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Streszczenie

Potencjalnymi regulatorami oddzialujagcymi w sposéb mechaniczny, humoralny,
neurologiczny i immunologiczny na utrzymanie homeostazy kurczat sg kannabinoidy
z konopi wioknistych (Cannabis sativa L.) oraz selen. Chociaz mechanizmy lezace
u podstaw dziatania kannabinoidéw i réznych form selenu nie zostaty jeszcze w pehni
wyjasnione, mozna przyjacé, ze zwigzki te w odpowiednich ilo$ciach majg potencjat

do utrzymania homeostazy w organizmach kurczat.

Na podstawie badan wtasnych stwierdzono, ze zastosowanie dodatku drozdzy
selenowych 1 nanoczgstek selenu (nano-Se) w ilosci 0,5 mg/1000 g do paszy istotnie
wptywa na zwiekszong koncentracje selenu w migsniach piersiowych i watrobie, zmiang
profilu kwaséw thuszczowych, metabolizm lipidow i wskaznikow oksydacyjnych.
Zastosowanie nano-Se w ilosci 0,5 mg/1000 g paszy zwickszaja istotnie koncentracje
wielonienasyconych kwasoéw ttuszczowych oraz ochron¢ lipidow przed dzialaniem
reaktywnych form tlenu. Stosowanie drozdzy selenowych i nano-Se w zywieniu kurczat
brojlerow ma pozytywny wptyw na wtasciwos$ci fizykochemiczne migsnia piersiowego
1 ultrastrukture migsnia piersiowego oraz watroby bez negatywnego wptywu na wyniki

odchowu kurczat.

Zastosowanie w zywieniu kurczat dodatku ekstraktu z konopi siewnej (Cannabis
sativa L.) bedacego zrodlem kannabidiolu w ilosci 30 g/1000 g paszy zwicksza ubojowa
mas¢ ciala. Zastosowanie badanego ekstraktu nie wplywa negatywnie na parametry
fizykochemiczne migénia piersiowego 1 podstawowy sklad chemiczny mig$nia
piersiowego 1 watroby. Ponadto, zastosowanie dodatku ekstraktu
z konopi siewnej do paszy (30 g/1000 g) w zywieniu kurczat pozwala na utrzymanie
parametrow biochemicznych krwi 1 potencjatu antyoksydacyjnego w warunkach
stresowych, co przyczynia si¢ do utrzymania ich homeostazy organizmu. Ekstrakt
z konopi siewnej w ilosci 30 g/1000 g do paszy moze stanowi¢ czynnik ochronny

poprawiajacy odchow w warunkach intensywnej produkcji zwierzece;.

Stowa kluczowe: kurczeta brojlery, selen, ekstrakt z konopi siewnej, jakos$¢

migsa, indukowanie stanu zapalnego
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Summary

Potential regulators with mechanistic, humoral, neurological, and immunological
effects on the maintenance of homeostasis in chickens include cannabinoids from hemp
(Cannabis sativa L.) and selenium. Although the mechanisms underlying the effects
of cannabinoids and various forms of selenium have not yet been fully elucidated, it is
assumed that these compounds, in appropriate doses, have the potential to maintain

homeostasis in chickens.

Research has shown that the addition of selenised yeast and selenium nanoparticles
(nano-Se) at a concentration of 0.5 mg/kg of feed significantly influences selenium
concentration in the breast muscle and liver. This supplementation alters the fatty acid
profile, lipid metabolism, and oxidative indices. Specifically, the application of nano-Se
at a rate of 0.5 mg/kg of feed significantly increases the concentration of polyunsaturated
fatty acids and enhances the protection of lipids against reactive oxygen species. The use
of selenised yeast and nano-Se in broiler chicken nutrition has a positive impact
on the physico-chemical properties of the breast muscle and the ultrastructure of the breast

muscle and liver, without adversely affecting broiler performance.

The addition of hemp (Cannabis sativa L.) extract, a source of cannabidiol,
at a dosage of 30 g/1000 g of feed in chicken nutrition increases slaughter body weight.
The use of the tested extract does not negatively impact the physicochemical parameters
and basic chemical composition of the pectoral muscle and liver. Furthermore,
the addition of 30 g/1000 g of feed of hemp extract in chicken nutrition helps maintain
biochemical blood parameters and antioxidant potential under stress conditions,
contributing to the maintenance of their homeostasis. Hemp extract at a dosage of 30
2/1000 g of feed may serve as a protective factor improving rearing in conditions

of intensive animal production.

Keywords: broiler chickens, selenium, cannabidiol hemp extract, meat quality, induction

of inflammation
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Objasnienie zastosowanych skrotow

AE — wzgledna roznica barw

AA - kwas arachidonowy

AcP — aktywno$¢ fosfatazy kwasne;

aGLU - alfa-glukozydaza

Al — wskaznik aterogennosci

ALA - kwas a-linolenowy, C18:3

AlaAP - aminopeptydaza alaninowa

ALP — fosfataza alkaliczna

ALT - aminotransferaza alaninowa

ArgAP — aminopeptydaza argininowa

AST - aminotransferaza asparaginianowa

BA — kwas zotciowy

BGAL - beta-galaktozydaza

BGLU - beta-glukozydaza

BGRD - beta-glukuronidaza

CBD - ekstrakt z konopi siewnej bedacy zrédtem kannabidiolu (30 g/1000 g paszy)
CFU - jednostki tworzace kolonie

CH - grupy poddane dzialaniu stanu zapalnego

CH1 - grupa doswiadczalna (dosw. II), jak kontrolna, ale z podaniem per os C.

perfringens

CH1+CBD - grupa doswiadczalna (dosw. 1), C. perfringens + ekstrakt z konopi siewnej
bedacy zrodtem kannabidiolu do paszy (30 g/1000 g)

CH2 - grupa doswiadczalna (dosw. II), jak kontrolna, ale z podaniem per os

lipopolisacharydu E. coli
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CH2 + CBD - grupa doswiadczalna (dosw. II), LPS (E. coli) + ekstrakt z konopi siewne;j
bedacy zrodtem kannabidiolu do paszy (30 g/1000 g)

CK - kinaza kreatyninowa

CON - grupa kontrolna

Cys. - cysteina

d. - dzien

DGLA - kwas dihomo-y-linolenowy

DHA - kwas dokozaheksaenowy

DI - desaturaza A9

DPPH - 2,2-difenylo-1-pikrylohydrazyl

EPA — kwas dokozaheksaenowy

FCR — wspoélczynnik konwersji paszy

Fe — Zzelazo

GGTP - gamma-GT, aminotransferaza

GLA — kwas y-linolenowy

GLDH - dehydrogenaza glutaminianowa

GPX - peroksydazy glutationowe

GSH - glutation

GSH-Px1 - peroksydaza glutationowa

h/H - wskaznik hipocholesterolemii 1 hipercholesterolemii
HEX — N-acetylo-BD-heksozoaminidaza

HPLC - wysokosprawna chromatografia cieczowa
HMSeBA - kwas 2-hydroksy-4-metyloselenobutanowy

InP — fosfor nieorganiczny
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IT — wskaznik trombogennos$ci

K — potas

LA - kwas linolowy

LDH - ehydrogenaza mleczanowa

LeuAP — aminopeptydaza leucynowa

LPS - lipopolisacharyd (E. coli, serotyp O55)
MAN — mannozydaza

ME — energia metaboliczna

MDA - dialdehyd malonowy

Met. - metionina

MUPFA - kwasy tluszczowe jednonienasycone
n-3 — kwasy ttuszczowe omega-3

n-6 — kwasy tluszczowe omega-6

Na —sod

nano-Se — nanoczastki selenu

NIR - spektroskopia bliskiej podczerwieni
OA - kwas oleinowy

PA — kwas palmitynowy

PTP — kanat o wysokiej przewodnosci
PUFA - wielonienasycone kwasy tluszczowe
RDI - zalecane dziennie spozycie

Se —selen

SeCys — selenocysteina

SeMet — selenometionina
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SFA — kwasy tluszczowe nasycone

T1 — grupa doswiadczalna (dosw. 1), petnoporcjowa mieszanka paszowa dla kurczat
brojlerow ze zwigkszonym dodatkiem nieorganicznej formy Se - selenianu sodu (0,5

mg/1000 g paszy)

T2 — grupa doswiadczalna (dosw. I), petnoporcjowa mieszanka paszowa dla kurczat
brojlerow z dodatkiem Se w formie organicznej (drozdze selenowe, preparat komercyjny)

(0,5 mg/1000 g paszy)

T3 — grupa doswiadczalna (dosw. 1), petnoporcjowa mieszanka paszowa dla kurczat

brojlerow z dodatkiem Se w formie nanoczgstek (preparat komercyjny) (0,5 mg/1000 g
paszy)

TBA — kwas 2-tiobarbiturowy

TCh — cholesterol catkowity

TEM - transmisyjny mikroskop elektronowy
THC - tetrahydrokannabinol

TP — biatko catkowite

TR - reduktaza tioredoksyny

TTG - trojglicerydy

UA - kwas moczowy

WHC - wodochtonno$¢, zdolnos$¢ utrzymania wody wlasne;j
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1. Wstep

Odchow kurczat w intensywnych systemach produkcji zwierzecej moze obnizy¢
ich odporno$¢ na czynniki stresogenne, co prowadzi do licznych probleméow
zdrowotnych. Ostabiona odporno$¢ i dlugotrwaly stres moga nie tylko negatywnie
wptywaé na poziom dobrostanu ptakow, ale takze obnizy¢ jako$¢ migsa, przeznaczonego
do obrotu handlowego. Dlatego istnieje potrzeba poszukiwania rozwigzan
zapobiegajacych negatywnym skutkom stresu. Nie ustalono jednoznacznie, ktory
z czynnikow obecnych w chowie kurczat - stres, patogeny, czy stan zapalny - ma
najwiekszy wpltyw na obnizenie poziomu dobrostanu ptakoéw. Dlatego konieczne jest

opracowanie nowoczesnych i kompleksowych rozwigzan.

W ostatniej dekadzie obserwuje si¢ intensywny wzrost produkcji drobiarskie;.
Roczna produkcja migsa drobiowego na $wiecie osiggngta poziom ponad 100 min ton
(Krajowy Osrodek Wsparcia Rolnictwa, 2023), co czyni ten sektor najszybciej
rozwijajacym si¢ sektorem produkcji zwierzgcej, z perspektywa dalszego rozwoju.
Jednak odchow kurczat brojlerow w intensywnych systemach produkcji moze obnizaé
ich odporno$¢ na czynniki stresowe, co przyczynia si¢ do wystgpowania problemow
zdrowotnych, ktére wplywaja takze na jakos¢ i wiasciwosci fizykochemiczne migsa.
Skutki uboczne obejmujg straty produkcyjne zwigzane z pogorszeniem wynikow
odchowu, wzrostem zachorowalno$ci i upadkéw z powodu np. standw zapalnych.
Szacuje sig, ze w 2023 r. sam wptyw ptasiej grypy kosztowal $wiatowy przemyst
drobiarski okoto 3 miliardy dolarow. Liczba ta obejmuje bezposrednie straty
spowodowane ubojem zakazonych ptakow, spadkiem produkcji 1 zaktoceniami w handlu

(Departament Rolnictwa Stanow Zjednoczonych Zagraniczna Stuzba Rolna, 2024).

Ograniczenie wystgpowania stanow zapalnych u kurczat wywotanych réznymi
czynnikami stresogennymi moze by¢ w pewnym stopniu osiggnig¢te poprzez wdrozenie
odpowiednich praktyk bioasekuracji oraz zastosowanie alternatywnych metod,
niekoniecznie farmakologicznych. W zwiazku z tym, ze uktad pokarmowy kurczat, wraz
z zasiedlajagcymi go mikroorganizmami jelitowymi, pelni istotng role¢ w obronie przed
patogenami i w ksztattowaniu odpowiedzi immunologicznej, metody zywieniowe maja
potencjal wzmocnienia odpornosci ptakoéw na czynniki stresowe. Kannabinoidy z konopi
siewnej (Cannabis sativa L.) oraz selen w formach innych niz nieorganiczny selenian

sodu, mogg wywieraé pozytywny wplyw na uklad pokarmowy kurczat poprzez
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roznorodne mechanizmy, takie jak dziatanie mechaniczne, humoralne, neurologiczne
i immunologiczne. Moze to przyczyni¢ si¢ do zmniejszenia u ptakow podatnosci

na infekcje oraz ograniczenie stanéw zapalnych, a to z kolei na poprawe jakosci migsa.

Selen (Se) jest waznym sktadnikiem paszy dla zwierzat oraz integralng cze$cig
wielu selenoprotein niezbednych do prawidlowego funkcjonowania organizmu.
U kurczat rola Se polega m.in. na lagodzeniu stresu oksydacyjnego, wzmocnieniu
odpowiedzi immunologicznej 1 produkcji przeciwcial, normalizacji wzrostu
1 metabolizmu, prowadzac do wyzszych wskaznikéw wzrostu 1 nizszej $miertelnosci oraz
do poprawy jakosci miesa (Castets i in., 2011; Huang i in., 2011; Dudkiewicz i in., 2012;
Potapenko i in., 2015; Seremelis i in., 2019; Yildiz i in., 2019; Konieczka i in., 2020).
Istnieje wiele form Se, zardwno nieorganicznych: selenian sodu (Na2SeOas) i selenin sodu
(Na2Se0:s), jak i organicznych, takich jak selenometionina (SeMet) i selenocysteina
(SeCys) (Michalczuk i in., 2021). Obecnie w paszach dla kurczat glownie stosowane
sa nieorganiczne formy Se, jednakze badania nad alternatywnymi formami, zwlaszcza
organicznymi, nabierajg znaczenia ze wzgledu na ich lepsza przyswajalnos¢ (Huang i in.,
2011). Organiczne formy Se, takie jak drozdze selenowe, chelaty, czy kwas 2-hydroksy-
4-metyloselenobutanowego (HMSeBA) moga by¢ bardziej skuteczne w odktadaniu
Se w tkankach kurczat niz formy nicorganiczne. HMSeBA lepiej odktada Se w jajach
i mig$niach niz drozdze selenowe (Markovi¢ i in., 2017; Konkol i in., 2021). Nano-Se
maja podobng biodostgpnos¢ co formy organiczne Se i znacznie nizszg toksycznos$¢ niz
formy nieorganiczne, takie jak selenian sodu (Konieczka i in., 2022a). Niedobor Se moze
prowadzi¢ do wielu problemow zdrowotnych, takich jak: opdznienie wzrostu, zmian
skornych, utraty okrywy wlosowej, obnizenia reprodukcji atrofii trzustki, martwicy
watroby, dystrofii mig¢sni szkieletowych 1 mig¢$nia sercowego czy choroby biatych migsni.
Nadmiar Se moze skutkowac anomaliami rozwojowymi (Kim i Mahan, 2003; Lyonsi in.,
2007; Huang i in., 2011; Batorska, 2013; Langauer-Lewowicka i Pawlas, 2016; Mangan
I in., 2016). Zasadne jest prowadzenie dalszych badan nad zastosowaniem réznych form
Se oraz opracowanie nowych, bardziej biodostepnych i mniej toksycznych form,
zwlaszcza w rejonach o niedoborze Se w glebie np. na terenach Argentyny, Finlandii,
Polski, Wegier, Serbii, potudniowo-wschodnich Chin czy zachodniej Australii (Oldfield,
2002; Wadgaonkar i in., 2018).
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Zgodnie z regulacjami Unii Europejskiej, okreslonymi w art. 9t (b) dyrektywy Rady
70/524/EWG dotyczacej dodatkow paszowych (2004/C 50/01) z 2004 roku, maksymalny
poziom Se w paszach dla kurczat zostal ustalony na poziomie 0,5 mg/1000 g paszy dla
form nieorganicznych i 0,2 mg/1000 g paszy dla form organicznych. Przepis ten ma
na celu zapewnienie bezpieczenstwa zadawania paszy. W kontekScie tego wymogu,
istnieje potrzeba przeprowadzenia bardziej szczegdétowych badan, ktére pozwolg
doktadnie zrozumie¢ mechanizm dziatania nowych form selenu. W literaturze naukowej
obecne sg doniesienia sugerujace, ze dodatek Se do paszy powyzej zalecanej ilosci (0,5
do 1 mg/1000 g paszy) moze wykazywaé pozytywny lub neutralny wplyw na ptaki
(Plachai in., 2009; Konieczka i in., 2015; Michalczuk i in., 2021; Konieczka i in., 2022).
Stale rosngca wydajno$¢ wzrostowa kurczat brojlerow, wymaga okreslenia wplywu
zwigkszonej ilosci Se do paszy na ochrong organizmu ptakéw przed negatywnymi
skutkami stresu. Stwierdzono, ze zwigkszenie ilosci selenu do paszy dla kurczat moze
poprawi¢ wlasciwosci fizykochemiczne migsa, struktur¢ mieéni szkieletowych oraz
narzadéw wewnetrznych, takich jak watroba. Istnieja doniesienia sugerujace, ze dodatek
selenu do pasz moze zwigkszy¢ zdolno$¢ utrzymania wody w migsniach, poprawié profil
kwasow thuszczowych, wptyna¢ na stabilno$¢ pigmentow hemowych oraz zwickszy¢
trwato$¢ surowca w warunkach przechowywania (Mateo i in., 2007; Puerto i in., 2016;
Han i in., 2017; Konieczka i in., 2022a). Dodatek selenu do paszy w ilosciach zgodnych
z przepisami moze prowadzi¢ do uzyskania produktéw pochodzenia zwierzecego
o zwigkszonej koncentracji tego pierwiastka, czynigc je potencjalnie bardziej

korzystnymi dla zdrowia cztowieka.
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Ze wzgledu na historyczne uwarunkowania oraz warunki klimatyczne, Polska
odznacza si¢ dhugotrwalg tradycja uprawy 1 przetworstwa konopi przemystowych
(konopie siewne, wtokniste i przemystowe to rézne nazwy tej samej odmiany: Cannabis
sativa L.). Dane historyczne wskazuja, ze na poczatku lat 30. XX wieku obszar upraw
konopi przemystowych wynosit okoto 30 tysiecy hektarow, gtownie skoncentrowanych
w rejonie Lublina oraz na Nizinie Slaskiej. Pomimo tradycji, popularno$¢ konopi
przemystowych zaczgta spadac od lat 60. XX wieku. Widkna konopne sg zastgpowane
przez tansze materiaty tekstylne pochodzenia ropopochodnego, len oraz bawelng.
Dodatkowo, kampanie antynarkotykowe, czesto oparte na braku odpowiedniej wiedzy
1 rozréznienia pomi¢dzy réoznymi odmianami konopi, wptynely negatywnie na branz¢
konopi przemystowych. W ostatnich latach nastapil wyrazny wzrost zainteresowania
uprawa konopi przemystowych w Polsce. Dane dotyczace wnioskow o doptaty do upraw
wskazuja na wzrost obszaru uprawy o 79% w 2019 roku w poréwnaniu z poprzednimi
latami, osiagajac ponad 3 tysigce hektarow. Jest to najwigkszy wzrost od momentu
przystapienia Polski do Unii Europejskiej. Najwiekszy wzrost zainteresowania uprawag
konopi przemystowych odnotowano w wojewodztwach: mazowieckim, dolno$laskim
1 warminsko-mazurskim. Jest to o tyle istotne, ze dotychczasowe tradycje uprawy konopi
nie byly w tych regionach szczegdlnie silne (Kaniewski i in., 2017; Zadrozniak i in.,

2017).

Obecnie obowigzujace polskie przepisy zezwalaja na uprawg¢ konopi
przemystowych, ktorych zawartos¢ THC (tetrahydrokannabinol) nie przekracza 0,2%
w przeliczeniu na suchg mase¢. Jednakze brak klarownych wytycznych co do sposobu
interpretacji tego limitu po przetworzeniu rosliny stanowi problem dla wiascicieli upraw.
Ponadto, istnieja rozbiezno$ci w przepisach unijnych dotyczacych produktow
konopnych, co utrudnia jednolita interpretacj¢ i stosowanie prawa w tej dziedzinie.
W zwigzku z powyzszym, istnieje potrzeba opracowania jasnych i spdjnych przepisow
regulujagcych  upraweg, przetworstwo oraz sprzedaz produktow  konopnych,
uwzgledniajacych zarbwno wymogi krajowe, jak 1 unijne. Ujednolicenie i powstanie
przejrzystych przepisow pozwoli na swobodne wykorzystywanie prozdrowotnych
wlasciwosci ekstraktow z konopi siewnej (Cannabis sativa L.) w zywieniu zwierzat

gospodarskich (Kaniewski i in., 2017; Zadrozniak i in., 2017).
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W celu minimalizacji stosowania farmaceutykéw w zywieniu zwierzat, poszukuje
si¢ alternatyw dla lekow, ktore mogg wywiera¢ podobne jak one dziatanie. Jednym
z takich zwigzkow jest kannabidiol pochodzacy z konopi siewnej (Cannabis sativa L.).
Potencjat terapeutyczny kannabidiolu okreslono gtéwnie w odniesieniu do medycyny
cztowieka oraz innych modeli zwierzecych niz ptaki. Konopia indyjska (Cannabis indica
L.), roslina znana jako marihuana lub marihuana lecznicza, jest bardziej krzaczasta
1 wykazuje wlasciwosci toksyczne, ktore moga mie¢ znaczenie lecznicze w odrdznieniu
od konopi siewnej (Grotenhermen i in., 2017; Rehman i in., 2021). Konopia indyjska
zawiera wyzszy poziom A9 tetrahydrokannabinolu (THC), natomiast konopia siewna
(Cannabisis sativa L.) nie wykazuje wlasciwosci psychoaktywnych i stad wzbudza
zainteresowanie badaczy na $wiecie jako skladnik bioaktywny w zywieniu zwierzat
gospodarskich. Znaczenie konopi siewnej wynika m.in. ze sktadu chemicznego nasion
i koncentracji kannabidiolu w roslinie, ktory nie wykazuje whasciwosci psychoaktywnych
(Rehman i in., 2021). W poréwnaniu do konopi indyjskiej, konopia siewna ma niski
poziom THC (mniej niz 0,3%) i wyzszy poziom kannabidiolu (Fallahi i in., 2022).
Dziatanie  kannabidiolu  jest $ciS§le  zwigzane z  dzialaniem  Ssystemu
endokannabidionowego. System ten jest rodzajem endogennego  systemu
sygnalizacyjnego regulujacego sen, poziom stresu, taknienie, aktywnos$¢ ruchowa, a te
przyczyniaja si¢ do utrzymania homeostazy w organizmie. System endokannabidionowy
jest obecny u bezkregowcow i kregowcow (Salzet i Stefano, 2002). Dodatkowo system
ten odpowiada za tagodzenie bolu, pamigc, apetyt, reakcje przeciwzapalne, reguluje sen,
rozrod, immunosupresj¢, zmniejsza poziom stresu oksydacyjnego (Atalay i in., 2020;
della Rocca i Di Salvo, 2020), zmniejszenie wydzielania soku zotadkowego, ochrong
btony S$luzowej zotadka, regulacje motoryki uktadu pokarmowego, transport jondw,
tagodzenie standw zapalnych jelit oraz hamowanie proliferacji enterocytow (Klein
i Cabral, 2006; lzzo i Sharkey, 2010; Konieczka i in., 2020). Niemniej, wplyw
kannabidiolu na organizm kurczat pozostaje niewyjasniony ze wzgledu na trudnosci
w ustaleniu odpowiednich dawek leczniczych dla zwierzat. Badanie potwierdzito
istnienie korelacji miedzy reakcja jelitowa a jakoScig migsa kurczat. Stwierdzono,
ze pasza zawierajaca dodatek kannabidiolu zmniejszyla poziom lotnych zwiazkow
w migsie, ktore sg zwigzane z aktywnos$cig bakterii (Konieczka i in., 2022a). Martwicze
zapalenie jelit, wywotane przez beztlenowg bakterie Clostridium perfringens, jest jedng

z gtbwnych przyczyn strat ekonomicznych w przemysle drobiarskim (Skinner i in., 2010).
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Bakteria ta wplywa na metabolizm lipidow poprzez regulacje ekspresji genow
zwigzanych z katabolizmem kwasow tluszczowych, co ma istotne znaczenie dla
wlasciwosci sensorycznych migsa (Zhou i in., 2016). Istnieje wiele strategii majacych na
celu zapobieganie lub zmniejszenie negatywnego wplywu C. perfringens na organizm
kurczat, jednak ich skuteczno$¢ jest ograniczona ze wzgledu na niewystarczajgca
znajomo$¢ mechanizméw dziatania tego mikroorganizmu (Olkowski i in., 2006; Keyburn
I in.,, 2010; Keerqin i in., 2017). Niektore szczepy C. perfringens wytwarzaja
enterotoksyny, ktore moga wywotaé biegunke i1 skurcze brzucha zaréwno u cztowieka,
jak i ptakoéw (Brynestad i Granum, 2002; Lahti i in., 2008; Lindstrom i in., 2011; Huang
i in., 2018). Wprowadzenie dodatku kannabidiolu do paszy dla kurczagt moze stanowic¢
jedno z potencjalnych rozwigzan w zapobieganiu namnazania si¢ C. perfringens oraz
poprawie jakosci migsa. Endotoksyna bakteryjna lipopolisacharyd (LPS) stanowi
wyzwanie w produkcji drobiarskiej. Kurczegta wydaja si¢ by¢ odporne na dziatanie LPS
w poroéwnaniu z innymi gatunkami zwierzat gospodarskich, to jednak jego obecnos¢
moze negatywnie wplywacé na wydajnos¢ i dobrostan ptakow (Raetz i Whitfield, 2002;
Cheng i in., 2004; de Boever i in., 2009; Warren i in., 2010; Liu i in., 2015). Narazenie
kurczat brojlerow na dzialanie LPS wplywa na obnizenie przyrostéw masy ciala
i zwigkszenie FCR. Dodatkowo LPS obniza wartosci pH migsni piersiowych i ud oraz

zmniejsza odpornosci na utlenianie lipidow w miesie (Morales-Lopez i Brufau, 2013).

Stosowanie w zywieniu kurczat brojlerow dodatkéw paszowych, ktore zmniejszaja
ryzyko wywotania stanéw zapalnych przez patogeny oraz zwigkszaja potencjal
antyoksydacyjny, moga znaczgco poprawi¢ stan zdrowia, dobrostan i jako$¢ migsa
drobiowego. Chociaz mechanizmy dzialania roznych form selenu, zwlaszcza
nowoodkrytych form oraz kannabinoidow nie sg jeszcze w pelni poznane, badania
sugeruja, ze zwigzki te moga regulowa¢ mechanizmy zwigzane z odpornoscig na czynniki
stresowe u ptakow. Rozne formy selenu oraz kannabinoidy moga mieé¢ potencjat

w polepszaniu ich stanu zdrowia, wynikow odchowu, dobrostanu oraz jako$ci migsa.

24



2. Hipotezy badawcze, cel i zakres pracy

W  pracy doktorskiej postawiono hipotezy badawcze w ramach dwodch

doswiadczen:

H1: Zastosowanie réznych form selenu w ilosci 0,5 mg/1000 g do paszy wpltywa

pozytywnie na wyniki odchowu i jako$¢ migsa kurczat brojlerow.

H2: Zastosowanie ekstraktu z konopi siewnej (Cannabis sativa L.) bedacego zrodtem
kannabidiolu w ilo$ci 30 g/1000 g do paszy wptywa pozytywnie na wyniki odchowu

1 jako$¢ migsa kurczat brojlerow w warunkach indukowanego stanu zapalnego.

Celem podjetych badan bylo okresSlenie wplywu roznych form selenu
w zwiekszonej ilosci (0,5 mg/1000 g) podanych do paszy i ekstraktu (30 g/1000 g)
z konopi siewnej (Cannabis sativa L.) bedacego zrédlem kannabidiolu do paszy
w warunkach indukowanego stanu zapalnego na wyniki odchowu i jako$¢ miegsa

kurczat brojlerow.
Zakres badan:

I.  Doswiadczenie I: Okreslenie wptywu réznych form selenu (selenian sodu,
drozdze selenowe i nano-Se) w ilosci 0,5 mg/1000 g podanych do paszy
na wyniki odchowu i jako$¢ migsa kurczat brojlerow.

II.  Doswiadczenie II: Okreslenie wptywu ekstraktu z konopi siewnej (Cannabis
sativa L.) bedacego zrodlem kannabidiolu w ilosci 30 g/1000 g podanego
do paszy w warunkach indukowanego stanu zapalnego poprzez podanie per os
subklinicznych dawek Clostridium perfringens 1 liopolisacharydu z bakterii

E. Coli na wyniki odchowu i jako$¢ migsa kurczat brojlerow.
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3. Materialy i metody

3.1. Doswiadczenie I. Okresleniec wptywu roznych form selenu (selenian sodu,

drozdze selenowe i nano-Se) w ilosci 0,5 mg/1000 g podanych do paszy na wyniki

odchowu i jako$¢ migsa kurczat brojlerow.

3.1.1. Formy selenu

W zywieniu kurczat z grup CON (kontrolna) i T1 (do$wiadczalna 1) zastosowano
selenian sodu (odpowiednio 0,3 1 0,5 mg/1000 g paszy) wraz z premiksem witaminowo-
mineralnym. W zywieniu kurczat z grupy T2 (do$wiadczalna 2), Se w premiksie zostat
zastagpiony drozdzami selenowymi (0,5 mg/1000 g paszy; produkt komercyjny: SelPlex
1000, Alltech, Nicholasville, KY, USA). W zywieniu kurczat z grupy T3 (do§wiadczalna
3), Se w premiksie zostal zastagpiony Se w postaci nanoczastek Se (0,5 mg/1000 g paszy).
Nano-Se w postaci nanoproszku otrzymano w drodze syntezy chemicznej. Zgodnie
z deklaracjg producenta (American Elements, Los Angeles, CA, USA), $redni rozmiar

czastek wynosil 10-45 nm, powierzchnia wiasciwa okoto 30-50 m?/g, a czysto$¢ 99,9%.

3.1.2. Kurcze¢ta brojlery oraz mieszanki paszowe zastosowane w ich zywieniu

Doswiadczenie przeprowadzono na 300 kurczetach brojlerach Ross 308 losowo
przydzielonych do 4 grup dos$wiadczalnych, w 5 powtdrzeniach, po 15 ptakow
w powtdrzeniu (schemat 1.). Odchow kurczat trwat 6 tygodni. Ptaki mialy swobodny
dostep do wody i zachowany cykl §wietlny (zgodnie z Aviagen Ross 308: Broiler
Performance Objectives. Aviagen Inc., Huntsville, AL, USA. 2019). Przez pierwsze
11 dni wszystkie ptaki zywione byly takg samg mieszanka petnoporcjowa typu starter.
W 12. dniu zycia ptaki otrzymaty odpowiednie mieszanki pelnoporcjowe typu grower
(tabela 1.) uzupetlione o dodatek Se do paszy. Grupy doswiadczalne roznity si¢ pod
wzgledem formy i ilo$ci Se podanych do paszy:

e CON (grupa kontrolna) — pelnoporcjowa mieszanka paszowa dla kurczat
brojlerow z dodatkiem nieorganicznego Se w formie selenianu sodu
(0,3 mg/1000 g paszy),

e T1 —pelnoporcjowa mieszanka paszowa dla kurczat brojleréw ze zwigkszonym

dodatkiem nieorganicznej formy Se - selenianu sodu (0,5 mg/1000 g paszy),
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e T2 — peloporcjowa mieszanka paszowa dla kurczat brojlerow z dodatkiem Se

w formie organicznej (drozdze selenowe, preparat komercyjny) (0,5 mg/1000 g

paszy),

e T3- petloporcjowa mieszanka paszowa dla kurczat brojleréw z dodatkiem Se

w formie nanoczastek (preparat komercyjny) (0,5 mg/1000 g paszy).

Tabela 1. Sktad mieszanek petnoporcjowych

Sktadniki g/kg paszy f_ti;_t%r 162r_04\gedr Sktadniki analityczne fiir:{eg. 1(;r_o4v;/e(;
Pszenica 439,1 462,9 ME (kcal/kg) 2900 3000
Kukurydza 200,0 200,0 Biatko ogoélne (g/kg) 22,0 20,0
Sruta poekst. sojowa 304,9 258,7 Metionina (g/kg) 0,61 0,56
Olej sojowy 17,5 44,4 Lizyna (g/kg) 1,36 1,20
NaCl 3,30 3,10 Met. + Cys (g/kg) 1,00 0,92
Kreda pastewna 13,7 12,4 Treonina (g/kg) 0,88 0,80
Fosforan jednowapniowy 8,50 6,50 Tryptofan (g/kg) 0,26 0,24
DL-metionina 3,00 2,70 Wapn (g/kg) 0,90 0,80
L-lizyna 3,80 3,30 Fosfor dostepny (g/kg) 0,61 0,54
Treonina 1,11 1,00

Premiks wit.+ min.* 5,00 5,00

*IU na kg paszy: wit. A, 10 000; wit. D3, 4500; mg: wit. E, 80; wit. By, 1,5; wit. By, 5; biotyna, 0,12; wit.
Bs, 2,5; wit. Biz, 0,02; wit. K., 33; kwas nikotynowy, 50; kwas foliowy, 1,1; kwas pantotenowy, 14; cholina,
200; betaina, 160; Mn, 120; Zn, 100; Se, 0,35; Cu, 20; Fe, 40; J., 3;1 Ca, 0,6.
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Schemat 1. Uktad przeprowadzonego doswiadczenia z dodatkiem réznych form selenu

do paszy

3.1.3. Ubdj, analiza rzezna, sklad chemiczny i parametry fizykochemiczne mi¢$nia

piersiowego

Po zakonczeniu eksperymentu losowo wybrano po 10 kogutkow
(n=10) zkazdej grupy i zwazono je przed ubojem. Po uboju i schtodzeniu tuszek oceniono
wydajno$¢ rzezng oraz okre§lono procentowy udzial migénia piersiowego, nodg
i podrobéw (Michalczuk i in., 2016). Dla pobranych w trakcie dysekcji probek migsnia
piersiowego oznaczono podstawowy sktad chemiczny: sucha mase, tluszcz surowy,
bialko ogdélne w tym kolagen i popiol ogdélny. Oznaczenia wykonano metoda NIR
(Michalczuk i in., 2016), pHz4 zmierzono 24 godziny po uboju wykorzystujac pH-metr
CP-411 z elektroda szklang (Elmetron, Zabrze, Polska). Dodatkowo okreslono parametry
barwy 24 godziny po uboju przy uzyciu kolorymetru CR-410 (Minolta Ca. Ltd., Osaka,
Japonia), gdzie kazdy pomiar powtarzano dwukrotnie. Uzyskane warto$ci
reprezentowaty skale jasnosci (parametr Lo4*) oraz stopien wysycenia barwa czerwong
(parametr axs*) 1 z0ttg (parametr bas*) (Michalczuk i in., 2017), parametr AE ($rednie
odchylenie barwy) metoda opisang przez Bendowskiego 1 in. (2022). Zdolno$¢
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utrzymania wody wtasnej (WHC) zostata okreslona zgodnie z metodyka zaproponowang
przez Grau i Hamm (1953), pomiary przeprowadzono w trzech powtdrzeniach,

a za wynik przyjeto warto$¢ srednig.
3.1.4. Analiza biochemiczna mig¢$nia piersiowego, watroby i surowicy krwi

W trakcie uboju dziesig¢ kogutkow (n = 10) z kazdej grupy zostato losowo
wybranych do pobrania krwi po$miertnej w ilosci 1,5 ml/sztuke. Analiza laboratoryjna
miata na celu okre§lenie aktywnos$ci wybranych enzymow 1 zwigzkow

przeciwutleniajacych w krwi oraz w probkach miegsni piersiowych i watrob (5 g/probka).

W celu okreslenia wptywu roznych form i dwoch poziomow Se w paszy na stan
zdrowia kurczat, oznaczono aktywnos$¢ nastepujacych enzymdéw hydrolitycznych
z surowicy krwi, watroby i mig$ni piersiowych kurczat w laboratorium zewnetrznym:
aminopeptydazy alaninowej (AlaAP, EC 3.4.11.2), aminopeptydaz¢ leucynowa (LeuAP,
EC 3.4.11.1) i aminopeptydaz¢ argininowa (ArgAP, EC 3.4.11.6). Oznaczono
dodatkowo: aktywno$¢ fosfatazy kwasnej (AcP, EC 3.1.3.2), beta-glukuronidazy
(BGRD, EC 3.2.1.31), beta-galaktozydazy (BGAL, EC 3. 2.1.23), beta-glukozydaza
(BGLU, EC 3.2.1.21), alfa-glukozydaza (aGlu, EC 3.2.1.20), mannozydaza (MAN, EC
3.2.1.25) i N-acetylo-BD-heksozoaminidaza (HEX, EC 3.2.1.52).

Aktywnos¢ aminopeptydaz mierzono jako pochodne soli Fast Blue BB przy 540
nm metodg (Barrett i Heath, 1972), natomiast aktywno$¢ AcP, BGRD, BGAL, BGLU,
aGLU, aMAN i HEX mierzono jako pochodne 4-nitrofenylowe przy 420 nm zgodnie
z (Barrett 1 Heath, 1972). Wszystkie oznaczenia wykonano przy uzyciu spektrofotometru
Varian Cary 50 Bio UV-VIS (Santa Clara, CA, USA). Aktywno$¢ enzymu wyrazono
w nmol/mg biatka/h.

3.1.5. Koncentracja selenu w mie¢$niu piersiowym i watrobie

Oznaczenie koncentracji Se w migsniach piersiowych 1 watrobach wykonano
metoda PB-28/LF w akredytowanym laboratorium (Certyfikat Akredytacji PCA nr AB
1095 Wydanie nr 19 z dnia 1 stycznia 2022 r.). Przygotowano probki zgodnie z norma
PN-EN 13804, a nastgpnie przeprowadzono mineralizacj¢ (MARS 5) zgodnie z norma
PN-EN 13805. Oznaczenie zawartosci Se w probkach wykonano technikg ICP-MS

(system Thermo XSERIES 2). Wyniki poréwnano z wielopierwiastkowym roztworem
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wzorcowym ICP (19 pierwiastkow w rozcienczonym kwasie azotowym, CERTIPUR,
115474 Merck Millipore).
3.1.6. Wilasciwosci przeciwutleniajgce mig¢Snia piersiowego, watroby i surowicy

krwi

Kwas 2-tiobarbiturowy (TBA) w mig$niu piersiowym, watrobie i surowicy krwi
oznaczono metoda wedlug Shahidi (1984). Okoto 2 g probki odwazono do probdwki
wirdwkowej z doktadnoécia do 0,01 g, do ktérej dodano 5 cm?® 10% kwasu
trichlorooctowego; nast¢gpnie mieszaning rozcierano przez 2 minuty za pomocg bagietki
szklanej. Nastepnie dodano 5 cm® 0,02 molowego roztworu TBA i probke ponownie
rozcierano przez 2 minuty i wirowano przez 10 minut przy 4000 obr. Po odwirowaniu
roztwor przefiltrowano do szklanej probowki, a po uszczelnieniu otworu folig
polietylenowa, barwe wywotywano przez 24 godziny w temperaturze pokojowej.
Nastepnie pobrano probki do oznaczen kolorymetrycznych. Absorbancje mierzono
za pomocg spektrofotometru Hitachi U-1100 przy dlugosci fali 532 nm wzgledem $lepej
proby. Slepa proba zostala przygotowana przez dodanie 5 cm® 10% kwasu

trichlorooctowego i 5 cm® 0,02 molowego roztworu TBA do szklanej probowki.

Wykonano oznaczanie neutralizowania wolnego rodnika DPPH. Metoda bazuje
na stabilnym wolnym rodniku  2,2-difenylo-1-pikrylohydrazylu 1 polega
na kolorymetrycznym oznaczeniu zdolno$ci do neutralizowania wolnych rodnikéw przez
badane probki. Oznaczenie wykonano wg. metodyki zaproponowanej przez (Brand-
Williams 1 in. (1995) z modyfikacjami. Odczynnik Folin-Ciocalteu zostat uzyty jako
odczynnik utleniajacy, a wszystkie chemikalia zostaty zakupione od SIGMA-ALDRICH
CHEMIE GMBH (Monachium, Niemcy) w najwyzszej dostepnej czystosci. Absorbancje
mierzono przy dtugosci fali 517 nm. Wyniki wyliczono ze wzoru:

Abs $lepa — (Abs badana — Abs kontrola) o

100
Abs $lepa

ilo$¢ zredukowanego DPPH [%] =

Abs — wartos$¢ absorbancji proby Slepej, badanej 1 kontrolne;j

Stezenie glutationu (GSH) zostalo okre§lone w mieéniu piersiowym, watrobie
1 surowicy krwi za pomocg testu OXISRESEARCH BIOXYTECH GSH/GSSG-412™
(Foster City, CA, USA). Przed analizag probki byly zamrazane z dodatkiem M2VP
(trifluorometanosulfonian 1-metylo-2-winylo-pirydyniowy) w temperaturze -80 °C.

Uwolniony, zredukowany GSH oznaczano zgodnie ze szczegdtowa instrukcja
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dostarczong przez producenta zestawu. Odczyt absorbancji (A412) 1 pomiar kinetyki
reakcji przeprowadzono przy uzyciu czytnika mikroptytek Synergy 4 (BIOTEK;
Winooski, VT, USA). Wyniki obliczono przy uzyciu oprogramowania Gen5 (BIOTEK).
Stezenie GSH wyrazono w grupach tiolowych (grupy mmol-SH).

3.1.7. Profil kwaséw thuszczowych mig¢snia piersiowego i watroby

Lipidy calkowite z mig$nia piersiowego 1 watroby ekstrahowano zgodnie
z procedurg opisang przez Folch i in. (1957). Profil kwasow tluszczowych oznaczono
za pomocg chromatografu gazowego z detektorem FID zgodnie z PN-EN ISO: 5509, PN-
EN ISO: 5508, jak wczesniej Ciemniewska-Zytkiewicz i in. (2015). Zastosowano
kolumne kapilarng Restek-2330, 105 m, 0,25 mm ID, 0,2 pm df (90%
biscyjanopropyl/10% polisiloksan fenylocyjanopropylowy). Poczatkowa temperatura
kolumny 100 °C przez 4 min. Nastepnie zwigkszana do 240 °C z predkoscig 3 °C/min.
Temperatura koncowa byla utrzymywana na minimalnym poziomie az do elucji
ostatniego piku chromatograficznego. Temperatura detektora FID 300 °C. Przeptyw H:
30 ml/min w detektorze FID, przeptyw powietrza 350 ml/min w detektorze FID, przeptyw
N2 (uzupehianie) 15 ml/min w detektorze FID. Dla wszystkich kwasow tluszczowych
oznaczanych na podstawie wzorca zastosowano jednopunktowa kalibracje detektora.
Podczas kalibracji okreSlono RF (wspdtczynnik odpowiedzi) dla kazdego estru
metylowego kwasu tluszczowego. Krzywa kalibracji przy uzyciu certyfikowanego
materialu referencyjnego BCR-162R. Podstawowy wzorzec zawiera 37 kwasow
thuszczowych o takim samym lub podobnym sktadzie do wzorca "Supelco 37 Component
Fame Mix", nierozpuszczonych lub rozpuszczonych w heksanie (przechowywanych
zgodnie z instrukcjami producenta). Okreslenie profilu kwasow tluszczowych zostato
przeprowadzone w akredytowanym laboratorium (Certyfikat Akredytacji PCA nr AB 439
Wydanie nr 18 z dnia 2 sierpnia 2019 r.).

3.1.8. Analiza ultrastruktury mi¢snia piersiowego i watroby kurczat

Natychmiast po uboju, resekcje dystalnej czesci lewego plata watroby 1 fragment
miegs$nia piersiowego (n=10 na grupe) pocigto na kawatki o odpowiedniej wielkosci
(2 mm?®) 1 utrwalono przez zanurzenie w buforowanym 3% aldehydzie glutarowym
w buforze kakodylowym (pH 7,2) przez co najmniej 2 godziny w temperaturze 4°C.
Probki tkanek zostaly nastgpnie utrwalone w 2% tetratlenku osmu w buforze

kakodylanowym (pH 7,2) przez 1 godzing w temperaturze 4°C. Odwodnienie
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utrwalonych tkanek przeprowadzono przy uzyciu rosnacej serii etanolu, a nastepnie
przeniesiono do zywicy epoksydowej za pomocg tlenku propylenu (Marzella 1 Glaumann,
1980). Na koniec probki watroby (n=10) zatopiono w mieszaninie DDSA/NMA/Embed-
812 (Agar Scientific Ltd). Ultracienkie skrawki (40-60 nm) wycieto na ultramikrotomie
Reichert-Jung i podwdjnie wybarwiono octanem uranylu i cytrynianem otowiu. Oceng
ultrastruktury przeprowadzono przy uzyciu transmisyjnego mikroskopu elektronowego
Tesla BS-500 z kamerg Frame Transfer-IK-CCD (TRS, Niemcy). Odsetek
nieprawidlowych mitochondriéw oszacowano na kazdym obrazie TEM poprzez zliczenie

500 losowo wybranych mitochondriéw.

3.1.9. Deklaracja etyczna

Wszystkie procedury w niniejszym badaniu zostaly przeprowadzone zgodnie
z prawem obowigzujacym na terenie Unii Europejskiej i polskiej ustawy o ochronie
zwierzat (Dz.U. 1997 nr 111 poz. 724). Nie stosowano zadnych dzialan wigzacych sie¢
z ich bolem lub cierpieniem. Przestrzegano wszystkich obowigzujacych wytycznych
instytucjonalnych dotyczacych opieki nad zwierzetami. Procedury eksperymentalne
przeprowadzone w tym badaniu zostaty zatwierdzone przez I1. Lokalng Komisj¢ Etyczng
ds. Dos$wiadczen na Zwierzg¢tach przy Szkole Glownej Gospodarstwa Wiejskiego

w Warszawie.

3.1.10. Analiza statystyczna

Srednie wartoéci parametrow analizowano przy wykorzystaniu pakietu
statystycznego PS IMAGO PRO 9.0, stosujac jednoczynnikowa analize wariancji
(ANOVA). Rozktad normalny danych weryfikowano za pomoca testu Shapiro-Wilka.
Jednorodno$¢ wariancji sprawdzono przy uzyciu testu Levene’a. Test Tukey’a
wykorzystano do okreslenia istotnos$ci roznic migdzy badanymi grupami (post-hoc).
W przypadku poréwnania dwoch grup wykorzystano test t-Studenta przy spelnieniu
zatozen dla testow parametrycznych. Wyniki uznawano za istotnie statystycznie, gdy
zwigzane byly z  prawdopodobienstwem  mniejszym niz  5%. Wyniki

z prawdopodobienstwem mniejszym niz 1% uznawano za wysoce istotne.
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3.2.Doswiadczenie II: Okreslenie wptywu ekstraktu z konopi siewnej (Cannabis
sativa L.) bedacego zrodtem kannabidiolu w ilosci 30 g/1000 g podanego do paszy
w warunkach indukowanego stanu zapalnego poprzez podanie per os subklinicznych
dawek Clostridium perfringens 1 liopolisacharydu z bakterii £. Coli na wyniki

odchowu 1 jako$¢ migsa kurczat brojlerow.

3.2.1. Sklad chemiczny ekstraktu z konopi siewnej (Cannabis sativa L.) bedacego

zrodlem kannabidiolu

Wiechy konopi (Cannabis sativa L.) zostaly zebrane w Instytucie Wtokien
Naturalnych 1 Roslin Leczniczych w Poznaniu. Materiat roslinny zostal pociety
1 wysuszony w temperaturze pokojowej. Ekstrakt nadkrytyczny dwutlenku wegla
z konopi uzyskano w Zakladzie Ekstrakcji Nadkrytycznej Instytutu Nowych Syntez
Chemicznych w Pulawach. Parametry ekstrakcji byly nastgpujace: cisnienie 250 barow;
temperatura 60 °C; natezenie przeptywu 40 kg CO»/1 kg zuzytych konopi. Po procesie
odparowania ekstrakt z konopi zawieral 12% kannabidiolu, 0,49% tetrahydrokannabinolu
1 0,38% kwasu tetrahydrokannabinolowego, jak okreslono za pomocag HPLC (Instytut

Wiodkien Naturalnych 1 Ro$lin Leczniczych, Poznaf, Polska).

3.2.2. Kurczeta brojlery i mieszanki paszowe zastosowane w ich zywieniu

Doswiadczenie przeprowadzono na 204 kogutkach linii Ross 308 losowo
przydzielonych do szesciu grup doswiadczalnych - po 34 ptaki w kazdej grupie (schemat
2.). Kogutki byty odchowywane przez 35 dni. Ptaki mialy swobodny dostep do wody
1 zachowany cykl S$wietlny (Aviagen, 2019). Kogutki Zywiono mieszankami
pelnoporcjowymi typu starter (1-7 dnia) 1 grower (8-35 dnia). W kazdej grupie

zastosowano t¢ samg pelnoporcjowg mieszanke paszowg (tabela 2.).

3.2.3. Grupy doswiadczalne i indukowany stan zapalny

Grupy doswiadczalne:
e CON - grupa kontrolna;
e CON+CBD - jak CON, ale z dodatkiem ekstraktu z konopi siewnej bgdacego
zrédtem kannabidiolu do paszy (30 g/1000 g);
e CHI1 - jak CON, ale z podaniem per os C. perfringens,
e CH2 - jak CON, ale z podaniem per os lipopolisacharydu E. coli;
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e CHI1+CBD: C. perfringens + ekstrakt z konopi siewnej bedacy zrddiem
kannabidiolu do paszy (30 g/1000 g);

e CH2+CBD: LPS (E. coli) + ekstrakt z konopi siewnej bedacy zrédtem
kannabidiolu do paszy (30 g/1000 g).

Tabela 2. Sktad petnoporcjowej mieszanki paszowe]

Skladniki g/kg paszy e OTOME Skladniki analityezne  DUny oo
Kukurydza 200,0 200,0 ME (kcal/kg) 2900 3000
Sruta poekst. sojowa 306,9 270,0 Biatko ogoélne (g/kg) 22,0 20,5
Pszenica 432,0 463,0  Wiokno surowe (g/kg) 2,72 2,70
Thuszez 20,10 31,50 Thuszez surowy (g/kg) 4,00 5,20
Ronozym?! 0,20 0,10  Popidt ogdlny (g/kg) 2,70 2,50
Sél 3,30 3,10 Lizyna (g/kg) 1,40 1,20
Kreda pastewna 15,40 14,0 Metionina (g/kg) 0,60 0,60
fosforan jednowapniowy 10,80 8,60 Met. + Cys (g/kg) 1,00 0,90
Chlorek choliny 1,00 1,00 Treonina (g/kg) 0,90 0,80
DL-Metionina 3,00 2,60  Wapn (g/kg) 0,90 0,90
L-Lizyna 3,70 2,80 Fosfor dostepny (g/kg) 0,40 0,40
L-Treonina 1,10 0,80

Premiks wit.-min.2 2,50 2,50

'Ronozym WX (Novozymes, Kopenhaga, Dania); 2 IU na kg paszy: wit. A, 10 000; wit. D3, 4500; mg: wit.
E, 80; wit. By, 1,5; wit. By, 5; biotyna, 0,12; wit. Be, 2,5; wit. Bio, 0,02; wit. K., 33; kwas nikotynowy, 50;
kwas foliowy, 1,1; kwas pantotenowy, 14; cholina, 200; betaina, 160; Mn, 120; Zn, 100; Se, 0,35; Cu, 20;
Fe, 40; J., 3;1Ca, 0,6.

W 21 1 22 dniu zycia kogutki byly wazone indywidualnie po 4 godzinach od
zakonczenia zadawania paszy. Nastepnie ptakom z grup CH2 podano per os LPS (E. coli,
serotyp O55:B5; Sigma Chemical, St. Louis, MO, USA) odtworzony w 0,9% jalowym
roztworze soli fizjologicznej (0,5 mg/ml) w dawce 1 ml zawierajacej 250 pg/kg masy
ciata LPS (Konieczka i in., 2019). W tym samym czasie (dzien 21 i 22) ptaki z grup CHI
zostaly zainfekowane (per os) 1 ml inokulum (pozywka do infuzji moézg-serce)
zawierajacym okoto 108 CFU/ml bakterii C. perfringens, typ A, szczep 56 zgodnie
z wczesnie] zatwierdzonym protokotem (Konieczka i in., 2020). Bakterie C. perfringens
uzyskano od zakazonych kurczat w Belgii. Zastosowany szczep zostal analitycznie
potwierdzony jako o-toksyna i toksyna NetB-dodatni oraz B-toksyna i enterotoksyna-

ujemny, zgodnie z deklaracja dostawcy (Ghent University, Merelbeke, Belgia). Ptakom
w grupach CON 1 CON + CBD podawano taka sama dawke sterylnej soli fizjologiczne;.
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Schemat 2. Uklad przeprowadzonego doswiadczenia z zastosowaniem dodatku

ekstraktu z konopi siewnej bedacego zrodtem kannabidiolu do paszy

3.2.4. Uboj i pobieranie prob do dalszych analiz

Do uboju wybrano 60 kogutkéw (po 10 ptakéw z kazdej grupy) w wieku 35 dni,
ktérych masa ciata byla zblizona do $redniej masy ciata dla poszczegélnej grupy
badawczej. Po uboju probki migénia piersiowego, watroby i surowicy krwi pobrano do
analiz: sktadu chemicznego, parametréw fizykochemicznych, biochemicznych
i potencjalu oksydacyjnego.

3.2.5. Ocena wydajnosci rzeznej, skladu chemicznego miesnia piersiowego

i watroby oraz wlasciwosci fizykochemicznych mig¢$nia piersiowego

Po uboju i schtodzeniu tuszek oceniono wydajnos$¢ rzezng kurczat oraz okreslono
procentowy udzial migsnia piersiowego, nodg i podrobow wzgledem koncowej masy ciata
(Michalczuk i in., 2016). Dla prébek migénia piersiowego oznaczono podstawowy sktad
chemiczny: suchg mase, thuszcz surowy, biatko ogélne w tym kolagen oraz popiot ogolny.
Oznaczenia wykonano metodg NIR (Michalczuk i in., 2016). pH zmierzono 24 godziny
po uboju wykorzystujac pH-metr CP-411 z elektroda szklang (Elmetron, Zabrze,Polska).
Okreslono parametry barwy migsa 24 godziny po uboju przy uzyciu kolorymetru CR-410
(Minolta Ca. Ltd., Osaka, Japonia), gdzie kazdy pomiar powtarzano dwukrotnie.
Uzyskane wartosci reprezentowaty skale jasno$ci (parametr Lo4*) oraz stopien wysycenia

barwg czerwong (parametr ax4*) 1 z6ttg (parametr bo4*) (Michalczuk 1 in., 2017). Wyciek
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swobodny okreslono na podstawie roznicy mas migsnia piersiowego po 24 godzinach

chtodzenia w temp. 4 °C.

3.2.6. Oznaczenie kolagenu typu III w mig$niu piersiowym, watrobie i surowicy
krwi
Oznaczanie kolagenu typu III przeprowadzono przy uzyciu zestawu Chicken
Collagen Type 3 ELISA Kit firmy Bioassay Technology Laboratory (nr kat. E0314Ch)

zgodnie z protokotem dostarczonym przez producenta.

3.2.7. Profil kwaséw thuszczowych mig¢snia piersiowego i watroby

Thiszcz z migénia piersiowego 1 watroby ekstrahowano a profil kwasow

thuszczowych oznaczono zgodnie z metodyka opisang w niniejszej pracy w punkcie 3.1.7.

3.2.8. Analiza biochemiczna surowicy krwi

Parametry biochemiczne krwi oznaczono metodami: ALT (aminotransferaza
alaninowa) - zmodyfikowana IFCC, TRIS, bez P5P; o-amylaza - CNPG 3 -
enzymatyczna; ALP (fosfataza alkaliczna) - PNPP z AMP jako buforem; AST
(aminotransferaza asparaginianowa) - zmodyfikowana IFCC, TRIS, bez P5P; TP (biatko
catkowite) - metoda biuretowa; TCh (cholesterol catkowity) - enzymatyczna produkcja
H>O02; CK (kinaza kreatyninowa) - aktywowana NAC; GLDH (dehydrogenaza
glutaminianowa) - bufor trietanoloaminowy; GGTP (gamma-GT, aminotransferaza) -
standard IFCC; UA (kwas moczowy) - urykaza; LDH (dehydrogenaza mleczanowa) -
mleczan-pirogronian; TTG (trojglicerydy) - metoda enzymatyczna; BA (kwas zotciowy)
- diazo-(J-G) w/blank; InP (fosfor nieorganiczny) - fosfomolibdenian - UV; K (potas) -
ISE-rozcienczony; Na (so6d) - SE-rozcienczony; Fe (zelazo) - TPTZ [2,4,6-tri-(2-
pirydylo)-5-triazyna]. Probki krwi pobierano do sterylnych probowek bez
antykoagulantu. W celu uzyskania surowicy, krew pelng odwirowywano z predkoscia
2000 obrotow przez 10 minut w temperaturze 4 °C, a nastgpnie umieszczano w statywach

analizatora.
3.2.9. Wilasciwosci przeciwutleniajgce miesnia piersiowego i watroby

Oznaczenie wtasciwosci przeciwutleniajgcych w mig$niu piersiowym i watrobie

kogutkow wykonano zgodnie z metodyka podang w niniejszej pracy w punkcie 3.1.6.
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3.2.10. Deklaracja etyczna

Wszystkie procedury w niniejszym badaniu zostaty ocenione i zatwierdzone przez
Lokalng Komisje Etyki i Opieki nad Zwierzgtami w Olsztynie (UWM), Polska (uchwata
nr 3/2021) i zostaty przeprowadzone zgodnie z zasadami UE (zalecenie 2007/526/CE)
1 polska ustawg o ochronie zwierzat (Dz.U. 1997 nr 111 poz. 724).

3.2.11. Analiza statystyczna

Rozktad normlany danych zostal sprawdzony za pomoca testu Shapiro-Wilka.
Jednorodno$¢ wariancji sprawdzono za pomoca testu Levene'a. Wplyw efektow
gtownych CBD (dodatek ekstraktu z konopi siewnej bedacego zrodtem kannabidiolu
w paszy) oraz CH (indukowany stan zapalny) i interakcji CBDxCH analizowano
za pomocg dwuczynnikowej analizy wariancji MANOVA, a nastgpnie testem post-hoc

Bonferroniego dla poréwnan parami, w stosownych przypadkach.

Wyniki uznano za statystycznie istotne, gdy wigzaly si¢ z prawdopodobienstwem
nizszym niz 5%. Wyniki o prawdopodobienstwie nizszym niz 1% uznano za wysoce
istotne. Obliczenia przeprowadzono przy uzyciu programu PS IMAGO PRO 9.0 dla

systemu Windows.
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4. Omowienie glownych wynikow prac eksperymentalnych

4.1.1. Doswiadczenie I: Nano-sized selenium maintains performance and
improves health status and antioxidant potential while not
compromising ultrastructure of breast muscle and liver in chickens
(Bieniin., 2023)

Na podstawie badan wtasnych nie stwierdzono (p>0,05) negatywnego wplywu
réznych form Se do paszy w ilosci 0,5 mg/1000 g na wyniki odchowu kurczat. W badaniu
przeprowadzonym przez Ahmad i in. (2012) stwierdzono, ze zastosowanie Se w ilosci
0,4 mg/kg paszy w postaci drozdzy selenowych lub nano-Se byly w stanie pokry¢
zapotrzebowanie ptakow na ten pierwiastek 1 zapewni¢ optymalne wyniki odchowu.
Selen wptywa na odchoéw kurczat, co jest zwigzane z ekspresja selenoproteiny P
i selenoenzymow typu I, ktore odgrywaja kluczowa role w syntezie hormonow tarczycy
1 transporcie Se, a te przyczyniaja si¢ do prawidlowego funkcjonowania i wzrostu

organizm6éw ptakow (Zhan i in., 2014).

Zastosowanie réznych dodatkéw Se w ilosci 0,5 mg/1000 g paszy, podobnie jak
w przypadku wynikéw odchowu, nie miato negatywnego wpltywu (p>0,05) na wyniki
analizy rzeznej tuszek kurczat brojlerow. Nie stwierdzono (p>0,05) roznic dla wydajnosci
rzeznej 1 udzialu migs$nia piersiowego w masie ciata pomiedzy badanymi grupami
doswiadczalnymi. Payne i Southern (2005), w doswiadczeniu przeprowadzonym
na kurczetach zywionych dodatkiem selenianu sodu i drozdzy selenowych do paszy,
stwierdzili, ze wydajno$¢ rzezna nie zalezata od formy Se podanej do paszy. Downs i in.
(2000) stwierdzili podobng zalezno$¢ w swoim badaniu dotyczacym stosowania drozdzy
selenowych w zywieniu kurczat. Poprzednie badania potwierdzaja wyniki z badania

wlasnego.

Najwigksza koncentracje Se stwierdzono (p<0,001) w migéniu piersiowym
kogutkéw T2 (drozdze selenowe), podczas gdy najwiekszg koncentracje Se w watrobie
stwierdzono (p<0,001) w grupie CON (0,3 mg/1000 g). Odmiennego zdania byli Chen
1 in. (2014). Organiczna forma Se (selenometionina) jest absorbowana i odktadana
w tkankach bardziej efektywnie niz nieorganiczne formy selenu (Sevcikova i in., 2006;
Skiivan 1 in., 2008) jest to zwigzane z rdéznicami w szlakach metabolicznych miedzy
nieorganicznymi i organicznymi formami Se. Nieorganiczny Se jest wchtaniany przez

nabtonek jelita poprzez transport bierny, a organiczny Se na drodze transportu aktywnego
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(Skfivan 1 in., 2008). Se dostarczony w formie nieorganicznej jest szybko wchioniety
przez czerwone krwinki 1 za pomocg glutationu zredukowany do selenku, ktéry z kolei
jest transportowany w plazmie krwi, selektywnie wigzany z albuminami i przekazany
do watroby (Batorska, 2013). Z kolei selenian sodu (forma nieorganiczna) moze by¢
wprost wchionigty do watroby lub wydalony z moczem (Dumont i in., 2006; Batorska,
2013). Selen w formie nanoczastek dodawany w ilosci 0,5 mg/1000 g do paszy dla kurczat
brojlerow moze by¢ bezpiecznie stosowany. Badania wlasne wykazaty, ze stosowanie
nano-Se nie prowadzi do nadmiernego kumulowania si¢ tego pierwiastka w watrobie
kurczat w przeciwienstwie do formy nieorganicznej (selenian sodu). Produkty
pochodzenia zwierzecego o zwigkszonej koncentracji Se mozna uzyska¢ poprzez
odpowiednie zywienie drozdzami selenowymi lub nano-Se w ilosci 0,5 mg/1000 g.
Przeprowadzone w ramach pracy doktorskiej badanie potwierdza, ze dodatek do paszy

dla kurczat nano-Se jest bezpieczny i moze stanowi¢ cenne zrddto Se w diecie cztowieka.

Zmiany po uboju prowadza do akumulacji kwasu mlekowego w migéniach,
co bezposrednio wptywa do obnizenia pH. Obnizenie pH po uboju powoduje zmniejszong
denaturacja biatek, a to przeklada si¢ na lepsza zdolno$¢ migsni szkieletowych
do zatrzymywania soku mig$niowego (Berri 1 in., 2007). W badaniach wtasnych
stwierdzono istotny wplyw (p<0,001) stosowania Se w ilosci 0,5 mg/1000 g paszy
na pHas. Migénie piersiowe kogutkdw, u ktorych w zywieniu zastosowano dodatek
selenianu sodu w ilosci 0,5 mg/1000 g paszy (T1), mialy najnizsze pHz4, tym samym
wickszy wyciek swobodny (3,01%) i warto$é¢ wskaznika WHC (3,11 cm?/g), podczas gdy
istotnych réznic nie stwierdzono (p>0,05) migedzy CON, T2 1 T3. Stosowanie innych form
Se do paszy (drozdze selenowe 1 nano-Se) w zywieniu kurczat brojleréw
w poréwnaniu z selenianem sodu w zwigkszonej ilosci ma pozytywny wplyw
na wlasciwosci fizykochemiczne zwigzane z utrzymaniem wody wlasnej w mig$niu
piersiowym. Barwa migsa zalezy od wielu czynnikoéw m.in. od pH, st¢zenia mioglobiny,
azotynow (King 1 Whyte, 2006). Se moze znacznie poprawi¢ aktywno$¢ peroksydazy
glutationowe] w surowicy krwi, zwigkszy¢ odpornos¢ na utlenianie mioglobiny lub
oksymioglobiny i poglebi¢ barwe migsa (Cai i in., 2012; Oliveira i in., 2014). W badaniu
wlasnym selenian sodu byl zastosowany w ilosci 0,5 mg/1000 g paszy zwigkszajac
(p<0,001) jasnos¢ (L24*) 1 wysycenie (p<0,001) barwg z6tta (b24*), ktore bezposrednio

wptywaja na wizualng ocen¢ mi¢$nia piersiowego przez konsumenta (AE).
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W badaniach wtasnych obrazy ultrastrukturalne wykazaty istotne zmiany (p<0,01)
we wiloknach migsniowych (migsien piersiowy) kurczat brojleréw po zastosowaniu
nieorganicznej formy Se (selenian sodu) w ilosci 0,5 mg/1000 g paszy. Stwierdzono
zmian¢ profilu miofibryli oraz uszkodzenie sarkomeréw i mitochondriéw. Ponadto
na podstawie przeprowadzonych pomiarow dhugosci sarkomerow stwierdzono (p<0,01)
zmniejszenie dlugosci do 1,64 um (T1), co moze skutkowa¢ zmniejszong elastycznoscig
witokien mig$niowych. Dlugos¢ sarkomerow, kurczliwych jednostek mig$nia
prazkowanego, wptywa na elastyczno$¢ migé$nia. Badania sugeruja, ze naprezenie
sarkomerow 1 dlugos¢ tityny (biatko mig$ni poprzecznie prazkowanych taczy filamenty
miozynowe z linig Z, umieszczajagc tym samym miozyn¢ w centrum sarkomeru)
wplywaja na boczng sztywnos¢ strefy naktadania si¢ aktyny i miozyny, co ma wplyw
na elastyczno$¢ migsnia (Li 1 in., 2016; Lichtwark i in., 2018). Zaobserwowane zmiany
moga by¢ spowodowane stabszym wychwytem Se, ktory trudniej wiagze si¢ z peroksydaza
glutationowa, odpowiedzialng za usuwanie reaktywnych form tlenu i zapobieganie
stresowi oksydacyjnemu (Huang i in., 2014; Zhang i in., 2020a; Liu i in., 2021).
Natomiast kurczeta, ktorym podawano Se w formie organicznej (drozdze selenowe)
1 nano-Se wykazywaly nieco inny obraz zmian ultrastrukturalnych. W obu przypadkach
obserwowano stabilng struktur¢ miofibryli z sarkomerami o regularnym profilu wtokien
aktyny i miozyny. Nie obserwowano zmian w strukturze mitochondriéw. Jednak pomiary
dhugos$ci sarkomeréw wykazaty (p<0,01) wzrost dlugosci do 1,79 um po zastosowaniu
drozdzy selenowych 1 wzrost do 1,81 um po zastosowaniu nano-Se, odwrotnie niz
w grupie z Se w formie nieorganicznej (selenian sodu). Wedlug danych Ertbjerg
1 Puolanne (2017) dlugo$¢ sarkomerow moze wplyna¢ na lepsza elastyczno$¢ tkanki

migsniowej, a tym samym na jakos$¢ migsa kurczat brojlerow.

Celem okreslenia wptywu réznych form Se na ultrastrukture hepatocytow,
ultracienkie skrawki watroby kurczat ze wszystkich grup (CON, T1, T2, T3) analizowano
za pomocg transmisyjnej mikroskopii elektronowej (TEM). Badanie to wykazalo,
ze gtownym efektem dziatania Se na poziomie ultrastrukturalnym watroby byto
pojawienie si¢ skupisk gestych elektronowo (osmofilnych) inkluzji w obrgbie macierzy
mitochondrialnej. Te zmiany patologiczne obserwowano gtownie w hepatocytach kurczat
z grupy T1 1 w niewielkim stopniu w mitochondriach kurczat zywionych paszag CON.
Prawie wszystkie mitochondria w hepatocytach kurczat z grupy T1 wykazywaly rozny

stopien zwyrodnienia hydropatycznego. Byly nabrzmiate i mialy uszkodzone btony
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wewnetrzne. Inkluzje znalezione w macierzy mitochondrialnej byly przezroczyste
z powodu naptywu wody. Obfite, kuliste, geste elektronowo zlogi w macierzy
mitochondrialnej zaobserwowano w licznych mitochondriach kurczat zywionych pasza
z dodatkiem 0,5 mg/1000 g selenianu sodu (T1). Mitochondria znieksztalcone stanowity
91,83% catkowitej ich liczby. Mitochondria hepatocytow kurczat z grupy TI
wykazywaty cechy toksycznej odpowiedzi na zbyt wysoki udzial dodatku selenu
nieorganicznego w paszy. Efektem zmian objetosci macierzy jest stymulacja tancucha
transferu elektrondow 1 fosforylacji oksydacyjnej dla zaspokojenia potrzeb
metabolicznych  komorki. Jednak nadmierny obrzgk macierzy zmianami
przepuszczalnosci mitochondriow PTP (kanat o wysokiej przewodnos$ci) i innymi
mechanizmami niezaleznymi od PTP powoduje, ze funkcje i integralno$¢ mitochondriow
sa mniej wydajne i prowadza do $mierci komorki. Zwraca uwage jednoczesne pojawienie
si¢ uszkodzonych mitochondriow i wakuoli autofagicznych, a takze zmniejszenie liczby
pierwotnych lizosoméw w hepatocytach kurczat zywionych zwigkszong ilo$cig
nieorganicznego Se (selenian sodu, 0,5 mg/1000 g paszy). W hepatocytach kurczat
zywionych pasza z dodatkiem Se w ilosci 0,5 mg/1000 g paszy (T2 i T3),
w przeciwienstwie do grupy TI1, tylko niektére mitochondria byly nabrzmiate
(odpowiednio 25,43% 1 26,96% calkowitej ilosci w komorce). Pojawity si¢ natomiast
liczne pierwotne lizosomy. Podsumowujac, w grupach kurczat (CON, T2 i1 T3),
w przeciwienstwie do grupy TI1, nie obserwowano zmian patologicznych
w ultrastrukturze hepatocytow, zarbwno w odniesieniu do mitochondriéw, jak 1 innych

organelli.

Roéwnolegle z analizag morfologiczng oceniano aktywno$¢ enzymow degradujgcych
(AlaAP, LeuAP, ArgAP, AcP, BGDR, BGAL, HEX, aGlu 1t MAN). W watrobie kurczat,
w zywieniu ktoérych mieszanka peloporcjowa zawierata dodatek 0,5 mg selenianiu
sodu/1000 g paszy obserwowano spadek aktywnos$ci analizowanych enzymow. Byly one
zaangazowane w procesy trawienia wewnatrzkomorkowego, o czym $wiadczy obecnos¢
wakuoli autofagicznych i1 wyczerpanie pierwotnych lizosomow, ktore sg komorkowym
rezerwuarem hydrolaz kwasnych. Natomiast stwierdzono (p<0,05), wzrost aktywnos$ci
analizowanych enzymow w watrobie w pozostatych dwoch grupach (T2 1 T3), wskazujac
na obnizenie poziomu degradacji lizosomalnej. Ultrastruktura hepatocytéw obu grup
wykazata liczne pierwotne lizosomy, prawdopodobnie z powodu niskiego zuzycia

lizosoméw. Spadek aktywnosci enzymoéw w grupie T1 moze wskazywac
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na wzrost degradacji organelli uszkodzonych przez nadmierng podaz nieorganicznego Se
do paszy. Wedlug Marzella 1 in. (1982) aktywno$¢ enzymu poczatkowo wzrasta
rownolegle z indukcja degradacji, ale p6zniej opada wraz z zaawansowaniem degradacji
sekwestrowanych organelli komérkowych. Dysfunkcja mitochondriow jest istotnym
objawem w patogenezie r6znych choréb. Badania wlasne potwierdzity, ze mitochondria
narazone na zbyt wysokie poziomy Se nieorganicznego w paszy, ulegaja zmianom
strukturalnym 1 funkcjonalnym (Medina i in., 1983; Meyer i in., 2013; Zahedi i in., 2018;
Liu i in., 2020).

Wplyw Se na wilasciwosci przeciwutleniajagce w miesniu piersiowym i watrobie
kurczat brojleréw okreslono oznaczajac w nich zawarto$¢ witaminy C i glutationu (GSH)
oraz zdolno$¢ do redukcji wolnego rodnika DPPH. Obie grupy kurczat (T2 i T3)
charakteryzowatly si¢ istotnie wyzszym (p<0,01) stgzeniem witaminy C, wskaznikiem
DPPH i zawarto$cig glutationu w migéniach 1 watrobie niz w grupie kontrolnej (CON).
Wazrost wlasciwosci przeciwutleniajacych w migéniu piersiowym 1 watrobie kurczat
otrzymujacych do paszy dodatek selenu organicznego wskazuje na lepsza stabilno$¢
oksydacyjna organizmu, w przeciwienstwie do grupy T1, gdzie stwierdzono gorsze
wlasciwosci antyoksydacyjne. W surowicy krwi stwierdzono (p<0,05) najwicksze
stezenie witaminy C i GSH w grupie T3. Podobnie Visha i in. (2017) stwierdzili,
ze kurczeta zywione formami nano- i organicznym Se wykazywaly wyzsza catkowitg
zdolnos¢ antyoksydacyjng w surowicy krwi i tkankach w poréwnaniu do grupy zywionej
nieorganiczng formg Se. Selen odgrywa istotng rolg w ochronie komorek przed
uszkodzeniem oksydacyjnym poprzez wplyw na poziom przeciwutleniaczy 1 aktywnos¢
selenoenzyméw (Bai 1 in., 2017). Selen w formie nanoczastek jest zdolny
do wychwytywania wolnych rodnikow poprzez wzrost aktywnosci selenoenzymow
(Sarkar 1 1in., 2011; Bai i in., 2017) oraz poprawe statusu utleniaczy w surowicy i retencja
selenu in vivo. W poréwnaniu z innymi formami selenu, takimi jak SeMet, SeCys
1 drozdze selenowe, nano-Se charakteryzowaly si¢ nizsza toksycznoscig 1 zwigkszaty
aktywnos$¢ selenoenzymow. Dziatanie przeciwutleniajgce nano-Se jest zwigzane glownie
z rodzing peroksydaz glutationowych (GPX) i reduktazg tioredoksyny (TR). GPX maja
zdolno$¢ do detoksykacji szerokiego zakresu nadtlenkéw, takich jak H20.,
wodoronadtlenek fosfolipidow, wodoronadtlenki kwasow tluszczowych 1 grupy
hydroperoksylowe tyminy (Kondaparthi i in., 2019). Podsumowujac, w badaniu wtasnym

wykazano, ze stosowanie dodatku nano-Se w ilosci 0,5 mg/1000 g paszy moze by¢
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skuteczne w zwigkszaniu potencjatu antyoksydacyjnego u kurczat, zwigkszajac tym

samym zdolno$¢ do detoksykacji szerokiego zakresu nadtlenkow.

Wyniki badan wtasnych wykazaty, ze stosowanie dodatku r6znych form Se w ilo$ci
0,3-0,5 mg/1000 g paszy dla kurczat brojlerow nie mialo negatywnego wptywu
na wilasciwosci fizykochemiczne migsnia piersiowego, potencjat antyoksydacyjny
oraz ultrastrukture migsnia piersiowego i watroby. Poprawie ulegly parametry jakosciowe
mig$nia piersiowego, takie jak dlugos¢ sarkomerdw, co skutkowato lepsza elastycznoscia
tkanki migsniowej 1 jakos$cig mi¢sa. Potwierdzono, ze stosowanie nano-Se w zwigkszonej
ilosci (0,5 mg/1000 g paszy) chroni przed uszkodzeniem mitochondriéw w hepatocytach
i zwigksza potencjat antyoksydacyjny. Dodatek selenu do paszy kurczat brojleréw
w formie nanoczastek w ilosci 0,5 mg/1000 g paszy charakteryzowal si¢ dobra
biodostgpnosciag oraz niska toksycznoscia bez negatywnego wplywu na wydajno$¢

wzrostu kurczat.
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4.1.2. Doswiadczenie I: Changes in lipids metabolism indices as a result of
different form of selenium supplementation in chickens
(Bieniin., 2022)

Porcja 100 g migsni piersiowych kurczat zywionych paszg z dodatkiem

0,5 mg/1000 g nano-Se pokrywa 17% zalecanego dziennego spozycia selenu (RDI Se =

70 ng/dzien) dla dorostego cztowieka (Scientific Opinion on Dietary Reference Values

for selenium, 2014). Spozycie 100 g mig$ni piersiowych kurczat otrzymujacych dodatek

drozdzy selenowych (T2) zapewnia do 60% RDI. Koncentracja selenu w watrobie jest
wyzsza niz w migsniach. Watroby kurczat z grup CON, T1 miaty wyzszy poziom Se niz
zalecany RDI w przeliczeniu na 100 g watroby. Watroby kogutkéw z grupy T2 moga
dostarczy¢ do 70% RDI tego pierwiastka (w 100 g tkanki). Migso drobiowe pozyskane
od kurczat zywionych pasza z dodatkiem selenu organicznego (T2) oraz nano-Se w ilosci

0,5 mg/1000 g paszy moze by¢ zaliczane do zywnosci funkcjonalnej. Nano-Se sa cennym

i bezpiecznym zrédlem Se w diecie konsumentow. Wyniki badan wtasnych wskazuja, ze

organiczne formy Se (drozdze selenowe) dodane do paszy dla kurczat zapewniajg im

prawidlowy wzrost 1 stan zdrowia. Stosowanie zwigkszonych dawek Se w Zywieniu

kurczat brojlerow (0,5 mg/1000 g paszy) jest dozwolone przez przepisy Unii Europejskiej

(Dyrektywa Komisji z dnia 23 listopada 1970 r. dotyczaca dodatkow paszowych),

przynoszac  obopolne  korzySci  producentom, przemystowi przetworczemu

1 konsumentom. Ponadto, nano-Se moga by¢ skuteczne w modulowaniu profilu kwasow

thuszczowych migsa 1 podrobow kurczat brojleréw. W badaniu przeprowadzonym przez

Kralik 1 in. (2012) zastosowano dodatek drozdzy selenowych do paszy w ilosci

0,5 mg/1000 g 1 stwierdzono, ze migso od tych kurczat charakteryzowato si¢ wigksza

koncentracja Se i kwasow tluszczowych n-3. W badaniu wtasnym grupa T2 (drozdze

selenowe) charakteryzowata si¢ istotnie (p<0,001) najwyzszym st¢zeniem Se w migs$niu
piersiowym (0,42 mg/kg) 1 istotnie (p<0,001) nizsza koncentracja kwasow thuszczowych

n-3 (1,54 g/100 g) wzgledem grupy CON. Z badan wlasnych wynika, ze zywienie kurczat

brojlerow pasza ze zwigkszong iloscig selenianu sodu (0,5 mg/kg paszy) pozwala

osiggnaé (p<0,001) najlepsza proporcje kwaséw n-6/n-3 oraz najwyzsza koncentracje

kwasu linolenowego (ALA) w mig$niu piersiowym.

Zastosowanie w zywieniu kurczat dodatku selenianu sodu w ilosci 0,3 mg/1000 g
paszy obnizylo koncentracje kwasow tluszczowych C14:0 1 C16:0 (kwasy mirystynowy

1 palmitynowy) w migsniu piersiowym 1 watrobie wzgledem grup T2 i T3. Uzyskane
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wyniki z badan wiasnych sg istotne z punktu widzenia diety czlowieka, poniewaz
te kwasy tluszczowe (SFA) moga by¢ potencjalnymi promotorami choréb sercowo-
naczyniowych (Praagman i in., 2016). Zywienie kurczat brojleréw pasza z dodatkiem
selenianu sodu (0,3-0,5 mg/1000 g paszy) wptyngto (p<0,001) na zwigkszong
koncentracj¢ kwasow tluszczowych z rodziny n-3 PUFA w migéniu piersiowym.
Zaleznos$¢ t¢ mozna wyjasni¢ wiekszg ochrong zapewniong przez nieorganiczne zrodto
Se w paszy, a tym samym zmniejszong degradacjag PUFA (Betti i in., 2009). Zwi¢kszong
ochron¢ PUFA mozna przypisa¢ aktywnosci peroksydaz glutationowych. Sa to enzymy,
ktorych glowng funkcja jest rozktadanie H,O; i nadtlenkow organicznych (ROOH) do
wody 1 odpowiedniego alkoholu (ROH) przy udziale redukowanego glutationu (GSH).
Rozktadajac nadtlenki enzymy chronig erytrocyty przed hemoliza a sktadniki bton
komoérkowych przed uszkodzeniem ich struktur przez wolne rodniki (Batorska, 2013).
Selen jest waznym sktadnikiem peroksydazy glutationowej a dodatek Se do paszy moze
zwigkszac¢ ekspresje mRNA GSH-Px1 w watrobie kurczat (Yuan i in., 2012). W badaniu
wlasnym stwierdzono, ze Se stosowany w postaci drozdzy selenowych i nano-Se
do paszy w zywieniu kurczat wptynal na zwigkszenie (p<0,001) koncentracji PUFA
W miesniu piersiowym a zmniejszyt ja w watrobie. Jest to zwigzane z ré6znymi funkcjami
mig$nia piersiowego 1 watroby. Miesien piersiowy gromadzi PUFA gtéwnie w lipidach,
podczas gdy watroba jest odpowiedzialna za ich dystrybucj¢ w organizmie. Zwigkszony
poziom PUFA w paszy, zwlaszcza n-3 PUFA, moze prowadzi¢ do peroksydacji lipidow,

a w konsekwencji do uposledzenia funkcji watroby (Konieczka 1 in., 2017).

W badaniu wlasnym stwierdzono, ze stosowanie selenianu sodu do paszy (0,5
mg/1000 g) modyfikuje (p<0,001) profil kwasow ttuszczowych migsnia piersiowego
w kierunku bardziej korzystnego stosunku n-6/n-3, co jest zalecane w profilaktyce chorob
sercowo-naczyniowych (Del Gobbo i in., 2016). Zaburzony stosunek n-6/n-3 prowadzi
do nadprodukcji prozapalnych eikozanoidow, ktore stymuluja synteze cytokin i biatek
ostrej fazy. Biatka te sg czynnikami przyczyniajacymi si¢ do rozwoju takich choréb jak
nowotwory, choroby uktadu krazenia, miazdzyca, otytos¢, cukrzyca typu II, czy choroba
Alzheimera (Calder, 2006; Hotamisligil, 2006). Kwasy laurynowy (C12:0), mirystynowy
(C14:0) i palmitynowy (C16:0) silnie koreluja z ryzykiem wystapienia miazdzycy,
otylosci czy choroby niedokrwiennej serca (Ulbricht 1 Southgate, 1991; Haug in., 2007),
zas$ stopien nasycenia kwasami C12:0, C14:0 1 C16:0 uznawany jest za wskaznik oceny

jakosci zywnosci (Legrand i Hermier, 1992). W badaniu wlasnym zastosowanie
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w zywieniu kurczat dodatku Se w postaci drozdzy selenowych i nano-Se wptyneto
istotnie (p<0,001) na zwickszenie koncentracji C:16:0, za§ nie wptyneto (p>0,05)
na zwigkszenie koncentracji kwasow C12:0 i C14:0 w mieéniu piersiowym. Zywienie
kurczat pasza z dodatkiem selenianu sodu w ilosci 0,3-0,5 mg/1000 g (CON 1 T1) istotnie
zmniejszyto koncentracje nasyconych kwasow tluszczowych (SFA) wzgledem grup T2
1 T3 w mie$niu piersiowym. Zastosowanie dodatku selenianu sodu w ilosci 0,3-0,5
mg/1000 g do paszy (CON i T1) wplyngto na zwigkszong koncentracje kwasu

linolenowego (ALA) w migéniu piersiowym, co jest istotne dla zdrowia konsumenta.

Warto$ci wskaznikow aterogennosci (Al) i trombogennosci (IT) powinny by¢ jak
najnizsze. Im nizsze sg ich warto$ci, tym mniejsze jest prawdopodobienstwo wystapienia
miazdzycy 1 powstania zakrzepow krwi u czlowieka (Donovan i in., 2000).
W przeciwienstwie do wskaznikow Al 1 TI warto$ci wskaznikéw hipocholesterolemii
1 hipercholesterolemii (h/H) musza by¢ jak najwyzsze, aby chroni¢ organizm czlowieka
przed hipercholesterolemia, ktora jest czynnikiem ryzyka zespolu miazdzycowego
(Rafieian-Kopaei i in., 2014). W badaniu wlasnym stwierdzono, ze zastosowanie roznych
form Se do paszy w zwigkszonej ilosci (T1, T2 1 T3) dla kurczat wptyngto na wzrost
wskaznika IA (p<0,001) w migéniu piersiowym, natomiast na wzrost wskaznika IT
wplyneto (p<0,001) zastosowanie w zywieniu kurczat selenianu sodu w ilo$ci
0,5 mg/1000 g paszy. Watroby kurczat, charakteryzuja si¢ duza koncentracja lipidow
1 mineratow wykazujacych dziatanie prooksydacyjne. Zastosowanie dodatku selenianu
sodu (0,3 mg/1000 g) i nano-Se (0,5 mg/1000 g) do paszy wplyneto (p=0,011)
na zmniejszenie zawarto$ci produktow utleniania lipidow w tkankach watroby,
odpowiednio 2,08 1 2,04 ug MDA/g wzgledem T1. Dvorska 1 in. (2007) stwierdzili
ochronny wptyw Se na tkanke watroby przed zmianami wywotanymi przez reaktywne
formy tlenu. Stwierdzili, ze dodatek do paszy nano-Se znaczaco obnizyl zawarto$¢
produktow utleniania lipidow, z 0,55 mg w grupie kontrolnej do 0,30 mg MDA/g
w grupie eksperymentalnej. Zastosowanie w zywieniu kurczat dodatku drozdzy
selenowych (T2) lub nano-Se (T3) wptynelo istotnie (p<0,01) na poprawe zdolnosci
neutralizowania wolnych rodnikow (DPPH) oraz na zwigkszong koncentracj¢ glutationu
(GSH) w migéniu piersiowym, co odznacza si¢ lepszym potencjalem antyoksydacyjnym

wzgledem grupy CON.
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Desaturaza A9  (DI) katalizuje  transformacj¢  S$redniotancuchowych
1 dlugotancuchowych SFA do jednonasyconych MUFA, czyli odpowiednio C16:0
1C18:0do C16:11C18:1 (Reh i in., 2004). Aktywnos$¢ desaturazy A9 zalezy od zywienia
1 wieku ptakow (Poureslami i in., 2010), ale takze od formy Se zawartej w paszy.
W badaniu wtasnym stwierdzono wzrost aktywnosci desaturazy A9 (p<0,001) w grupach
zywionych paszg z dodatkiem 0,3 mg/1000 g selenianu sodu (CON). Transformacja
sredniotancuchowych i dlugotancuchowych SFA do jednonasyconych MUFA w mig$niu
piersiowym uzaleznione jest nie tylko od aktywnos$ci desaturazy A9, lecz rowniez
od formy zastosowanego Se w paszy, co zostalo potwierdzone. W badaniu wtasnym
stwierdzono, ze warto$¢ desaturazy A9 byla istotnie mniejsza (p<0,001) w grupach T2
1 T3 wzgledem grupy CON, to koncentracja kwasu C16:1 byta istotnie (p<0,001) wyzsza.
Zawarto$¢ kwasu thuszczowego C18:1 (cis-9) byta istotnie (p<0,001) mniejsza w grupach
T2 i T3 wzgledem grup gdzie zastosowano selen w formie selenianu sodu (CON i T1).
Warto$¢ wskaznika A5+ A6-desaturazy wskazuje na wyzsza efektywno$¢ syntezy
dhlugotancuchowych kwasow ttuszczowych. W badaniu wlasnym stwierdzono wigksza
(p<0,001) koncentracje kwasu dokozaheksaenowego (DHA) w watrobie kurczat
zywionych pasza z dodatkiem selenianu sodu w ilosci 0,3 mg/1000 g paszy (CON).
Koncentracja kwasu dokozaheksaenowego EPA nie rdznila si¢ istotnie (p>0,05)
pomiedzy probkami migéni piersiowych, natomiast istotne réznice (p<0,001)
stwierdzono pomiedzy probkami watrob. Zwigkszong koncentracja kwasow EPA i DHA
W watrobie, potwierdza istotnie wyzsza aktywno$¢ AS + A6-desaturazy w grupach CON
1 T1. W badaniu wlasnym stwierdzono, ze dodatek Se w postaci selenianu sodu miat

wplyw na efektywnos¢ syntezy dtugotancuchowych kwaséw ttuszczowych .

Badanie wtasne wykazato, ze zywienie kurczat dodatkiem selenu (selenian sodu)
do paszy w ilosci 0,3 mg/1000 g paszy istotnie wptyneto na zwigkszenie koncentracji
selenu w watrobie. Zastosowanie w zywieniu kurczat drozdzy selenowych (0,5 mg/1000
g paszy) wptyneto na zwigkszenie koncentracji Se w mig$niu piersiowym. Zastosowanie
w zywieniu kurczat Se w formie nanoczgstek w ilosci 0,5 mg/1000 g paszy dla kurczat
charakteryzuje si¢ istotnie wyzsza zawartoscig PUFA 1 ochrong lipidow przed dzialaniem
reaktywnych form tlenu. Stosowanie zwigkszonych dawek selenu (0,5 mg/1000 g)
do paszy dla kurczat jest odpowiedzig na coraz szybsze tempo wzrostu i metabolizm
organizmu kurczat, 1 jest gwarantem zapewnienia konsumentom wysokiej jakos$ci

produktéw pochodzenia zwierzgcego.
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4.2. Doswiadczenie II: Effects of Cannabis sativa extract on growth
performance, meat physicochemical properties, and oxidative status in
chickens  challenged  with  Clostridium  perfringens  and
lipopolysaccharide (Bien i in., 2024)

W dostepnej literaturze niewiele jest badan dotyczacych stosowania ekstraktu

z konopi wtoknistych bedacego zrédtem kannabidiolu w zywieniu kurczat i jego wptywu

na wybrane parametry, takich jak wydajnos¢ rzezng, czy na stan zdrowia kurczat. Badania

koncentrujg si¢ gtoéwnie na zywieniu kurczat pasza z dodatkiem nasion konopi, ktore
zawieraja niewielkie ilosci kannabidiolu w swoim sktadzie, ale takze wiele innych
sktadnikow (weglowodany, biatka, witaminy (np. y-tokoferol) i tluszcze, niezbedne

aminokwasy, blonnik, witaminy, mineraly (Fe, Zn, Cu i Mn) i terpeny (Yu i in., 2005;

della Rocca i Di Salvo, 2020; Rehman i in., 2021; Valizadehderakhshan i in., 2021).

Wyniki odchowu kurczat w badaniu wlasnym potwierdzaja, ze indukowanie stanu

zapalnego droga per os nie wptyngto (p>0,05) negatywnie na wyniki odchowu,

w przeciwienstwie do rezultatow innych autoréw (Chen i in., 2018; Gharib-Naseri i in.,

2019), w ktorych stosowano subkliniczng dawke Clostridium perfringens 1 LPS.

W badaniu wiasnym stwierdzono, ze zastosowanie ekstraktu z konopi siewnej w ilosci

30 g/1000 g paszy, zwigkszyto (p<0,001) koncowa mase ciata, co mogto by¢ zwigzane

z lepsza smakowito$cig paszy i jej zwigkszonym pobraniem (poréwnanie grup CON

1 CON+CBD). Sevcikova 1 in. (2006) stwierdzili, ze zastosowanie w zywieniu kurczat

nasion konopi zwigksza mas¢ ciala ptakow. Istnieja roéwniez doniesienia,

ze nasiona konopi nie wplywaja negatywnie na wspolczynnik konwersji paszy (FCR)

(Mahmoudi 1 in., 2015). W badaniu wiasnym wywolanie stanu zapalnego i podanie

samego ekstraktu nie zwigkszyto (p>0,05) $miertelnosci kurczat. Potwierdza to brak

negatywnego wpltywu ekstraktu na stan zdrowia kurczat przy zastosowaniu dawki
subklinicznej (indukowany stan zapalny), ktora jak zalozono w doswiadczeniu,

nie zwiekszy upadkow kurczat, a jedynie pogorszy wyniki ich odchowu.

Przeprowadzona dysekcja 1 ocena poubojowa wykazaty, ze zastosowanie dodatku
ekstraktu z konopi siewnej do paszy w warunkach indukowanego stanu zapalnego nie
miato negatywnych skutkow. Jedynie po podaniu 30 g/1000 g paszy badanego ekstraktu
grupom, gdzie podano per os LPS stwierdzono nizszy udzial masy watroby w stosunku
do masy ciata u kogutkow z grupy kontrolnej (w odniesieniu do efektu gtownego

indukowanego stanu zapalnego). Stan wiedzy na temat zmian masy watroby u kurczat
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narazonych na dziatanie LPS wskazuje, ze zmiany wywotane endotoksyna byly juz
wielokrotnie obserwowane. Wiadomo, ze zmiany masy watroby spowodowane s3
wzrostem jej funkcji metabolicznych (Curtis 1 in., 1980; Xie i in., 2000; Mireles i in.,
2005). Analizujac inne badania, gdzie organizmy kurczat byly narazone na dziatanie LPS,
lecz leczone berberyng o wtasciwosciach podobnych do morfiny i kodeiny, stwierdzono
roOwniez nizszg mas¢ watroby w stosunku do masy ciata kurczat (Shen i in., 2010).
Potwierdzono, ze kannabidiol wykazuje dziatanie synergistyczne z subanalgetycznymi
dawkami morfiny w modelu ostrego bolu (Neelakantan i in., 2015). Wzgledna masa
watroby moze by¢ dobrym wskaznikiem wielkosci odpowiedzi ostrej fazy, poniewaz
watroba jest miejscem syntezy biatek ostrej fazy (Koj, 1996). Badania z wykorzystaniem
innych gatunkéw zwierzat wykazaly zwigkszong mas¢ watroby (makaki) i podwyzszone
enzymy watrobowe (psy), gdy kannabidiol podawano w ilosci 2 mg/kg masy ciata

(Rosenkrantz i in., 1981; Gamble i in., 2018).

W badaniu wtasnym zastosowanie 30 g/1000 g dodatku ekstraktu z konopi siewne;j
bedacego zrodtem kannabidiolu do paszy dla kurczat wplyneto istotnie (p<0,001)
na obnizenie pH24 migéni piersiowych u kogutkdéw, ktérym podano subkliniczng dawke
C. perfringens (interakcja). W grupie, gdzie indukowano stan zapalny
lipopolisacharydem (LPS) stwierdzono niewielki wzrost (p<0,05) parametru Lo4 mig$nia
piersiowego po zastosowaniu dodatku ekstraktu z konopi siewnej (30 g/1000 g) do paszy,
co kontrastuje z innymi podobnymi wynikami badan (Yang i in., 2010; Zhou 1 in., 2015).
Dodanie samego ekstraktu z konopi siewnej (30 g/1000 g) do paszy nie zmienia
parametréw barwy, co jest wazne, jesli konsumenci sg przyzwyczajeni do barwy

produktu pochodzenia zwierzecego.

Analiza skladu chemicznego migsni piersiowych i watréb w badaniu wlasnym
wykazata, ze istotne (p<0,001) interakcje migdzy badanymi czynnikami (efekt gtowny
zastosowania dodatku ekstraktu z konopi siewnej do paszy 1 efekt gtéwny indukowanego
stanu zapalnego) stwierdzono jedynie dla watrob kogutkéw. Olkowski i in. (2008)
wskazuja, ze tagodna infekcja C. perfringens lub indukowana przez LPS z E. coli moze
nie wptywa¢ na zmiany w sktadzie chemicznym migsnia piersiowego. W badaniu
wlasnym jedynie w tkance watroby stwierdzono istotnie (p<0,05) wigcksza zawartos¢
popiotu ogdlnego i mniejsza zawarto$¢ kolagenu, wody i thuszczu surowego po podaniu

ekstraktu z konopi do paszy (efekt gtowny zastosowania ekstraktu z konopi siewnej).
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W grupie (CON+CBD), w ktorej zastosowano dodatek ekstraktu z konopi siewnej
bedacego zrédtem kannabidiolu do paszy, stwierdzono zwiekszony (p<0,05) udziat
thuszczu w watrobie, co jest zwigzane z samym podawaniem ekstraktu. Zawarto$¢
thuszczu w watrobach grup CH1 1 CH2 pozostatl taki sam. W badaniach Konieczki in.
(2020) stezenie kannabidiolu w mie$niach piersiowych po podaniu do paszy 15 g/1000 g
ekstraktu z konopi siewnej wynosito 141,54 + 95,54 ng/g (w przeliczeniu na suchg mase).
Zawarto$¢ kolagenu w watrobie zalezata od tego, czy ekstrakt z konopi siewnej byt
stosowany do paszy, czy nie oraz od podania per os LPS kogutkom. Zastosowanie
ekstraktu z konopi siewnej do paszy istotnie (p<0,05) zmniejszyto poziom catkowitego
kolagenu w watrobie kilkakrotnie (poréwnanie dla grup: CON i CON+CBD; CH2
1 CH2+CBD). Poziom kolagenu typu III w surowicy ulegl zmniejszeniu (p<0,05) dopiero
po podaniu ekstraktu z konopi siewnej (porownanie grup CON i CON+CBD), lecz gdy
kurcze¢ta byty narazone na dzialanie C. perfringens i otrzymywaty dodatek ekstraktu do
paszy (CHI1+CBD), to poziom kolagenu III w surowicy krwi ulegt zwiekszeniu (p<0,05).
Na podstawie tych spostrzezen mozna wywnioskowac, ze wzrost zawarto$ci kolagenu
typu III w surowicy jest zwigzany z wywolanym stanem zapalnym w organizmach
kurczat. Zmniejszenie zawartosci kolagenu w watrobie moze wskazywacé, ze ekstrakt
z konopi siewnej ma dzialanie terapeutyczne na tkanke watroby, zapewniajac dziatanie
ochronne przed indukowanym stanem zapalnym (LPS). W migéniu piersiowym nie
stwierdzono (p>0,05), aby podanie badanego ekstraktu z konopi siewnej pogorszyto
jakos¢ miesni piersiowych, co jest zgodne z wczesniejszymi doniesieniami Konieczki
11in. (2022b). Podanie ekstraktu z konopi siewnej jako Zrddta kannabidiolu mialo istotny
(p=0,001) wpltyw na zmniejszenie koncentracji kolagenu ogélnego w migsniu

piersiowym.

Zainteresowanie konsumentéw produktami pochodzenia zwierzgcego o wysokiej
jako$ci prozdrowotnej doprowadzito do zwrocenia uwagi na modyfikowanie profilu
kwasow tluszczowych, szczeg6lnie z rodziny n-3 w migsie 1 jajach. Modyfikowanie
profilu kwasow ttuszczowych produktow odzwierzgcych w PUFA odbywa si¢ gtownie
poprzez stosowanie w zZywieniu zwierzat siemienia Inianego, oleju Inianego lub olejow
pochodzacych z produktéw morskich i oceanicznych (Moghadasian, 2008; Palmquist,
2009; Yeung i in., 2019). Zrodtem kwasow thiszczowych, waznych z punktu widzenia
diety cztowieka moga by¢ nasiona konopi 1 ich produkty, w tym olej konopny, ktory

zawiera kannabidiol. Migsien piersiowy jest uwazany za jedno z gtéwnych zrédet PUFA
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w diecie cztowieka, a profil kwaséw thuszczowych migsa moze by¢ modyfikowany
poprzez paszg¢ i stopien wchianiania thuszczu (Hulan 1 in., 1989; Poorghasemi in., 2013).
W badaniu wlasnym dodatek ekstraktu z konopi siewnej (30 g/1000 g) do paszy dla
kurczat istotnie (p<0,05) zmienit stosunek kwasow tluszczowych n-6 do n-3. W grupie
(CH2+CBD) po wywotaniu stanu zapalnego przez podanie per os LPS, stwierdzono
obnizenie (p<0,05) stosunku kwasow tluszczowych n-6/n-3. Zastosowanie LPS
1 ekstraktu z konopi siewnej bedacego zrodtem kannabidiolu do paszy miato istotny
wptyw (p<0,05) na zwigkszenie koncentracji kwasow tluszczowych PUFA n-3
w migsniach piersiowych, co jest pozytywne z punktu widzenia diety czlowieka. Samo
podawanie ekstraktu z konopi siewnej (efekt gtowny CBD) nie wptyneto (p>0,05)
negatywnie na poziom PUFA, kwasow tluszczowych n-3 i n-6 w mig$niach piersiowych.
Olej konopny zawiera znaczne ilosci kwasu linolowego (LA, 18:2, n-6), ktory stanowi
ponad potowe catkowitego tluszczu. Ponadto w sktadzie znajduje si¢ okoto 16% kwasu
a-linolenowego (ALA, 18:3, n-3), okoto 12% kwasu oleinowego (OA, 18:1, n-9), okoto
6% kwasu palmitynowego (PA, 16:0) 1 okoto 3% kwasu y-linolenowego (GLA, 18:3,
n-6), wsrod kilku innych kwaséw thuszczowych (Callaway, 2004; House i in., 2010;
Vonapartis i in., 2015; Kanbur, 2022). Zmiana profilu kwaséow thuszczowych w mig$niu
piersiowym w kierunku zwigkszenia koncentracji kwaséw ttuszczowych n-6, a tym

samym stosunku n-6/n-3 wydaje si¢ uzasadniona.

Analizujac zawarto$¢ kluczowych kwasow tluszczowych (LA, ALA, DHA
1 PUFA), w badaniach wlasnych, stwierdzono, ze wlaczenie 30 g/1000 g ekstraktu z
konopi siewnej do paszy (efekt gtéwny CBD) istotnie (p<0,05) obnizyto koncentracje
kwasow C18:2, C20:4, n-3 1 n-6 w watrobie. Obecnos$¢ kwasu C18:3 n-3 stwierdzono
(p<0,05) jedynie w warunkach indukowanego stanu zapalnego. W grupie CON+CBD
dodanie ekstraktu z konopi siewnej do paszy nie miato wptywu (p>0,05) na poziom tego
kwasu w tkance watroby. Koncentracja tego kwasu tluszczowego byla ponizej progu
wykrywalnosci (<0,050 g/100 g). A6-desaturaza utatwia tworzenie GLA (kwas gamma-
linolenowy), ktory jest pierwszym produktem w konwersji kwasu linolowego do kwasu
dihomo-y-linolenowego (DGLA) i kwasu arachidonowego (AA). A6-desaturaza, enzym
wystepujacy u cztowieka i1 ptakéw w niewielkich ilo$ciach (Lands i in., 1990) ulega
najwickszej ekspresji w watrobie, mézgu (szczegdlnie w neuronach 1 astrocytach),
komorkach migzszowych pluc, kardiomiocytach 1 komorkach siatkowki u cztowieka.

Stany zapalne w organizmie moga réwniez modyfikowaé aktywnos$¢ A6-desaturazy.
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Infekcje moga wyjasni¢ obecnos¢ tych kwasow tluszczowych w watrobach kogutkow
narazonych na indukowany stan zapalny w badaniu wtasnym, w iloSciach

przekraczajacych prog wykrywalnosci (Fan i Chapkin, 1998).

Gdy kurczeta brojlery sg zainfekowane, w ich organizmach moga wystapi¢ rézne
zmiany biochemiczne, w tym zwigkszona aktywno$¢ AST. AST znajduje si¢
w komoérkach watroby, migs$niach, sercu i innych tkankach, a zwigkszona aktywno$¢
moze wynika¢ z uszkodzenia komorek lub stresu oksydacyjnego zwigzanego z infekcja.
Badanie Zhang 1 in. (2020) wykazalo, ze LPS wywoluje odpowiedz zapalng
u kurczat brojlerow. Aktywnosci AST 1 ALT w osoczu sg powszechnie stosowane
w warunkach klinicznych jako specyficzne markery uszkodzenia watroby (Senior, 2012).
Podawanie samego ekstraktu z konopi siewnej (30 g/1000 g) do paszy dla kogutkéw nie
wplyneto na zmiany poziomu AST w surowicy krwi. Gdy LPS jest podawany per os
w celu wywolania stanu zapalnego, a ekstrakt z konopi siewnej jest stosowany do paszy,
obserwowano wzrost aktywnos$ci AST. Przypisuje si¢ to reakcji organizmu
na lipopolisacharyd bakterii E. coli. Kinaza keratynowa (CK) to enzym obecny
w mig$niach i innych tkankach, ktory utatwia konwersje kreatyny i fosfokreatyny, ktore
sa niezbedne do magazynowania i transportu energii w komodrkach migsniowych.
Podwyzszona aktywno$¢ CK w surowicy krwi wskazuje na uszkodzenie migéni, a na jej
poziom wplywa szereg czynnikow, takich jak urazy, choroby lub stres. W badaniu
wlasnym stwierdzono, ze zastosowanie dodatku ekstraktu z konopi siewnej jako zrddta
kannabidiolu do paszy dla kurczat prowadzito do obnizenia poziomu CK w surowicy
1 zapewnilo ochrone¢ przed C. perfringens, o czym $wiadczy obnizony poziom CK
u kogutkéw z grupy CHI1. W trakcie analizy rzeznej nie obserwowano zadnych wad ani
zmian w skladzie chemicznym mig$ni piersiowych, co moze wskazywac
na potencjalne dzialanie terapeutyczne ekstraktu z konopi siewnej w obnizaniu poziomu

CK w surowicy.

W badaniach wlasnych nie stwierdzono, aby dodatek ekstraktu z konopi siewnej
bedacy zrodtem kannabidiolu do paszy, zwigkszyt (p>0,05) aktywno$¢ antyoksydacyjng
wystarczajacg do zahamowania negatywnych skutkow dziatania wolnych rodnikow.
Niemniej warto zauwazy¢, ze w przypadku grup CH1 1 CH2, gdzie organizmy kurczat
byty narazone na subkliniczne dawki C. perfringens i LPS, réwniez nie stwierdzono

istotnych réznic (p>0,05), co pozwala stwierdzi¢, ze dodatek ekstraktu z konopi siewnej
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do paszy w warunkach indukowanego stanu zapalnego wptynat na utrzymanie potencjatu
antyoksydacyjnego na poziomie grupy CON. Mechanizmy stojace za tym zjawiskiem
mozna przypisac lepszej zdolnosci usuwania reaktywnych form tlenu przez olej konopny

zawierajacy PUFA, 9 y-tokoferoli lub kannabidiol (Vispute i in., 2021).

Zastosowanie dodatku ekstraktu z konopi siewnej do paszy (30 g/1000 g) bedacego
zrédtem kannabidiolu do paszy wptynat istotnie (p<0,001) na mase ciata kogutow w 35.
dniu odchowu (efekt gldéwny CBD). Badany ekstrakt poprawit istotnie (p<0,05) masg¢
ciala kogutkow narazonych na dzialanie indukowanego stanu zapalnego wywotanego
przez C. perfringens (CH1+CBD), podczas gdy efekt ten nie zostat stwierdzony w grupie
CH2+CBD (p>0,05). Zastosowanie ekstraktu z konopi siewnej w zywieniu kurczat nie
wplyneto negatywnie (p>0,05) na parametry fizykochemiczne migénia piersiowego
1 podstawowy sktad chemiczny migénia piersiowego i1 watroby, zachowujac ich
charakterystyczne cechy. Zastosowanie ekstraktu z konopi siewnej w Zywieniu kurczat
zwigksza (p<0,05) stosunek kwasow thuszczowych n-6/n-3 w grupach CON i CHI.
Zastosowanie dodatku 30 g/1000 g paszy ekstraktu z konopi siewnej bedacego zrodiem
kannabidiolu w zywieniu kurczat pozwala na utrzymanie parametrow biochemicznych
krwi 1 potencjalu antyoksydacyjnego w warunkach indukowanego stanu zapalnego,
co przyczynia si¢ do utrzymania homeostazy organizmu kurczat. Ekstrakt z konopi
siewnej w ilosci 30 g/1000 g paszy bedacy zréodtem kannabidiolu moze stanowi¢ czynnik
ochronny poprawiajagcy wyniki odchowu w warunkach intensywnych systemow

produkcji zwierzecej.
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5. Whnioski

5.1. Doswiadczenie I: Okreslenie wptywu réznych form selenu (selenian sodu, drozdze

54

selenowe i nano-Se) w ilosci 0,5 mg/1000 g podanych do paszy na wyniki odchowu

1 jako$¢ migsa kurczat brojlerow.

. Brak negatywnego wptywu réznych form Se (selenian sodu, drozdze selenowe,

nanoczastki Se) do paszy w ilosci 0,5 mg/1000 g na wyniki odchowu kurczat.

. Zastosowanie dodatku drozdzy selenowych i nano-Se do paszy (0,5 mg/1000 g)

nie wptywa negatywnie na wiasciwos$ci fizykochemiczne mig$nia piersiowego,
potencjal antyoksydacyjny ani ultrastruktur¢ migsnia piersiowego i watroby
kurczat brojlerow. Poprawie ulegly parametry jakoSciowe migsnia piersiowego,

takie jak dtugo$¢ sarkomerow.

. Nanoczastki selenu w ilosci 0,5 mg/1000 g paszy chronig mitochondria

w hepatocytach i zwiekszaja wtasciwosci antyoksydacyjne watroby.

. Dodatek selenianu sodu (0,3 mg/1000 g paszy) zwieksza koncentracj¢ selenu

w watrobie kurczat w porownaniu do selenianu sodu, drozdzy selenowych i nano-

Se w ilosci 0,5 mg/1000 g paszy.

. Drozdze selenowe (0,5 mg/1000 g paszy) zwigkszaja koncentracje Se w mie$niu

piersiowym w pordéwnaniu do selenianu sodu (0,3-0,5 mg/1000 g paszy)

i nano-Se (0,5 mg/1000 g).

. Nanoczastki selenu 1 drozdze selenowe (0,5 mg/1000 g paszy) zwiekszaja

zawarto§¢ PUFA w migéniu piersiowym 1 chronig lipidy przed reaktywnymi

formami tlenu.



5.2. Doswiadczenie II: Okreslenie wptywu ekstraktu z konopi siewnej (Cannabis
sativa L.) bedacego zrédtem kannabidiolu w ilosci 30 g/1000 g podanego do
paszy w warunkach indukowanego stanu zapalnego poprzez podanie per os
subklinicznych dawek Clostridium perfringens 1 liopolisacharydu z bakterii

E. coli na wyniki odchowu 1 jako$¢ migsa kurczat brojlerow.

1. Dodatek do paszy ekstraktu z konopi siewnej (Cannabis sativa L.) bedacego
zroédtem kannabidiolu w ilosci 30 g/1000 g do paszy zwigksza masg ciala
kogutkow w 35. dniu odchowu.

2. Zastosowanie dodatku ekstraktu z konopi siewnej do paszy nie wpltywa
negatywnie na $miertelnos$¢ kurczat i wskaznik konwersji paszy.

3. Podanie ekstraktu z konopi siewnej (30 g/1000 g) do paszy nie wplywa
negatywnie na parametry fizykochemiczne mig¢$nia piersiowego i podstawowy
sktad chemiczny migénia piersiowego i watroby.

4. Zastosowanie dodatku 30 g/1000 g paszy ekstraktu z konopi siewnej bedacego
zrédtem kannabidiolu w zywieniu kurczat, pozwala na utrzymanie
prawidlowych  parametrow  biochemicznych  krwi 1 potencjatlu

antyoksydacyjnego w warunkach indukowanego stanu zapalnego.
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6. Zalecenia praktyczne

Uzyskane wyniki badan pozwolity sformutowa¢ zalecenia dla producentéw pasz

1 drobiu:
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Zastosowanie w zywieniu kurczat brojleréw dodatku selenu w formie
nanoczastek w ilosci 0,5 mg/1000 g do paszy jest odpowiedzig na coraz szybsze
tempo wzrostu i metabolizm organizmu kurczat, co moze ograniczy¢ miopatie
migsnia piersiowego.

Migso drobiowe o podwyzszonej zwartosci selenu moze skutecznie ograniczy¢
niedobdr selenu w diecie Polakow, stanowigc element zywnosci funkcjonalne;.
Zastosowanie ekstraktu z konopi siewnej (Cannabis sativa L.)
w ilosci 30 g/1000 g do paszy tagodzi negatywne skutki stanu zapalanego
w organizmie i moze zastgpowac podawanie lekow, co przeklada si¢ na poprawe

stanu zdrowia ptakoéw bez negatywnego wptywu na jako$¢ tuszek.
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Abstract: The poultry industry is looking for the most effective sources of selenium (Se) for com-
mercial use. Over the past five years, nano-Se has attracted a great deal of attention in terms of
its production, characterisation and possible application in poultry production. The objective of
this study was to evaluate the effects of dietary levels of inorganic and organic Se, selenised yeast
and nano forms of selenium on breast meat quality, liver and blood markers of antioxidants, the
ultrastructure of tissue and the health status of chickens. A total of 300 one-day-old chicks Ross
308 were divided into 4 experimental groups, in 5 replications, with 15 birds per replication. Birds
were fed the following treatments: a standard commercial diet containing inorganic Se in the form
of inorganic Se at the level of 0.3 mg/kg diet and an experimental diet with an increased level of
Se (0.5 mg/kg diet). The use of other forms of Se (nano-Se) versus sodium selenate significantly
influences (p < 0.05) a higher collagen content and does not impair physico-chemical properties in
the breast muscle or the growth performance of the chickens. In addition, the use of other forms of
selenium at an increased dose versus sodium selenate affected (p < 0.01) the elongation of sarcomeres
in the pectoral muscle while reducing (p < 0.01) mitochondrial damage in hepatocytes and improving
(p < 0.05) oxidative indices. The use of nano-Se at a dose of 0.5 mg/kg feed has high bioavailability
and low toxicity without negatively affecting the growth performance and while improving breast
muscle quality parameters and the health status of the chickens.

Keywords: chickens; selenium; nanoparticles; quality of meat; liver; ultrastructure; antioxidant
potential; health status

1. Introduction

Selenium is an essential mineral element with important biological functions for the
whole body, through incorporation into at least 30 selenoproteins [1-4]. The effect of
selenium on the health of birds depends on the form in which it is supplied to the diet.
Therefore, the poultry industry is currently searching for the most effective sources of
Se for commercial use [5]. In animal nutrition, Se is most commonly used in two forms:
inorganic, as sodium selenite (NapSeO3) or sodium selenate (Na;SeOy), and organic, as
selenomethionine (SeMet) or selenocysteine (SeCys) [6-9]. Se is an essential bio-element
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that, together with other micronutrients such as zinc and iodine, plays a key role in the
proper functioning, development and growth of various organisms [10]. The effect of
selenium on the health of birds depends on the form in which it is supplied to the diet.
Inorganic Se is passively absorbed from the intestine through a simple diffusion process
and competes with many mineral elements for absorption pathways, and organic Se is
actively absorbed through amino acid transport mechanism and has a higher bioavailability
than the inorganic form [11]. The combination of SeMet + sodium selenite is more efficient
than their individual treatments for Se deposition in egg and chicken embryo tissues.
Although many studies have shown that organic Se is easier to absorb than inorganic Se, the
reduction of competitive absorption leads to higher absorption efficiency and production
performance of the combination of the two Se sources [12]. A thorough understanding of
this mechanism requires further research and analysis. Se alleviates oxidative stress and
peroxidative damage to unsaturated fatty acids and influences the efficiency of fatty acid
biosynthesis in animal tissues [13,14]. Dietary selenium deficiency can adversely affect
the fatty acid profile and the conversion of linolenic acid (ALA) to eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), resulting in an unfavourable n — 6/n — 3 ratio
in tissue lipids [15-19]. Se supplementation has been found to stimulate the immune
response, improve growth and reproductive performance and increase disease resistance.
Se deficiency, on the other hand, increases the risk of myopathy, muscular dystrophy, causes
immune declines and reduces poultry performance [20,21]. European Union regulations
(list of authorised feed additives published in application of Article 9t (b) of Council
Directive 70/524/EEC concerning additives in feeding stuffs (2004/C 50/01)) specify that
the maximum level of Se in chicken feed must not exceed 0.5 mg/kg to ensure safe use of
the feed. The requirement for Se ranges from 0.1 to 0.15 mg/kg in various poultry diets. In
contrast, other authors [22,23] recommend increasing this dose to 0.3-0.75 mg/kg feed.
One of the most rapidly developing fields of science today is nanobiotechnology. The
last 10 years have seen a breakthrough in research into the use of nanoparticles in poultry
husbandry. Current research is mainly focused on the use of elements in nanometric form
as replacements for their traditional sources [24]. Over the past five years, nano-Se has
attracted a great deal of attention in terms of its production, characterisation and possible
application in poultry production and other livestock species and medical science [25-31].
Nano-Se supplementation has variable effects compared to classical Se sources on the
production performance of chickens, probably due to the variable amount of Se in the
feed. However, nano-Se has significant effects on Se retention in tissues, GPx activity, or
modification of the fatty acid profile in poultry, with less toxic effects. The authors of this
study [32] found that the addition of nano-Se at doses up to 30 mg/kg had a significant
effect on ma-weight gain and lower FCR. Comparing nanoparticles with Na;SeOs in
broiler chickens, it was found that the addition of nanoparticles in amounts of 0.2 and
0.5 mg/kg and the addition of sodium selenite (0.2 mg/kg) relative to the control group
improved body weight gain and FCR, but the form of Se used had no significant effect
on improving the aforementioned parameters. In a similar study, where the same Se
sources were compared at four doses (0.15, 0.30, 0.60 and 1.2 mg/kg) in broiler chickens,
Hu et al. [33] found that chickens had better weight gain using a dose of up to 30 mg/kg,
which, however, deteriorated in later stages of rearing. With nano-Se, average daily gains
and FCR improved already at a dose of 0.15 mg/kg with no change over time as with
the application of Na;SeO,. The application of nano-Se at 0.5 mg/kg of feed to broiler
chickens has a significant effect on the higher PUFA (polyunsaturated fatty acid) content
and the protection of lipids against the action of reactive oxygen species, with its high
bioavailability and low toxicity for the chicken organism. The use of higher doses of Se in
feed (than the recommended 0.3 mg/kg) is a response to the increasingly rapid growth
rate of the chicken body. This will provide consumers with a high-quality product rich
in good-quality fats [34]. Nano-Se at a dose higher than 2 mg/kg appears to be toxic to
the organisms of birds, as when studying the effects of nano-Se at a dose of 0.30 mg/kg
versus 2 mg/kg, deterioration of glutathione peroxidase (GPx) activity, concentration of
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immunoglobulin M (the main antibodies produced during first contact of the organism
with an antigen), glutathione, malondialdehyde and thus deterioration of the free radical
scavenging capacity in the serum, liver, and muscle of birds was found for a dose of
2 mg/kg. Studies conducted to date [22,33] suggest that nano-Se has a higher absorption
rate and antioxidant capacity at a wide range between nutritional and toxic dose compared
to sodium selenite. This allows for the conclusion that the toxicity of nano-Se is even lower
than even selenomethionine.

Given the steadily increasing growth performance of broiler chickens, it seems appro-
priate to determine the effect of increased dietary supplementation with Se, especially Se in
the form of nanoparticles. However, there is an urgent need to address issues related to the
absorption, assimilation and metabolism of nano-Se in animals/poultry before it can find
its way into animal/poultry production as a feed supplement [35]. The aim of this study
was to compare the effects of different forms of Se, including nano-Se, on the health status,
antioxidant potential and ultrastructural changes of breast muscle and liver in chickens.

2. Materials and Methods
2.1. Animals and Diets

The experiment was carried out with 300 Ross 308 chicken broilers randomly allocated
to 4 experimental groups, in 5 replications, 15 birds per replication. Chickens were reared
under standard conditions for 6 weeks (from hatching day until 42 days of life). They
had free access to water and were kept under a controlled light cycle (according to the
Aviagen Ross 308: Broiler Performance Objectives. Aviagen Inc., Huntsville, AL, USA. 2019,
1-15). For the first 10 days, all birds were fed the same starter diet balanced to meet their
nutritional demands. On day 11 of life, birds started to receive respective diets. Chicken
diets are presented in our previous manuscript [34]. Experimental groups differed in terms
of Se form implemented in the diet, for example:

CON (control group)—diet meeting nutritional demands of Ross 308 broilers with the
basic (recommended) dose of inorganic Se (SS, 0.3 mg/kg feed),

T1 (SS)—diet with upper dose of inorganic Se (sodium selenate, 0.5 mg/kg feed),

T2 (SY)—diet with upper dose of Se in the organic form (selenised yeast, commercial
preparation) (0.5 mg/kg feed),

T3 (nano-Se)—diet with upper dose of Se in the form of nanoparticles (commercial
preparation) (0.5 mg/kg feed).

2.2. Selenium Forms Used in the Diets

In the CON treatment, a sodium selenate form was used, which was provided in the
diet with a vitamin-mineral premix. This form of Se is commonly used in the formulation of
diets for broiler chicken [36]. In the treatment of T2, a premix-provided Se was substituted
by the Se-enriched yeast provided in the form of commercial product (SelPlex 1000, Alltech,
Nicholasville, KY, USA) according to manufacturer declaration. In the treatment T3, Se
was provided with the premix in the form of nanoparticles. Briefly, nano-Se in the form of
nano-powder was obtained by chemical synthesis. According to manufacturer declaration
(American Elements, Los Angeles, CA, USA), average particle size was 10-45 nm, specific
surface area was approximately 30-50 m?/g, and purity was 99.9%.

2.3. Sampling Procedures

Forty cockerels were chosen (10 birds from each treatment; 2 birds for each replicate)
for slaughter at the age of 42 days of life that had a body weight similar to the group
mean. The pectoral muscle, liver, and blood samples were taken for analysis: chemical
composition, physico-chemical properties, selenium content determination, indicators of
health status and antioxidant potential and analysis of ultrastructure.
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2.4. Assessment of Slaughter Efficiency, Chemical Composition, and Physico-Chemical Properties

Upon completion of the feeding experiment, 10 cockerels (n = 10) per experimental
group were randomly selected and weighed before slaughter. After slaughter and cooling
of the carcasses, the slaughter efficiency of the chickens was assessed based on a previous
report by Michalczuk et al. [37], determining the percentages of the pectoral muscle, legs,
and giblets. The basic chemical composition was determined for the collected samples of
pectoral muscles: dry weight, crude fat, crude protein, and ash. The determinations were
made using the NIR method [37]. The pH value, drip loss, WHC and colour parameter (L*,
a*, b*) were analysed according to the method by Michalczuk et al. [38] and AE parameter
by the method described by Bendowski et al. [39].

2.5. Selenium Content Determination

Determination of Se content in breast muscle and liver (n = 10) was performed accord-
ing to the PB-28/LF method in an accredited laboratory (PCA Accreditation Certificate No.
AB 1095, Issue No. 19, dated 1 January 2022). A full description of the method can be found
in our previous manuscript [34].

2.6. Indicators of Health Status and Antioxidant Potential

On the day of slaughter, ten birds (n = 10) per experimental group were randomly
chosen to collect blood post-mortem in the amount of 1.5 mL per bird. Laboratory analysis
aimed to also determine the activity of selected enzymes and antioxidant compounds by
analysing blood samples and 5 g fragments of breast muscle and liver tissue.

In order to determine the effect of the different sources and levels of Se on the health
of the chickens, the activity of the following hydrolytic enzymes from the blood, liver
and pectoral muscles of the chickens was determined: alanine aminopeptidase (AlaAP,
EC 3.4.11.2), leucine aminopeptidase (LeuAP, EC 3.4.11.1), and arginine aminopeptidase
(ArgAP, EC 3.4.11.6), which are all responsible for limiting harmful metabolism and ac-
celerating protein circulation in the body, which translates into better weight gain. The
following compounds were also determined: the activity of acid phosphatase (AcP, EC
3.1.3.2), beta-glucuronidase (BGRD, EC 3.2.1.31), beta-galactosidase (BGAL, EC 3.2.1.23),
beta-glucosidase (BGLU, EC 3.2.1.21), alpha-glucosidase (aGlu, EC 3.2.1.20), mannosidase
(MAN, EC 3.2.1.25), and N-acetyl-BD-hexosaminidase (HEX, EC 3.2.1.52). These com-
pounds are responsible for breaking down complex sugars into simple sugars and for the
removal of harmful metabolites formed inside the cell [39].

The activity of aminopeptidases was measured as Fast Blue BB salt derivatives at
540 nm by the method of [40], whereas the activity of AcP, BGRD, BGAL, BGLU, aGLU,
aMAN, and HEX was measured as 4-nitrophenyl derivatives at 420 nm according to [41].
All determinations were performed with use of Varian Cary 50 Bio UV-VIS spectropho-
tometer (Santa Clara, CA, USA). The enzyme activity was expressed in nmol/mg protein/h.

The effect of Se type and dose on the oxidative status in analysed tissues of broiler
chickens was tested using the following determinations: vitamin C, glutathione (GSH),
and 2,2-diphenyl-1-picrylhydrazyl (DPPH). The concentration of vitamin C in the collected
tissues was determined using a LambdaBio-20 spectrophotometer (Perkin Elmer, Waltham,
MA, USA), whereas the level of GSH was determined by means of the OxisReasearch™
Bioxytech® GSH/GSSG—412™ test (Foster City, CA, USA) according to the methods
described by [42]. Measuring the radical scavenging activity was carried out using a
routine test procedure employing the synthetic radical DPPH [42,43].

2.7. Analysis of Ultrastructure

Immediately after chicken slaughter, small fragments of the pectoral muscle and liver
were taken and cut into properly sized pieces (2 mm?) and fixed by immersion in buffered
3% glutaraldehyde in cacodylate buffer (pH 7.2) for at least 2 h at 4 °C. The tissue specimens
were then post-fixed in 2% osmium tetroxide in cacodylate buffer (pH 7.2) for 1 h at 4 °C.
Dehydration of the fixed tissues was performed using an ascending series of ethanol and
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then transferred into epoxy resin via propylene oxide [44]. Finally, the liver samples were
embedded in a mixture of DDSA /NMA /EMbed-812 (Agar Scientific Ltd., London, UK).
Ultra-thin sections (40-60 nm) were cut on a Reichert-Jung ultramicrotome and double
stained with uranyl acetate and lead citrate. Evaluation of ultrastructure was performed
using a transmission electron microscope TESLA BS-500 with Frame Transfer-1K-CCD-
Camera (TRS, Mannheim, Germany).

2.8. Statistical Evaluation

Mean values in the analysed samples were processed using the PS IMAGO PRO 8.0
statistical package employing one-way analysis of variance (ANOVA). The normality of
the data was checked with the Shapiro-Wilk test. The homogeneity of variance was also
checked with the help of Levene’s test for homogeneity of variance. Tukey’s test was used
to determine the significance of differences between the examined groups. The results were
considered statistically significant when associated with a probability lower than 5%. The
results with a probability lower than 1% were considered highly significant.

3. Results

The use of different forms of Se in the chickens’ diets at increased doses did not
significantly (p > 0.05) affect the birds” growth performance (Table 1). The results obtained
are representative and do not differ from the expected performance for chicken [45].

Table 1. Chicken growing results.

Group

Indices SEM p Value
CON T1 T2 T3
Body weight (BW), g:
1 day 37.32 37.87 38.24 38.18 0.167 0.415
42 day 3012.22 2999.30 3037.50 2989.70 22.728 0.554
FCR, kg kg ™! 1.63 1.55 1.57 1.53 0.023 0.130
Mortality, % 2.66 1.33 2.66 1.33 0.012 0.479

Data are given as mean £+ SEM (n = 10); CON—control group; T1—diet with upper dose of inorganic Se
(0.5 mg/kg feed); T2—diet with upper dose of Se in the organic form (0.5 mg/kg feed); T3—diet with upper dose
of Se in the form of nanoparticles (0.5 mg/kg feed).

The form of Se at the increased dose had no significant effect on the results of the
slaughter analysis of chickens (Table 2). Final weight and carcass weight, slaughter yield
and proportion of individual internal organs relative to BW were not significantly different
from the CON group (p > 0.05).

In the present study, neither the supplemental form of Se nor the different doses of Se
were found to have a negative effect on selected parameters of the chemical composition of
the pectoral muscles (BM) of cockerels (p > 0.05) (Table 3). Only the total collagen content of
the BM differed significantly (p < 0.01). T2 pectoral muscles had the highest concentration
of collagen in the muscle tissue, nearly 40% more collagen relative to CON. The addition of
nano-Se did not significantly affect (p > 0.05) the collagen content of the BM with respect to
the application of SS at 0.5 mg/kg feed.

The highest Se concentration (Figure 1A) in the pectoral muscles (CON = 0.27;
T1 =0.37; T2 = 0.42; T3 = 0.12 mg/kg) was determined in the chickens of the T2 group
(p <0.01). For the liver (Figure 1B), the highest Se concentration in these tissues was found
(p <0.01) in the CON group (CON =3.79; T1 = 2.90; T2 = 0.86; T3 = 0.49 mg/kg).

The use of different forms of Se in the diet of chickens at a dose of 0.5 mg/kg feed had
a significant effect (p < 0.05) on the physico-chemical properties of breast muscle (Table 4).
The BM of cockerels fed with SS (0.5 mg/kg feed) had the lowest pHy4 (5.53) and the
highest drip loss (3.01%) and WHC (3.11 cm? /g) relative to the analysed groups. Increasing
the dose of Se in the form of other sources relative to CON significantly (p < 0.05) affected
WHC and drip loss parameters. However, the use of a dose of 0.5 mg/kg SS in the chickens’
diet had a significant effect on the deterioration of parameters related to the suitability
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of the meat for use in a specified product. The addition of SS at an increased dose had a
significant effect (p < 0.01) on higher levels of L* and b* parameters relative to the other
test groups. This was also confirmed by analysis of the AE parameter. The muscles from
cockerels with the increased dose of SS supplementation in the diet had the highest and
visually apparent colour deviation (AE = 4.53) relative to the muscles from the CON.

Table 2. Results of male broiler chicken slaughter analysis.

Group
Indices SEM p Value
CON T1 T2 T3
Body weight, g 3343.75 3235.44 3251.76 3236.00 19.964 0.166
Carcass weight, g 2525.60 2446.22 2438.46 2417.74 17.626 0.143
Dressing percentage, g per 100 g BW 75.56 75.60 75.00 74.71 3.293 0.738
Breast muscles, g per 100 g BW 28.19 28.42 28.00 28.20 1.484 0.811
Leg muscles, g per 100 g BW 19.38 19.77 18.94 19.78 3.212 0.785
Gizzard, g per 100 g BW 0.82 0.83 0.83 0.83 0.023 0.710
Heart, g per 100 g BW 0.75 0.79 0.80 0.80 0.014 0.620
Liver, g per 100 g BW 2.16 2.29 2.29 2.33 0.042 0.380
Abdominal fat, g per 100 g BW 1.48 1.49 1.51 1.54 0.023 0.810

Data are given as mean £+ SEM (n = 10); CON—control group; T1—diet with upper dose of inorganic Se
(0.5 mg/kg feed); T2—diet with upper dose of Se in the organic form (0.5 mg/kg feed); T3—diet with upper dose
of Se in the form of nanoparticles (0.5 mg/kg feed).

Table 3. Selected chemical components of breast muscles of male broiler chickens.

Group
Indices, % SEM p Value
CON T1 T2 T3
Moisture 75.32 76.41 75.46 74.86 0.254 0.065
Total fat 0.87 0.89 1.48 1.10 0.243 0.121
Total protein 23.53 23.32 22.85 23.35 0.194 0.383
Total ash 1.40 1.41 1.44 1.50 0.198 0.175
Total collagen 0374 04448 0.93 € 0.75 BC 0.129 <0.001

Data are given as mean & SEM (n = 10); & B ©—values denoted with various letters differ significantly at p < 0.01;
CON—control group; T1—diet with upper dose of inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se in
the organic form (0.5 mg/kg feed); T3—diet with upper dose of Se in the form of nanoparticles (0.5 mg/kg feed).

CON T T2 T3 CON T3

Pectoral muscle Liver

Figure 1. The effect of using increased doses of various forms of Se on Se content in tissues:
(A) breast muscle; (B) liver. Data are given as mean + SEM (n = 10). A,B,C,D
with various letters differ significantly at p < 0.01; CON—control group; T1—diet with upper dose of
inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se in the organic form (0.5 mg/kg feed);
T3—diet with upper dose of Se in the form of nanoparticles (0.5 mg/kg feed).

values denoted
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Table 4. Physico-chemical properties of breast muscles of male broiler chickens.
Group
Indices EM p Value
CON T1 T2 T3
pHoy 5.64 A 5.53C 5.73B 5.72 AB 0.017 <0.001
Drip loss, % 2.814 3.018 2,574 2514 0.212 0.023
WHC, cm?/g 2344 3118 2.70 A 2.54 A 0.123 0.016
L* lightness 63.70 & 67.46 B 61.614 60.71 4 0.572 <0.001
a* redness 12.50 12.71 12.73 12.53 0.161 0.943
b* yellowness 9.69 A 12208 9.16 A€ 8.11¢ 0.294 <0.001
AE CON: T1-T3 0.00 453 2.17 3.38 - -

Data are given as mean + SEM (n = 10). * B € —values denoted with various letters differ significantly at p < 0.01;
parameter L* (colour brightness) can have values from 0 to 100. Parameters a* (redness) and b*(yellowness)
are tri-chromaticity coordinates and can have positive and negative values: +a* corresponds to red, +b* to
yellow. AE—absolute colour difference; A/B,C__yalues denoted with various letters differ significantly at p < 0.01;
CON-—control group; T1—diet with upper dose of inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se in
the organic form (0.5 mg/kg feed); T3—diet with upper dose of Se in the form of nanoparticles (0.5 mg/kg feed).

Additionally, tissue sections of chicken livers and pectoral muscles from all four
experimental groups were examined by transmission electron microscopy to determine
the ultrastructural changes that correlate with the effects of the Se diet. The comparison of
ultrastructural changes in pectoral muscle fibres is shown in Figure 2.

Ultrastructural analysis of the muscle fibres of broiler chickens fed a standard com-
mercial diet containing inorganic Se at a level of 0.3 mg/kg BW of diet (CON) showed
myofibrils with an irregular arrangement, becoming constricted and disrupted in places.
Myofibrils are separated by sarcoplasm with visible mitochondria with slightly damaged
structure. Sarcomeres showed regular organization of actin and myosin fibrils (Figure 2A,B).
More ultrastructural changes in muscle fibres were found after supplementation with inor-
ganic Se at a dose of 0.5 mg/kg BW. Irregularly arranged, markedly constricted myofibrils
with a loose structure, patchy in places, separated by puffy sarcoplasm were seen. Also
shown are swollen mitochondria with damaged cristae. Of note are sarcomeres with a
significantly narrowed profile and damaged structure (Figure 2C,D). Figure 2E,F shows the
ultrastructure of myofibrils of broiler chickens remaining dieting with an upper dose of Se
in the organic form at a dose of 0.5 mg/kg feed. Normal parallel-running myofibrils with a
compact regular structure are visible. The sarcomere structure with regular organization of
actin and myosin filaments is well preserved. Mitochondria have the correct structure. The
ultrastructure of the pectoral muscle of broiler chickens from the T3 group shows normal,
parallel-running myofibrils with a compact, regular structure. Sarcomeres showed a regular
organization of actin and myosin filaments. A proper mitochondrial profile with a slightly
translucent mitochondrial matrix is shown (Figure 2G,H).

The ultrastructural analysis also showed statistically significant differences in sarcom-
ere lengths (p < 0.01). The shortest sarcomeres were found after supplementation with
inorganic Se at a dose of 0.5 mg/kg BW, which was 1.64 pm compared to the control. The
length of sarcomeres increased significantly in both groups of birds (T2 and T3) remaining
on diets containing organic Se and nano-Se (Figure 3). In birds fed from the T2 group, the
length of sarcomeres was 1.79 um, and in birds from the T3 group, it was 1.81 pm.

The hepatocytes of broilers fed the diet containing inorganic Se at the level of
0.3 mg/kg feed (CON) show almost normal morphology (Figure 4A,B). Inside hepatocytes,
a centrally located single nucleus of varying shape, usually spherical or oval, is visible. It
is characterized by a conventional pattern of nuclear architecture: euchromatin is located
mostly in the nuclear centre, whereas heterochromatin tends to be found in perinucleolar
and perinuclear positions (the rim of heterochromatin typically lines the nuclear periphery)
as well as forming random clumps throughout the nucleoplasm. The double membrane of
the nuclear envelope (including perinuclear space and nuclear pores), is well visualized,
and it is not affected (Figure 4A,B).
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Figure 2. Ultrastructure of representative myofibers of the pectoral muscle of cockerels:
CON—control group (A,B), T1—diet with upper dose of inorganic Se (C,D), T2—diet with up-
per dose of Se in the organic form (E,F), T3—diet with upper dose of Se in the form of nanoparticles
(G,H). Scale bar 1000 nm (A,C,E,G) and 250 nm (B,D,F,H). S—sarcomere; A—A band; Z—Z band;
*—indicates the disruption of myofibers.
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CON ™ T2 T3

Pectoral muscle

Figure 3. Length of sarcomeres in the pectoral muscle of cockerels. Data are given as mean £ SEM
(n = 10); &~ B—values denoted with various letters differ significantly at p < 0.01; CON—control
group; T1—diet with upper dose of inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se
in the organic form (0.5 mg/kg feed); T3—diet with upper dose of Se in the form of nanoparticle
s (0.5 mg/kg feed).

The cytoplasm is rich in normal, double-membraned mitochondria, whose inner
membrane periodically invaginates into laminar cristae and surrounds a mitochondrial
matrix of normal density (Figure 4B). The vast majority of mitochondria appear normal or
show only little changes. In a few mitochondria, the presence of spherical electron-dense
inclusions in the mitochondrial matrix is noteworthy (Figure 4A). A moderate amount
of rough endoplasmic reticulum of normal organization forms a membrane network that
surrounds mitochondria and extends across the entire cytoplasm. Ribosomes are bound to
the cytoplasmic surfaces of cisternae in a more or less regular pattern. The characteristic
lamellar membranous structure of the Golgi apparatus (ribbon-like shape) and its typical
location near the nucleus can be seen. In addition, few primary lysosomes are visible
near the nucleus (Figure 4A). Figure 4C,D presents the hepatocytes of the chicken fed the
diet in the T1 group. Their morphology differs significantly from that described above.
Although the cell nuclei have the correct structure, cytoplasmic organelles, especially mito-
chondria, are significantly altered. As shown in Figure 4C, almost all mitochondria exhibit
varying degrees of hydropic degeneration; they have a vacuolated matrix and damaged
inner membrane, including a high degree of cristae disorganization. In addition, the mi-
tochondrial matrix of numerous mitochondria contains clusters of osmiophilic spherical
deposits/inclusions (Figure 4D). Damaged mitochondria (p < 0.01) represent 91.83% of the
total amount in the cell (Figure 5).

There is a noticeable reduction in the number of cisternae of the rough endoplasmic
reticulum while maintaining its unique structure. The appearance of autophagic vacuoles
(Figure 4C) and the reduction of primary lysosome numbers are noteworthy.

The ultrastructure of hepatocytes of the chicken fed the diet with an upper dose of Se
in the organic form (SY) at the level of 0.5 mg/kg feed (T2) appears normal (Figure 4E,F)
and is similar to that observed in chickens fed the recommended diet. Mitochondria
show no significant abnormalities in their morphology. However, some mitochondria are
swollen and have damaged cristae. They account for 25.43% of the total amount in the cell
(Figure 5). This is noteworthy that they do not contain any electron-dense material in the
matrix. Instead, numerous primary lysosomes appeared (Figure 4F). They are distributed
randomly within the cytoplasm. A nearly identical picture of hepatocytes was also observed
in the chicken in group T3 (Figure 4G,H). Swollen mitochondria with damaged cristae also
occur. They account for 26.96% of the total amount in the cell (Figure 5).
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Figure 4. Ultrastructure of representative hepatocytes of cockerels: CON—control group (A,B),
T1—diet with upper dose of inorganic Se (C,D), T2—diet with upper dose of Se in the organic
form (E,F), T3—diet with upper dose of Se in the form of nanoparticles (G,H). Scale bar 1000 nm
(A,CE,G) and 250 nm (B,D,F,H). N—nucleus; M—mitochondria; RER—rough endoplasmic reticu-
lum; L—lysosomes; AV—autophagic vacuole; CM—cell membrane; arrow—electron dense deposits
in mitochondpria.
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Figure 5. Mitochondrial damage in the liver. Data are given as mean + SEM (n = 10); AB C__values
denoted with various letters differ significantly at p < 0.01; CON—control group; T1—diet with
upper dose of inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se in the organic form
(0.5 mg/kg feed); T3—diet with upper dose of Se in the form of nanoparticles (0.5 mg/kg feed).

The use of inorganic Se (CON and T1) in the chickens’ diet significantly (p < 0.01)
decreased AcP in pectoral muscle tissue. At the same time, HEX activity increased sig-
nificantly (p < 0.05) using SS in the chickens’ diet at an increased dose. The activity of
aminopeptidases including AlaAP, LeuAP, ArgAP decreased in the breast muscle (p < 0.01)
when inorganic sources of Se were used (Table 5). The addition of other Se sources in
the chickens” diet other than SS influenced (p < 0.05) the reduction of BGAL, BGLU and
MAN activities. Nano-Se significantly (p < 0.01) influenced the increase in aminopeptidase
activity. In addition, AcP, HEX and aGlu activities increased significantly (p < 0.05).

Exposure of chicken to a diet with the upper dose of inorganic Se (T1) significantly
(p < 0.01) reduced the activity of AcP and HEX in the liver compared to the control group
(CON). In contrast, BGRD and BGAL activities increased (p < 0.01). As for aminopeptidase
activity, LeuAP activity increased significantly, while AlaAP and ArgAP activity decreased
(p < 0.05). In general, in the liver, a decline in activity prevailed. Exposure of chicken
to a diet with organic Se (T2) significantly increased AcP, BGAL and HEX activities and
reduced BGRD activity (p < 0.01). As for the activity of aminopeptidases, there was an
increase in the activity of all of them. In general, in the liver of chickens in T2, the increase
in activity prevailed. In the group of chickens fed a diet with nano-Se (T3), the activities of
AcP, BGAL, HEX and all three estimated aminopeptidases increased significantly (p < 0.01).
Only BGRD activity decreased in this group of chickens (p < 0.05). Overall, an increase in
degradative activity prevailed, and changes in enzyme activity followed a similar pattern
to the previous group, T2, fed a diet with organic Se. In blood serum, of all the enzymes
analysed, only the activity of aminopeptidases changed statistically significantly in all
the groups of chickens studied (p < 0.01). A diet with the upper dose of inorganic Se
significantly increased the activity of all aminopeptidases in serum, while feeding a diet
with organic Se (T2) and nano-Se (T3) significantly decreased it.



Antioxidants 2023, 12,905 12 of 21

Table 5. Enzymatic activity and antioxidant potential in selected tissues of male broiler chickens.

Group
Indices Breast Muscle Liver Serum
CON T1 T2 T3 SEM p Value CON T1 T2 T3 SEM p Value CON T1 T2 T3 SEM p Value

ﬁ:ﬁl/)'mg protein/h 208.64 A 171.07 4 274.29 B 287738 11529  <0.001 265.91 A 267.32 A 406.13 B 467258 23211 0.001 40124 46324 22178 28918 20630  <0.001
Ef;‘(ﬁing protein/h 132474 129.744  160.094B  189.48B 6335  <0.001 389.71 A 366434 407.054B 524878  19.878 0.013  4838AB 51224  2940C  4071°% 1.928 <0.001
ﬁ;ﬁﬁiﬂg protein/h 185.154 172.23 4 223308 24921¢ 6758  <0.001 319.19 4 321114 369.284B  41411B  11.137 0.001 32064 34414 163185 23458 1.614 <0.001
ﬁ;lz;l /mg protein/h 1330.75 4 1538314  1899.71B  213726% 71710  <0.001 1528394 1240.78%  1568.14*  1759.12C  42.830  <0.001 31.63 35.69 37.30 30.83 2.795 0.831
Egalj’m & protein/h 129.17 125.84 129.88 137.27 4114 0.816 347.44 4 427.73 B 318.99 4 300514 13431 0.001 9.27 9.02 10.55 8.49 1.066 0.926
BGAL/ b ab a ab A A A B

nmol /mg protein/h 429.23 400.83 372.47 391.54 7.307 0.036 353.88 357.39 381.43 483.94 14.620 0.001 8.12 9.58 12.02 9.73 0.866 0.477
Eﬁgj/’mg protein/h 237.81 4B 264.24 B 211544  237.584B 5206 0.001 383.20 401.92 380.35 358.56 12.127 0.686 9.39 7.95 10.20 8.00 1.085 0.868
EIE)O(I /mg protein/h 617.80 2 692.00 2 659.41%  74595°  17.003  0.042 1064.01 4B 941484 11145348  1212.82%  30.675 0.008 58.65 56.58 50.85 52.79 3913 0.807
fﬁ;‘l /mg protein/h 76.24 4 71.76 A 87.50 AB 102468 3.328 0.001 323.77 240.78 304.10 294.70 12.844 0.093 7.26 6.65 8.22 6.45 0.746 0.852
nmol /’mg protein/h 327.70 A 328.87 4 287.92 B 292978 5160 0.001 381.34 306.85 358.08 372.77 13.256 0.192 6.39 7.73 12.32 8.22 0.984 0.166
Vit. C, mg/100 mL 1.89 4 1.80 4 4708 3.15 4B 0.323 0.001 2,57 AB 2,024 4.16 B¢ 436C 0.287 0.001 446 3.85P 3.75P 6.732 0.381 0.011
DPPH, % 52.55 AB 51.49 A 55.83 BC 56.12 ¢ 0.588 0.002 85.53 A 85.71 AB 86.42 BC 86.56 € 0.132 0.004 82.824  81.844B  7427BC  7120€ 1.369 0.002
GSH mM-SH 0.05 A 0.044 0208 0.258 0.021 <0.001 0.85 AB 0.714 0.89 8 0958 0.026 0.004 0.99 A 1.004 0.98 A 1.288 0.034 0.001

Data are given as mean + SEM (n = 10); & €—values denoted with various letters differ significantly at p < 0.01; »P—values denoted with various letters differ significantly
at p < 0.05; SEM—standard error of mean; CON—control group; T1—diet with upper dose of inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se in the organic
form (0.5 mg/kg feed); T3—diet with upper dose of Se in the form of nanoparticles (0.5 mg/kg feed). AlaAP—alanine aminopeptidase; LeuAP—leucine aminopeptidase;
ArgAP—arginineaminopeptidase; AcP—acid phosphatase; BGRD—beta-glucuronidase; BGAL—beta-galactosidase; BGLU—beta-glucosidase; aGlu—alpha-glucosidase;
MAN-—mannosidase; HEX—N-acetyl-BD-hexosaminidase; vit. C—vitamin C; GSH—glutathione; DPPH—2;2-diphenyl-1-picrylhydrazyl.
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The effect of Se type on the oxidative status in analysed tissues of broiler chick-
ens was tested using the following determinations: vitamin C, glutathione (GSH), and
2,2-diphenyl-1-picrylhydrazyl (DPPH). In the pectoral muscle of chickens fed the upper
dose of inorganic Se (T1 group), all indicators decreased, while in fed organic Se (T2 group)
and nano-Se (T3), all indicators increased significantly. In the liver, both groups of chickens:
T2 and T3, obtained significantly higher vitamin C, DPPH and glutathione results than
the group considered a control. In contrast, the T1 group had statistically significantly
lower vitamin C and glutathione levels and a higher result for DPPH than the CON group.
Analysis of serum antioxidant potential in the T1 group showed a statistically significant
reduction in vitamin C and DPPH levels (p < 0.05), while glutathione level increased
(p < 0.05). Serum levels of all analysed factors decreased in chickens fed a diet supple-
mented with organic Se. The addition of nano-Se to the diet decreased the levels of vitamin
C and GSH and increased the level of DPPH (p < 0.05).

4. Discussion

Food can be supplemented with selenium (Se) in various forms, such as inorganic,
organic, and nanoparticle forms. The metabolism of these forms is different in birds. The
chemical form and concentration of Se have significant roles in the rate of absorption,
retention, and metabolism. Most inorganic Se is excreted in the urine, while nano-Se
particles are excreted in faeces [46]. It has been shown that the inorganic form of Se has
low bioavailability, accelerates oxidation processes and can be toxic, especially at high
concentrations. In contrast, organic-Se and nano-Se exhibit low toxicity, high adsorption ca-
pacity, high bioavailability and high catalytic efficiency in chickens, sheep and goats [46—48].
Selenium is an important trace element that upregulates a vital component of the antiox-
idant defiance mechanism by controlling the body’s glutathione pool and Se-dependent
antioxidant enzymes such as superoxide dismutase and glutathione peroxidase [49,50].
These enzymes can help in reducing the concentration of hydrogen peroxide and lipid
peroxides and enhance the immune response in numerous species of animals [51]. Several
studies have illustrated that the dietary Se form influences growth performance, meat
quality characteristics and antioxidative properties in chickens [52,53].

Based on the study, the different forms of Se in the feed at an increased dose
(0.5 mg/kg) were not found to negatively affect the growth performance of the chick-
ens. Our results showed that the addition of nanoparticle Se did not adversely impact
the growth performance of chickens, indicating that nano-Se has high bioavailability and
low toxicity compared to inorganic forms of Se such as SS [54]. The results obtained in
this study are consistent with those of Yoon et al. [55], which found that the source of
Se in the feed did not affect the growth performance of chickens. In contrast, groups of
chickens fed a lower dose of 0.2 mg/kg of dietary organic Se or nano-Se had similar growth
performance compared to a group supplemented with the same level of Se in the form of
selenite [56]. In a study by Ahmad et al. [36], it was found that the application of increased
Se intake (0.4 mg/kg feed) in the SY form and nano-Se was able to cover the requirement
of this element by the birds and provide optimal growth conditions with no differences
between the application of SY and nano-Se. There are known reports where Se influences
the growth performance of birds, which is related to the expression of selenoprotein P
and type I selenoenzymes, which play a key role in the synthesis of thyroid hormones
and Se transport, both of which contribute to the proper functioning and growth of avian
organisms [57].

The use of different sources of Se at an increased dose, as in the case of chicken
growth performance, had no significant effect (p > 0.05) on the slaughter analysis results
of cockerels at day 42 of rearing. Higher slaughter and BM performance was found in
broilers that received SY in the feed. In contrast, Payne and Southern [58], in an experiment
conducted on chickens receiving SS and SY, found that slaughter performance was not
dependent on the form of Se in the feed. Downs et al. [52,58] found a similar relationship in
their study on the use of SY in broiler feeding. The non-significant difference in body weight
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and other slaughter parameters in the present study may be due to feeding a balanced diet
with appropriate practice [59] and optimal microclimate conditions with the welfare of the
birds unaffected by, among other things, heat stress or other factors that may negatively
affect the rearing performance of the chickens.

The highest concentration of Se was found in the BM of T2 cockerels, whereas the
highest concentration of Se was found in the liver of the T1 group (SS, 0.5 mg/kg). This
result is different from what was reported in [60]. Studies have indicated that nano-Se
has a higher bioavailability and a lower risk of toxicity than other forms of Se [61]. Based
on the results of the present study, it seems reasonable to recommend that broilers take
nano-Se at a dose of 0.3-0.5 mg/kg [22]. The organic form of Se is accumulated to a greater
extent than the inorganic form [62,63]; presumably, this may be related to differences
in metabolic pathways between the inorganic and organic forms of Se. Inorganic Se is
absorbed through the intestine through a passive diffusion process, with organic Se through
an active transport mechanism [62]. A final product with increased nutritional value can be
achieved by adequate supplementation of nano-Se at an increased dose (0.5 mg/kg). Our
study confirms that nano-Se and liver enriched with nano-Se in this way are safe and can
provide a valuable source of Se [34].

The post-mortem transformation of chicken muscle leads to an accumulation of lactic
acid, which directly leads to a reduction in tissue pH. The delayed reduction in pH post-
mortem results in reduced protein denaturation, which translates into an improved ability
of skeletal muscle to retain its own water [64]. In the present study, a significant effect of
Se application at an increased dose on pHy4 was found. BM of cockerels in which SS was
used in the diet at a dose of 0.5 mg/kg feed had the lowest pHy4 and thus higher drip
loss (3.01) and WHC (3.11), while the differences between CON, SY and nano-Se were not
significant. This helps to conclude that the use of other forms of Se in chicken feed versus
SS at an increased ration has a positive effect on the physico-chemical properties related
to water retention in BM. Meat colour is dependent on a number of factors, including pH,
myoglobin concentration, nitrite, etc. [65]. Se can significantly improve serum glutathione
peroxidase activity, increase the resistance to oxidation of myoglobin or oxymyoglobin,
among others, and deepen the colour of meat [22,66]. In this study, an increased dose of Se
SS increases lightness (L*) and yellowness (b*), which directly affect the consumer’s visual
assessment of the pectoral muscle (AE).

Ultrastructural studies conducted showed the most significant changes in the muscle
fibres of broiler chickens after supplementation of the inorganic Se at a dose of 0.5 mg/kg
diet (Figure 2C,D). We showed a change in the profile of myofibrils and damage to sarcom-
eres and mitochondria. Furthermore, measurements of sarcomere size showed a reduction
in length to 1.64 um, which may suggest reduced elasticity of muscle tissue. This may
be due to the weaker uptake of Se, which is more difficult to bind to glutathione peroxi-
dase, which is responsible for scavenging oxygen free radicals and preventing oxidative
stress [67-609]. In contrast, chickens that were fed Se in organic form (T2) and Se in nano
form (T3) showed a slightly different picture of ultrastructural changes (Figure 2E-H). In
this case, a stable structure of myofibrils with sarcomeres with a regular profile of actin
and myosin fibres was demonstrated. No significant changes in mitochondrial structure
were shown. However, measurements of the size of the sarcomeres showed an increase
in length to 1.79 um after organic Se (T2), and an increase to 1.81 um after nanoparticles,
the opposite of the group receiving inorganic Se. According to data [70], the length of
sarcomeres can influence the better elasticity of muscle tissue and thus the quality of broiler
chicken meat. To reveal the effect of different sources of Se supplementation on the ultra-
structure of hepatocytes, the ultra-thin sections of the liver of chicken from all experimental
groups (CON, T1, T2, T3) were also analysed by transmission electron microscopy (TEM).
Our research has shown that the primary effect of Se at the ultrastructural level of the
liver was the appearance of clusters of electron-dense (osmiophilic) inclusions within the
mitochondrial matrix. However, these pathological changes were mainly observed in the
hepatocytes of the chickens from the T1 group (Figure 4C,D) and to a minor extent in
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the mitochondria of the chickens fed the recommended diet containing SS at the level of
0.3 mg/kg feed (Figure 4A,B). Inclusions were not observed in the hepatocytes of chickens
(T1) of the other groups, T2 and T3. In addition, almost all mitochondria in hepatocytes
of chickens from the T1 group exhibit varying degrees of hydropic degeneration. They
were swollen and had damaged inner membranes, including a high degree of cristae dis-
organization. The inclusions mentioned early on were found in the mitochondrial matrix
that was transparent due to the influx of water. Abundant, spherical shape electron-dense
deposits in the mitochondrial matrix were seen in numerous mitochondria of chicken
fed with the upper dose of inorganic Se (Figure 4D). Abnormal mitochondria represent
91.83% of the total amount (Figure 5). In our opinion, hepatocyte mitochondria of chicken
from the T1 group show features of a toxic response to excess inorganic Se in the feed.
The effect of changes in the matrix volume in the physiological range is to stimulate the
electron transfer chain and oxidative phosphorylation in order to satisfy the metabolic
requirements of the cell. However, excessive matrix swelling caused by the continued
opening of mitochondrial permeability transition pores (pTP) and other PTP-independent
mechanisms makes mitochondrial function and integrity less efficient and leads to cell
death [71]. Similar observations regarding the accumulation of electron-dense inclusions
in the mitochondrial matrix were made by Medina et al. [72], who studied the effects
of Se (NaySeOs3; SS) on the growth of three cell lines cultured in vitro. They performed
analyses by transmission electron microscopy to determine any ultrastructural changes
which correlated with the effects of Se treatment. They observed that the vast majority of
the mitochondrial matrices were filled with dense osmophilic deposits. The accumulation
was dependent on the dose of Se in the culture medium, the time of exposure, and the
cell line. However, Se did not alter cytoplasmic microtubules or intermediate filament
networks because they obtained abundant desmosomes [72]. Furthermore, they examined
the chemical nature of the electron-dense material in the mitochondrial matrix by X-ray
microanalysis of sections of studied cells. They obtained, as a result, an increased level
of calcium, iron, and Se in the mitochondrial matrix [72]. There was some speculation
about the nature of the material accumulated, as the nature of the mitochondrial inclusion
was generally unknown, although it could be protein complexed by Se since Se reacts
easily with mercapto groups of organic compounds [72,73]. Medina et al. [72] suggested
that whereas high doses of Se inhibit the growth of cells, low doses stimulate the growth
of some cell populations. They speculated that one of the early reasons of Se-mediated
growth inhibition may be a modulation of mitochondrial function [72]. Klug et al. [73]
found that succinic dehydrogenase was inhibited in vivo by sodium selenite. Liu et al. [74]
used TEM to detect the accumulation of lentinan (LNT)-functionalized nano-Se in the
mitochondria of tumour cells, and furthermore, they investigated the mechanism of selene
targeting mitochondria. Analysis of ultra-thin sections showed that Se enters the cells
through the caveolae-mediated endocytosis pathway and then enters the mitochondria via
mitochondrial membrane fusion [74]. Zahedi et al. [75] analysed the effects of Se tetrachlo-
ride (SeCly) on the mitochondria of lung A549 cells. Analysis of mitochondrial morphology
showed a significant increase in the swollen phenotype and a decrease in mitochondrial
motility in Se treated cells [75]. Furthermore, they performed double staining of the cells
with autophagy marker GFP-LC3 and MitoTracker. The results of this staining showed
that the swollen mitochondria co-labeled with autophagosomes, indicating their targeted
degradation via mitophagy [75]. Noteworthy in our study is the simultaneous appearance
of damaged mitochondria and autophagic vacuoles, as well as a reduction in the number
of primary lysosomes in hepatocytes of chickens treated with a high dose of inorganic
Se (T1). In hepatocytes from chickens fed the upper dose of organic Se (T2) and nano-Se
(T3), in contrast to the T2 group, only some mitochondria were swollen and had damaged
cristae (accounting for 25.43% and 26.96% of the total amount in the cell, respectively). In
contrast, numerous primary lysosomes appeared (Figure 4F). Overall, in the groups of
chickens (CON, T2 and T3), in contrast to the T1 group, no significant pathological changes
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were observed in the ultrastructure of hepatocytes, either with respect to mitochondria or
other organelles.

Parallel to morphological analysis, the activity of degradative enzymes was estimated.
Morphological images correlate with the results of degradative enzyme activity (Table 5). In
the liver of chickens exposed to a diet with an upper dose of inorganic Se, a decrease in the
activity of the analysed enzymes prevailed. This indicates that the enzymes were involved
in intracellular digestion processes, as evidenced by the presence of autophagic vacuoles
and depletion of primary lysosomes, which are a cellular reservoir of acid hydrolases
(Figure 4C,D). In contrast, an increase in the activity of the analysed enzymes in the liver
prevailed in the other two groups of chickens (exposed to a diet with organic Se—T2, and
nano-Se—T3), indicating a reduction in the level of lysosomal degradation. The ultrastruc-
ture of hepatocytes of both groups showed numerous primary lysosomes, presumably due
to low lysosome consumption. The decrease in enzyme activity in the T1 group may indi-
cate an increase in the degradation of organelles damaged by an excessive dietary supply
of inorganic Se. According to Marzella et al. [76], initially, the enzyme activity increases in
parallel with the induction of degradation, but it later decreases with the advanced stage of
the sequestered cell organelle degradation [77,78]. With more advanced stages of lysosomal
degradation, the activity seems to decline due to enzyme reserves consumption [76,77] and
possibly insufficient synthesis. According to Kalamida et al. [79], the increase in lysosome
accumulation, presumably due to a low rate of lysosome consumption, is accompanied
by an increase in cathepsin D expression. Zahedi et al. [75], analysing the effects of Se
tetrachloride on the mitochondria of lung A549 cells, obtained a significant dose-dependent
increase in mitochondrial protein oxidation [75]. Several research teams confirm that Se
(SS, selene-lentinan-functionalized, nano-Se) has been implicated in mitochondrial toxicity,
with reactive oxygen species playing an important role [74,75,80,81]. They confirmed that
after Se treatment, mitochondria become the main organelles of ROS production. Sun
et al. [81] showed that excessive Se can enhance the toxicity of other metals (such as arsenic)
by reacting with S—adenosylmethionine and glutathione. Mitochondria are very dynamic
structures and have been used to study a variety of biological problems such as stress and
drug response [75]. Environmental toxicants can have a negative impact on mitochondria
and alter their morphology [75,82]. It is well known that mitochondrial dysfunction is a
prominent phenomenon in the pathogenesis of a variety of diseases. In summary, mito-
chondria appear to be the main targets of the upper dose of Se, and changes in the structure
and function of this organelle are commonly observed in Se-treated cells [72,74,75,83].

The influence of Se on the oxidative status in the analysed tissues of broiler chick-
ens was tested using the following determinations: vitamin C, glutathione (GSH), and
2,2-diphenyl-1-picrylhydrazyl (DPPH). Both groups of chickens in T2 and T3 obtained
significantly higher vitamin C, DPPH and glutathione results in muscle and liver tissues
than in the group considered a control. In contrast, group T1 obtained significantly lower
results in these tissues. The increase in the levels of antioxidant indicators in the muscle
and liver tissues of chickens from the T2 and T3 groups indicates better oxidative stability
of the organism, in contrast to the T1 group, where we obtained lower parameters. Visha
et al. [84] obtained very similar results; namely, birds supplemented with the nano- and
organic Se showed higher total antioxidant capacity in the serum and tissues compared to
the inorganic Se supplemented group. Se is known to play an essential role in protecting
cells from oxidative damage by affecting the antioxidant levels and activities of selenoen-
zymes [85]. Nano-Se is capable of scavenging free radicals by improving the activity of
seleno-enzymes [85,86] and growth improvement along with the status of serum oxidants
and retention of selenium in vivo. In comparison with other selenium species such as
SeMet, SeCys, and SY, nano-Se showed lower acute toxicity but increased the activities of
selenoenzymes. The antioxidant effect of nano-Se is mainly associated with glutathione
peroxidase family (GPXs) and thioredoxin reductase (TR). The GPXs have a capacity to
detoxify an extended range of peroxides, such as H,O,, phospholipid hydroperoxide, fatty
acid hydroperoxides, and hydroperoxyl groups of thymine [87]. In conclusion, the study
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concluded that the use of nano-Se in the diet can be effective in increasing the antioxidant
potential in the organisms of chickens, thereby increasing the ability to detoxify a wide
range of peroxides.

5. Conclusions

Based on this study, the use of different forms of Se in broiler chicken diet besides
commonly used sodium selenate had a positive effect on the physico-chemical properties
of the breast muscle and on the health status, antioxidant potential and ultrastructure of the
breast muscle and liver. It also improved quality parameters of the pectoral muscle, such
as the length of the sarcomeres, which resulted in better elasticity of the muscle tissue and
thus in meat quality. In addition, the use of nano-Se at an increased dose was confirmed to
protect against mitochondrial damage in hepatocytes and increased antioxidant potential.
Nano-Se did not show degenerative and toxic effects similar to sodium selenite at a dose of
0.5 mg/kg feed. The use of nano-Se at a dose higher than the recommended dose had high
bioavailability and low toxicity without negatively affecting the growth performance of
chickens.
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Changes in lipids metabolism
indices as a result of different form
of selenium supplementation

in chickens

Damian Bien'™, Monika Michalczuk**, Dominika Szkopek?, Misza Kinsner? &
Pawet Konieczka??

Selenium is an essential element that is important for many metabolic processes. Feed components
used in chicken nutrition, especially cereals, may be deficient in selenium, hence selenium
supplementation is necessary. Taking into account the progress in breeding, and thus the higher
demand of birds for this element, it seems obvious to investigate an increased selenium dose in the
diet of chickens. The aim of the study was to evaluate the effect of feed enriched with different forms
of selenium at an increased dose of 0.5 mg/kg feed on the profile and metabolism of fatty acids in

the breast muscle and liver of chickens. The study was conducted on 300 Ross 308 chickens reared

for 42 days under standard conditions. The control group received feed supplemented with sodium
selenite at a dose of 0.3 mg/kg feed. The research groups received different forms of selenium (sodium
selenate, selenised yeast, nano-selenium) at an increased dose of 0.5 mg/kg feed. The study showed
that the administration of different forms of selenium in the feed affected its concentration in the
breast muscle and liver (p<0.01). Nano-selenium was found to have a high bioavailability, but also a
lower risk of toxicity compared to other forms of selenium. Using different forms of selenium (p<0.01)
at a dose of 0.5 mg/kg feed can significantly modify the fatty acid profile, lipid and enzymatic indices
of fatty acid metabolism in breast muscle and liver.

In monogastric animals, unlike in the ruminants, unsaturated fatty acids (UFA) are not biohydrogenated from
feed. For this reason, there is a correlation between delivered dietary fatty acids (FA) and those deposited in tis-
sues of such animals as poultry'2. A high polyunsaturated FA (PUFA) concentration in the feedstuff bears the risk
of increased susceptibility of tissue lipids to oxidation, which in turn may modify both taste and aroma (rancid)
and the nutritive value of meat. To prevent oxidative processes, feed mixtures for poultry are supplemented with
additives featuring antioxidative properties that preserve oxidative stability and, by this means, also the oxidative
balance of lipids in meat®. Selenium (Se) is one of the commonly applied antioxidants. It is used in animal feeding
usually in two forms: inorganic—as sodium selenite (Na,SeO;) or sodium selenate (Na,SeO; SS), or organic—as
selenomethionine (SeMet) or selenocysteine (SeCys). Selenium is an essential bioelement which—together with
other microelements, like zinc and iodine—plays an important role in the proper functioning, development, and
growth of various organisms*. So far, feed mixtures for broiler chickens have mainly been supplemented with
inorganic forms of Se. However, with the advance of research on Se, also its other forms have been implemented,
including especially these more readily absorbed in tissues compared to SS and sodium selenate’. The Se mitigate
oxidative stress and peroxidative damage of UFA, and affect the effectiveness of fatty acid biosynthesis in animal
tissues®’. Selenium deficiency in diet may adversely influence the conversion of linolenic acid (ALA) to eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA), resulting in the unbeneficial n-6/n-3 ratio in tissue
lipids. Also, Se addition to feedstuffs for livestock modifies the fatty acid profile of meat®-!2. The consumption
of chicken meat increases successively each year compared to other meat types. Therefore, the enrichment of
diets for poultry with appropriate forms of Se would allow producing poultry meat rich in high-quality n-3 fatty
acids that are indispensable in the human diet. Recent studies have indicated that especially the long-chain n-3
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Figure 1. The distribution of the factor loadings of the variables of breast muscle samples, i.e. the correlations of
fatty acids between the primary variables and the principal components. Linoleic acid (LA, C 18:2) was the most
strongly and positively correlated with the first principal component.

PUFA play a vital role in preventing cardiovascular diseases®'*!'. In addition, broiler diet enrichment with Se
nanoparticles has been shown to be more effective because nano-Se does not have to be metabolized before being
incorporated into selenoproteins and may be absorbed by the body more effectively than SS'>!¢. Considering
multiple benefits of using nanoparticles, like increased bioaccessibility and absorption'’~*?, improving the feed
conversion ratio, promoting growth and development of muscle cells, improving gut microbiota, and supporting
avian coccidiosis prophylaxis'®?, it seems likely that nano-Se can also increase the possibility of chicken meat
enrichment with PUFA however, data in this regards are scarce.

This study aimed to compare the effects of various forms of Se on fatty acid metabolism and health status of
broiler chickens.

Results

The Principal Component Analysis (PCA) was employed for the tentative exploration of data collected for the
samples of breast muscles (BM) and liver. The PCA performed for the samples of BM intramuscular fat allowed
distinguishing six principal components with Eigenvalues above 1.0 (Kaiser’s criterion) responsible for 90.68%
of the total variance. The variables contributing to this grouping (having Eigenvalues higher than 0.7) included
the following fatty acids (Fig. 1): C14:1, C16:0, C16:1, and C18:2 (positive values for PCA 1) as well as C17:0,
C18:0, C18:1 cis-9, C20:0, ALA, C20:3 all-cis-11,14,17, C20:4, C22:5, and DHA (negative values for PCA 1). In
the case of PCA 2, significant turned out to be only the negative charges: C20:2, C20:3 all-cis-8,11,14, and C24:1.
Such a point distribution alongside the PCA 1 reflects the effect of using higher doses of other Se forms (T2 and
T3) than SS doses used in CON and T1 diets (0.3 mg/kg and 0.5 mg/kg, respectively) on the FA profile in BM
intramuscular fat. The PCA performed for liver fat samples allowed distinguishing four principal components
with Eigenvalues above 1.0 (Kaiser’s criterion) responsible for 90.98% of the total variance. The variables con-
tributing to this grouping of points (having Eigenvalues higher than 0.7) for PCA 1 included the following fatty
acids (Fig. 2): C12:0, C14:0, C15:0, C16:0, and C18:1 trans-9 (positively correlated) as well as C14:1, C16:1, C17:1,
C18:1 cis-9, C18:2, C20:0, C20:2, C20:3, C22:1, C20:3, C20:4, EPA, C24:1 and DHA (negatively correlated). In
the case of PCA 2 (13.90%), only C17:0, C18:3, C21:0, and C22:0 were negatively correlated. As observed for the
samples of BM intramuscular fat, the distribution of points alongside PCA 1 reflects the influence of using other
forms of Se than inorganic Se in the chicken diet, i.e. selenized yeast (SY) and nano-Se, and modification of fatty
acid profile in BM and liver caused by diet supplementation with various forms of Se.

This study analyzed feed mixtures supplemented with various forms of Se in a dose of 0.5 mg/kg feed, which
is upper limits of organic Se supplementation in the chicken feed. A comparison of the fatty acid profile of BM
intramuscular fat and liver fat of birds from the particular experimental groups demonstrated that the admin-
istration of the increased doses of various Se forms significantly (p <0.01) affected the lipid composition of the
examined tissues, including concentrations of SFA, MUFA, PUFA as well as n-3 and n-6 FA (Table 1). The major
FA responsible for differences in the content of PUFA was C18:2 acid (LA) in BM samples and C20:4 acid (n-6)
in liver samples. The use of SY or nano-Se in chicken feeding enables significantly increasing MUFA contents
and increasing PUFA contents in BM The highest content of n-3 FA in the samples of BM intramuscular fat was
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Figure 2. The distribution of the factor loadings of the variables of liver samples, i.e. the correlations of fatty
acids between the primary variables and the principal components. Pentadecanoic acid (C15:0) was the most
strongly positively correlated with PCA 1, whereas behenic acid (C22:0) was the most strongly negatively
correlated with PCA 2.

determined in group T1, where birds received a diet with an increased SS dose. The increased content of n-3 fatty
acids resulted in the lowest content of n-6 fatty acids and a lower n-6/n-3 ratio. In the case of the liver fat samples,
the most beneficial n-6/n-3 ratio was determined in the CON group, which additionally featured the highest
content of n-3 fatty acids. Broiler diet supplementation with SY and nano-Se significantly (p <0.01) increased
PUFA content in BM intramuscular fat. In the case of liver fat samples, the same effect (p <0.01) was achieved
upon diet supplementation with an Se dose of 0.3 mg/kg feed. The contents of LA and ALA fatty acids, which
are significantly depended on Se form used in the broiler diet. The highest LA content in BM was determined in
group T2, whereas the lowest one in group T1. The ALA content was inversely proportional to the LA content.
The highest ALA content was determined in group T1 fed a diet with the increased SS dose, whereas the lowest
one in groups T2 and T3. The analysis of DHA contents in BM and liver demonstrated their significantly (p<0.01)
higher content in the groups of chicken broilers administered the SS-supplemented diet.

The highest Se concentration in the breast muscle was determined in group T2 (p<0.01) fed a diet with
SY (Table 2), whereas the lowest one in BM of the broilers from group T3. In the case of the liver samples, the
highest Se concentration was determined in the CON group fed a diet supplemented with the recommended SS
dose (0.3 mg Se/kg feed). The analysis of lipid oxidation indices showed significant (p <0.01) differences in their
values depending on Se form. The TBA was significantly higher in the groups fed diets with SS (CON and T1),
whereas the total antioxidative capacity measured with the radical scavenging method (DPPH, 1,1-diphenyl-
2-picrylhydrazyl) and GSH was significantly higher in BM and liver of birds from groups T2 and T3.

The form of Se used in the diet for broilers had no significant (p>0.05) effect on PUFA/SFA ratio in BM,
whereas its values in liver samples differed significantly (p<0.01) among the groups, with the highest PUFA:SFA
ratio found in group CON (Table 3). The n-6/n-3 ratio was significantly higher in groups CON and T1, regard-
less of tissue examined. Fat from BM and liver of birds from groups and T featured a significantly (p<0.01)
lower Al value, whereas BM fat from groups CON, T2, and T3, and liver fat from group T1 had a significantly
(p=<0.01) lower TI value. Sodium selenate administered to birds in the higher dose tested (0.5 mg/kg feed, group
T1) had a negative effect on the TI value in BM, whereas in liver samples the same effect was observed upon
diet supplementation with nano-Se. The values of hypocholesterolemic and hypercholesterolemic indices (h/H)
were significantly (p <0.01) higher in the groups fed the SS-supplemented diet, both in breast muscle and liver.
In addition, the dietary form of Se had a significant (p <0.01) effect on the values of DI (18), DI (16), total DI,
thioesterase index (only in BM) and activity of A5-desaturase + A6-desaturase. The elongase activity (EI) differed
significantly (p <0.05) between the groups; with the highest activity determined in both BM and liver of the
birds from the groups fed the SS-supplemented diet. Contents of neutral and hypocholesterolemic acids (DFA)
differed significantly between the tissues examined. The highest DFA concentration was determined in both BM
and liver of the control birds. The value of the saturation index (S/P) and the content of hypercholesterolemic
FA (HFA) differed significantly (p <0.01). The lowest values of these parameters were determined in the groups
of birds fed the SS-supplemented diet.

Scientific Reports |

(2022) 12:13817 | https://doi.org/10.1038/s41598-022-18101-2 nature portfolio



www.nature.com/scientificreports/

Breast muscle Liver
Groups Groups

Indices CON T1 T2 T3 SEM p value CON T1 T2 T3 SEM p value
C12:0 0.148 0.25"% 0.054 Trace 0.03 0.008 0.03 Trace Trace Trace - -
C14:0 0.38° 0.47° 0.42% 0.43% 0.011 0.015 0.244 0.28% 0.528 0.6° 0.037 <0.001
Cl14:1 0.044 0.034 0.08% 0.18 0.007 <0.001 trace trace trace 0.1 - -
C15:0 0.14 0.09% 0.075 0.078 0.003 0.001 0.08% 0.09% trace 0.038 0.009 0.006
C16:0 16.36* 16.6* 20.86® 21.49® 0.516 <0.001 17.54 17.44% 27.378 26.1° 1.124 <0.001
Clé:1 1.88% 1.874 3.08% 3.528 0.162 <0.001 0.52% 0.67% 2.76"® 4.548 0.464 0.001
C17:0 0.19% 0.24 0.128 0.128 0.009 <0.001 0.38% 0.534 0.138 0.16® 0.038 <0.001
C17:1 0.074 0.03® 0.06* 0.06* 0.004 0.001 Trace Trace Trace Trace - -
C18:0 7.234 8.48% 7.004 6.70* 0.168 <0.001 23.42¢ 20.765¢ 16.55*8 14.134 0.916 <0.001
C18:1 (trans-9) 0.04 0.02 0.03 trace 0.007 ND 0.1 0.03 0.07 0.09 0.011 ND
C18:1 (cis-9) 41.414 39.478 31.25¢ 31.08¢ 1.010 <0.001 19.134 24.644P 31.385¢ 33.228¢ 1.481 <0.001
Cl18:2n-6 LA 26.37° 25.78 30.634 30.54 0.562 <0.001 0.08° 0.1° trace trace 0.005 0.016
C20:0 0.128 0.16* 0.08¢ 0.08¢ 0.007 <0.001 20.04® 20.628 13.934 13.414 0.929 0.001
C18:3 n-6 0.2 0.19 0.23 0.24 0.011 ND 0.16248 0.28 0.13% 0.15% 0.008 0.002
C20:1 n-9 3.34 2.658 3.24 3.24 0.070 <0.001 0.11% 0.07* 0.08% 0.13 0.009 0.049
C18:3n-3 ALA 0.51° 0.57 0.29°¢ 0.29¢ 0.029 <0.001 0.97 121 0.7 0.99 0.081 ND
C21:0 0.04 0.01 trace trace 0.005 ND 0.47 0.58 0.31 0.69 0.063 ND
C20:2 0.278 0.26% 0.334 0.348 0.009 0.006 Trace Trace Trace Trace - -
C22:0 Trace Trace Trace Trace - - 1.058 0.928 0.364 0.344 0.074 <0.001
C20:3 (all-cis-8,11,14) 0.26 0.25 0.28 0.28 0.008 ND 0.06 0.04 0.05 0.05 0.009 ND
C22:1 0.03 trace 0.03 0.02 0.006 ND 1.1¢ 0.718 0.44% 0.3548 0.072 <0.001
€20:3 (all-cis-11,14,17) 12348 1.55% 1.03%¢ 0.79¢ 0.072 <0.001 0.22¢ 0.128 0.02* 0.04* 0.018 <0.001
C20:4 n-6 0.16* 0.24 0.18 0.09® 0.011 <0.001 9.448 7.7958 3.474 2.83* 0.703 <0.001
C20:5 n-3 EPA 0.08 0.09 0.06 0.05 0.006 ND 0.548 0.418 0.19% 0.15% 0.037 <0.001
C24:1 0.29 0.28 0.34 0.26 0.014 ND 0.59° 0.36% 0.17* 0.37% 0.049 0.017
C22:6 n-3 DHA 0.26° 0.26* 0.16° 0.10° 0.018 <0.001 3.14¢ 1.65° 0.67* 0.7* 0.230 <0.001
Total SFA 24.01¢ 26.29% 28.614 28.894 0.440 <0.001 18.72% 18.66* 30.928 31.888 1.478 <0.001
Total MUFA 46.96* 44,348 38.05¢ 38.24¢ 0.832 <0.001 45,020 48.07° 49.19 48.90% 0.578 0.029
Total PUFA 28.09® 27.658 32.094 31.844 0.535 <0.001 37.234 33.80% 20.058 19.33° 1.925 <0.001
n-3 PUFA 2.06° 2.478 1.544 1.234 0.113 <0.001 4.97¢ 3.298 1.594 2.1248 0.330 <0.001
n-6 PUFA 27.258 26.598 31.584 31.44 0.567 <0.001 22.838 22.728 15.0% 14.38* 1.063 <0.001
n-6/n-3 PUFA 13.78* 10.814 21.56® 26.728 1.592 <0.001 5.12° 7.51% 10.49° 8.13% 0.671 0.031

Table 1. The effect of using increased doses of various forms of selenium on the fatty acid profile of chicken

broiler breast muscle and liver. The "trace” value means <0.05 g/100 g; ND—not detected; CON—control

group; T1—diet with upper dose of inorganic Se (0.5 mg/kg feed); T2—diet with upper dose of Se in the

organic form (0.5 mg/kg feed); T3—diet with upper dose of Se in the form of nanoparticles (0.5 mg/kg feed);

abeyalues denoted with various letters differ significantly at p <0.05; #BCvalues denoted with various letters

differ significantly at p<0.01.

Breast muscle Liver
Groups Groups

Indices CON T1 T2 T3 SEM p value CON T1 T2 T3 SEM p value
Selenium (mg/kg) 0.27¢ 0.37% 0.424 0.12° 0.025 <0.001 3.79¢ 2.9% 0.86* 0.494 0.298 <0.001
TBA (mg malonic aldehyde) 0.558 0.548 0.474 0.30*® | 0.091 <0.001 2.08° 2.71° 2.36% 2.04° 0.087 0.011
DPPH (%) 52.555C 51.49¢ 55.8348 56.124 0.588 0.002 | 85534 85.7148 86.425C 86.56¢ 0.132 0.004
GSH (mmol-SH) 0.058 0.048 0.20% 0.254 0.021 <0.001 0.8548 0.714 0.898 0.958 0.026 0.004

Table 2. The effect of using increased doses of various forms of selenium on selenium content in tissues
and oxidative indices. CON control group, T1 diet with upper dose of inorganic Se (0.5 mg/kg feed) , T2 diet
with upper dose of Se in the organic form (0.5 mg/kg feed) , T3 diet with upper dose of Se in the form of
nanoparticles (0.5 mg/kg feed); *®values denoted with various letters differ significantly at p<0.05; #%<values
denoted with various letters differ significantly at p<0.01.
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Breast muscle Liver

Groups Groups
Indices CON T1 T2 T3 SEM p value CON T1 T2 T3 SEM p value
Desaturase 18 index (DI, 18) 85.30° 82.00% 81.69% 82.2734 0.322 <0.001 52.07 76.96 Trace Trace 9.212 ND
Desaturase 16 index (DI, 16) 10.224 10.19* 12.858 14.058 0.390 <0.001 43.934 45614 5.938 4.26° 4.721 <0.001
Total DI 65.12°¢ 62.26° 55.24 55.14 0.930 <0.001 44484 48.64* 6.158 4,188 4.876 <0.001
Elongase index (EI) 0.458 0.51¢ 0.344 0314 0.018 <0.001 0.20* 0.05%® 0.04* 0.20* 0.023 0.013
Thioesterase index (TT) 43268 35.76% 50.378 50.228 1.536 <0.001 Trace Trace Trace 35.78 - -
A5+ A6-desaturase index 6.035¢ 7.62¢ 4,468 3434 0.394 <0.001 22.58% 15.89 10.20* 11.40% 1.280 <0.001
PUFA/SFA ratio 1.15 1.05 112 1.11 0.017 ND 1.95% 1.784 0.708 0.61% 0.138 <0.001
MUPFA/SFA ratio 1.95¢ 1.69% 1.334 1.324 0.056 <0.001 1.16 1.46 1.15 1.23 0.047 ND
UFA/SFA ratio 3.13¢ 2.748 2.45% 2434 0.062 <0.001 3.11* 3.25% 1.85° 1.83% 0.154 <0.001
Saturation index (S/P) 0.31¢ 0.36° 0.4% 0.414 0.009 <0.001 0.014 0.014 0.0448 0.07% 0.007 0.001
Atherogenicity index (IA) 0.23¢ 0.26° 0.324 0.33% 0.009 <0.001 0.01* 0.01* 0.05P 0.08" 0.008 0.001
Thrombogenicity index (IT) 2.66* 3.438 2714 2.354 0.112 0.001 0.15® 0.13* 0.27%® 0.72° 0.085 0.034
Desirable fatty acid (DFA) 81.86° 80.33% 77.154 76.784 0.462 <0.001 82.354 81.904 69.338 68.328 1.539 <0.001
HFA/hypercholesterolemic FA 16.33% 17.32% 21.328 21.928 0.529 <0.001 0.694 0.94* 3.338 4.14% 0.381 <0.001
h/H 4.60¢ 4.228 3.294 3.194 0.129 <0.001 127.354 101.204 22.69% 14.498 12.123 <0.001

Table 3. Lipid indices in the aspect of the human diet and enzymatic indices of fatty acid metabolism
evaluated based on the fatty acid composition of breast muscle and liver. The “trace” value

means <0.05 g/100 g; ND not detected, CON control group, T1 diet with upper dose of inorganic Se (0.5 mg/
kg feed), T2 diet with upper dose of Se in the organic form (0.5 mg/kg feed), T3 diet with upper dose of Se in
the form of nanoparticles (0.5 mg/kg feed); * values denoted with various letters differ significantly at p <0.05;
ABCyalues denoted with various letters differ significantly at p<0.01.

Discussion

Selenium is an essential element playing an important role in many physiological processes in animal bodies. It
affects the appropriate growth, fertility, and immune responses?'. In birds, Se is indispensable for the synthesis
of selenocysteine, i.e. an amino acid being a constituent of selenoproteins involved in metabolic processes,
like glutathione peroxidase (GSH-Px), thioredoxin reductase, and iodothyronine deiodinase?’. Dietary com-
ponents used in broiler feeding, including mainly cereals, can be deficient in Se mainly due to its shortages in
the soil. Therefore, Se is supplemented in the poultry production to prevent its deficiencies in broiler chicken
diet****. Broiler body demand for Se has been established at 0.15 mg/kg feed®. In turn, other authors recom-
mend increasing this dose to 0.3 and 0.75 mg/ kg feed®?’. Given the ever increase rate of broiler chicken growth
and, consequently, their faster body metabolism, it seems advisable to examine the impact of an increased diet
supplementation with Se on their body protection against reactive oxygen species. This would help providing
consumers with high-quality meat rich in fine-quality fat featuring a beneficial fatty acid profile?”.

Supplementation of a diet for broilers chicken with Se affects its content in meat®’, whereas Se form influences
also its absorption, retention, and utilization in the bird bodies®. Selenium selenate is absorbed by the body via
simple diffusion, whereas SY—via the active transport. This allows the birds to accumulate Se in tissues and then
to use it for oxidative defense in the instance of intensified stress®. In the study by, the highest Se concentration
in BM and liver tissues was determined in the birds fed the SY-supplemented diet. These authors also showed
that organic Se was more readily absorbed by the body compared to inorganic Se. In turn, in the present study,
the highest Se concentration in BM was achieved in the birds from group T2 fed a diet with an increased dose
of SY, whereas the highest Se concentration in the liver was determined in the birds from group T1 (SS, 0.5 mg/
kg). This result also contradicts findings reported by*. The conducted study confirms that nano-Se shows higher
bioavailability and lower toxicity risk than other Se forms®, especially SS. In view of the results of the present
study, the recommendations for broiler diet supplementation with nano-Se at 0.3-0.5 mg/kg seem justified?.
Furthermore, nano-Se added to a broiler diet in a upper recommended amount (0.5 mg/kg) may aid the proper
functioning of the gastrointestinal tract. By this means, it can affect the proper development of birds’ immunity™,
ensuring their high welfare and top quality of the finished product.

Given the increased risk of toxicity of inorganic forms due to their easy accumulation in tissues, there is a
need for research on other forms of Se, which will provide important information for modern poultry produc-
tion for the sake of both chickens welfare food safety for humans. 100 g of breast muscle from chickens fed a diet
with elevated levels of nano-Se in feed (0.5 mg/kg) can provide 17% of the Recommended Daily Intake (RDI of
Se=70 pg/day) for an adult human?®. Consumption of breast muscle from T2 chickens provides up to 60% of
the RDI. In contrast, Se tends to concentrate strongly in the liver. Livers from chickens fed CON, T1, (inorganic
Se) diets had a successively four, five times higher recommended RDI, while those from the T2 group had more
than one time higher RDI, which may pose a risk to human health. Livers from T2 chickens could potentially
provide up to 70% of the RDI of this element (per 100 g of chicken liver). Appropriate supplementation with
nano-Se at an increased dose (0.5 mg/kg) can result in a final product with increased nutritional value, referred
to as functional food. This confirms that meat and livers enriched with nano-Se in this manner are a valuable
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and safe source of Se that can contribute to improved consumer health, while maintaining the need for this ele-
ment in broiler chickens and ensuring their normal growth, health and thus welfare levels. The use of nano-Se
in the diet of chickens at the maximum dose of 0.5 mg/kg is allowed by the European Union regulations, as it
brings mutual benefits for both the chickens and the quality of the raw material obtained from the birds. Also,
nano-Se seems effective in modulating the fatty acid profile of broiler chicken meat and giblets. These findings
indicate that the supplementation of broiler diet with the nanosized form of Se at the dose as in the present study
is safe as its other forms in terms of enriching meat with Se, which may be important for the consumer health. In
addition, nano-Se protects the liver of broiler chickens against the detrimental effect of Cr(VI)¥’. In their study*®
supplemented a broiler diet with SY in a dose of 0.5 mg/kg and found that it allowed producing meat enriched
with selenium at 0.256 mg/kg and enriched with n-3 FA up to 6.71% of total FA. The comparison of results
obtained for the SY-supplemented group demonstrated that it was characterized by the highest Se concentration
in BM (0.42 mg/kg) and by a substantially lower content of the n-3 fatty acids (1.54% of total FA). The analysis
of the present study results in terms of the human diet recommendation shows that supplementing broiler diet
with a higher SS dose (0.5 mg/kg feed) allows achieving the highest Se concentration in BM, the best n-6/n-3
ratio, and the highest ALA concentration.

Broiler diet supplementation with SS resulted in lower contents of C14:0 and C:16 in BM and in the liver,
compared to the other additives tested. The above findings are essential from the standpoint of human nutrition
because these FA can be potential promoters of cardiovascular diseases®. Broiler diet supplementation with SS
(groups CON and T1) caused also a clear tendency for the increased concentration of n-3 PUFAs, compared to
the other Se forms tested. This correlation can be explained by the greater protection ensured by inorganic Se
and, thus, by reduced degradation of PUFAs in oxidative processes™. The latter can be ascribed to the activity
of glutathione peroxidase (GPx), i.e. a selenium-dependent enzyme the main function of which is to eliminate
free radicals and, consequently, to protect FA, including especially PUFAs. Selenium is an important component
of GSH-Px, whereas Se supplementation can enhance mRNA GSH-Px1 expression in the liver of chickens*!. In
the present study, Se used in the form of SY and nano-Se was found to significantly affect PUFA accumulation
in BM, and to diminish it in the liver. This is linked to the functions of BM and liver. Breast muscle accumulates
PUFA mainly in lipids whereas liver is responsible for their distribution in the body. The increased level of PUFA
in a diet, especially of n-3 PUFA, can lead to lipid peroxidation and, consequently, to the impairment of liver
functions*>**. We evidenced that the use of other than SS forms of Se had a more beneficial effect on the proper
lipid metabolism in birds.

The n-3 and n-6 FA belong to two different families and cannot be synthesized by the organisms of mammals
and birds. The excess of fatty acids from one family impairs the metabolism of those from the other group; hence,
it is essential to maintain the optimal n-6/n-3 ratio. The use of SS in the chickens diet in the present study was
found to significantly modify the FA composition, by ensuring more beneficial n-6/n-3 ratio, which is recom-
mended in the prevention of the ischemic heart disease**. The disturbed n-6/n-3 ratio leads to the overproduction
of proinflammatory eicosanoids, which stimulate the synthesis of cytokines and acute phase proteins, which in
turn are triggers of such diseases as neoplasms, cardiovascular diseases, atherosclerosis, obesity, type 2 diabetes,
or Alzheimer’s disease*>*. In turn, lauric (C12:0), myristic (C14:0), and palmitic (C16:0) acids strongly correlate
with the risk of the incidence of atherosclerosis, obesity, or ischemic heart disease?”*8, whereas the degree of satu-
ration with these acids is considered to be a parameter of food quality assessment®. In the present study, dietary
supplementation with SS significantly (p<0.01) diminished the content of saturated fatty acids and increased
ALA content in BM, which is deemed important from the human nutrition perspective.

The TBARS value (mg MDA/kg sample) indicates the status of lipid oxidation in different tissues, whereas
DPPH serves to measure the capability for scavenging free radicals®®*!. The values of atherogenicity (AI) and
thrombogenicity (IT) indices ought to be as low as possible. The lower their values are, the smaller is the prob-
ability of atherosclerosis incidence and blood clots development in humans®2.

Unlike the AT and TT indices, the values of the hypocholesterolemic and hypercholesterolemic indices (h/H)
need to be as high as possible to protect a consumer against hypercholesterolemia, which is a risk factor of the
atherosclerotic syndrome®. In the present study, liver samples, having high contents of lipids and minerals that
elicit prooxidative effects, had higher TBARS values compared to BM The addition of selenates (0.3 mg/kg) and
nano-Se (0.5 mg/kg) to diet caused a significant (p <0.05) decrease in the content of lipid oxidation products in
liver tissues, i.e. to 2.08 and 2.04 ug MDA/g, respectively. Also® observed the protective effect of Se on liver tis-
sues against changes triggered by free radicals. They showed that diet supplementation with nano-Se significantly
reduced the content of lipid oxidation products, from 0.55 in group C to 0.30 mg MDA/g in the amended group.

Delta-9 desaturase catalyzes the transformation of medium-chain and long-chain SFA into individual MUFA,
i.e. C16:0 and C18:0 as well as C16:1 and C18:1, respectively*. Delta-9 desaturase activity depends on the diet
and age of birds®®, but also on the form of Se implemented in the diet, as indicated in the present study. The
increase in delta-9 desaturase activity in the groups fed the SS-supplemented diet caused a decrease in contents
of C16:0 and C18:0 FA in favor of C16:1 and C18:1 fatty acids in BM The organisms of both mammals and birds
are incapable of synthesizing essential PUFA, like LA and ALA from acetyl-CoA, but can transform them into
more unsaturated long-chain essential FA when they are provided with diet. Transformations of these acids are
catalyzed by, among other things, desaturases. The A5+ A6-desaturase index is used to assess birds” capability
to synthesize long-chain FA from LA and ALAY. The higher value of the A5+ A6-desaturase index indicates
a higher effectiveness of long-chain FA synthesis. Broiler chickens are capable of synthesizing DHA and EPA
from ALA, and this synthesis is catalyzed by desaturase and elongase®®. In the present study, an increased DHA
content was determined in both BM and liver of the birds fed the SS-supplemented diet. The EPA content did
not differ significantly (p=0.05) between BM samples, but significant (p <0.01) differences were noted in its
content between the liver samples. The increased contents of EPA and DHA are confirmed by a significantly
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Analytical components | Starter diet
Crude protein, % 22.00
Crude fiber, % 3.00
Crude fat, % 4.7

Crude ash, % 5.6

Lysine, % 1.26
Methionine, % 0.58

Table 4. Starter diet.

Analytical components CON T1 T2 T3

Crude protein, % 20.46 20.74 20.78 20.89
Crude fiber, % 3.05 3.32 3.20 5.89
Crude fat, % 6.90 6.68 6.60 6.44
Crude ash, % 3.10 2.42 2.07 6.41
Lysine, % 1.38 1.42 141 1.39
Methionine, % 0.43 0.43 0.46 0.43

Table 5. Experimental diet. CON control group, T1 diet with upper dose of inorganic Se (0.5 mg/kg feed) , T2
diet with upper dose of Se in the organic form (0.5 mg/kg feed) , T3 diet with upper dose of Se in the form of
nanoparticles (0.5 mg/kg feed).

higher activity of A5+ A6-desaturase in groups CON and T, which allows concluding that Se addition in the
form of SS had a significant effect on the effectiveness of long-chain FA synthesis.

Conclusion

The study showed that selenium supplementation at a dose of 0.5 mg/kg feed significantly influences selenium
concentration in breast muscle and liver, modifications of fatty acid profile, oxidative indices and lipid metabo-
lism. The application of nano-Se in the amount of 0.5 mg/kg of feed is characterized by a significantly higher
content of PUFAs and protection of lipids against the action of reactive oxygen species, with its high bioavail-
ability and low toxicity for the chicken organism. The use of increased doses of selenium in feed is a response to
the increasingly rapid growth rate and orgasmic metabolism of chickens. This will help to provide consumers
with a high quality product rich in good quality fats.

Methods
Animals and diets. The experiment was carried out with 300 Ross 308 chicken broilers randomly allo-
cated to 4 experimental groups, in 5 replications, 15 birds per replication. Broilers were reared under standard
conditions for 42 days. They had free access to water, and were kept under a controlled light cycle. For the first
10 days, all birds were fed the same starter diet balanced to meet their nutritional demands (Table 4). On day 11
of life, they started to receive respective diets (Table 5). Experimental groups differed in terms of selenium form
implemented in the diet, i.e.:

CON—control group—diet meeting nutritional demands of Ross 308 broilers with the basic (recommended)
dose of inorganic Se (SS—0.3 mg/kg feed),

T1 (SS)—diet with upper dose of inorganic Se (SS 0.5 mg/kg feed),

T2 (SY)—diet with upper dose of Se in the organic form (SY, commercial preparation) (0.5 mg/kg feed),

T3 (Nano-Se)—diet with upper dose of Se in the form of nanoparticles (commercial preparation) (0.5 mg/
kg feed).

Sampling procedures. Forty chickens were chosen (10 birds from each treatment; 2 birds for each repli-
cate) for slaughter at the age of 42 days of life that had a body weight similar to the group mean. Tissues samples
were collected for biochemical and antioxidant analysis.

Selenium content. Determination of Se content in breast muscle and liver was performed according to
the PB-28/LF method in an accredited laboratory (PCA Accreditation Certificate No. AB 1095 Issue No. 19
dated January 1, 2022). Preparation of samples according to PN-EN 13804 standard, followed by mineralisa-
tion (MARS 5) was implemented according to PN-EN 13805 standard. Determining Se content in tissues was
performed using the ICP-MS technique (Thermo XSERIES 2 system). The results were compared to the ICP
multielement standard solution (19 elements in dilute nitric acid, CERTIPUR, 115474 Merck Millipore).

Antioxidant capacity. 2-Thiobarbituric acid (TBA) in tissues was determined by the extraction method
according to®, which involved measuring the absorbance of color solution, the color of which developed as a
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result of the reaction between fat oxidation products (mainly malonaldehyde) and TBA. Approximately 2 g of fat
was weighed into a centrifuge tube to the nearest 0.01 g, to which 5 cm® of 10% trichloroacetic acid was added;
then the mixture was triturated for 2 min with a glass rod. Next, 5 cm? of 0.02 molar TBA solution was added
and the sample was triturated again for 2 min and centrifuged for 10 min at 4000 rpm. After centrifugation,
the solution was filtered into a glass tube, and after sealing the opening with polythene sheeting, the color was
developed for 24 h at room temperature. Afterwards, samples were collected for colorimetric determination. The
absorbance was measured using a Hitachi U-1100 spectrophotometer at 532 nm against the reagent blank. The
reagent blank was prepared by adding 5 cm® of 10% trichloroacetic acid and 5 cm? of 0.02 molar TBA solution
to a glass tube.

Measurements for radical scavenging activity in analyzed tissues were performed by routine assay procedure®
using a synthetic DPPH radical (1,1-diphenyl-2-picrylhydrazyl). Folin-Ciocalteu reagent was used as an oxidiz-
ing reagent, and all the chemicals were purchased from SIGMA-ALDRICH CHEMIE GMBH (Munich, Germany)
in the highest available purity.

Glutathione (GSH) concentration was determined in tissues by means of the OXISRESEARCH BIOXYTECH
GSH/GSSG—412" test (Foster City, CA, USA). Before the analysis, the samples were frozen with the addition of
M2VP (1-methyl-2-vinyl-pyridium trifluoromethanesulfonate) at a temperature of 80 °C. The released, reduced
GSH was determined in accordance with the detailed instruction provided by the kit’s producer. The absorbance
reading (A412) and the measurement of reaction kinetics were performed using the microplate reader Synergy 4
(BIOTEK; Winooski, VT, USA). The results were calculated using Gen5 software (BIOTEK). GSH concentration
was expressed in thiol groups (mmol-SH groups).

Fatty acid composition. Total lipids from tissues were extracted following the procedure described by
Folch et al.®!. The fatty acids profile was determined with the gas chromatograph with FID detector according
to PN-EN ISO: 5509, PN-EN ISO: 5508 as previously by Ciemniewska-Zytkiewicz®2. Used Restek-2330 capil-
lary column, 105 m, 0.25 mmID, 0.2 um df (90% biscyanopropyl/10% phenylcyanopropyl polysiloxane). Initial
column temperature 100 °C for 4 min. Then incremented to 240 °C at 3 °C/min. The final temperature was kept
to a minimum until the elution of the last chromatographic peak. FID detector temperature 300 °C. H, flow
30 ml/min in FID detector, airflow 350 ml/min in FID detector, N, flow (make-up) 15 ml/min in FID detector.
A single-point detector calibration was used for all fatty acids determined based on the standard. During calibra-
tion, the RF (response factor) was determined for each fatty acid methyl ester. Calibration curve using certified
BCR-162R reference material. The basic standard contains 37 fatty acids with the same or similar composition
to the standard ‘Supelco 37 Component Fame Mix], undissolved or dissolved in hexane (stored according to the
manufacturer’s instructions). Determining the fatty acid profile was performed in an accredited laboratory (PCA
Accreditation Certificate No. AB 439 Issue No. 18 dated August 2, 2019).

Fatty acid metabolism indices. Desaturation indices were computed by referring the percentage content
of the product to the percentage content of the precursor, as follows®*:

9 . C18:1
DI(18): A” — desaturase (18) index = 100 X ———
C18:1 + C18:0
o _ C16:1
DI(16): A” — desaturase (16) index = 100 X ——————
C16:1 + C16:0
Cl16:1 + C18:1

Total DI A° — desaturase index = 100 x

C16:1 + C16:0 + C18:1 + C:18:0

The elongase index (EI) and thioesterase index (TI) were calculated as follows®*:

, C18:0
Elongase index (EI) = ——
C16:0
C16:0
Thioesterase index (TI) = ——
C14:0

The activity of A5-desaturase + A6-desaturase was determined using the following equation®:

C20:2n6 + C20:4n6 + EPA + C22:5n3 4+ DHA
C18:2n6(LA) + ALA + C20:2n6 + C20:4n6 + EPA + C22:5n3 + DHA

A’ —desaturase + A®—desaturase = 100x

Estimation of health indices. The established fatty acid profile enabled calculating the n-3/n-6 ratio,
PUFA/SFA ratio, monounsaturated fatty acids (MUFA)/SFA ratio, and UFA/SFA ratio. The saturation index
(S/P) and the atherogenicity (AI) and thrombogenicity (TI) indices were computed as follows*’:
C14:0 + C16:0 + C18:0
MUFA + PUFA

Saturation index (S/P) =

Scientific Reports |

(2022) 12:13817 | https://doi.org/10.1038/s41598-022-18101-2 nature portfolio



www.nature.com/scientificreports/

C12:0 +4 x C14:0 + C16:0
MUFA + PUFA

Atherogenicity index (AI) =

C14:0 4 C16:0 + C18:0
MUFA+PUFA
2+3 xn3PUFA+ 2

Thrombogenicity index (TI) =

The DFA, HFA, and h/H ratios were calculated as follows®®:
DFA: desirable fatty acid = UFA + C18:0

HFA /hypercholesterolemic FA(C12:0 + C14:0 + C16:0)

h  hypocholesterolemic (C18:1 + PUFA)

H ~ hypercholesterolemic ratio (C14:0 4 C16:0)

Ethical approval. All procedures in the present study were performed in accordance with the principles of
the European Union and Polish Law on Animal Protection. No action involving pain or suffering was practiced.
All applicable institutional guidelines for the care and use of animals were followed. The experimental proce-
dures carried out in this study were approved by the 2nd Local Ethical Committee for Animal Experiments at
the Warsaw University of Life Sciences (1 September 2021). The study was carried out in compliance with the
Animal Research: Reporting of in Vivo Experiments (ARRIVE) guidelines.

Statistical evaluation. The Principal Component Analysis (PCA) was conducted for tentative data explo-
ration using the STATISTICA 13.0 software. Mean values of fatty acid contents in the analyzed samples were
processed using the PS IMAGO PRO 6.0 statistical package employing one-way analysis of variance (ANOVA).
Tukey’s test was used to determine the significance of differences between the examined groups. In turn, Stu-
dent’s t-test was used to compare two groups.

The above-mentioned analyses were expected to provide an explicit answer to the question whether the use
of various selenium forms in a diet positively affects the modification of fatty acid profile in selected tissues of
chicken broilers. At the same time, they would enable establishing the most appropriate form of selenium to be
used in broiler diet in order to improve meat quality and, thereby, to enrich the human diet with fine-quality fats.

Data availability
The datasets utilized and analyzed during this investigation are available upon reasonable request from the cor-
responding author.
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The present study aimed to evaluate the effect of a Cannabis sativa extract rich in cannabidiol in the
diet of chickens under induced stress conditions. This was achieved through the administration of
subclinical doses of inflammation-inducing Clostridium perfringens bacteria and lipopolysaccharide,
which are commonly found in poultry production. A total of 204 male Ross (line 308) chicks were
divided into 6 groups, with variations in Cannabis sativa extract addition (30 g/1000 g of feed on
top) and stress induction methods. At 21 and 22 days of age the birds from the CH1 group were
infected (per os) with 1 mL of inoculum (brain-heart infusion medium) containing approximately
10®* CFU/mL of C. perfringens. At the same times birds of group CH2 were per os administered
lipopolysaccharide in a dose of 1 mL containing 250 pg/kg body weight of. The results indicate that
incorporating a 30 g/1000 g Cannabis sativa extract (CBD) additive in chicken diets leads to an
increase in ultimate body weight and maintains weight under stressed conditions (P<0.05), without
adverse effects on slaughter analysis. Moreover, CBD supplementation does not significantly affect
(P>0.05) the physical and chemical parameters or primary composition of breast muscle and liver.
However, it may alter the n-6/n-3 acid ratio. Additionally, CBD supplementation helps maintain
blood biochemical and antioxidant parameters, supporting overall chicken body homeostasis
stressed. Incorporating Cannabis sativa extracts at 30 g/1000 g of feed presents a potential protective
measure to enhance poultry farming in challenging intensive production conditions.

KEYWORDS: cannabidiol / chicken / growth performance / meat quality / inflammation

Poultry production is predominantly based on intensive rearing (95%), which
unfortunately reduces the birds’ resistance to stress, leading to health issues and
potential contamination of meat products [Dal Bosco et al. 2021]. To mitigate these
effects, alternatives to pharmaceutical agents are being explored. One such alternative is
cannabidiol (CBD), derived from hemp (Cannabis sativa), which has shown potential
for regulating both brain and immune functions [Yekhtin et al. 2022, Konieczka et
al. 2022]. While CBD’s therapeutic effects have been extensively studied in human
medicine, its impact on chickens remains unknown due to dosage uncertainties [Klein
and Cabral 2006, I1zzo and Sharkey 2010, Konieczka et al. 2020]. Recent studies
have found a correlation between the hosts’ intestinal response and meat quality in
chickens, with CBD diets reducing bacterial activity in meat [Konieczka et al. 2022]
and affecting lipid metabolism [Zhou ef al. 2016].

Necrotizing enterocolitis (NE), caused by the anaerobic bacterium Clostridium
perfringens, leads to economic losses in the poultry sector due to reduced bird immunity
and increased morbidity and mortality. Despite numerous strategies to mitigate C.
perfringens adverse effects, results remain inconclusive due to limited understanding
of its pathogenetic mechanisms [Olkowski et al. 2006, Keyburn et al. 2010, Koutoulis
et al. 2015, Keerqin et al. 2017]. Some C. perfringens strains produce enterotoxins,
causing diarrhoea and acute abdominal cramps in humans, making it a common food
poisoning agent [Brynestad and Granum 2002, Huang et al. 2018, Lahti et al. 2008,
Lindstrom et al. 2011]. Thus, solutions to prevent C. perfringens multiplication in
chickens are needed. Another issue is lipopolysaccharide (LPS), a bacterial endotoxin
from Gram-negative bacteria. Chickens, resistant to LPS compared to other species,
may still exhibit clinical signs and sickness behaviours from i.v. LPS administration,
negatively impacting performance [Cheng et al. 2004, de Boever et al. 2009, Warren
et al. 2010, Liu et al. 2015].
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The aim of the present study was to determine whether the use of Cannabis sativa
extract rich in cannabidiol in the diet of chickens under induced stress conditions
(through the in vivo administration of Clostridium perfringens bacteria and LPS at
subclinical doses) improves the growth performance, slaughter analysis, chemical
composition, physicochemical parameters, fatty acid profile, and oxidative status of
selected tissues from slaughtered chickens.

Material and methods

Chemical composition of Cannabis sativa extract (CBD)

Hemp panicles (Cannabis sativa) obtained from plants were harvested in 2019
at the Institute of Natural Fibres & Medicinal Plants, Poznan, Poland. The plant
material was collected, cut, and dried at room temperature. Hemp supercritical carbon
dioxide extract was obtained from the Supercritical Extraction Plant, Institute of New
Chemical Synthesis, Putawy, Poland. The parameters of the extraction were as follows:
pressure, 250 bar; temperature, 60°C; and a flow rate of 40 kg CO,/1 kg of spent
hemp. After the evaporation process, the hemp extract contained 12% cannabidiol,
0.49% tetrahydrocannabinol and 0.38% tetrahydrocannabinolic acid, as determined
by HPLC. (Institute of Natural Fibers and Medicinal Plants, Poznan, Poland).

Animals and diets

The experiment was carried out with 204 male Ross 308 chicken broilers
randomly allocated to six experimental groups — 34 birds per group. The broilers were
reared under standard conditions, and were kept on litter in pens for 35 days. They
had free access to water, and were kept under a controlled light cycle [Aviagen 2019].
Chickens were fed diets similar to the standard commercial starter (days 1-7) and

Table 1. Experimental diet

Component (g/kg diet) Slt_a7rt§.r (g_r;) ;Nsr Calculated nutrient density Slt:a;ng.r (g_r;) ;vgr
Maize 200.0 200.0 ME (kcal/kg) 2900 3000
Soybean meal 306.9 270.0 Crude protein (g/kg) 22.0 20.5
Wheat 432.0 463.0 Crude fiber (g/kg) 2.72 2.7
Lard 20.1 31.5 Crude fat (g/kg) 4.0 5.2
Ronozyme' 0.2 0.1 Crude ash (g/kg) 2.7 2.5
Salt 33 3.1 Lysine (g/kg) 1.4 1.2
Limestone 15.4 14.0 Methionine (g/kg) 0.6 0.6
Monocalcium phosphate 10.8 8.6 Met. + Cys (g/kg) 1.0 0.9
Choline chloride 1.0 1.0 Threonine (g/kg) 0.9 0.8
DL-Methionine 3.0 2.6 Calcium (g/kg) 0.9 0.9
L-Lysine 3.7 2.8 Auvailable phosphorus (g/kg) 0.4 0.4
L-Threonine 1.1 0.8
Vitamins + trace minerals’ 2.5 2.5

The composition of basal diets (g/kg as-is, unless indicated otherwise) fed to broilers over a 35-day feeding period.
! Ronozyme WX (Novozymes, Copenhagen, Denmark); 360 FXU/kg diet. 2 Provided IU per kg of feed: vitamin
A, 10,000; vit. D3, 4500; mg: vit. E, 80; vit. B1, 1.5; vit. B2, 5; biotin, 0.12; vit. B6, 2.5; vit. B12, 0.02; vit. K,
33; nicotinic acid, 50; folic acid, 1.1; pantothenic acid, 14; choline, 200; betaine, 160; Mn, 120; Zn, 100; Se, 0.35;
Cu, 20; Fe, 40; J, 3; and Ca, 0.6.
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grower (days 8-35) diets. The same basal diet was used for each treatment, formulated
to meet the nutritional requirements of Ross 308 broilers according to their age (as
shown in Tab. 1).

Applied Experimental Challenges: Induced Stress Conditions

Experimental groups:

— CON (control treatment);

— CON + CBD (CON with supplementation of CBD extract in the diet (30 g/1000

g diet, on top);

— CHI: C. perfringens (as CON but challenged with C. perfringens bacteria);

— CH2: LPS (Escherichia coli) (as for CON but with oral gavage of E. coli

lipopolysaccharide);

— CHI1 + CBD: C. perfringens + CBD extract;

— CH2 + CBD: LPS (E. coli) + CBD extract.

The birds were briefly weighed individually after 4 h of feed deprivation. At 21
and 22 days of age the birds of group CH2 were orally administered LPS (Escherichia
coli, serotype O55:B5; Sigma Chemical, St. Louis, MO, USA) reconstituted in 0.9%
sterile saline (0.5 mg/mL) in a dose of 1 mL containing 250 png/kg body weight of
LPS [Konieczka et al. 2019]. At the same times, (day 21 and 22), the birds from
the CH1 group were infected (per os) with 1 mL of inoculum (brain-heart infusion
medium) containing approximately 10® CFU/mL of C. perfringens, type A, strain 56
bacteria according to a previously validated protocol [Konieczka et al. 2020]. The
C. perfringens bacteria were obtained from infected chickens in Belgium. The strain
used was analytically confirmed to be a-toxin- and NetB toxin-positive, and B-toxin-
and enterotoxin-negative, as declared by the supplier (Ghent University, Merelbeke,
Belgium). The birds in the CON and CON + CBD groups were each administered the
same dose of sterile saline and brain-heart infusion medium with a coccidial cocktail
(placebo groups) containing the following Eimeria species was administered to all
birds at 14 and 15 days of age to create a favourable gut environment for C.
perfringens colonization.

Sampling procedures

Sixty male chickens were chosen (10 birds from each treatment) for slaughter at the
age of 35 days of life that had a body weight similar to the group mean. Tissue samples
were collected for slaughter efficiency, chemical composition, physicochemical,
biochemical and antioxidant analysis.

Assessment of slaughter efficiency, chemical composition, and the physicochemical
properties of pectoral muscles

Upon completion of the feeding experiment, 10 birds (n=10) from each
experimental group were randomly selected and weighed prior to slaughter. After
slaughter and the carcasses had been cooled, the slaughter efficiency of the chickens
was assessed on the basis of a previous report by Michalczuk et al. [2016], which
determined the percentages of pectoral muscle, legs, and giblets.
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The basic chemical composition was determined for the collected pectoral muscle
samples: dry weight, crude fat, crude protein, and ash. The determinations were made
using the NIR method [Michalczuk et al. 2016]. The physicochemical properties of
the pectoral muscles were then analyzed (pH,, was determined with a pH-meter, CP-
411, Elmetron, Zabrze). To determine drip loss, the pectoral muscles were weighed;
then, after 24 h, they were dried and reweighed.

], while the meat’s color components were identified

using a CR-410 colorimeter.

Type III collagen determination was performed using the Chicken Collagen Type
3 ELISA Kit from Bioassay Technology Laboratory (Cat. No. E0314Ch) according to
the protocol provided by the manufacturer.

Fatty acids composition

Total lipids from tissues were extracted following the procedure described by
Folch et al. [Folch et al. 1957]. The fatty acid profile was determined using a gas
chromatograph with FID detector according to PN-EN ISO: 5509, PN-EN ISO:
5508, as previously determined by Ciemniewska-Zytkiewicz et al. [2015]. Used
Restek-2330 capillary column, 105 m, 0.25 mm ID, 0.2 pm df (90% (bis)cyanopropyl
/10% cyanopropyl-phenyl polysiloxane). The initial column temperature was 100°C
for 4 min, which was hen incrementally increased to 240°C at 3°C/min. The final
temperature was kept to a minimum until the elution of the last chromatographic peak.
The FID detector temperature was 300°C. H, flow 30 mL/min in FID detector, airflow
350 mL/min in FID detector, N2 flow (make-up) 15 mL/min in FID detector. Single-
point detector calibration was used for all the determined fatty acid based on the
standard. During calibration, the RF (response factor) was determined for each fatty
acid methyl ester. Calibration curve using certified BCR-162R reference material. The
basic standard contained 37 fatty acids and had the same or similar composition to
the standard (Supelco 37 Component Fame Mix), undissolved or dissolved in hexane
(stored according to the manufacturer’s instructions). The determination of the fatty
acid profile was performed in an accredited laboratory (PCA Accreditation Certificate
No. AB 439 Issue No. 18 dated 2 August 2019).

Blood biochemical parameters

Blood biochemical parameters were determined in a veterinary laboratory using
methods: ALT (alanine aminotransferase) — modified IFCC, TRIS, no P5P; a-amylaze
— CNPG 3 — enzymatic; ALP (alkaline phosphatase) — PNPP with AMP as buffer;
AST (aspartate aminotransferase) — modified IFCC, TRIS, no P5P; TP (total protein)
— biuret method; TCh (total cholesterol) — enzymatic H,O, production; CK (creatinine
kinase) — NAC — activated; GLDH (glutamate dehydrogenase) — triethanolamine
buffer; GGTP (gamma-GT, aminotransferase) — IFCC standard; UA (uric acid)
— uricase; LDH (lactate dehydrogenase) — lactate-pyruvate; TTG (triglycerides) —
enzymatic method; BA (bile acid) — diazo-(J-G) w/blank; InP (inorganic phosphorus)
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— phosphomolybdate — UV; K (potassium) — ISE-diluted; Na (sodium) — SE-diluted;
Fe (iron) — TPTZ [2,4,6-tri-(2-pirydylo)-5-triazyna]. Samples of blood were collected
in sterile tubes without an anticoagulant. To obtain serum, the whole blood was
centrifuged at 2.000 g for 10 min at 4°C and then placed in the analyzer racks.

Indicators of health status and antioxidant potential

On the day of slaughter, ten birds (n=10) from each experimental group, were
randomly chosen for blood collection post-mortem in the amount of 1.5 mL per bird.
Laboratory analysis aimed to also determine the activity of selected enzymes and
antioxidant compounds by analyzing fragments of breast muscle and liver tissue
weighing 5 g.

Measurements for radical scavenging activity in the analyzed tissues were
performed by routine assay procedure [Brand-Williams et al. 1995] using a synthetic
DPPH radical (1,1-diphenyl-2-picrylhydrazyl). Folin-Ciocélteu reagent was used as
an oxidizing reagent, and all the chemicals were purchased from SIGMA-ALDRICH
CHEMIE GMBH (Munich, Germany) at the highest available purity. The glutathione
(GSH) concentration in the tissues was determined by means of the OXISRESEARCH
BIOXYTECH GSH/GSSG-412™ test (Foster City, CA, USA). Before the analysis,
the samples were frozen with the addition of M2VP (1-methyl-2-vinyl-pyridium
trifluoromethanesulfonate) at a temperature of -80°C. The released, reduced GSH was
determined in accordance with detailed instructions provided by the kit’s producer.
The absorbance reading (A412) and the measurement of the reaction kinetics were
performed using the Synergy 4 microplate reader (BIOTEK; Winooski, VT, USA).
The results were calculated using the Gen5 software (BIOTEK). GSH concentration
was expressed in thiol groups (mmol-SH groups).

Ethical statement

All procedures in the present study were evaluated and approved by the Local
Animal Care and Ethics Committee in Olsztyn (UWM), Poland (Resolution No.
3/2021), and were performed in accordance with the principles of EU (recommendation
2007/526/CE) and Polish Law on Animal Protection. All procedures in this study
complied with the ARRIVE guidelines.

Statistical analysis

The normality of the data was checked using the Shapiro—Wilk test. The
homogeneity of group variances was examined by the use of the Levene’s test.
Effects of CBD, and CH and CBD by CH interaction were analyzed using a two-way
ANOVA, followed by a Bonferroni post-hoc test for pairwise comparisons, where
appropriate.

Results were considered statistically significant when associated with a probability
lower than 5%. Results with a probability lower than 1% were considered highly
significant. These computations were performed using the PS IMAGO PRO 9.0 for
Windows.
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1scussion

Results and d

The results of the chickens rearing are shown in Table 2. No significant differences
(P>0.05) were found for the main effects of CBD and CH. Only final body weight

differed significantly (P<0.001) for the main effect of CBD. Chickens whose diets

were enriched with the CBD supplement had a greater body weight on day 35 of 184 g
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relative to CON. There was also a significant (P<0.001) interaction effect for the final
body weight. For the CON (NO=1916; YES=2232) and CH1 (NO=1845; YES=2100)
groups whose diets were enriched with a 3.0% addition of CBD to the feed, the best
results were obtained significantly (P<0.001) in relation to final body weight (Fig. 1a).
The slaughter analysis of cockerels (n=10) revealed a significant interaction
effects (P<0.001) for the following parameters: slaughter weight, carcass weight,
and proportion of liver in the carcass (Tab. 3). Carcasses obtained from the chickens
(CON: NO=1333 g; YES=1560 g; CH1: NO=1329; YES=1455 g) whose diet was
enriched with added CBD in the feed were significantly heavier (P<0.001) (Fig. 1b).
The livers of the chickens that were maintained under induced stress conditions by
administering LPS via the per os route were significantly (P<0.05) smaller (NO=3.08;
YES=2.64) in the group where the CBD supplement in feed was used (Fig. 1c).
Significant (P<0.05) interaction effects were found for the parameters pH,, and
lightness (L,,*) (Tab. 4). The pH,, for the pectoral muscles that originated from
cockerels maintained under induced stress conditions CH1 and that received CBD
supplementation in their feed were significantly (P<0.05) lower (Fig. 2a). Also, the

la CBD 1 b CBD
* o aVes

1500

1000

Bodyweight, g
Carcass weight, g

CON CH1 CH2

CBD

BNO
MW YES

Liver, g/100 g BW

0

CON CH1 CH2

Fig. 1 (a-c). Simple effect of the addition of 30 g/1000 g CBD to feed, or its absence, in tested groups
of cockerels for body weight, carcass weight, and liver weight parameters; * - mean values marked
with this symbol are significantly different, P<0.05; CON - control group; CON - control group; CH1
- induced stress using C. perfringens at a dosage of 10* TU per os; CH2 - induced stress using E. coli
lipopolysaccharide (LPS) at a dosage of 250 pg/kg b.w. per os.
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pectoral muscles from the CH1 group had significantly (P<0.01) higher lightness

compared to the pectoral muscles of cockerels that were not dosed with C. perfringens

(Fig. 2b). In addition, significant differences in drip loss were found (P<0.05) for
the main effect of CBD and CH. Breast muscles from cockerels that received the

addition of 3.0% CBD in their feed had a 0.05% lower drip loss after 24 h of storage

in +4°C refrigeration conditions. When incubated stress conditions were applied, drip
loss increased significantly (P<0.05) compared to CON, where this treatment was not

applied (CON

0.46; CH1=0.53; CH2=0.50).
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No significant (P>0.05) interaction effects were found for chemical components
of breast muscles (Tab. 5). However, significant (P<0.05) main effects for CBD were
crude fat. The breast muscles obtained from cockerels fed a CBD-enriched diet were
characterized by lower crude protein (-1.28%) and collagen (-0.30%), but higher fat
concentration (+1.06%) compared to the breast muscle from groups not fed a CBD

found for breast muscle content: crude protein, total collagen, moisture content, and
supplement in their feed. For the basic chemical composition of the chickens’ livers,
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Fig. 3 (a-e). Simple effect of the addition of 30 g/1000 g CBD to feed, or lack thereof, in cockerel groups tested
for baseline liver chemistry; * - mean values marked with this symbol are significantly different, P<0.05; CON
- control group; CON - control group; CH1 - induced stress using C. perfringens at a dosage of 10° IU per os;
CH2 - induced stress using E. coli lipopolysaccharide (LPS) at a dosage of 250 pg/kg b.w. per os

significant (P<0.01) interaction effects were found for crude ash, total collagen,
moisture content, and crude fat content. The application of a 3.0% CBD addition to
the feed increased (P<0.01) the concentration of total ash in the livers of cockerels that
were not maintained under induced stress conditions. Total ash content in the groups
under induced stress conditions did not differ significantly (P>0.05), regardless of
whether dietary CBD was used or not (Fig. 3a). The use of CBD in the chickens’ diet
significantly (P<0.01) reduced total collagen content in the liver. In the CON group,
the addition of 3.0% CBD to the feed reduced collagen concentrations by 0.62%, while
in chickens maintained under induced stress conditions through the administration of
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LPS, the total liver collagen concentration decreased by 0.53%. No effect (P>0.05)
on the total collagen concentration in the livers of the cockerels was found when a
subclinical dose of C. perfringens was applied (Fig. 3b). The addition of CBD to the
feed had a significant (P<0.01) effect on liver water content (-2.40%). The application
of CBD to the groups with subclinical doses, CH1 and CH2, had no significant (P>0.05)
effect on liver water content (Fig. 3¢). This was similar for liver fat content. The use
of induced stress conditions had no significant effect (P>0.05) on liver fat content,

regardless of whether a CBD supplement was used or

]
not in the chickens’ diet. Only in the CON group did § Bl sz Eg
the addition of 3.0% CBD to the feed have a significant o Sl 28
(P<0.01) effect on increasing the fat concentration in the 3~ % E
livers of the cockerels by-by 1.16% relative to the group ol o ©
where no CBD addition to the feed was used (Fig. 3d). 73 S5 S §

The administration of subclinical doses of C. alv e 205
perfringens and LPS to 'chickens significantly (P§0.0l) 2 slg g2 :g &
affected the concentration of type III collagen in the % BRd 3] g3
pectoral muscle (Tab. 6). Maintaining chickens under 3 £
induced stress conditions reduces type III collagen % ol 2 LE’@ <3 g %
levels by approximately 25% relative to the CON group. § o© b8 5 € : £
No main effect of CBD (P>0.05) was found for the = N S
addition of CBD to the feed to alter the concentration = g i ° § 2 ¢z
of type I1I collagen in the pectoral muscle. A significant £ a5 8 235
. . g O:f S
interaction effect was found (P<0.01) only for serum = 2o el B e
type III collagen concentration. The addition of CBD 2 Sleéal & Sf E" )
decreased serum type III collagen concentration by 15%, % HaT = gﬂgag
while, for the CH1 and CH2 groups, only in the CH1 g g EEN
group did the addition of CBD to the feed significantly E ;§ % 8 ﬁ ZI é % s
(P<0.05) increase type III collagen content-by 17.5% 2 | ||| %4 &E
(Fig. 3e). E caec|l 2255

Significant interaction effects (P<0.05) were found 5 é S EEL R
in the fatty acid profile for the mammary’s fatty acids J? @ <T5 = gg
for C14:0, C15:0, C16:1, C17:0, C18:1 (cis-9), ALA, < ZERE N
C22:0, and C20:3. Significant interaction effects S SERTS 8» gg %
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PUFAs, n-3 and n-6 family acids, and the ratio of n-6 E > § ; g E % g 5
to n-3 fatty acids (Tab. 7). In analyzing essential fatty & o % S §§>
acids, it was found that the use of CBD supplementation ~ § 5 Z Lf‘%)
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reduction in cockerels exposed to induced stress by E 2 g gl 2 E E;
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Table 7. Main effects and interactions for the fatty acid profile in pectoral muscles (g/100 g)

Parameters CBD CH CBD x CH
NO YES SEM P value CON CHI CH2 SEM P value P value
Cl14:0 0.47 0.48 0.005  0.788 0.45%  0.50%  047%  0.012 <0.001 0.176
C15:0 031 0208  0.024  0.001 0.3 0.23 0.23 0.033  0.078 0.010
C16:0 13.71 13.53 0.101 0.188 13.96" 13.65"® 1326®  0.126  0.001 0.038
Cl6:1 1.9 1.97 0.076  0.435 2,134 1.86"®  1.80®  0.084  0.014 0.004
C17:0 0.16 0.16 0.014  0.075 0.16 0.16 0.16 0.018  0.992 0.014
C17:1 0.10 0.07 0.266  0.373 0.11 0.08 0.07 0.027  0.408 0.433
C18:0 5.81 5.79 0.072  0.886 5.85 5.87 5.69 0.099  0.279 0.278
C18:1 (trans-9) 0.08 0.08 0.011 0.714 0.08*  0.08%  0.07®  0.014 <0.001 0.258
C18:1 (cis-9) 33.54 3345 0.235  0.783 34244 33228¢ 33.03¢  0.286  0.007 0.042
C20:0 0.34  32.00 0.019  0.059 0.33 0.33 0.32 0.015 0571 0.562
C18:3, ALA 0.84 0.86 0.011 0.320 0.84 0.85 0.86 0.011 0.474 0.310
C20:1 0.34 0.31 0.013  <0.001 0.34% 0328 0318¢  0.019  0.001 0.225
C20:2 0.58 0.54 0.026  0.213 0.54 0.60 0.54 0.025  0.073 0.186
C22:0 0.34 0.31 0.011 0.161 0.328 036"  0.30°  0.027  0.027 0.004
C20:3 2.78 3.02 0.115  0.122 3274 2914 252 0133 0.001 0.007
C20:4, AA 0.16 0.15 0.012  0.868 0.17 0.15 0.14 0.012  0.265 0.982
C24:1 1.15 1.07 0.059  0.219 1.14 1.19 1.00 0.064  0.051 0.346
C22:6, DHA 0.18 0.20 0.012  0.133 0.18*B 0224  0.17%  0.019  0.017 0.257
SFA 21.08  20.74 0.144  0.089 21.38%  21.00* 20358 0.174 <0.001 0.633
MFA 37.03  36.89 0.256  0.699 37.98%  36.76° 36.145C  0.315  0.001 0.033
PUFA 4252 4274 0.268  0.561 42274 42.04%  43.58% 0328  0.003 0.020
PUFA n-3 3.87 4.08 0.128  0.246 4394 3.40°B 356  0.159  0.002 0.010
PUFA n-6 3874  38.62 0.264  0.754 38.01%  37.95% 40.09®  0.326 <0.001 0.007
n-6/n-3 PUFA 9.83%  10.56°  0.261 0.049 9.64 10.33 10.61 0.324  0.094 <0.001

SEM - standard error of the mean; CBD - cannabidiol; N - no addition of CBD to feed; Y - addition of 30 g/1000 g CBD to feed;
CH - challenge; CON - control group; CH1 - induced stress using C. perfi-ingens at a dosage of 10% CFU per os; CH2 - induced
stress using E. coli lipopolysaccharide (LPS) at a dosage of 250 pg/kg b.w. per os, :ALA - a-Linolenic acid; AA - arachidonic
acid; DHA - docosahexaenoic acid; PUFA - polyunsaturated fat.

aA-Means bearing different superscripts differ significantly at: small letters — P<0.05; capitals — P<0.01.

applied (CH2), the addition of CBD to the feed significantly (P<0.01) increased the
concentration of n-3 fatty acids by 21% compared to the group of roosters exposed to
LPS but without the addition of 3.0% CBD (Fig. 4b). In the CH1 group, the addition of
CBD to the feed significantly (P<0.01) reduced the content of n-6 family acids by 4%
(Fig. 4c). The use of a 3.0% CBD addition to feed significantly (P<0.01) affected the
n-6/n-3 ratio (Fig. 4d). The breast muscles from cockerels that had been maintained
under standard conditions (CON) and had received CBD supplementation in their
feed had a 25% higher n-6/n-3 ratio than muscles from cockerels not receiving CBD
supplementation in their feed. For the CH1 group, the ratio was 20% higher. Only
the breast muscles from cockerels maintained under induced stress conditions (CH2)
were characterized by a significantly (P<0.01) lower n-6/n-3 ratio-by 25%-when CBD
was added to the diet.

Significant interaction effects in the fatty acid profile of livers were not found
(P>0.05) for C15:0, C17:1, or C18:1 (trans-9) (Tab. 8). The application of a 3.0%
CBD supplement to the feed influenced (P<0.05) a change in the concentration of
essential fatty acids (EFAs) in the liver under induced stress conditions. The use
of CBD supplementation in the feed influenced the reduction of LA acid by nearly
19% (P<0.05); while under induced stress (CH2) conditions, CBD supplementation
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Fig. 4 (a-d). Simple effect of the addition of 30 g/1000 g CBD to feed, or lack thereof, for cockerel groups
tested thefor fatty acids profile of the pectoral muscle; * - mean values marked with this symbol are
significantly different, P<0.05; CON - control group; CON - control group; CH1 - induced stress using C.
perfringens at a dosage of 10% IU per os; CH2 - induced stress using E. coli lipopolysaccharide (LPS) at a
dosage of 250 pg/kg b.w. per os.

influenced an increase in LA acid levels in the liver by nearly 7% (Fig. 5a). The
presence of GLA (gamma-Linolenic acid) acid was only found in the livers of
chickens maintained under induced stress conditions. The application of the CBD
supplement alone under standard chick maintenance conditions did not affect (P>0.05)
the levels of GLA acid in the livers of cockerels (trace value means <0.050 g/100 g).
The application of subclinical doses per os (CH1 and CH2) influenced the presence
of GLA acid, but only in the CH2 group did it significantly (P<0.01) increase the
concentration of this fatty acid: almost 59% relative to the CH2 group in which no
CBD was added (Fig. 5b). The addition of CBD to the feed had a significant (P<0.01)
effect in reducing (by 47%) AA levels (Fig. 5c), while in the CH1 group, it was by
25%. The same is true for the fatty acid DHA. The use of CBD in the birds’ diet
significantly (P<0.05) reduced liver GLA by 41% (CON) and by 23% in the CHI
group. The use of a subclinical dose of LPS (CH2) influenced (P<0.01) an increase in
liver GLA levels (by 43%) when CBD was added to the birds’ diet; this was in contrast
to the CON and CH1 groups (Fig. 5d). The addition of CBD to the feed significantly
(P<0.01) decreased n-3 family acids in the CON group (by 41%) and in the CHI
group (by 24%), while in the CH2 group it increased PUFA n-3 by 27% relative to the
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Table 8. Main effects and interactions for fatty acid profile in the livers (g/100 g)

Parameters CBD CH CBD x CH
NO YES SEM P value CON CHI CH2 SEM P value P value
C14:0 0.24* 0.29% 0.115 0.002 0.30* 0.25° 0.25 0.145 0.015 <0.001
C15:0 0.12% 0318 0301  <0.001 0.13 0.26 0.25 0.037 0.051 0.081
C16:0 13314 14.80% 0216  <0.001 15.48%  13.48%  13.20°%C 0256 <0.001 <0.001
Cle6:1 0.55% 0.78" 0.051 0.002 0.96" 0.58" 0.47%¢  0.078  <0.001 <0.001
C17:0 0.24 0.24 0.015 0.509 0214 0.278 0.24¢ 0.017  <0.001 <0.001
C17:1 0.01 0.01 0.010 0.741 0.01 0.01 0.01 0.011 0.430 0.106
C18:0 18.67*  17.83° 0.276 0.032 18.59 17.82 18.39 0.330 0.270 0.004
C18:1 (trans-9) 0.11* 0.08° 0.017 0.018 0.134 0.07% 0.085¢ 0.016 0.004 0.418
C18:1 (cis-9) 15634 18.97% 0.72 0.003 19.50°  16.85"  15.55° 0.894 0.013 <0.001
C18:2, LA 24.80*  23.78° 0.304 0.024 21.334  25.73%  25.825%C 0389  <0.001 <0.001
C20:0 0.16* 0.11% 0.016  <0.001 0.18* 0.13% 0.10% 0.015  <0.001 <0.001
C18:3,n-3 GLA 0.08* 0.128 0.015 0.001 trace 0.13* 0.17% 0.014  <0.001 0.001
C18:3,n-6 ALA 0.22 0.18 0.029 0.060 0.18 0.20 0.23 0.026 0.181 0.121
C20:1 0.28 0.29 0.014 0.754 0.26 0.29 0.30 0.026 0.285 0.017
C20:2 1.38% 1.08" 0.045  <0.001 1.09% 1174 1.448 0.042  <0.001 <0.001
C22:0 0.06" 0.03% 0.019  <0.001 0.04 0.06 0.05 0.014 0.085 <0.001
C20:3,n-6 1.32% 1.138 0.037  <0.001 1.33% 1.17° 1.18° 0.040 0.021 0.039
C20:3,n-3 18.55%  15.79% 0.418  <0.001 16.36 17.24 17.92 0.501 0.108 <0.001
C20:4, AA 0314 0.218 0.025  <0.001 0.30% 0.218 0.25%  0.022 0.008 0.034
C24:1 2.52% 2.05" 0.076  <0.001 2.034 23548 2498 0.096 0.005 <0.001
C22:6, DHA 1.07 0.99 0.057 0.312 1.00 1.03 1.07 0.069 0.765 <0.001
SFA 33.20 33.92 0.279 0.070 35.09% 32858  32.735%¢ 0337 <0.001 0.001
MFA 343 3.30 0.065 0.149 3.40 3.28 3.41 0.078 0.434 0.007
PUFA 47954 43.76° 0.665  <0.001 42174 4726 48.14%¢  0.819  <0.001 <0.001
PUFA n-3 19.76*  17.01% 0.437  <0.001 17.36 18.57 19.23 0.537 0.055 <0.001
PUFA n-6 27.94%  26.40% 0.319 0.001 24.14%  28.46° 28.915%C 0384  <0.001 <0.001
n-6/n-3 PUFA 1.50 1.60 0.056 0.413 1.41 1.63 1.55 0.065 0.062 <0.001

SEM - standard error of the mean; CBD - cannabidiol; N - no addition of CBD to feed; Y - addition of 30 g/1000 g CBD to feed;
CH - challenge; CON - control group; CH1 - induced stress using C. perfiingens at a dosage of 10® CFU per os; CH2 - induced
stress using E. coli lipopolysaccharide (LPS) at a dosage of 250 pg/kg b.w. per os; LA - linoleic acid; GLA - gamma-linolenic
acid; ALA - o-linolenic; AA - arachidonic acid; DHA - docosahexaenoic acid; PUFA - polyunsaturated fat

aA--Means bearing different superscripts differ significantly at: small letters — P<0.05; capitals — P<0.01.

groups without CBD addition (Fig. 5e). For PUFA n-6 content, the addition of 3.0%
CBD to the chicken feed was found to have a significant effect (P<0.05) in decreasing
liver PUFA n-6 concentration (by 20%) (CON) and increasing PUFA n-6 (by 6.5%)
in the group where LPS-induced stress conditions were applied (Fig. 5f). The ratio of
n-6 to n-3 families of acids changed with the addition of CBD to the feed. CBD was
found to have significantly (P<0.05) increased the n-6/n-3 ratio in the CON group by
20% and the CH1 group by 21%; while in the LPS-induced group the ratio decreased
by 26% relative to groups maintained under the same environmental conditions but
that did not have CBD added to their feed (Fig. 5g).

Blood biochemical parameters are shown in Table 9. Significant interaction effects
(P<0.05) were found for the AST and CK parameters. Maintaining chickens under
induced stress conditions by administering per os LPS and giving chickens the CBD
supplement had a significant (P<0.05) effect, by increasing AST levels in their blood
by 31%. For the CON and CH1 groups, CBD application had no significant (P>0.05)
effect on blood AST levels (Fig. 6a). The addition of CBD to feed significantly reduced
the level of CK in the blood of chickens in the CON group by 68% and in the CH1
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Fig. 5. (a-g). Simple effect of the addition of 30 g/1000 g CBD to feed, or lack thereof, for the cockerel
groups tested for liver fatty acid profile; * - mean values marked with this symbol are significantly
different, P<0.05; CON - control group; CON - control group; CH1 - induced stress using C. perfringens
at a dosage of 10°® IU per os; CH2 - induced stress using E. coli lipopolysaccharide (LPS) at a dosage of

250 pg/kg b.w. per os.

group by 58%, while in the CH2 group, the addition of CBD to feed had no significant
effect (P>0.05) on the reduction of the CK parameter (Fig. 5b). The main effect of
CBD was found to be significant (P<0.05) for an increase in the parameters TP, TCh,
BA, and Na; while the addition of CBD to the feed significantly (P<0.05) decreased

the levels of CK, GLDH, InP, and K.
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Table 9. Main effects and interactions for selected assays in the cockerels’ blood

Parameters CBD CH CBD x CH
NO YES SEM P value CON CHI1 CH2 SEM P value P value
ALT (U/L) 1.88 2.08 0.184 0457 1.85 2.00 2.09 0229  0.744 0.724
camylase (U/L) 590.51  637.66 30.755 0.287 580.88  586.05 675.33 37.654 0.155 0.083
ALP (U/L) 4874 3916 4333 0.129 4654 4025 4506 530.7 0.684 0.634
AST (U/L) 396.84  407.57 25.251 0.766 35335 41454 438.73 30.939 0.150 0.025
TP (g/dL) 2.84% 3.08% 0.052  0.002 2.96 2.98 2.94 0.064  0.930 0.676
TCh (mg/dL) 109.054  132.02° 3.121  <0.001 125.16* 125.58* 110.86° 3.821  0.015 0.305
CK (U/L) 316654 17836°  2385.1 <0.001 23505 21737 29010  2921.2 0.202 <0.001
GDLH (U/L) 6.12 5.84 0489  0.678 5.66 6.20 6.08 0592  0.794 0.339
GGTP (U/L) 23.22 2424 1.144 0.533 23.48 21.54 26.16 1.446 0.081 0.659
UA (mg/dL) 5.79 5.28 0.365 0.322 6.45% 4.028 6.13 0.441 0.001 0.731
LDH (U/L) 4382% 3092° 343.512 0.013 3344 3638 4229 420.7 0.331 0.925
TTG (mg/dL) 62.72 70.36 3.779 0.162 87.65%  55.59  56.39% 4.626 <0.001 0.030
BA (mg/dL) 19.094  24.85% 1.931 0.043 22.60 18.74 24.56 2.364 0.223 0.649
InP (mg/dL) 9.61* 8.738 0.150 <0.001 9.07 9.39 9.05 0.192 0.375 0.152
K (mg/dL) 38.48° 35.06° 1.011 0.023 36.36 35.85 38.09 1.249 0.417 0.055
Na (mg/dL) 367.21°  373.43° 1.796 0.020 362.80" 380.42° 367.74% 2.197  <0.001 0.131
Ca (mg/dL) 11.42 11.46 0.134  0.847 11.47 11.48 11.36 0.164  0.829 0.225
Fe (mg/dL) 80.95 78.29 2.012 0356 83.58%  71.48"  83.80°% 2.469  0.001 0.494

SEM - standard error of the mean; CBD - cannabidiol; N - no addition of CBD to feed; Y - addition of 30 g/1000 g CBD to feed;
CH - challenge; CON - control group; CHI - induced stress using C. perfiingens at a dosage of 108 CFU per os; CH2 - induced
stress using E. coli lipopolysaccharide (LPS) at a dosage of 250 pg/kg b.w. per os; ALT (alanine aminotransferase); ALP (alkaline
phosphatase); AST (aspartate aminotransferase); TP (total protein); TCh (total cholesterol); CK (creatinine kinase); GLDH
(glutamate dehydrogenase); GGTP (gamma-GT, aminotransferase); UA (uric acid); LDH (lactate dehydrogenase); TTG
(triglycerides); BA (bile acid); InP (inorganic phosphorus); K (potassium); Na (sodium); Fe (iron).

A--Means bearing different superscripts differ significantly at: small letters — P<0.05; capitals — P<0.01.

The oxidative status of breast and liver samples (Tab. 10) did not differ significantly
(P>0.05) in the conducted study. The results obtained did not deviate from those
obtained from current poultry production.

The poultry sector seeks feed additives to enhance bird health and performance.
Cannabis indica, known as marijuana, has potential medicinal value due to its high
A9-tetrahydrocannabinol levels [Grotenhermen et al. 2017, Rehman et al. 2021]. In
contrast, Cannabis sativa, with its non-psychoactive properties and high CBD content,
is of interest as a livestock diet ingredient. The endocannabinoid system, present in
both invertebrates and vertebrates [Salzet and Stefano 2002, Oltrabella et al. 2017,
Breivogel et al. 2018] is linked to CBD’s action and regulates various physiological
processes [Atalay er al. 2020, della Rocca and Di Salvo 2020]. Necrotic enteritis
(NE) in chickens can potentially be addressed using Cannabis sativa-derived CBD in
their diet. This could serve as an alternative preventive strategy, reducing antibiotic
use and the risk of drug-resistant microorganisms. Chickens can be infected with C.
perfringens without showing clinical signs, posing a risk of pathogen transfer to the
food chain. The non-psychotropic component of hemp seeds, CBD, appears to have
significant benefits for humans and animals [Konieczka ef al. 2020].

In the present study, a challenge agent was used to induce stress in chickens in two
ways by administering per os doses of subclinical Gram-positive bacteria Clostridium
perfringens and a per os doses of lipopolysaccharide extracted from the cell membrane
of E. coli bacteria. Toll-like receptor 4 (TLR-4) recognizes LPS from Gram-negative
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the bacterial flagellum; while, in addition, bacterial TLR antagonists increase the
expression levels of additional pro-inflammatory cytokines such as IL-1fand IL-6
[Csernus et al. 2020], which may negatively affect normal chickens growth. NE,

induced by C. perfringens, causes chronic damage to the intestinal mucosa, which can
lead to reduced growth performance in chickens through reduced nutrient absorption

bacteria and toll-receptor 5 (TLR-5) recognizes bacterial flagellin, a subunit of
due to a less efficient digestive process [Timbermont et al. 2011, Prescott et al. 2016,
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Zahoor et al. 2018]. CBD can modulate the immune response, which may provide a
first line of defense against infection [Konieczka et al. 2020].

In the available literature, there is little or no research on the use of CBD in the
diets of chickens and its effect on various parameters,, be it the effect on the meat yield
or the health status of the chickens. Studies mostly focus on feeding chickens hemp
seeds, which contain small amounts of CBD in their composition but also many other
components such as carbohydrates, proteins (arginine, methionine, and cysteine),
vitamins (e.g. y-tocopherol), and fats extracted from the seeds, as well as essential
amino acids, fiber, vitamins, and minerals (Fe, Zn, Cu, and Mn), cannabinoids,
and terpenes [Yu et al. 2005, della Rocca and Di Salvo 2020, Rehman et al. 2021,
Valizadehderakhshan et al. 2021]. To the best of our knowledge, this is one of the first
studies to determine the effect of the bioactive properties of CBD in broiler chickens
on rearing performance, and breast muscle and liver quality under induced stress
conditions. The rearing results of the chickens in the present study confirm that the
induction of stress using the per os route does not impair rearing performance, in
contrast to studies [Chen et al. 2018, Gharib-Naseri ef al. 2019] in which a subclinical
dose of Clostridium perfringens and LPS was also used. In the current study, the
chicken rearing results obtained do not deviate from those obtained from commercially
reared broiler chickens. However, the administration of CBD alone, at a dose of 3.0%
per kg of feed, improved final body weight, which may be related to improved feed
palatability and increased feed intake. Furthermore, the use of hemp seed, which also
contains CBD in its composition, but importantly also several other compounds, has
been shown to increase the body weight of cockerels [Sevcikova et al. 2006]. There
are also reports that hemp seed does not negatively affect feed conversion ratio (FCR),
which may have an indirect effect on understanding the use of CBD supplementation
in chicken feed [Mahmoudi ef al. 2015]. The use of stress inducers and CBD alone
did not increase chicken mortality, confirming, on the one hand, the lack of negative
effects of CBD on chicken health and the correctness of the use of a subclinical dose,
which, as stated, does not increase bird deaths but may only have a positive or negative
effect on the rearing performance of the chickens. The slaughter analysis carried out
showed that CBD application under induced stress conditions had no negative effects.
Only when 3.0% CBD was administered to the CH2 groups, was a lower proportion
of liver weight relative to body weight found in the CON cockerels. The knowledge
of changes in liver weight in chickens exposed to LPS states that endotoxin-induced
changes have already been repeatedly observed. It is known that changes in liver
weight are caused by an increase in its metabolic function [Curtis et al. 1980, Xie et
al. 2000, Mireles et al. 2005]. Analyzing similar studies in which chicken organisms
were exposed to LPS and, in this case, treatment with berberine, which has properties
similar to that of morphine and codeine, were also found to have a lower liver weight
relative to body weight in the cockerels, in a similar way to when LPS and CBD
were used in the chickens’ diet [Shen ef al. 2010]. Similarly, cannabidiol (CBD)
demonstrates synergistic effects with sub-analgesic doses of morphine in an acute
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pain model (i.e., acetic acid writhing) but not against thermal pain [Neelakantan et al.
2015]. Relative liver weight may be a good indicator of the magnitude of the acute
phase response because the liver is the site where acute phase proteins are synthesized
[Koj 1996]. Although this was not analyzed in this study, it can be suggested that the
addition of 3.0% CBD to feed reduces the negative effects of LPS on chickens, which
is undoubtedly linked to metabolic processes in the liver. Studies using other animal
species have shown increased liver weight, for example, in rhesus monkeys, among
others, and elevated liver enzymes, for instance, in dogs, when CBD was administered
at doses as low as 2 mg/kg body weight [Rosenkrantz et al. 1981, Gamble et al. 2018].

The use of a 3.0% CBD addition to chicken feed has a lowering effect on the
pH value of the pectoral muscles in cockerels that are given a subclinical dose of
C. perfringens. Only, in this case, the results showed a slightly higher rate of post-
mortem acidification of the meat. In the experiment conducted on the CHI1 group, a
slight increase in the L , parameter of the pectoral muscle was found, which contrasts
with other similar study results [Yang et al. 2010, Zhou et al. 2015]. However, slight
changes in the lightness of the meat or a general lack of change in the infected meat
may be difficult to distinguish for the potential consumer. The addition of CBD alone
(30 g/kg feed) does not alter the color parameters, which is a plus if consumers are
accustomed to the product.

The analysis of the chemical components of breast and liver showed that
significant interactions were only observed within the liver tissue. The results from
the study show that a mild infection with C. perfringens [Olkowski et al. 2008], or
induced by LPS from E. coli, may not affect changes in the chemical composition of
the breast muscle tissue, which could be a potential risk in the supply chain. Only in
liver tissue was a significantly higher concentration of ash and lower collagen, water,
and fat found after CBD administration to the feed. In the CON where only the CBD
addition to the feed was used, an increased proportion of fat fraction was found in
the liver, which is associated with the CBD administration itself, but importantly, no
change in fat content was found in the CH1 and CH2 groups. The fat levels in the
livers from these groups remained the same. The present study did not analyze CBD
residues in the pectoral muscle; however, based on our team’s study [Konieczka et
al. 2020], feeding the concentration of CBD in the pectoral muscle after a diet of
15 g/1000 g (CBD) for 35 days was 141.54+95.54 ng/g (on a dry weight basis). The
overall liver collagen concentration depended on whether CBD was used in the diet
or not and on the administration of LPS to the cockerels. The addition of CBD to the
feed significantly reduced the level of total collagen in the livers by several times
(CON and CH2). Furthermore, the serum levels of type III collagen also decreased
only after CBD was administered. The reduction in the proportion of total collagen
in the liver may indicate that CBD has a therapeutic effect on liver tissue, even
providing protective effects against induced LPS stress. For pectoral muscle tissue,
CBD administration alone was also not found to impair the quality of the pectoral
muscle, which is consistent with previous reports by our team [Konieczka et al. 2022].
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In another study from the same research, CBD administration alone had the effect of
increasing the concentration of total collagen in the pectoral muscle, which contrasts
with its effect in liver tissue. Additionally, a previous study conducted by our team
reported that the addition of CBD to feed did not significantly affect the collagen
content of intestinal tissue, and there was no significant effect observed on total
collagenase enzyme concentrations in the intestines of 35-day-old birds following
C. perfringens provocation [Konieczka et al. 2020]. These findings may indirectly
explain the changes observed in tissue collagen concentration.

Consumer interest in products of high health-promoting quality has led to attention
being paid to their enrichment with fatty acids, including those of the n-3 family; this
has mainly concerned meat and eggs. The enrichment of animal products with n-3
fatty acids is achieved mainly through the use of linseed, flaxseed oil, or oils derived
from marine and oceanic products, in animal diets [Moghadasian 2008, Palmquist
2009, Yeung et al., 2019]. Sources of fatty acids that are among the most important
in terms of the human diet can be hemp seeds and their products, including hemp oil,
which contains CBD and is found in chickens’ diets, among others. Chicken meat
and its most valuable component, the breast muscle, is considered one of the main
sources of PUFAs in the human diet; and the fatty acid profile of such meat can be
modulated by diet and the degree of fat absorption [Hulan ez al. 1989, Poorghasemi et
al. 2013]. In the present study (only the most significant interactions are presented),
the addition of CBD to chicken feed alone significantly altered the ratio of n-6 to n-3
fatty acids. Only the LPS-induced stress and the administration of CBD to feed showed
similar proportions of n-6/n-3 to the non-supplemented CBD group. Importantly, the
application of LPS and CBD to feed has a significant effect on increasing n-3 acids
in the breast muscle, which is positive from a dietary perspective, but may pose a
risk to human health as LPS is bound to the cell wall of E. coli. The administration
of CBD to chicken feed alone does not adversely affect the levels of PUFA, n-3 and
n-6 in breast muscle. Hemp oil itself, which contains CBD, is rich in fat (25-35 g/100
g). Hemp oil contains significant amounts of linoleic acid (LA, 18:2, n-6), which
accounts for more than half of the total FA. In addition, the composition includes
approximately 16% o-linolenic acid (ALA, 18:3, n-3), about 12% oleic acid (OA,
18:1, n-9), approximately 6% palmitic acid (PA, 16:0), and around 3% y-linolenic
acid (GLA, 18:3, n-6), among several other fatty acids [Callaway 2004, House et al.
2010, Vonapartis et al. 2015, Kanbur 2022]. Analyzing the fatty acid profile of CBD-
enriched hemp oil, it seems reasonable to change the fatty acid profile in the pectoral
muscle precisely in the direction of increasing the concentration of n-6 fatty acids and
thus the n-6/n-3 ratio.

It was found that feeding a diet of CBD to chickens infected with Clostridium
perfringens reduced the levels in meat of volatile compounds that are correlated
with bacterial activity [Konieczka e al. 2022] and that C. perfringens affects lipid
metabolism by down-regulating the expression of the genes associated with fatty
acid catabolism, including peroxisome proliferation-activated receptor alpha,
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carnitine palmitoyltransferase 1, and acyl-CoA oxidase 1 [Zhou et al. 2016] which
play important roles in lipid metabolism and thus strongly contribute to meat sensory
attributes. Analyzing the key fatty acids that pertain to the human diet (i.e., LA,
ALA, DHA, and PUFA), which were the focus of this study (only the most important
interactions are presented), it was discovered that the inclusion of 3.0% CBD in
feed markedly decreased the levels of C18:2, C20:4, C22:6, n-3, and n-6 acids.
Interestingly, the presence of the C18:3 n-6 acid was detected under induced stress
conditions. For the CON group, the addition of CBD to the feed had no impact on the
levels of this acid in the liver tissue; while the amount of this fatty acid was found
to be below the detection threshold (0.050 g/100 g). Delta6-desaturase facilitates the
formation of GLA, which is the first product in the conversion of linoleic acid into
dihomo-y-linolenic acid (DGLA) and arachidonic acid (AA). DGLA serves as a direct
precursor to prostaglandin series 1 (PGE1) as well as thromboxane and leukotriene
series 3 (TBX3 and LT3, respectively) whereas AA serves as a direct a precursor to
prostaglandin series 2 (PGE2), thromboxane, and leukotriene series 4 (TBX4 and
LT4, respectively). Prostaglandin E1 binds to surface receptors in smooth muscle,
which results in an increase in intracellular cAMP (cyclic adenosine monophosphate)
levels. Conversion to PGE1 provides y-linolenic acid with anti-inflammatory and
antiproliferative effects, as well as a possible lipid-lowering capacity [Hornych et al.
2002]. Delta 6-desaturase, an enzyme found in humans and birds in small quantities
[Lands ef al. 1990], is most prominently expressed in the liver, brain (specifically in
neurons and astrocytes), lung parenchymal cells, cardiomyocytes, and retinal cells
of humans. The body’s pathological states may also modify A6-desaturase activity.
Infections may elucidate the presence of these fatty acids in the livers of cockerels
when exposed to induced stress, in quantities exceeding the detection threshold of the
fatty acid profile assay used [Fan and Chapkin 1998].

When broiler chickens are infected, various biochemical changes may occur in
their bodies, including increased activity by enzymes like AST. AST is found in liver
cells, muscles, hearts, and other tissues, and increased activity can arise from cellular
damage or oxidative stress linked to the infection. Several studies have revealed that
LPS can provoke an inflammatory response in broilers [Zhang et al. 2020]. Plasma
AST and ALT activities are commonly used in clinical settings as specific markers
of liver damage [Senior 2012]. Our findings suggest that administering CBD alone
to the diet of cockerels does not significantly impact changes in serum AST levels.
However, when LPS is orally administered to induce stress, and CBD is used in the
diet, an increase in AST activity is observed. This is attributed to the body’s response
to the lipopolysaccharide of the bacterium E. coli. Keratin kinase (CK) is an enzyme
present in muscle and other tissues that facilitates the conversion of creatine and
phosphocreatine, which are essential for energy storage and transport in muscle
cells. Elevated serum CK activity is indicative of muscle damage, with levels being
influenced by a range of factors, such as injury, disease, or stress. Concerning broiler
chicken rearing, the muscular health of chickens can be negatively affected by stress
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related to rearing conditions, infections, or other stressors. Elevated CK activity may
suggest muscle stress. Creatine kinase (CK) is a fundamental enzyme in cellular
bioenergetics, and supports cellular and ATP homeostasis. Augmented CK levels
are linked to speedy creatine phosphate (CP) clattering, glycolysis, accelerated pH
diminution, and elevated water loss [Zelechowska ef al. 2012]. Our research suggests
that incorporating CBD into the diets of chickens leads to a decrease in serum CK
levels and provides protection against C. perfringens, as evidenced by the reduced
CK levels in CHI1 cockerels. No muscle defects were detected upon dissection of
the carcasses, nor were there any changes in the chemical composition of the breast
muscle, which may suggest that the intensive production system and the fast-growing
genetic material of Ross 308 lines influences CK activity and the potential therapeutic
effects of CBD in reducing serum CK levels.

Analyzing the results we obtained regarding the improvement of the antioxidant
capacity of CBD, we did not find that the addition of CBD to feed increased the
activity enough to inhibit free radicals. Nevertheless, it is worth noting that in the
case of the CH1 and CH2 groups, where the chickens’ organisms were exposed to
subclinical doses of C. perfringens and LPS, no significant differences were found
either; which allows us to conclude that the addition of CBD to the feed under induced
stress conditions, nevertheless, resulted in the maintenance of the oxidative potential
at the CON group level. The mechanisms behind this may be attributed to the better
radical suppression capacity of hemp oil containing PUFAs, 9 y-tocopherols, or CBD
[Vispute et al. 2021].

Conclusions

The use of a 3.0% Cannabis sativa extract supplement in chickens’ diets increases
the final body weight of chickens and maintains a high final body weight when birds
are exposed to stress-induced conditions, while maintaining good results for slaughter
analysis. The use of the investigated extract in the chickens’ diet does not adversely
affect the physicochemical parameters and basic chemical composition of the breast
muscle and liver, maintaining their characteristic features. Although the use of CBD
in chickens’ diets may increase the n-6/n-3 acid ratio, this difference is not so large
that, from the human diet’s perspective, the addition of CBD negatively impacts
human health. In addition, the use of a 3.0% Cannabis sativa extract supplement in
chicken nutrition allows for the maintenance of blood biochemical and antioxidant
parameters under stress-induced conditions, which contributes to maintaining the
homeostasis of the chicken body. The 30 g/1000 g Cannabis sativa extract can provide
a protective element to improve rearing under demanding conditions of intensive
animal production.
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