order Diptera in the family Stra-
tiomyidae. 1t is native to the Americas and now occurs
worldwide in tropical and temperate regions (Wang and
Shelomi, 2017). Hermetia illucens is used for bioconver-
sion of organic waste, as a feed additive for livestock
and aquaculture, and is economically one of the most
important farm insects in the world (Vogel et al., 2018).
Because the black soldier fly (HI) lives in an environ-
ment inhabited by a wide variety of microorganisms and
feeds on decomposing organic material, it is believed to
have a strong expression of AMPs and other substances
with antimicrobial activity (Miiller et al., 2017). In re-
cent years, there has been intensive research into the an-
tibacterial peptides produced by Hermetia illucens (Ta-
ble 1). HI has been shown to express more than 50 genes
encoding putative AMPs (Van Moll et al., 2022). In ad-
dition to their immunological role, AMPs also maintain
and shape the HI gut bacterial community (Vogel et al.,
2018). Studies indicate that a diet supplemented with
a mixture of bacteria or direct injection of bacteria trig-
gers immune responses in H. illucens (Zdybicka-Barabas
etal., 2017; Vogel et al., 2018). In their study, Vogel et al.
(2018) predicted the existence of 6 attacins, 7 cecropins,
26 defensins, 10 diptericins, and 4 knottin-like peptides.
A major role in identifying new HI-derived AMPs such
as defensin-like peptide (DLP) was played by Parker et
al. (2015). In 2015, a study identified a new peptide, the
defensin-like peptide (Park et al., 2015). HI larvae were
immunized by puncturing them with a thin needle dipped
in S. aureus (KCCM 40881). Purified DLP4 showed
a molecular weight of 4.27 kDa and antimicrobial activ-
ity for Gram-positive bacteria. An antimicrobial peptide
showing activity against Gram-negative bacteria was
induced and purified from the identically immunized
hemolymph of HI larvae (Park and Yoe, 2017 a). The

purified cecropin-like peptide 1 (CLP1) showed a 4.84
kDa molecular weight. Another study (Park and Yoe,
2017b)revealed a DLP3 peptide of4.25 kDaisolated from
HI larvae immunized as before. Minimum inhibitory
concentration (MIC) analysis revealed that DLP3 has
strong activity against Gram-positive and Gram-negative
bacteria. Expression of CLP1 and DLP4 was negligible
in the whole body before immunization and was mainly
seen in the fat body after immunization with S. aureus
bacteria (KCCM 40881; Park et al., 2015; Park and Yoe,
2017 a). Research by Shin and Park (2019) has yielded
information on a new attacin from HI. The larvae were
immunized by puncture with a thin needle dipped in
E. coli (KCCM 11234) and subsequently an attacin with
a molecular weight of 17.7 kDa was induced from the
fat body. As with DLP3, DLP4, and CLP1, Hl-attacin
expression was detectable only after prior immuniza-
tion of the larvae. The HI-attacin showed antibacte-
rial activities against £. coli and MRSA. Elhag et al.
(2017) conducted an experiment that resulted in the iden-
tification of seven new gene fragments of three types of
antimicrobial peptides, named cecropinZl, sarcotoxinl,
sarcotoxin (2a), sarcotoxin (2b), sarcotoxin3, stomox-
ynZH1, and stomoxynZHI(a). StomoxynZHI1 was
expressed as a thioredoxin fusion protein in bacteria.
The results showed that stomoxynZH]1 exhibited different
MIC levels against the Gram-positive bacteria Staphylo-
coccus aureus, the Gram-negative bacteria Escherichia
coli, and the fungi Rhizoctonia solani Khiin (rice)-10 and
Sclerotinia sclerotiorum (Lib.) de Bary-14. Research has
been conducted by Xu et al. (2020) on the identification
of new HI-derived AMP genes, which contributed to the
discovery of Hidefensin-1 (10.2 kDa), Hidiptericin-1
(21.9 kDa) and HiCG13551 (9.5 kDa). HI larvae were
immunized by the injection of bacterial strains, succes-
sively Staphylococcus aureus, Pseudomonas aeruginosa,
and Bacillus bombyseptieus. It was detected that in vitro,
Hidefensin-1 and Hidiptericin-1 inhibited the growth
of Streptococcus pneumoniae and Escherichia coli,
while HICG13551 inhibited the growth of Staphylococ-
cus aureus and E. coli. According to the AMP Database
Search, Park et al. (2015) identified defensin-like peptide
2 (DLP2). APD analysis reveals that the sequence
of this peptide shows 85% similarity to DLP4. The pep-
tide has a molar mass of 4.27 kDa and exhibits anti-
microbial activity against S. aureus (MRSA) (Li et al.,
2020). Moretta et al. (2020) conducted a study of the
transcriptome of larvae and combined adult male and fe-
male H. illucens, and all sequences that presumably en-
code AMP were analyzed using various machine learning
algorithms. Fifty-seven potentially active peptides were
identified and subsequently four that showed high anti-
microbial score values in all prediction programs were
selected and chemically synthesized. The selected AMPs
were Hill BB_C6571, Hill BB_C16634, Hill BB
C46948, and Hill BB_C7985. All synthesized peptides
showed activity against E. coli.
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Table 1. Antimicrobial peptides from Hermetia illucens

Sequence

References

MASKFLGNPNHNIGGGVFAAGNTRSNTPSLGAFGTLNLKDHSLGVSHTI
TPGVSDTFSQNARLNILKTPDHRVDANVFNSHTRLNNGFAFDKRGGSLD
YTHRAGHGLSLGASHIPKFGTTAELTGKANLWRSPSGLSTFDLTGSASRT

MNFTKLFVVFAVVLVAFAGQSEAGWRKRVFKPVEKFGQRVRDAGVQGIA

MNFAKLFVVFAIVLVAFSGQSEAGWWKRVFKPVEKLGQRVRDAGIQGLEI

MNFTKLFVVFAVVLIAFSGQSEAGWWKRVFKPVERLGQRVRDAGIQGLEI

MRSVLVLGLIVAAFAVYTSAQPYQLQYEEDGLDQAVELPIEEEQLPSQVVE
QHYRAKRATCDLLSPFKVGHAACALHCIALGRRGGWCDGRAVCNCRR

MRSILVLGLIVAAFAVYTSAQPYQLQYEEDGPGYALELPSEEEGLPSQVVE
QHYRAKRATCDLLSPFKVGHAACALHCIAMGRRGGWCDGRAVCNCRR

MRSILVLGLIVAVFGVYTSAQPYQLQYEEDGPEYALVLPIEEEELPSQVVEQ
HYRAKRATCDLLSPFGVGHAACAVHCIAMGRRGGWCDDRAVCNCRR

MVHCQPFQLETEGDQQLEPVVAEVDDVVDLVAIPEHTREKRATCDLLSPF

ATCDLLSATKVKSTACAAHCLLKGHKGGYCNSKLVCVCR

Shin et al., 2019

Park et al., 2017

Park et al., 2017

Park et al., 2017

Park et al., 2015

Park et al., 2015

Park et al., 2017

Park et al., 2015

Xu et al., 2020

Moretta et al., 2020
Moretta et al., 2020
Moretta et al., 2020
Moretta et al., 2020

GWLKRKIGMKFILGTTLAIVVAIFGQCQAATWSYNPNGGATVTWTANVA

GWLKRKIGKKFILGTTLAIVVAIFGQCQAATWSYNPNGGATVTWTANVA

GWLKRKIGKKFILGTTLAIAVAIFGQCQAATWSYNPNGGATVTWTANVA

GWLKRKIGMMMKNSNENSTEEREAAKKNYKRKYVPWFSGANVAATAR
RGFRKHFNNLPICVEGLAGDIGSILLGVESDIGALAGAIANLALIAGECAA

Xu et al., 2020
Elhag et al., 2017

Elhag et al., 2017

Elhag et al., 2017

Elhag et al., 2017
Elhag et al., 2017

AMP AMP
family
HI-attacin attacin
FGGPMAGRNNFGAGLGFSHRF
CLP1 cecropin
(Cecropin-like peptide 1) IAQQGANVLATARGGPPQQG
CLP2 cecropin
(Cecropin-like peptide 2) AQQGANVLATARGGPPQQG
CLP3 cecropin
(Cecropin-like peptide 3) AQQGANVLATVRGGPPQQG
DLP1 defensin
(Defensin-like peptide 1)
DLP2 defensin
(Defensin-like peptide 2)
DLP3 defensin
(Defensin-like peptide 3)
DLP4 defensin
(Defensin-like peptide 4) KVGHAACAAHCIARGKRGGWCDKRAVCNCRK
Hidefensin 1 defensin
Hill BB C6571 defensin ~ ATCTNWNCRTQCIARGKRGGYCVERNICKCTS
Hill BB C16634 defensin ~ Uknow
Hill_BB_C46948 defensin  RKCTASQCTRVCKKLGYKRGYCQSSTKCVC
Hill BB_C7985 defensin ~ FTCSNLGCKAQCIILGNRSGGCNRLGVCQCN
Hidiptericin-1 diptericin ~ Uknow
Sarcotoxinl sarcotoxin
ATAR
Sarcotoxin (2a) sarcotoxin
ATAR
Sarcotoxin (2b) sarcotoxin
ATAR
Sarcotoxin3 sarcotoxin
StomoxynZH1 stomoxyn
QGEAGAAVVAAT
HiCG13551 IATP Uknow

Xu et al., 2020

Research on the effects of Hermetia illucens AMPs
on microorganisms — in vitro studies

Due to the increasing antibiotic resistance of many
bacterial strains, antimicrobial peptides seem to be
a tempting alternative as substances that limit and inhibit
the growth and development of pathogens (Van Moll et
al., 2022; Table 3). In addition to direct antimicrobial ac-
tivity, AMPs inhibit biofilm formation and destabilize
biofilm structures (Saeed et al., 2022). The experiment
carried out by Scieuzo et al. (2023) allowed for the rec-
ognition of 33 HI-derived AMPs in all samples analyzed,
13 of which are specifically stimulated by Gram-negative
and/or Gram-positive bacteria. An important note is that
the expression of some AMPs can be induced upon stim-
ulation by specific bacteria. Thus, both E. coli and
M. flavus induced the expression of six AMPs (defensin,
attacin, and cysteine-rich peptide), while defensin was
induced specifically by E. coli, and cecropins and de-

fensins were induced by M. flavus. The most frequently
detected AMPs included defensins. Lee et al. (2020) con-
ducted a study to determine the antimicrobial activity of
HI larvae extract immunized with Lactobacillus against
Salmonella species. HI larvae were inoculated with five
Lactobacillus species (L. acidophilus, L. brevis, L. casei,
L. fermentum, and L. delbrueckii). This treatment was de-
signed to activate the larvae’s natural innate immune sys-
tem. Hemolymph was isolated from the larvae and evalu-
ated for antimicrobial activity against three Salmonella
species (Salmonella pullorum, Salmonella Typhimurium,
and Salmonella Enteritidis). The hemolymph of HI lar-
vae immunized with L. casei showed the highest antimi-
crobial activity, and the hemolymph extract of these lar-
vae prevented the growth of Salmonella species. It was
also found that there were changes in antimicrobial activ-
ity depending on the time elapsed after infection with
L. casei. In addition, the expression of cecropin-1 and
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defensin-1 genes peaked after 24 hours. Importantly, the
antimicrobial activity in the hemolymph was resistant to
high temperatures and a wide pH range. The antimicro-
bial activity of the extract on E. coli (Gram-negative bac-
teria) and S. aureus (Gram-positive bacteria) was also
investigated. It was determined that the MIC was
100200 pg/100 pl for both bacteria. The experiment
also showed the absence of cytotoxic effects on CaCo-2
(human intestinal cell lines) and L929 (mouse fibroblast
cell lines) cells at extract concentrations of 100 to 4000
ung/100 pl or 100 to 2000 pg/100 pl, respectively. This
information is very important, as it shows that the extract
can be considered as an antimicrobial treatment safe for
humans and animals. Vogel et al. (2018) evaluated the
effect of diet in combination with the developmental
stage of the larvae on the expression of immunity-related
genes. The larvae were fed an unsupplemented feed
(standard) and one supplemented with lignin, cellulose,
chitin, brewer’s grains, and sunflower oil. A mixed diet
was also prepared with cellulose, chitin, lignin, brewer’s
grains, and sunflower oil, as well as a mixture of food
waste (50% of the aforementioned plants and meat mix-
ture). To induce an immune response, bacteria were add-
ed to the diet. Standard plate inhibition zone tests were
performed with the bacterial species Escherichia coli
BL21 (DE3), Micrococcus luteus, Pseudomonas fluores-
cens BL915, and Bacillus subtilis using extracts from
previously cultured HI larvae. The highest number of
genes with significantly differential expression compared
to the standard diet was observed in the high-protein diet,
followed by the vegetable oil diet, while the lowest num-
ber was observed in larvae receiving cellulose supple-
mentation. Interestingly, larvae fed a diet supplemented
with vegetable oil showed the strongest overall induction
of immunity-related genes. The study found that diet dur-
ing rearing had a significant effect on the antimicrobial
activity of larvae extracts. The efficiency of HI larvae
extracts depends on the diet and the solvent used to make
the extract. In the case of aqueous extracts, the strongest
inhibitory activity against Gram-negative bacteria was
observed for high-protein and cellulose cultures, while
the inhibitory activity against Gram-positive bacteria
was highest for larvae reared on diets with chitin, cellu-
lose, bacteria, and vegetable oil. In contrast, chloroform
extracts showed the highest activity against all bacterial
species when the larvae were reared on diets supplement-
ed with lignin, bacteria, and vegetable oil. In a study by
Choi et al. (2012), larvae were extracted with various or-
ganic solvents (methanol, ethanol, chloroform, n-hex-
ane), and their antimicrobial activity was determined by
agar disc diffusion and turbidometric tests. The tests
showed that the antibacterial effect of the methanol ex-
tract was detected only in Gram-negative bacteria
(K. pneumoniae, N. gonorrhoeae, and S. sonnei). The an-
tibacterial effect was not induced in Gram-positive bacte-
ria such as Bacillus subtilis, Streptococcus mutans or
Sarcina lutea. The other extracts did not show antimicro-

bial activity against the Gram-positive and Gram-nega-
tive bacteria tested. Methanol extract-treated bacteria
growth was strongly inhibited from 20 mg/ml in a dose-
dependent manner compared to other extracts, and the
antibacterial activity gradually decreased after 24 hours.
The minimum inhibitory concentration of the methanol
extract against Klebsiella pneumoniae, Neisseria gonor-
rhoeae, and Shigella sonnei for 12 hours was 44.74 mg/
ml, 43.98 mg/ml, and 43.96 mg/ml, respectively. Based
on the results, the methanolic extract was found to have
antimicrobial activity to reduce bacterial proliferation in
a dose-dependent manner. In addition, the methanolic ex-
tract of HI larvae was proven to have properties that ef-
fectively block the viability of bacteria. To test the anti-
microbial activity of 36 AMP HI libraries, a screening
study (Van Moll et al., 2022) was conducted against
a Gram-positive bacterium (S. aureus), two Gram-nega-
tive bacteria (E. coli and P. aeruginosa), two fungal spe-
cies (C. albicans and A. fumigatus). The MRC5-SV2 cell
line of human embryonic lung fibroblasts was used to
evaluate the toxicity of the peptides. Most of the tested
antimicrobial peptides did not affect cell viability in the
concentration ranges tested. For Hill-Knot2, a knottin-
like peptide, Hill-Stom1, a stomoxyn-like peptide, and
Hill-Dip6, a diptericin, IC50 values below 32 uM were
registered for cell toxicity. The highest antimicrobial ac-
tivity was found within the AMP family of cecropins. All
cecropins (except Hill-Cec6) showed activity against Es-
cherichia coli and P. aeruginosa with MIC ranging from
0.50 uM to 2 uM. Hill-Dip6 showed activity against E.
coli at a MIC of 2 uM, but no activity was registered
against P. aeruginosa. Antibacterial activity against
Staphylococcus aureus was noted for the defensins Hill-
Def2a, Hill-Def2b, and Hill-Def4. In the concentration
ranges tested, no peptide showed signs of activity against
Aspergillus fumigatus and Candida albicans. Due to their
high antimicrobial activity, Hill-Cecl and Hill-Cec10
were further tested on an expanded panel of microorgan-
isms. Based on the assays, the cecropins were found to be
active against P. aeruginosa PAO1, P. aeruginosa LMG
27650 and P. aeruginosa ATCC 15442 and P. aeruginosa
ATCC 9027. In addition, Hill-Cecl and Hill-Cec10 were
highly active against K. pneumoniae (Table 2). No activ-
ity was found against Burkholderia cenocepacia and My-
cobacterium tuberculosis in this concentration range.
Both peptides showed concentration-dependent inhibi-
tion of P. aeruginosa ATCC 15442 biofilm formation. No
activity was found against Burkholderia cenocepacia or
Mpycobacterium tuberculosis in the concentration range.
Both peptides showed concentration-dependent inhibi-
tion of P. aeruginosa ATCC 15442 biofilm formation.
For Hill-Cecl, a statistically significant decrease in
biofilm mass and viability occurred at a lower concentra-
tion than for Hill-Cec10. A test performed on erythro-
cytes showed that both cecropins exhibited hemolysis
of less than 10% at the highest concentration tested,
64 uM.
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Table 2. Minimum inhibitory concentration (MIC) values for the
cecropins analyzed (Van Moll et al., 2022)

MIC
Strain

Hill-Cecl Hill-Cec10
P. aeruginosa PAO1 0.5-1 uM 2-8 uM
P. aeruginosa LMG 27650 12 M 4-8 uM
P. aeruginosa ATCC 15442 1 uM 4 uM
P. aeruginosa ATCC 9027 0.5-1 uM 1-2 uM
K. pneumoniae 0.25-0.5 uM 0.5-1 uM

The two peptides, DLP2 and DLP4 (Li et al., 2017),
identified and isolated from HI were evaluated for anti-
microbial activity against methicillin-resistant Staphylo-
coccus aureus (MRSA), Streptococcus suis and Listeria
ivanovii. Importantly, 30-day serial passaging of MRSA
in the presence of DLP2/DLP4 did not produce resistant
mutants. Macromolecular synthesis showed that DLP2/
DLP4 inhibits multi-molecular synthesis, primarily of
RNA. The results of flow cytometry and electron micros-
copy determined that the cell cycle was interrupted in
the R phase due to disruption of the cytoplasmic mem-
brane and cell wall by the AMPs tested. Mesosome-like
structures were visualized in MRSA. The MICs of DLP4
were 2 to 4 times higher than those of DLP2, indicat-
ing stronger DLP2 activity. MIC values for Staphylococ-
cus varied by species for DLP2 from 0.01 to 0.023 uM
and for DLP4 from 0.01 to 0.47 uM. The cytotoxicity
of DLP2 and DLP4 was checked using mouse erythro-
cytes and peritoneal macrophages of RAW264.7 cells,
and the results showed that DLP2 and DLP4 had no sig-
nificant hemolytic activity. The thermal stability of DLP2
and DLP4 was also evaluated after a 1 h incubation of
25 ul of the peptide solution at increasing temperatures.
DLP2 and DLP4 showed high thermal stability. Park and
Yoe (2017) evaluated the activity of DLP3 against Es-
cherichia coli (KCCM 11234), Pseudomonas aeruginosa
(KCCM 11328), MRSA, Staphylococcus aureus (KCCM
40881, KCCM 12256), and Staphylococcus epidermidis
(KCCM 35494). Sterile cell culture plates containing
logarithmic phase cells of the different bacterial strains
were treated with sequential dilutions of DLP3. The MIC
of DLP3 against the tested strains was calculated. Thus,
MICs for MRSA, S. aureus 40881, S. aureus 12256,
S. epidermidis, E. coli and P aeruginosa were deter-
mined to be 5, 5, 10, 10, 10 and 40 ug/mL, respectively.
The inhibitory effect of DLP3 against MRSA is signifi-
cant. Moreover, the experiment proved that DLP3 can
serve as a weapon against both Gram-positive bacteria
and Gram-negative bacteria. Another study by Park et
al. (2015) tested the minimum inhibitory concentration
of DLP4 against Escherichia coli (KCCM 11234), En-
terobacter aerogenes (KCCM 12177), Pseudomonas
aeruginosa (KCCM 11328), MRSA, Staphylococcus
aureus (KCCM 40881, KCCM 12256), Bacillus subtilis
(KCCM 11316) and Staphylococcus epidermidis (KCCM
35494). Antimicrobial activity of the hemolymph and HI
chromatographic fractions against E. coli and MRSA

was measured using the zone of inhibition test. Activity
against other bacteria was tested on cell culture plates.
MICs of DLP4 against MRSA (0.59—-1.17 uM), S. au-
reus 40881 (0.59—1.17 uM), S. aureus 12256 (1.17-2.34
uM), S. epidermidis (0.59—1.17 uM) and Bacillus sub-
tilis (0.02-0.04 uM) were determined from the tests. It
was determined that DLP4 showed high activity against
Gram-positive bacteria. However, no antimicrobial ac-
tivity was observed against Gram-negative bacteria.
The antimicrobial activity of TRX-Hidefensinl-1 fusion
protein was evaluated by analyzing the minimum inhibi-
tory concentration against Gram-positive (S. aureus) and
Gram-negative (E. coli and Salmonella spp.) bacteria
(Zhang et al., 2022). Bacteria were cultured to the loga-
rithmic middle phase. As standard, TRX-Hidefensin1-1
peptide was serially diluted and then placed in a 96-well
plate and mixed with a 1% suspension of bacteria. Re-
combinant TRX-Hidefensinl-1 exhibited significant in-
hibitory activity against E. coli (MIC = 30—60 pg/ml)
and S. aureus (MIC = 15-30 pg/ml) but was less active
against Salmonella spp. (MIC > 100 pg/ml). The anti-
microbial activity of stomoxynZH1 against the Gram-
positive bacteria S. aureus, the Gram-negative bacteria E.
coli, the fungus R. solani Khiin (rice)-10 and the fungus
S. sclerotiorum (Lib.) de Bary-14 was determined (Elhag
et al., 2017). Bacterial strains were seeded onto Mueller-
Hinton plates, and the pathogenic fungal block was in-
oculated onto agar plates. Inhibition zone and MIC tests
were performed. Trx-stomoxynZH1 exhibited a strong
inhibitory effect on S. aureus (27-54 pg/ml) and E. coli
(15-30 pg/ml) bacteria. In addition, it induced strong
antimicrobial activity against the fungi R. solani Khiin
(rice)-10 and S. sclerotiorum (Lib.) de Bary-14 (for both
> 98 pg/ml). The study by Shin and Park (2019) contrib-
uted to the investigation of the antimicrobial activity of
rHI-attacin against Escherichia coli (KCCM 11234) and
Staphylococcus aureus (KCCM 40881: MRSA). For this
purpose, an inhibition zone test was performed. The rHI-
attacin showed antibacterial activity against E. coli and
methicillin-resistant S. aureus (MRSA).

Hermetia illucens larvae meal as a potential feed
supplement — in vivo studies

Due to the high market demand for food of animal
origin (Xia et al., 2021), there is an increasing interest in
materials suitable for livestock feeding, to improve both
the animal’s production efficiency and health status. The
limited amount of agricultural land and competition for
protein sources among human food, pet food, and live-
stock feeds drives the search for new methods of protein
production (Hong et al., 2020). Production of insects is
environmentally friendly and shows a small ecological
footprint and high growth and reproduction rates
(Reategui et al., 2020), while insects, as poikilotherms,
do not need to maintain their body temperature, which
allows for higher feed conversion efficiencies in com-
parison to homeothermic farm animals (Oonincx et al.,
2011). Among others, Hermetia illucens is the most eco-
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nomically profitable species as a farm insect, due to flex-
ibility in terms of adaptation to the rearing substrate (pre-
consumer wastes), favorable nutritive value, and
short-term production (Kieronczyk et al., 2022). HI dried
meals appear to be good feed materials due to their high
nutritional values, and depending on the technological
process and defatting degree, they exhibit a high protein
(42-56%), fat (7-28%), crude fiber (9—12%), and min-
eral content (Grela and Skomial, 2020). In the fatty acid
profile of HI meal, lauric acid should be mentioned,
which is known for its antibacterial properties (Matsue et
al.,, 2019) and very high absorption efficiency when
transferred to the liver to be used as a source of energy
administered to animal diets. H. illucens larvae also con-
tain bacteriostatic substances such as chitin, which is
a naturally occurring polysaccharide of the arthropod
exoskeleton (Wasko et al., 2016). Of note and at the cent-
er of our interest in this publication are AMPs, which are
bioconservative molecules (Zhang and Gallo, 2016) that
constitute a major defense mechanism in insects and in-
crease their resistance to bacterial infections (Hoffmann
and Hetru, 1992). From this perspective, insect meal
AMPs appear to be an enticing option in veterinary med-
icine as potential replacements for antibiotics that have
been administered in large quantities and for long periods
(Looft et al., 2012; Elhag et al., 2017). Similar conclu-
sions were reached by Gul and Alsayegh (2022). Long-
term use of antibiotics has led to the emergence of super-
bugs in poultry rearing. The overuse of antibiotics in
poultry has resulted in a real threat to humans. The pos-
sibility of transmitting antibiotic-resistant E. faecalis to
human pathogenic S. aureus via horizontal gene transfer
has been detected (Malik et al., 2022). The study con-
ducted by Looft et al. (2012) on pigs showed that even a
low dose of antibiotics administered for a short time in
the feed increases the abundance and diversity of antibi-
otic resistance genes, including resistance to non-admin-
istered antibiotics, and increases the abundance of
E. coli. A study was conducted (Li et al., 2017) in which
six-week-old female mice were used to create a mouse
model of peritonitis or sepsis. The effect was achieved by
intraperitoneal injection of MRSA. Two doses of DLP2
and DLP4 (3, 5, and 7.5 mg/kg body weight, 0.3 ml) were
then injected intraperitoneally. Application of doses of 3,
5 and 7.5 mg/kg body weight of DLP2, DLP4 protected
mice from lethal MRSA challenge and inhibited the in-
flammatory response, while the survival rate of treated
mice was 80%, 100%, and 100%, respectively. Further-
more, DLP2 and DLP4 reduced the bacterial transloca-
tion burden in the spleen and kidney by more than 95%,
decreased the level of serum pro-inflammatory cytokines,
increased the level of anti-inflammatory cytokines, and
alleviated lung and spleen damage. The results indicate
that DLP2 and DLP4 may be helpful against staphylo-
coccal infections. Yu et al. (2019) investigated the effect
of H. illucens larvae meal administration on colon micro-
flora and bacterial metabolite production in pigs. For this
purpose, 72 animals were divided into three groups,

where one was the control group and two received the HI
larvae meal in a feed mixture — 4% and 8%, respectively.
From the results collected, it was shown that the group
receiving the 4% HI larvae meal supplement had signifi-
cantly increased numbers of Lactobacillus and the bu-
tyrate-producing bacteria Pseudobutyrivibrio, Rose-
buria, and Faecalibacterium, increased short chain fatty
acids (SCFAs), anti-inflammatory cytokines, and intesti-
nal barrier gene expression in the colon. On the other
hand, a 4% addition of meal decreased Streptococcus
abundance, the concentration of nitrogenous fermenta-
tion products (cadaverine, tryptamine, phenol, p-cresol,
and scatol), and the pro-expression of inflammatory cy-
tokine genes. In contrast, 8% addition of HI meal did not
induce beneficial effects on colon microflora in pigs. An
experiment was conducted (Spranghers et al., 2018) to
evaluate the effects of diets containing full-fat (4 and 8%)
and defatted (5.4%) HI prepupae meals on health indica-
tors of weaned piglets. The effect of HI fat on pig intesti-
nal microflora in vitro was also tested by simulating di-
gestion in the upper small intestine of piglets. Intestinal
microflora was collected from one donor piglet and used
as inoculum in an incubation medium after appropriate
preparation. After incubation, bacteria were counted us-
ing a selective medium according to the ring plate tech-
nique. No reduction in the number of coliforms and total
anaerobic bacteria was shown, but inhibition of lactic
acid bacilli and D streptococci was observed. Based on
the results of the animal portion of the experiment, it was
noted that the inclusion of defatted HI meal resulted in
equal or higher intestinal digestibility of nutrients com-
pared to the no HI meal supplement group, while the use
of full-fat HI meal decreased intestinal digestibility of
energy. Thus, it was concluded that a significant amount
of soy products can be substituted with defatted HI with-
out adversely affecting performance. Biasato et al. (2020)
studied the effect of HI meal in the diet on the intestinal
microflora and intestinal mucin composition of broiler
chickens. In the experiment, 256 one-day-old male broil-
er chickens (Ross 708) were used and divided into
groups: the control diet was based on corn meal, corn
gluten meal, and soybean meal, while the experimental
diets contained 5%, 10%, and 15% partially defatted HI
larvae meal. The cecal microbiota of birds fed the control
diet or the HI-supplemented diet in this study was colo-
nized mainly by Clostridiales, members of the genera
Ruminococcaceae, Faecalibacterium, and Oscillospira,
and the family Lachnospiraceae. Based on the results,
the inclusion of HI meal in the diet was shown to modu-
late both cecal microflora and intestinal mucin composi-
tion of broiler chickens. It was demonstrated that the dy-
namics of intestinal microflora or intestinal mucin in
terms of maintenance of physiological microbial popula-
tions, selection of potentially beneficial bacteria, and
growth of villi mucins were positively affected by a diet
with 5% HI meal addition. However, the addition of as
much as 15% adversely affected the partial reduction of
microbial complexity, reduction of potentially beneficial
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bacteria, selection of bacteria with mucolytic activity,
and reduction of villi mucins. Thus, it can be assumed
that a 5% addition of HI meal has a beneficial effect on
the intestinal health status of broiler chickens. Jozefiak et
al. (2018) noticed the most significant effect on the mi-
crobiota populations in the crop, ileum, and caeca of
400-day-old female ROSS 308 chickens fed a diet sup-
plemented with 0.2% of HI meal, in comparison to other
tested insect meals and the control group. HI supplemen-
tation decreased the abundance of the Clostridium leptum
subgroup and increased that of the Clostridium coccoides
— Eubacterium rectale cluster. Furthermore, in the HI-
supplemented group, the highest proportion of Lactobac-
cillus spp./Enterococcus spp. was noted. In a study by
Szczepanik et al. (2023), a supplement of 2.5 and 5% HI
meal was administered to weaned piglets. The supple-
ment was not found to impair weight gain or adversely
affect organ weights. The results indicate that the use of
HI insect meal did not adversely affect the health status
of weaned piglets as confirmed by biochemical and he-
matological blood tests. However, it was noted that the
addition of 5% reduced the level of hemoglobin in the
blood (it remained within physiological norms) which is
an unfavorable phenomenon. Tang et al. (2022) conduct-
ed an experiment on 72 weaned pigs that were divided
into three groups: a basal diet (negative control), a diet
supplemented with zinc oxide (positive control), and a
diet supplemented with HI larvae meal (100% fish meal
replacement) for 28 days in the presence of enterotoxi-
genic Escherichia coli (ETEC K88). Based on histologi-
cal analyses, an increase in the villi height of the jejunum
and the ratio of villi height to crypt depth (V/C) of pigs in
the HI group was noted compared to the other groups. In
addition, there was a decrease in the depth of jejunal
crypts in the HI group compared to the negative control.
Moreover, the meal diet decreased the incidence of diar-
rhea from day 1 to day 28 and increased the expression of
claudin-1, occludin, MUC-1 and MUC-2, cup cell count,
and secretory immunoglobulin A (sIgA) concentration in
the intestine of weaned pigs. Compared to the negative

control, HI decreased the expression of IL-1p and IL-8
and increased the levels of IL-10, TGF-$, pBD1, pBD2,
and PGI1-5 in the jejunum and ileum, as well as signifi-
cantly decreasing TLR2 level, p-NF-kB, and p-MAPK
expression and increasing SIRT1 expression in the ileum.
In the HI group, increased HDAC3 expression and
acH3k27 acetylation were noted in the ileum. In addition,
HI positively affected the composition and diversity of
intestinal microflora and increased butyrate and valerate
concentrations and valerate/propionate ratio in pigs.
Based on the study, it was concluded that a diet with HI
larvae meal improved the health of pigs by decreasing
the incidence of diarrhea and having a beneficial effect
on intestinal microbiota. Moreover, HI larvae meal regu-
lated the expression of intestinal cytokines through the
TLR2-NF-«B/MAKP signaling pathway and promoted
the modification of histone acetylation by increasing
SIRT1 expression and decreasing HDAC3 expression,
regulating AMP expression. The objective of the study
by Marono et al. (2017) was to investigate the effect of
replacing soybean meal with HI larvae meal on the pro-
ductive performance and blood profiles of laying hens
aged 24 to 45 weeks. From the results collected, it was
found that hens fed HI larvae meal had a better feed con-
version ratio. In addition, globulin levels were higher in
hens fed the HI meal, and the reverse was true for the
albumin/globulin ratio. In contrast, cholesterol and tri-
glyceride levels were higher in hens fed soybean meal. In
a study by Loponte et al. (2017), Berber partridges were
fed two insect meals to replace soya. The results indicat-
ed that the albumin/globulin ratio was higher in the con-
trol group than in the insect meal groups. Similarly, a
study by Bovera et al. (2018) on laying hens showed that
the albumin/globulin ratio decreased with the highest in-
sect content. The beneficial effect of HI here was attrib-
uted to the chitin content (Bover et al., 2018). Blood Ca
levels were higher in hens fed insect meal. High globulin
concentration and low albumin/globulin ratio indicate
better disease resistance and immune response in birds
(Griminger and Scanes, 1986).

Table 3. The minimal concentration of AMPs in Hermetia illucens extracts revealing the inhibitory activity on bacterial and fungal growth —

a summary
AMP Strength of activity (MIC) References
1 2 3
DLP2 Gram-negative bacteria Lietal., 2017
Staphylococcus aureus ATCC25923 0.01 uM
S. aureus ATCC43300 0.12 yM
S. aureus ATCC6538 0.12 pM
S. aureus CICC546 0.23 uM
Streptococcus suis CVCC606 0.93 uM
Listeria ivanovii ATCC19119 0.12 yM
Gram-negative bacteria
Escherichia coli CVCC1515 >29.97 uM
E. coli CICC21530 (serotype O157:H7) >29.97 uM
Salmonella typhimurium ATCC14028 >29.97 uM

S. enteritidis CMCC50336

>29.97 yM
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2

3

DLP4

DLP3

TRX-Hidefensinl-1

Trx-stomoxynZH1

HI-attacin

Hill-Cecl

Hill-Cec10

Gram-negative bacteria
Staphylococcus aureus ATCC25923
S. aureus ATCC43300

S. aureus ATCC6538

S. aureus CICC546

Streptococcus suis CVCC606
Listeria ivanovii ATCC19119
Gram-negative bacteria
Escherichia coli CVCC1515

E. coli CICC21530 (serotype O157:H7)
Salmonella typhimurium ATCC14028
S. enteritidis CMCC50336
Gram-positive bacteria

MRSA

S. aureus KCCM 40881

S. aureus KCCM 12256

S. epidermidis KCCM 35494

B. subtilis KCCM 11316
Gram-negative bacteria

E. coli KCCM 11234

E. aerogenes KCCM 12177

P. aeruginosa KCCM 11328

Gram-positive bacteria

MRSA

Staphylococcus aureus KCCM 40881

S. aureus KCCM 12256

S. epidermidis KCCM 35494
Gram-negative bacteria

Escherichia coli KCCM 11234
Pseudomonas aeruginosa KCCM 11328

Gram-positive bacteria
S. aureus
Gram-negative bacteria
E. coli

Salmonella spp.

Gram-positive bacteria

S. aureus

Gram-negative bacteria

E. coli

Fungi

Rhizoctonia solani Khiin (rice)-10
Sclerotinia sclerotiorum (Lib.) de Bary-14

Gram-positive bacteria

S. aureus (KCCM 40881: MRSA)
Gram-negative bacteria

E. coli (KCCM 11234)

Gram-positive bacteria

M. tuberculosis ATCC 25177 (H37Ra)
Gram-negative bacteria

E. coli ATCC 8739

P. aeruginosa ATCC 9027

P. aeruginosa ATCC 15692 (PAO1)

P aeruginosa LMG 27650 (MDR)

P. aeruginosa ATCC 15442

K. pneumoniae ATCC 13883

B. cenocepacia LMG 16656

Gram-positive bacteria

M. tuberculosis ATCC 25177 (H37Ra)
Gram-negative bacteria

E. coli ATCC 8739

P. aeruginosa ATCC 9027

P, aeruginosa ATCC 15692 (PAO1)

P, aeruginosa LMG 27650 (MDR)

P. aeruginosa ATCC 15442

K. pneumoniae ATCC 13883

B. cenocepacia LMG 16656

Lietal., 2017
0.01 uyM
0.23 uM
0.47 uyM
0.47 yM
1.88 uM
0.12 pM

>29.98 uM
>29.98 uM
>29.98 UM
>29.98 uM

0.59-1.17 uM
0.59-1.17 uM
1.17-2.34 uM
0.59-1.17 uM
0.02-0.04 uM

Park et al., 2015

Non detected
Non detected
Non detected

Park and You, 2017
5 pg/ml
5 pg/ml
10 pg/ml
10 pg/ml

10 pg/ml
40 pg/ml

15-30 pg/ml Zhang et al., 2022

30—60 pg/ml
>100 pg/ml

Elhag et al., 2017
27-54 pg/ml

15-30 pg/ml

>98 pg/ml
>98 pg/ml

No MIC given Shin et al., 2019
No MIC given

Van Moll et al., 2022
>32 uM

0.25-0.5 uM
0.5-1 uM
0.5-1 uM
1-2 uM
1 uM
0.25-0.5 uM
>32 uM

Van Moll et al., 2022
>32 uM

1 uM
1-2uM
2-8 uM
4-8 uM

4 uM

0.5-1 puM
>32 uM
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2 3

Hill_BB_C6571 Gram-negative bacteria

E. coli

Hill BB_Cl16 34 Gram-negative bacteria

E. coli

Hill BB_C46948 Gram-negative bacteria

E. coli

Hill_BB_C7985 Gram-negative bacteria

E. coli

Hidefensin-1 (HIOGS11078) Gram-negative bacteria

E. coli

HiCG13551 (HiO S03714) Gram-positive bacteria
S. aureus

S. pneumoniae
Gram-negative bacteria

E. coli

Hidiptericin-1 Gram-positive bacteria
S. pneumoniae
Gram-negative bacteria

E. coli

No MIC given Moretta et al., 2020

No MIC given Moretta et al., 2020

No MIC given Moretta et al., 2020

No MIC given Moretta et al., 2020

No MIC given Xu et al., 2020

Xu et al., 2020
No MIC given
No MIC given

No MIC given

No MIC given Xu et al., 2020

No MIC given

Conclusions

Antimicrobial peptides exhibit activity against many
bacterial and fungal species and induce osmotic lysis of
protozoa while, importantly, not threatening host cells.
Antimicrobial peptides have been isolated and described
from many organisms, but AMPs from insects, especial-
ly Hermetia illucens, were the focus of this review. The
structures of AMPs are heterogeneous, but their mecha-
nism of action is similar and involves the destruction of
the bacterial cell membrane. Mechanisms of cell mem-
brane lysis can be divided into four main models: toroi-
dal pore model, carpet-like model, barrel-stave model,
and aggregate model. Among the best-studied AMPs
derived from Hermetia illucens are peptides from the at-
tacin, cecropin, and defensin groups. Studies performed
over the past few years report that the antibacterial ef-
fects of Hermetia larvae extracts are influenced by diet
and the type of solvent used to make the extract. Both
in vitro and in vivo studies indicate that AMPs appear
to be a tempting alternative as substances that limit and
inhibit the growth and development of pathogens. Due to
the increasing antibiotic resistance of pathogenic bacte-
ria, the potential antimicrobial effects of additives from
Hermetia illucens have begun to be investigated. Accord-
ing to the obtained research results, the AMPs can be an
option in veterinary medicine as potential substitutes for
antibiotics, the administration of which must be limited
in the European Union. The prospects for application in
practice are good. Beside the animal’s health status, HI
meals have the potential to also improve growth perfor-
mance and to reduce the incidence of diarrhea. What is
more, studies on piglets and broilers show that beneficial
health effects are already visible at low levels of HI meal
addition, and high contents of this product in the diet are
not needed. However, HI meal costs remain prohibitively
high. It is not by chance that the AMPs from Hermetia

illucens were discussed here — this is the most economi-
cally profitable species as a farm insect, due to flexibility
in terms of adaptation to the rearing substrate (precon-
sumer wastes) and short-term production. It seems that,
apart from further scientific research, work on increasing
the scale of HI meal production and lowering its price is
necessary for greater use of this product in farm animal
practice.
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