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Streszczenie

Czerw trutowy to mniej znany i przebadany produkt pszczeli, przez pszczelarzy
czesto traktowany jako odpad, bywa wykorzystywany jako naturalny sposéb walki
z warrozg. Ze wzgledu na unikalny sktad chemiczny w krajach Europy Wschodniej i Azji
jest ceniony i stosowany w prewencji/leczeniu wielu choréb, w tym nieptodnosci
meskie] i zaburzert menopauzy u kobiet.

Celem pracy byfta analiza sktadu chemicznego i aktywnosci biologicznej
preparatéw wytworzonych z czerwiu trutowego oraz mozliwos¢ ich wykorzystania
w projektowaniu suplementéw diety. Po raz pierwszy analizowano zmienno$¢ skfadu
w zaleznosci od fazy rozwoju i pochodzenia pasiecznego. Ze wzgledu na niskg trwatosc¢
materiatu poszukiwano skutecznej metody jego utrwalenia. Utrwalony czerw
wykorzystano do zaprojektowania innowacyjnego suplementu diety i oceniono jego
biodostepnos¢ metoda symulowanego enzymatycznego trawienia.

Badania przeprowadzono dla czerwiu trutowego pozyskanego w trzech fazach
rozwoju z trzech podkarpackich pasiek. Bezposrednio po pobraniu materiat
zhomogenizowano i przechowywano w stanie zamrozonym do czasu analiz.
Analizowano nastepujgce parametry: zawartos¢ testosteronu i estradiolu (metoda
ELISA), aktywnos$¢ antyoksydacyjng i profil zwigzkéw polifenolowych (HPTLC),
zawarto$¢ biatka i profil biatkowy (SDS-PAGE), aktywnos¢ enzymatyczng (diastaza, inne
glikozydazy) oraz zawartos¢ sktadnikdw mineralnych (ICP-OES).

Badania wykazaty, ze czerw trutowy niezaleznie of fazy rozwoju (dzien 7, 11
i 14) stanowi cenne Zrdodto wielu skfadnikdéw, przy czym wraz z postepem rozwoju
obserwowano wzrost zawartosci testosteronu i biatka oraz wzbogacenie profilu
biatkowego. Wiekszg aktywno$é antyoksydacyjng stwierdzono na weczesniejszych
etapach rozwoju (7-11 dzien), przy czym frakcje dominujgcg stanowity antyoksydanty
hydrofilowe, gtéwnie kwasy fenolowe i flawonoidy. Wykazano, ze mimo podobienstw
w skfadzie czerwiu trutowego i mleczka pszczelego pomiary aktywnosci markerowych
kwasnych glikozydaz (N-acetylo-heksozoaminidazy i a-glukozydazy) oraz zawartosci
zelaza pozwalajg jednoznacznie rozrdzni¢ te materiaty.

Utrwalenie czerwiu trutowego metoda liofilizacji pozwolito zachowaé potencjat

antyoksydacyjny czerwiu i catkowitg zawartos¢ zwigzkdw polifenolowych (ok. 10%



strat). Utrwalenie czerwiu mrozonego (max. dodatek 4%) pozwolito na petne
zachowanie jego wtasciwosci  antyoksydacyjnych  podczas 6-miesiecznego
przechowywania w temperaturze pokojowej. Miéd wzbogacony czerwiem trutowym
stanowi wygodng forme wprowadzenia matych dawek czerwiu do diety. Zwiekszenie
udziatu czerwiu mrozonego w miodzie powoduje jego fermentacje, takie ograniczenie
nie wystepuje w przypadku stosowania czerwiu liofilizowanego jako dodatku do
miodu.

Liofilizowany czerw trutowy wykorzystano do przygotowania innowacyjnego
dwuskfadnikowego suplementu diety w wygodnej do stosowania formie kapsutek.
Preparat wzbogacono w wapn, poréwnawczo stosujgc weglan wapnia (forma
nieorganiczna) i zmielone skorupy jaj (organiczna). Z wykorzystaniem symulowanego
trawienia in vitro oceniono biodostepnos$é wybranych sktadnikéw (hormony, wapn,
biatko, antyoksydanty i polifenole). Wykazano, ze w obecnosci wapnia hormony
czerwiu, inaczej niz polifenole, sg lepiej biodostepne w jelicie, rosnie takze strawnos¢
biatka. Ocena dziennego pobrania skfadnikdw bioaktywnych z zaprojektowanych
suplementow potwierdzita bezpieczerstwo ich stosowania.

Przeprowadzone badania dostarczyty nowych istotnych informacji odnosnie
technologii pozyskiwania czerwiu trutowego o optymalnej bioaktywnosci oraz
korzystnego sposobu jego utrwalenia. Zaprojektowany suplement na bazie naturalnych
sktadnikdw moze znalez¢ zastosowanie w prewencji lub leczeniu osteoporozy, jednak

przed wdrozeniem jego skutecznos¢ nalezy potwierdzi¢ w badaniach in vivo.



Summary

Drone brood is a less-known and studied bee product, often treated as waste
by beekeepers, it is sometimes used as a natural way to combat varroa. Due to its
unique chemical composition in Eastern European and Asian countries, it is valued and
used for the prevention/treatment of many diseases, including male infertility and
menopausal disorders in women.

The purpose of this study was to analyze the chemical composition and
biological activity of manufactured drone brood preparations and the possibility of
their use in the design of dietary supplements. For the first time, the variation of the
composition depending on the stage of development and apiary origin was analyzed.
Due to the low durability of the material, an effective method of fixing it was sought.
The fixed brood was used to design an innovative dietary supplement and its
bioavailability was evaluated by simulated enzymatic digestion.

The study was conducted for drone brood obtained at three stages of
development from three Subcarpathian apiaries. Immediately after collection, the
material was homogenized and stored frozen until analysis. The following parameters
were analyzed: testosterone and estradiol content (by ELISA), antioxidant activity and
profile of polyphenolic compounds (HPTLC), protein content and protein profile (SDS-
PAGE), enzymatic activity (diastase, other glycosidases) and mineral content (ICP-OES).

The study showed that drone brood regardless of developmental stage (day 7,
11 and 14) is a valuable source of many components, and with the progress of
development, an increase in testosterone and protein content and an enrichment of
the protein profile were observed. Higher antioxidant activity was found at earlier
stages of development (day 7-11), with hydrophilic antioxidants, mainly phenolic acids
as well as flavonoids, being the dominant fraction. It was shown that despite
similarities in the composition of drone brood and royal jelly, measurements of the
activity of marker acid glycosidases (N-acetyl-hexosaminidase and a-glucosidase) and
iron content make it possible to clearly distinguish between these materials.

Fixation of drone brood by freeze-drying preserved the antioxidant potential of
the brood and the total content of polyphenolic compounds (about 10% loss). Fixation

of frozen brood (maximum addition of 4%) allowed full preservation of its antioxidant



properties during 6-month storage at room temperature. Honey enriched with drone
brood is a convenient form of introducing small doses of brood into the diet.
Increasing the proportion of frozen brood in honey results in its fermentation, such a
limitation does not occur when freeze-dried brood as a honey additive was used.

Freeze-dried drone brood was used to prepare an innovative two-ingredient
dietary supplement in a convenient-to-use capsule form. The preparation was
enriched in calcium, comparatively using calcium carbonate (inorganic form) and
ground eggshells (organic). The bioavailability of selected components (hormones,
calcium, protein, antioxidants as well as polyphenols) was evaluated using simulated in
vitro digestion. It was shown that in the presence of calcium, brood hormones, unlike
polyphenols, are better bioavailable in the intestine, and protein digestibility also
increases. Evaluation of the daily intake of bioactive components from the designed
supplements confirmed the safety of their use.

The conducted research provided new important information regarding the
technology of obtaining drone brood with optimal bioactivity and the favorable way of
its fixation. The designed supplement based on natural ingredients may find
application in the prevention or treatment of osteoporosis, but its effectiveness should

be confirmed in in vivo studies.



1.Wstep

Czerw trutowy to kolejne stadia rozwojowe trutni (meskich osobnikéw pszczoty
miodnej Apis mellifera): jaja, larwy, przedpoczwarki i poczwarki. Larwy i mtode
przedpoczwarki trutni stanowig wyjatkowo cenne Zrédto sktadnikdéw bioaktywnych i sg
w wielu regionach swiata stosowane jako pokarm, a nawet naturalny lek. W praktyce
pszczelarskiej czerw trutowy jest traktowany jako odpad, a jego usuwanie z ula stanowi
biologiczng metode walki z warrozg, jedng z trudniejszych do zwalczenia choréb
pszczét. Czerw trutowy wykazuje wysoka aktywnos$¢ biologiczng i wszechstronnie
korzystny wptyw na organizm cztowieka. W medycynie naturalnej produkt jest
stosowany m. in. wleczeniu nieptodnosci u meziczyzn, tagodzeniu objawdéw
menopauzy, leczeniu chordb tarczycy, miazdzycy, a takze choréb depresyjnych. Mimo
tak szerokiego spektrum stosowania, jest wcigz stabo scharakteryzowanym produktem
pszczelim.

W literaturze polskiej i zagranicznej dostepne s3g nieliczne opracowania,
w wiekszosci pochodzace z Rumunii i Ukrainy, charakteryzujgce sktad chemiczny,
wiasciwosci oraz aktywnosc¢ biologiczng czerwiu trutowego. Zainteresowanie naukowe
tym mato znanym produktem pszczelim ciggle rosnie, na co wskazujg wyniki
przeszukiwania bazy danych Scopus, w 2020 roku byto to facznie 393 dokumenty,
gtdéwnie koncentrujgce sie na biologii rozwoju larw pszczelich. Pomimo doniesien
prasowych dotyczgcych korzysci z jego stosowania, jedynie nieliczne publikacje dotyczg
zawartosci sktadnikéw odzywczych w czerwiu pszczelim (Finke 2005). Badania nad
czerwiem krajowym nie byty prowadzone przez dtugi czas, dopiero w grudniu 2019
roku pojawita sie w czasopiSmie Journal of Ethnopharmacology (z ograniczonym
dostepem) pierwsza praca przegladowa z Uniwersytetu w Biatymstoku, dotyczgca
zwieztej charakterystyki tego produktu pszczelego (Sawczuk i in. 2019). Publikacja
oryginalna, prezentujgca wyniki badan tych Autoréw pojawita sie dopiero w lipcu 2022
(Sawczuk i in. 2022).

Dostepne informacje wskazywaty na wysokg, w poréwnaniu do innych
produktow pszczelich, zawartosc¢ licznych sktadnikéw odzywczych (biatka, lipidy, kwasy
ttuszczowe, weglowodany), witamin (A, B, E i D), mineratéw i hormondw sterydowych.

Brakowato jednak opracowania naukowego opisujgcego zaleznos¢ aktywnosci



biologicznej od stadium rozwoju czy pochodzenia larw oraz wptywu metody utrwalania
na retencje sktadnikdw bioaktywnych. Nieliczne publikacje przedstawiaty wyniki badan
nad aktywnoscig biologiczng czerwiu. Przytoczone luki badawcze w odniesieniu do
czerwiu trutowego stanowity gtdwne przestanki, ktére przyczynity sie do powstania tej
pracy. Jej aktualno$é¢ wzrosta w obliczu dopuszczenia owaddéw jadalnych jako
alternatywnego Zrédta biatka zwierzecego. Dostarczenie naukowych dowodéw nt.
skutecznosci oraz bezpieczenstwa stosowania czerwiu trutowego ma kluczowe
znaczenie dla stosowania czerwiu w profilaktyce chordb oraz stwarza nowy kierunek

rozwoju gospodarki pasieczne;j.

1.1. Pochodzenie i sktad chemiczny czerwiu trutowego

Pierwszym etapem niniejszej rozprawy doktorskiej byto zgromadzenie
dostepnych informacji nt. aktualnego stanu badan nad czerwiem trutowym w bazach
literatury Swiatowej, ktére wykorzystano do opracowania artykutu przeglagdowego
(publikacja I). Przeszukiwanie baz naukowych (Web of Science, Scopus, Informator) wg
stéw kluczowych (,drone brood”, ,drone homogenate”, ,bee drone brood”,
LApilarnil”, ,,czerw trutowy”) pozwolito na zgromadzenie 69 pozycji pisSmiennictwa,
wykorzystane do opracowania poszczegdlnych rozdziatéw artykutu, skupiajgcych sie na
pochodzeniu, stabilnosci i utrwalaniu, charakterystyce skfadnikéw chemicznych
czerwiu, aktywnosci farmakologicznej i zastosowaniu w suplementacji diety.
Szczegblnie wartosciowg czescig artykutu byt przeglad aktualnych rozwigzan
aplikacyjnych dotyczacych czerwiu trutowego (zgtoszonych patentéw) dostepnych
w Bazie Espacenet.

Czerw trutowy (homogenat czerwiu trutowego, mleczko trutowe), w formie
liofilizowanej jest znany jako Apilarnil lub Apistimul (lliesiu 1988), definiowany jako
rozne stadium rozwojowe trutni (jajo, larwa, przedpoczwarka, poczwarka), ktére
rozwijajg sie w komadrkach plastra z niezaptodnionych jaj matki pszczelej. Rozwdéj trutni
trwa najdtuzej (24 dni) sposrod wszystkich osobnikow w rodzinie pszczelej, podczas
gdy pszczét robotnic wynosi 21 dni, a matki pszczelej 16 dni. W trakcie pierwszych dni
po zniesieniu przez matke jaj, trutnie rozwijajg sie w komodrce otwartej
(niezasklepionej). W tym czasie karmicielki dostarczajg larwom pokarm, dzieki ktéremu

mogg sie prawidtowo rozwijaé. Dziesigtego/jedenastego dnia pszczoty zasklepiajg
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czerw trutowy wieczkiem wypuktym (Czekonska i Tofilski 2010), dzieki temu czerw
trutowy w plastrze jest tatwy do identyfikacji. Rola dorostych trutni w sezonie
pasiecznym polega gtéwnie na zaptodnieniu matki pszczelej, a ich populacja w ulu
stanowi 5-10% rodziny pszczelej. W zwigzku z tym, pszczelarze traktujg czerw trutowy
jako odpad, a czasami (w przypadku niezasklepionego czerwiu trutowego) jako
naturalny pofawiacz warrozy (Varroasis apium). Takie zabiegi sg najczesciej
praktykowane w krajach skandynawskich (Jensen i in. 2019; Budnikova 2009). Z jednej
rodziny pszczelej istnieje mozliwos¢ pozyskania w pasiece do 1200 g larw trutowych,
500 g larw pszczelich i tylko 30 g larw matecznych (Prokhoda 2009). Ponadto nalezy
zaznaczyc¢, ze pozyskiwanie czerwiu trutowego nie ostabia sity rodziny pszczelej.

Czerw trutowy pozyskiwany w celach technologicznych nalezy pobierac
w odpowiednim dniu rozwoju, co opisano w publikacji I. W tej kwestii dane
literaturowe sg mocno rozbiezne, przy czym najczesciej wymieniany zakres to 6-14 dni
(Stangaciu i Hartenstein 2007; Softodenko 2015; Prokhoda 2009; Budnikowa 2009;
Komisar 2006; Krytow i in. 2007; Czerkasowa i Prokhoda 2006; Budnikova 2009).
Réznice w ustaleniu optymalnej fazy wynikajg z uwzglednienia przez niektdrych
badaczy zmiennej aktywnosci biologicznej czerwiu trutowego, podczas gdy inni skupiali
sie na przydatnosci materiatu do przetworzenia. Pobranie larw z komérek plastra moze
by¢ tatwiejsze przed zasklepieniem, poniewaz larwy mozna wyptuka¢ strumieniem
wody, a w przypadku komoérek zasklepionych przed przystgpieniem do recznego
rozdzielania nalezy plaster zamrozi¢ (Krell 1996). Szybka i mniej pracochtonng metodg
jest wyciskanie niezamrozonych lub rozmrozonych plastrow czerwiu nad sitem (Jensen
2019).

Homogenat czerwiu trutowego (mechanicznie rozdrobniony czerw) to mleczna
gesta substancja o barwie biato-zottej i specyficznym zapachu wykazujacy bogaty sktad
chemiczny, w ktdorym dominuja: biatka (7-10%), weglowodany (7-8%), ttuszcze (3-5%),
sktadniki mineralne (popidt 3%), a woda stanowi ok 80% (publikacja I, tab. 1). Taki
produkt wykazuje wysokg zawartos¢ hormondw sterydowych (testosteron,
progesteron i estradiol) i prolaktyny (publikacja 1, fig. 3) oraz witamin
i biopierwiastkow (publikacja I, tab. 2). Dodatkowo odznacza sie wysokg wsréd
produktéw pszczelich zawartoscia polifenoli i aktywnoscig antyoksydacyjng (publikacja

I, tab. 3). Zawartos¢ hormondw, biatka, enzyméw i biopierwiastkdw wptywa na wysoka
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aktywnos¢ biologiczng czerwiu trutowego. Analiza danych literaturowych wskazuje, ze
sktad chemiczny czerwiu zmienia sie w zaleznos$ci od stadium rozwoju, przy czym
najwieksze rdéznice stwierdzono analizujgc zawarto$é suchej masy, biatka i lipidow
(Bogdanov 2016; Burmistrova 1999; Isidorov 2013; Mandla i Kumar 2016, Sawczuk i in.
2022).

W publikacji | poruszono réwniez temat utrwalania czerwiu trutowego, ktéry
niezaleznie od etapu rozwoju jest materiatem o bardzo niskiej stabilnosci, dlatego jego
szybkie utrwalenie (maksymalnie w ciggu 24 godzin) jest niezwykle istotne.
W literaturze przedstawiono roézine sposoby utrwalania czerwiu trutowego:
przechowywanie w warunkach chtodniczych (Krytow i in. 2007), mrozenie larw lub
homogenatow w ciektym azocie (-196 °C) (Krytow i in. 2007), mieszanie larw z 40%
alkoholem etylowym w stosunku 1:1 (Hockling i Matsumura 1960; Wilde 2002),
suszenie (Sakai i in. 1978), osadzanie na adsorbencie (Bogdanov 2012), konserwowanie

w miodzie (Krytow i in. 2007), liofilizacja (Ciurzynska i Lenart 2011).

1.2. Czerw trutowy jako srodek apiterapeutyczny

W publikacji | omdéwiono takze aspekt wykorzystywania czerwiu trutowego jako
Srodka spozywczego i leczniczego/wykazujgcego dziatanie prewencyjne w chorobach
cywilizacyjnych. Czerw trutowy jest wykorzystywany m.in. w Japonii, Chinach, Rumunii,
Rosji czy Ukrainie do przygotowywania przekgsek w formie smazonej lub pieczonej
badz gotowanej, w postaci soséw (Sawczuk i in. 2019). Istnieje rowniez mozliwos¢
przygotowania z czerwiu nalewek, konfitur lub stodyczy. Wraz z postepem nauki
i technologii, w tych krajach czerw trutowy znajduje zastosowanie w produkgcji
suplementow diety i lekéw (Jensen 2019; Ulmer i in. 2020). W sprzedazy internetowej,
gtownie w krajach poza Unig Europejskg dostepne sg produkty komercyjne, w tym
rumunski Apilarnil Potent, kanadyjski ApiDhron®, stowenski Femoklim® czy turecka
Harsena Apiterapi Uriinleri (publikacja 1). W krajach Unii Europejskiej, np. w Polsce
pasieki coraz czesciej posiadajg w ofercie mrozony czerw trutowy, ale takze produkty
na bazie czerwiu trutowego, takze w potaczeniu z propolisem i pytkiem czy miodem
(www.middbartnik.pl).

Producenci, ktorzy oferujg czerw trutowy zalecajg dzienne spozycie

liofilizowanego czerwiu trutowego w dawce 300 mg dla dorostych, w razie potrzeby
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dawke mozna zwiekszy¢ do 600-900 mg (Kedzia i in. 2017). Dawki te wynikaja
z doswiadczen naturoterapeutéw, ktdrzy stosujg ten Srodek w apiterapii, brakuje
jednak badan toksykologicznych, potwierdzajgcych brak skutkéw ubocznych lub
bezpiecznej do stosowania dawki. Prawdopodobnie takie badania byly prowadzone
w Rosji, skad pochodzi zdecydowana wiekszos¢ patentdw dotyczacych produkcji
suplementéw opartych na czerwiu trutowym, polecanych do wspomagania
funkcjonowania organizmu. W ogdlnoswiatowe] bazie patentéw ,Espacenet”
(http://espacent.com), dla kombinacji stéw kluczowych ,truten”, ,czerw”
i ,suplement” uzyskano 75 rozwigzan, przy czym wiekszo$¢ pochodzita z rosyjskiej

firmy PARAFARM (http://parapharm-russia.ru).

Dostepne doniesienia naukowe wskazujg, ze czerw trutowy wykazuje
wielokierunkowe korzystne dziatanie na organizm cztowieka (rys. 1). Skutecznie
zapobiega problemom z ptodnoscig i libido u mezczyzn (Bolatovna i in. 2015;
Shoinbayeva i in. 2017), obniza poziom cholesterolu i tréjglicerydéw (Vasilenko i in.
2002), dziata hepatoprotekcyjnie (Vasilenko i in. 2005) i pobudza uktad odpornosciowy
(Wyszynska i in. 2008). Ponadto wykazuje wtasciwosci ochronne dla ptodu (Kabata-Dzik
i in. 2007), dziata leczniczo w chorobach nerwowych i psychicznych (Bogdanov 2016),
dziata przeciwmiazdzycowo i antyoksydacyjnie (Vasilenko i in. 2005; Bieljajew
i Safonowskaja 2009). Intensywnie badane jest dziatanie czerwiu na ukfad rozrodczy
i ptodnos¢ meskag oraz zaburzenia zwigzane z menopauzg u kobiet, w tym
przeciwdziatanie osteoporozie (publikacja I, tab. 4 i 5). Pomimo rosnacego
zainteresowania naukowcéw, czerw trutowy pozostaje wcigz mato znanym
i niedocenionym produktem pszczelim.

chroni tkanke watrobowsg

E‘ \ zapobiega miazdzycy

poprawia Odpt){os'é c efekt tyreotropowy

/ efekt androgenowy
dziata
adaptogennie \

wspomaga leczenie
nieptodnosci meskiej

Rysunek 1. Korzystne dziatanie czerwiu trutowego na organizm cztowieka (publikacja I, wg graphical
abstract).
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2. Cel i hipotezy badawcze

Gtownym celem pracy byta ocena sktadu chemicznego i aktywnosci biologicznej

preparatéw z czerwiu trutowego oraz mozliwos¢ ich wykorzystania w projektowaniu

suplementow diety. Do realizacji wyznaczono nastepujace cele szczegétowe:

1. Analiza aktywnosci biologicznej homogenatu czerwiu trutowego pozyskanego
z podkarpackich pasiek.

2. Okreslenie stadium rozwoju larw o najwyzszej aktywnosci biologiczne;.

3. Dobdér optymalnej metody utrwalenia homogenatu czerwiu trutowego
i wytwarzanie preparatéw.

4. Zastosowanie czerwiu trutowego do projektowania suplementéw diety o wysokiej

biodostepnosci.

Przeprowadzone badania miaty zweryfikowaé nastepujace hipotezy badawcze:

1. Homogenat czerwiu trutowego jest obfitym zrédtem sktadnikéw bioaktywnych.

2. Faza rozwoju larwy istotnie wptywa na aktywnos¢ biologiczng homogenatu czerwiu
trutowego.

3. Liofilizacja pozwala zachowaé¢ cenne sktadniki czerwiu trutowego o dobrej
biodostepnosci.

4. Czerw trutowy moze byé rekomendowany jako wartosciowy suplement diety

o dobrej przyswajalnosci sktadnikdéw odzywczych i bioaktywnych.
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3. Materiat i zastosowane metody

3.1. Materiat badany

Swiezy czerw trutowy pozyskano w trzech fazach rozwoju: larwy (7 dniowa),

przedpoczwarki (11 dniowa) i poczwarki (14 dniowa), liczagc od dnia wyklucia larwy,

z rodzin pszczelich Apis mellifera carnica, z trzech pasiek zlokalizowanych na terenie

wojewoddztwa Podkarpackiego (Brer Osuchowski, Wola Zarczycka, Wieckowice). Czerw

wybierano z plastréow recznie i bezposrednio po pobraniu materiat utrwalano poprzez
mrozenie w temperaturze -18 °C. Zamrozone tkanki poddawano homogenizacji
mechanicznej, a nastepnie ekstrakcji z uzyciem wody Ilub 70% etanolu jako
rozpuszczalnika w zaleznosci od oznaczanego sktadnika. Szczegétowy opis procedur

ekstrakcji zostat zamieszczony w publikacjach II-V. tgcznie do badan w latach 2020-

2022 wykorzystano 27 niezaleznie pobranych prébek czerwiu. Analizom

laboratoryjnym poddano nastepujgce warianty préobek:

e Czerw liofilizowany uzyskano na drodze suszenia sublimacyjnego w liofilizatorze
Alpha 1-2 LG plus, Martin Gefriertrocknungsanlagen GmbH (Osterode, Niemcy).
Proces liofilizacji prowadzono od 55 do 73 godzin (+ 2 godziny dosuszania)
w zaleznosci od objetosci probki, pod cisnieniem 0,1 Bar.

e Suchy ekstrakt czerwiu uzyskano ekstrahujgc liofilizowany czerw wodg w proporcji
1 g/10 ml, a po odwirowaniu supernatant odwodniono na drodze liofilizacji (warunki
jw.)

e Midéd z dodatkiem czerwiu uzyskano na drodze mieszania kremowanego miodu
rzepakowego z 1, 2 lub 4% w/w dodatkiem czerwiu (mrozony lub liofilizat).

e Mleczko pszczele jako materiat pordwnawczy uznawany jako odpowiednik czerwiu
trutowego pozyskano w trzech pasiekach zlokalizowanych na terenie wojewddztwa
Podkarpackiego, tych samych, z ktérych pozyskiwano czerw trutowy. Niezwtocznie po
wycieciu matecznikow z plastra mleczko pszczele zamrozono w -18 °C do czasu analiz.

e Suplementy na bazie czerwiu - liofilizowany (7-dniowy) czerw trutowy potgczono
w jednej kapsutce z ostonki zelatynowej z organicznym/nieorganicznym wapniem
w postaci zmielonych skorupek jaj kurzych/weglanem wapnia. Wariantem
podstawowym byto 300 mg liofilizowanego czerwiu trutowego w kapsutce

(suplement DB). Wariant wzbogacony zawierat oprécz czerwiu (jw.) 250 mg
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zmielonych skorupek jaj kurzych lub weglanu wapnia. Jako prdébe kontrolng

przygotowano kapsutki z réznymi formami wapnia bez czerwiu trutowego.

3.2. Etapy badan

Realizacja pracy doktorskiej obejmowata nastepujgce etapy:

Etap I: Analiza zawartosci sktadnikow bioaktywnych w czerwiu z uwzglednieniem fazy
rozwoju i pochodzenia oraz poszukiwanie markeréw, pozwalajgcych jednoznacznie

odroznic czerw trutowy od mleczka pszczelego (publikacja Il ll1).

Etap II: Analiza wptywu réznych metod utrwalania czerwiu trutowego na zmiany
potencjatu antyoksydacyjnego, catkowitej zawartosci zwigzkdw polifenolowych i profil

polifenolowy (publikacja Il i IV).

Etap lll: Ocena biodostepnosci sktadnikdw czerwiu z zaprojektowanych suplementéw
diety i ocena bezpieczenstwa ich stosowania (publikacja V).
Szczegdtowy zakres badan zrealizowanych w kazdym etapie przedstawiono na rys. 2.

3.3. Metody badan

Analiza parametréw fizykochemicznych: zawarto$¢ wody, wspdtczynnik zatamania

Swiatta, kwasowos$¢ czynng i przewodnos$é mierzono zgodnie z opracowanymi

wczesniej procedurami (szczegdty dostepne w publikacji Il str. 3-4).

Analiza biatek: catkowitg zawartos¢ biatek wyznaczono analizatorem TrueSpec (LECO,
Saint Joseph, MI, USA) bazujgc na technice Dumasa. Frakcje biatek rozpuszczalnych
w wodzie oznaczono metodg Bradforda (Latimer 2016). Absorbancje mierzono przy
uzyciu czytnika mikroptytek (EPOCH 2, BioTek, Winooski, VT, USA). Profil biatkowy
wyznaczono metodg elektroforezy w warunkach denaturujgcych SDS-PAGE we
wspobtpracy z dr hab. Aleksandrg Bocian, prof. PRz z Wydziatu Chemii Politechniki

Rzeszowskie;j.

Analiza biopierwiastkdw: zawarto$¢ mikro-, makroelementdw i metali toksycznych

w badanym materiale analizowano metodg spektrometrii optycznej z plazma
indukowang (ICP-OES) przy uzyciu spektrofotometru Thermo iCAP 6500 (Thermo Fisher

Scientific Inc., Watham, MA, USA) z uprzedniag mineralizacja mikrofalows.
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Rysunek 2. Zakres badan zrealizowanych w kazdym etapie realizacji pracy doktorskie;j.



Analiza zawartosci hormondw: zawarto$s¢ hormondw: estradiolu i testosteronu

oznaczono wedtug instrukcji producenta dotgczonej do testéw ELISA (kit do oznaczenia
estradiolu: abx574169, testosteronu: abx574314). Absorbancje mierzono przy uzyciu

czytnika mikroptytek (EPOCH 2, BioTek, Winooski, VT, USA).

Analiza  aktywnosci antyoksydacyjnej, zawartosci zwigzkéw polifenolowych

i flawonoidoéw: do oceny potencjatu antyoksydacyjnego wykorzystano_metode DPPH,

ABTS oraz FRAP (Dzugan i in. 2018). Catkowitg zawartos¢ zwigzkéw polifenolowych
oceniano metodg Folina-Ciocalteu (Dzugan i in. 2018). Zawartos¢ flawonoidéw badano
metodg spektrofotometryczng stosujagc 2% chlorek glinu w metanolu. (Sidor i in.
2021a). Wyniki obliczono na podstawie rownania krzywych kalibracyjnych

sporzgdzonych dla kazdej z metod.

Analiza_aktywnosci enzymatycznej: aktywno$é enzymoéw glikolitycznych: N-acetylo-D-

heksozoaminidazy (HEX), a-galaktozydazy, (a-GAL), RB-galaktozydazy (R-GAL), a-
mannozydazy (a-MAN), R-mannozydazy (R-MAN), a-glukozydazy (a-GLU), R-
glukozydazy (B-GLU), analizowano metodg spektrofotometryczng z wykorzystaniem p-
nitrofenolowych substratow (Barett i Heath 1977; Droba i in. 2014, 2016). Wyniki
wyrazono w jednostkach enzymatycznych U (uM/100 g/min). Aktywnos¢ a-amylazy
badano metodg spektrofotometryczng z wykorzystaniem tabletek Phadebas Diastase

test wg instrukcji producenta (Magle AB, Lund, Szwecja).

Analiza  profilu polifenolowego, aminokwasowego i cukrowego metoda

wysokosprawnej chromatografii _cienkowarstwowej (HPTLC): analiza porédwnawcza

profili polifenolowych, cukrowych i aminokwasowych wykonano wykorzystujgc zestaw
chromatograficzny firmy CAMAG (Szwajcaria), w ktdérego sktad wchodzi
potautomatyczny aplikator do nanoszenia prébek, komora rozwijajgca, wizualizer do
obrazowania chromatogramow, derywatyzer do wywotywania prébek, skaner do
detekcji chromatograméw oraz oprogramowanie do analizy iloSciowe] i jakosciowej
otrzymanych chromatogramow. Sposéb prowadzenia rozdziatu opisano szczegétowo

w publikacjach Il - V.

Badanie biodostepnosci wybranych sktadnikow z wykorzystaniem modelu trawienia

zotgdkowo-jelitowego in vitro: do oceny biodostepnosci skfadnikow suplementu
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zastosowano symulowane trawienie in vitro w warunkach laboratoryjnych. Analize
wybranych sktadnikéw czerwiu trutowego we frakcjach z trawienia (zotgdkowa,
jelitowa) oraz frakcji niepoddanej trawieniu (kontrola) przeprowadzono wedtug
wczesniej stosowanej procedury (Vitali i in. 2009). Do oceny zawartosci
rozpuszczalnego wapnia zastosowano kolorymetryczny zestaw testowy do oznaczania
wapnia (ab102505). Wyniki obliczono zgodnie z réwnaniem krzywe] kalibracyjnej

sporzgdzonej dla wzorca wapnia dotgczonego do zestawu.

Biodostepnosé Bl [%] obliczono wedtug réwnania:

Bl [%] = (Bstrawiona / Bkontrola) X100
gdzie Bstrawiona — Stezenie zwigzkow we frakcji strawionej (w zotadku/jelicie); Bkontrola —
stezenie prébki kontrolnej (nie poddanej trawieniu).
Strawnos¢ biatka rozpuszczalnego obliczono przy uzyciu tego samego wzoru. Przyjeto,
ze otrzymany wynik dla frakcji zotgdkowych i jelitowych odpowiadat niestrawionym

biatkom.

Analiza statystyczna: w przeprowadzonych badaniach do prostej analizy poréwnawczej

wykorzystano jednoczynnikowg analize wariancji testem Tukey’a, przyjmujgc za
poziom istotnosci p<0,05. Analizujac wptyw dwdch czynnikdw na zmiane parametréw
jakosciowych wykorzystano dwuczynnikowg analize wariancji (test NIR Fishera),
przyjmujac poziom istotnosci p<0,05. Zaleznosci miedzy okres$lonymi parametrami
weryfikowano za pomocg analizy gtéwnych sktadowych (PCA). Korelacje miedzy
uzyskanymi parametrami analizowano za pomocg wspotczynnika r-Pearsona.
Przeprowadzono wielokierunkowg analize wariancji testem (Wilksa) w celu ustalenia
wptywu i sity niezaleznych czynnikdw, przy poziomie istotnosci p<0,05. Wszystkie

obliczenia statystyczne wykonano w programie Statistica 13.3.

Metody analityczne wykorzystane do przeprowadzenia analiz w poszczegdlnych

etapach doswiadczenia zestawiono w tab. 1.
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Tabela 1. Metody analityczne wykorzystane do przeprowadzenia analiz w poszczegdlnych
etapach doswiadczenia (publikacja I, IlI, IV, V).

Anali
na |zowany Metoda/technika Etap| | Etap Il | Etaplll
sktadnik
Refraktometryczna (wspotczynnik N N
zatamania Swiatta)
Wagowa (zawartos¢ wody) +
Parametry Konduktometryczna (przewodnos¢
fizykochemiczne wtasciwa) + *
Miareczkowa (kwasowos¢) + +
Potencjometryczna (pH) + +
Dumasa (biatko ogdlne) +
Biatka i Bradforda (biatko rozpuszczalne) + +
aminokwasy SDS-PAGE (profil biatkowy) + +
HPTLC (profil aminokwasowy) + +
ICP-OES (profil mineralny) + +
Biopierwiastki
test Ca +
Test Elisa (testosteron) + +
Hormony
Test Elisa (estradiol) + +
DPPH + + +
Potencjat . FRAP N N N
antyoksydacyjny
ABTS +
Folina-Ciocalteu (polifenole
s , + + +
Zwigzki ogoétem)
lifenol
polifenolowe HPTLC (profil polifenolowy) + + +
Test Phadebas (diastaza) + +
Enzymy
Kolorymetryczna (glikozydazy) +
Cukry HPTLC (profil cukrowy) +
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4. Omoéwienie wynikow i dyskusja

4.1. Aktywnosc¢ biologiczna czerwiu trutowego

Dostepne badania zagraniczne dotyczace sktadu chemicznego i aktywnosci
biologicznej czerwiu trutowego wskazujg na wysokya zawartos¢ sktadnikéw
odzywczych, biopierwiastkéw i hormondéw ptciowych. Analizy zwykle obejmowaty
jednak czerw bez precyzyjnego okreslenia stadium rozwoju (wieku). Dlatego podjete
badania miaty pozwoli¢ na analize poréwnawczg sktadu czerwiu krajowego, a przede
wszystkim ustali¢ stadium rozwojowe czerwiu o maksymalnej zawartosci sktadnikéw

bioaktywnych (publikacja Il i lll).

4.1.1. Wplyw stadium rozwoju czerwiu na zawarto$¢ sktadnikéw bioaktywnych

Dla stosowania czerwiu w celach terapeutycznych kluczowe jest ustalenie
wieku larw o maksymalnej bioaktywnos$ci. Przeglad danych dotyczgcych pozyskiwania
czerwiu trutowego w optymalnej fazie do przerobu technologicznego (6-14 dzien)
przedstawiono w publikacji I. Bazujgc na tych ustaleniach, w | etapie prowadzonych
badan analizowano skfad chemiczny czerwiu trutowego pozyskanego w rdéznych
stadiach rozwoju (7-, 11-, 14 dzien), z 3 pasiek zlokalizowanych na terenie
wojewddztwa podkarpackiego. Analizie poddano tgcznie 9 prébek czerwiu trutowego,
a oznaczenia wykonywano w trzech niezaleznych powtdrzeniach. Wyniki zostaty
wykorzystane do przygotowania publikacji Il i lll. Na fot. 1 przedstawiono pogladowy

rozmiar czerwiu trutowego w réznych etapach rozwoju.

Fotografia 1. Poglagdowy rozmiar czerwiu trutowego w réznych etapach rozwoiju liczac od dnia
ztozenia jaja (1 dzien): (a) 7-dniowy czerw w komorce plastra, (b) larwa 7-dniowa, (c) larwa 11-
dniowa, (d) 17-dniowa poczwarka (publikacja Il, wg fig. 1).
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Zawartos¢ biatka ogdlnego i profil biatkowy

Stadium rozwoju czerwiu trutowego nie wptywato w sposéb istotny na
zawarto$¢ biatka catkowitego oznaczonego metodg Dumasa, natomiast istotnie
(p<0,05) wyzszg zawarto$¢ biatka rozpuszczalnego oznaczonego metodg Bradforda
wykazano dla 11 i 14-dniowego czerwiu trutowego w porédwnaniu do 7-dniowych larw
(publikacja Il, tab. 3).

Analiza profilu biatkowego metodg SDS-PAGE (rys. 3), wykazata duze
zroznicowanie w zaleznosci od wieku czerwiu. W miare rozwoju stadium czerwiu
obserwowano wzrost liczby i intensywnosci prazkéw biatkowych. Dla 14-dniowego
czerwiu trutowego stwierdzono wystepowanie licznych biatek o masach w zakresie

120-45 kDa oraz dodatkowe biatko o masie 8 kDa (publikacja ).
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Rysunek 3. (a) Zele po biatkowe] elektroforezie SDS-PAGE czerwiu trutowego w réznym
stadium rozwoju oraz mleczka pszczelego; (b) wykresy liniowe odpowiednich linii zelu
wygenerowane za pomocg oprogramowania Imagel (1.52a); (R) - marker masy czgsteczkowej
biatka (kDa) (publikacja II, fig.2).

Aktywnos¢ enzymow glikolitycznych

Po raz pierwszy przeprowadzono analize aktywnosci enzymdéw hydrolitycznych
(8 glikozydaz i 2 fosfatazy) w homogenacie czerwiu trutowego w zaleznosci od fazy

rozwoju (publikacja Il). W ekstraktach stwierdzono aktywnos¢ wszystkich 10-ciu
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badanych enzymow, szczegdlnie wysoka dla a-glukozydazy (a-GLU), i hexozaminidazy

(HEX) (wykres 1).
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Wykres 1. Aktywnosé enzymatyczna czerwiu trutowego (publikacja Il, wg tab. 5).
a,b,c — dane oznaczone réznymi literami réznig sie istotnie statystycznie p<0,05 (test Tukey’a)

Szczyt aktywnosci wiekszosci badanych enzyméw stwierdzono dla 11-dniowego
czerwiu trutowego. Wyjatek stanowita a-amylaza, ktéra wykazywata najwyisza
aktywnos¢ w 7 dniowym homogenacie, ulegajac obnizeniu w kolejnych fazach
(p<0,05). Zmiany aktywnosci enzymdédw mogg byé uwarunkowane dostepnosciag
pokarmu, ktorego sktad jest dostosowany do wieku larw. Podczas rozwoju
ontogenetycznego czerw trutowy jest karmiony mleczkiem pszczelim wzbogaconym
o pytek kwiatowy (Czekonska i in. 2015). Po wygryzieniu trutnie przez pierwsze 6 dni sg
karmione przez robotnice pokarmem bogatym w biatko i aminokwasy, natomiast od 7
dnia po wygryzieniu - miodem bogatym w weglowodany (Czekonska i in. 2015).
Ponadto, mleczko pszczele wykazuje wysokg aktywno$é kwasnych glikozydaz, ktére
mogg by¢ dostarczane do czerwiu trutowego wraz z pokarmem (Collazo i in. 2021). Po
zasklepieniu czerw nie jest dokarmiany, co moze by¢ przyczyng pdzniejszego spadku

aktywnosci badanych enzyméw.
Zawartos¢ hormondéw ptciowych

Badania zmian zawartosci hormondw steroidowych podczas rozwoju czerwiu

przeprowadzono z wykorzystaniem testow ELISA, dedykowanych do materiatéw
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biologicznych (publikacja Il). Wykazano, ze czerw trutowy jest obfitym zZrédtem obu
badanych hormondéw: testosteronu i estradiolu (wykres 2). Zawartos¢ testosteronu
zwiekszata sie istotnie wraz z rozwojem czerwiu, przy czym 14-dniowy homogenat
zawierat odpowiednio o 57% i 92% wiecej testosteronu w poréwnaniu do 11- i 7-
dniowego homogenatu. Odwrotng zaleznos¢ wykazano badajgc poziom estradiolu,
ktory malat w kolejnych fazach rozwoju: w 14- dniu rozwoju stezenie byto o 63% nizsze

w poréwnaniu z 7-dniowym czerwiem.

12 800
o0 ¢ 700
= i
S 10 i c
Q 600
o 8
£ 500
=
32 6 B 400
5 I
- A
g b 2 300
[%]
% J_ 200
S 2
~§ a 100
+—
5 ]

0 0

2
i\ 7-dniowy 11-dniowy 14-dniowy

czerw trutowy

M testosteron estradiol

Wykres 2. Poréwnanie zawartosci hormonéw w czerwiu trutowym w zaleznosci od stadium
rozwoju (publikacja Il, wg tab. 4). Objasnienia: ¢ — dane oznaczone réznymi literami réznig
sie istotnie statystycznie dla testosteronu p<0,05 (test Tukey’a); #®¢ — dane oznaczone réznymi
literami réznig sie istotnie statystycznie dla estradiolu p<0,05 (test Tukey’a).

Uzyskane wyniki poziomu hormondéw w czerwiu trutowym (we wczesnej fazie
rozwoju) sg poréwnywalne z wynikami przedstawionymi przez Bogdanowa (2012),
wedtug ktérego homogenat czerwiu (bez precyzowania wieku) zawiera: 0,31
nmol/100g testosteronu, 51,3 nmol/100 progesteronu g, 410,65 nmol/100 g
prolaktyny, 677,6 nmol/100 g estradiolu i jest bogatszym Zzrédtem hormondw niz
mleczko pszczele, ktore zawiera 0,20 nmol/100 g testosteronu i 52,0 nmol/100 g
estradiolu. Kedzia i Hotderna Kedzia (2017) cytujac prace Budnikovej (2009) podajg, ze
w larwach 5-6 dniowych poziom testosteronu wynosi 8,2 nmol/l, natomiast
w poczwarkach 15,6 nmol/l. Z kolei poziom estradiolu wraz z postepem rozwoju spada,

i tak w 5-6 dniowych larwach wynosi 2745,0 nmol/I, natomiast w poczwarkach 343,5
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nmol/I. Autorzy nie podaja jednak precyzyjnego wieku poczwarek, a manuskrypt pracy
doktorskiej Budnikovej (2009) jest niedostepny. Z kolei Yucel i in. (2019) analizowali
zawarto$¢ hormonow sterydowych w liofilizowanym czerwiu trutowym i wykazali 4,12
ng/g estradiolu oraz 14.80 ng/g testosteronu, a ponadto 1,20 ng/g prolaktyny i 14,40

ng/g progesteronu.
Aktywnos¢ antyoksydacyjna

Potencjat antyoksydacyjny czerwiu trutowego z rodzin pszczelich Apis mellifera
carnica w trzech réinych stadiach rozwoju: 7-, 11- i 14-dniowym badano
z wykorzystaniem standardowych metod kolorymetrycznych (DPPH, ABTS, FRAP),
opartych na odmiennych mechanizmach (tab. 2). Zastosowanie dwéch rdézinych
ekstraktéow (wodny i w 70% etanolu) miato na celu okreslenie udziatu frakcji

hydrofilowych i hydrofobowych przeciwutleniaczy wystepujacych w czerwiu.

Tabela 2. Poréwnanie zawartosci hormondéw w czerwiu trutowym w zaleznosci od stadium
rozwoju (publikacja lll, wg tab. 1).

DPPH ABTS FRAP
[%] [%] [mmoITE/100g]
$rednia £ SD $rednia £ SD $rednia £ SD
7-dniowy wodny 14,242,2° 12,7+4,9° 1,0+0,1°
70% et.OH 4,3+2,24 20,4+1,0% 0,5+01*
11-dniowy wodny 20,146,7° 6,3+3,9° 1,1+0,2°
70% et.OH 4,0+0,68 21,0+4,3* 0,5+0,0*
14-dniowy wodny 14,7+3,0° 11,6+4,2"° 0,9+0,12
70% et.OH 3,0+0,3* 20,7+4,1* 0,5+0,0*

Objasnienia: *° — $rednie oznaczone réznymi literami w kolumnie rdznig sie istotnie przy p<0,05
(test NIR Fishera); B — érednie oznaczone réznymi literami w kolumnie rdznig sie istotnie przy
p<0,05 (test NIR Fishera).

Wsréd przebadanych ekstraktéw wodnych mrozonego czerwiu trutowego,
najwyzszg aktywnosé przeciwrodnikowg wyznaczong testem DPPH, stwierdzono dla
11-dniowego czerwiu trutowego (p<0,05), natomiast wyniki dla czerwiu 7- i 14-
dniowego nie roznity sie istotnie. Wykazano istotnie nizszg aktywnos¢ ekstraktéw
etanolowych w poréwnaniu do wodnych. Analogiczng zaleznos¢ stwierdzono
analizujagc zdolnos$¢ redukcyjng wodnych ekstraktéw metoda FRAP, a odwrotng
zalezno$¢ zaobserwowano stosujgc metode ABTS, gdzie wiekszy potencjat
antyoksydacyjny wykazano dla ekstraktéw etanolowych (publikacja I, tab. 1). Wyzsza

aktywnos¢ ekstraktéw wodnych w poréwnaniu do etanolowych wskazuje, ze
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dominujgcy frakcje antyoksydantéw czerwiu stanowig przeciwutleniacze hydrofilowe.
Zaliczajg sie do nich biatka (w tym enzymy), witaminy i polifenole rozpuszczalne
w wodzie. Odmienne wyniki uzyskane w metodzie ABTS mogg by¢ zwigzane
z wystepowaniem w czerwiu nienasyconych kwasow ttuszczowych (specyficzny kwas
decenowy) oraz hydrofobowych polifenoli (Czerkasowa i Prokhoda 2006; Burmistrowa
1999), ktére moga byc¢ bardziej aktywne w zmiataniu kationorodnika ABTS, nie mozna
jednak wykluczy¢ wptywu innych czynnikéw (Arts i in. 2004; Liang i Kitts 2014; Stagos
iin. 2018). Ghosh i in. (2020) analizowali potencjat antyoksydacyjny ekstraktow
czerwiu liofilizowanego (w 95% etanolu) w réznym stadium rozwoju i wykazali
potencjat w zakresie 0,3-18,5 % dla testu DPPH i 10,4-40,1% w przypadku testu ABTS,
co potwierdza obserwacje wtasne, gdzie dla ekstraktdw etanolowych (70%) wyniki

testu DPPH wynosity 3,0-4,3%, a dla testu ABTS 20,4-21,0% (publikacja lll, tab.1).
Zawartos¢ zwiqzkow polifenolowych i flawonoiddéw czerwiu trutowego

W przypadku zawartosci zwigzkéw polifenolowych najwyzszg zawartos$é
wykazano dla czerwiu trutowego we wczesnym stadium rozwoju, ktéra malata wraz
zrozwojem, natomiast zawarto$¢ flawonoidow analogicznie jak w przypadku
antyoksydantéw byfa najwyzsza w 11-dniowym czerwiu trutowym (publikacja Il, tab.
4). Przedstawione wyniki zawartosci polifenoli byty podobne do tych otrzymanych
przez Sawczuk i in. (2022) 61-323 mgGAE/100 g. Wiadomo, ze zwigzki fenolowe
ksztattujg wtasciwosci przeciwutleniajgce prébek biologicznych, a czerw trutowy jest
obfitym zrédtem tych zwigzkéw w pordédwnaniu z innymi produktami pszczelimi

(Majewska i in. 2016; Bakchiche i in. 2017; Cornaraiin. 2017; Dzugan i in. 2018).

Profil polifenolowy, cukrowy i aminokwasowy czerwiu trutowego z wykorzystaniem

wysokosprawnej chromatografii cienkowarstwowej HPTLC

Czerw trutowy byt charakteryzowany technikami chromatograficznymi pod
wzgledem profilu aminokwasowego i cukrowego metodg GC-MS (Isidorov 2016),
poziomu kwasu askorbinowego metodg HPLC/DAD/UV, a koenzymu Q10 i a-tokoferolu
metodg HPLC/MS/MS (Sawczuk i in. 2022). W badaniach wtasnych po raz pierwszy
analizowano zwigzki polifenolowe czerwiu z wykorzystaniem techniki wysokosprawnej
chromatografii cienkowarstwowej (ang. high performance thin layer chromatography

HPTLC), ktéra jest zaawansowang wersjg chromatografii cienkowarstwowej (TLC). Ta
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technika analityczna pozwala na réwnoczesng analize wielu préobek (max. 20), co
znacznie usprawnia i skraca czas analizy poréwnawczej. Chromatografia HPTLC jest
szczegOlnie przydatna w przypadku analizy probek nietrwatych, ktére muszg zostac
poddane analizie w krétkim czasie. Z uwagi na matg stabilno$¢ czerwiu trutowego,
analizy HPTLC uznano za najkorzystniejsze narzedzie analityczne do poréwnywania
profili jako$ciowych zwigzkéw polifenolowych (publikacja 11 i I, IV, V), cukréw
(publikacja 1) i aminokwaséw (publikacja 1l, V) dla ekstraktéw czerwiu trutowego

w réznym stadium rozwoju.

Profil polifenolowy

Profil polifenolowy czerwiu trutowego wygenerowany z wykorzystaniem
systemu CAMAG (LPP Equipment AG, Szwajcaria) uzyskano po raz pierwszy (rys. 4).
Stwierdzono zréznicowanie chromatogramow pod wzgledem umiejscowienia prazkéw,
ich barwy i intensywnosci, co wskazuje na rdznice jakosciowe i ilosciowe w profilu
analizowanych prébek czerwiu trutowego. Identyfikacje poszczegdlnych zwigzkéw
oparto na porédwnaniu wartosci Rf (wspdtczynnika opdznienia) barwnych prgzkéw
wygenerowanych na chromatogramie (uwzgledniajac ich barwe i intensywnos¢) do Rf
substancji wzorcowych specyficznych dla okreslonego zwigzku polifenolowego.
Uzyskany chromatogram pozwolit zidentyfikowac¢ unikalne fingerprinty czerwiu

trutowego w réznym stadium rozwoju.

Rysunek 4. Chromatogram HPTLC zwigzkéw fenolowych przy 365 nm (po derywatyzacji p-
anizoaldehydem) w czerwiu trutowym i mleczku pszczelim, gdzie (1) 7-dniowy czerw trutowy;
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(2) 11-dniowy czerw trutowy; (3) 14-dniowy czerw trutowy; (4) mleczko pszczele; (5) kwas
ferulowy; (6) kwas elagowy (publikacja lI, fig. 5)

Profil polifenolowy czerwiu zawierat state elementy - niebieskie prazki
charakterystyczne dla kwasu kawowego, p-kumarowego, elagowego (Rf = 0,08)
i ferulowego (Rf = 0,48). Najwyzszg zawartos¢ tych zwigzkdw (najwieksza intensywnos¢
pasm) stwierdzono dla czerwiu 7-dniowego (pasmo 1), a najnizszg dla 14-dniowego
(pasmo 3). Ponadto ,najmtodszy czerw” zawierat dodatkowe biate prazki (Rf = 0,39
i0,34), nieobecne w podiniejszych fazach rozwoju. Badajgc wptyw pochodzenia
pasiecznego czerwiu na profil polifenolowy HPTLC (publikacja lll, fig. 4) potwierdzono
wystepowanie zidentyfikowanych uprzednio kwaséw fenolowych oraz flawonoidéw
(gtownie apigeniny). W publikacji lll zastosowano unikalng metode wybarwiania ptytki
odczynnikiem DPPH, co pozwolito dodatkowo wykazaé wtasciwosci przeciwutleniajgce
polifenoli wystepujgcych w czerwiu (publikacja lll, fig. 5).

Wysokosprawna chromatografia cienkowarstwowa cieszy sie coraz wiekszg
popularnoscig ze wzgledu na mozliwos¢ analizy wielu prébek réznego pochodzenia
w tym samym czasie, np. kwasu 10-hydroksy-2-decenowego dla produktéw pszczelich
(Korany i in. 2020), profilu cukrowego w miodzie (Islam i in. 2020) oraz profilu
zwigzkow fenolowych w pytku pszczelim (Mosic i in. 2019). Jednak do tej pory technika
ta nie byta stosowana do analizy czerwiu trutowego. Zgodnie z literaturg wszystkie
produkty pszczele uwazane s3g za potencjalne zrédto naturalnych przeciwutleniaczy
(Kocot i in. 2018; Martinello i Mutinelli 2021). W badaniach wtasnych wykazano, ze

rowniez czerw trutowy, wykazuje silne wtasciwosci antyoksydacyjne.

Profil cukrowy

Metodg HPTLC analizowano zmiany w profilu cukrowym czerwiu trutowego
w zaleznosci od stadium rozwoju (publikacja Il, fig. 6). Badania nie wykazaty zmian
jakosciowych w analizowanych profilach cukrowych, w ktérych dominowaty cukry
proste (glukoza i fruktoza) i by¢é moze trehaloza, jednak jej identyfikacja nie byta
jednoznaczna. W oparciu o intensywno$é barwy prazkéw wykazano zmienng zawartosé

poszczegdlnych cukréw w ekstrakcie czerwiu zwigzang z fazg rozwoju.

Profil aminokwasowy
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Technika HPTLC wykazano rdéwniez zmiennos¢ profilu aminokwasowego
homogenatu czerwiu trutowego w kolejnych fazach rozwojowych, przy czym byty to
raczej réznice ilosciowe niz jakosciowe (publikacja Il, fig. 7). Niezaleznie od stadium
rozwoju zidentyfikowano gtdwne pasma przy Rf w zakresie 0,01-0,30, odpowiadajace
prolinie, glicynie, lizynie, tyrozynie (lub leucynie) i walinie. Dla 14-dniowego
homogenatu stwierdzono nizszg zawartos¢ aminokwaséw, o czym swiadczy mniej
intensywna barwa prazkow. Takie analizy czerwiu trutowego z wykorzystaniem
techniki HPTLC byty prowadzone po raz pierwszy. Uzyskane profile sg jednak
porownywalne z wynikami Margaoan i in. (2017), ktérzy analizowali profil
aminokwasowy larw pszczelich i matecznych technikg chromatografii cieczowej LC-MS
oraz Isidorova i in. (2016), ktdérzy analizowali profil aminokwasowy larw trutowych

technikg chromatografii gazowej GC-MS.

4,1.2. Wptyw warunkéw pasiecznych na aktywnos$¢ antyoksydacyjng czerwiu

trutowego

W celu zweryfikowania czy aktywnos¢ biologiczna czerwiu zalezy od warunkéw
hodowli | stanu rodziny pszczelej? zaprojektowano doswiadczenie polegajgce na
poréwnaniu jakosSci czerwiu w tej samej fazie rozwoju pozyskanego w tym samym
terminie w 3 réznych pasiekach oddalonych od siebie co najmniej o 50 km. Do oceny
zastosowano fatwe do wyznaczenia parametry tj. potencjat antyoksydacyjny (DPPH,
ABTS, FRAP), catkowitg zawarto$é polifenoli (TPC) i flawonoidéw (TFC). Do badan
wykorzystano ekstrakty wodne i etanolowe mrozonego czerwiu trutowego (publikacja
I, tab. 1).

Analizy wykazaty, ze warunki pasieczne istotnie wptywaty na aktywnos$é
antyoksydacyjng czerwiu mierzong testem DPPH (p<0,05). Takg sama zaleznos¢
stwierdzono analizujgc wyniki potencjatu antyoksydacyjnego uzyskanego metodami
ABTS i FRAP, catkowitg zawartos¢ zwigzkéw polifenolowych i flawonoiddéw. Z kolei
Sawczuk i in. (2022) analizowali potencjat antyoksydacyjny (DPPH) i catkowitg
zawarto$¢ polifenoli (metodg Folina Ciocalteu) liofilizowanego czerwiu trutowego
w zaleznosci od stadium rozwoju oraz lokalizacji pasiek (wiejskie, miejskie,
podmiejskie), rasy pszczét (carnica, buckfast), sezonu zbioru (wiosna, lato, jesien, rok

zbioru 2016-2018). Autorzy wykazali, ze uzyskane wyniki rdznig sie istotnie
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w zaleznosci od wiekszosci analizowanych czynnikéw, jedynie w przypadku lokalizacji
pasiek nie stwierdzono istotnych réznic, chociaz najlepsze parametry wykazywat czerw
z terendéw wiejskich (p>0,05). Autorzy badajgc catkowita zawarto$¢ zwigzkéw
polifenolowych stwierdzili zmiennos¢ uzalezniong od stadium rozwoju, im mtodsze
stadium rozwoju tym wyzsza zawartos¢. Przytoczone dane potwierdzajg obserwacje
wtasne, ze aktywnosé antyoksydacyjna czerwiu trutowego jest zwigzana nie tylko ze
stadium rozwoju, ale takze z warunkami pasiecznymi, w ktérych odbywa sie rozwdj

larw trutowych.

4.1.3. Réznice w sktadzie czerwiu trutowego i mleczka pszczelego

Czerw trutowy wykazuje silne witasciwosci antyoksydacyjne, a ze wzgledu na
duze podobienstwo do mleczka pszczelego, czesto nazywany jest jego meskim
odpowiednikiem (Wang i in. 2016; Batkariska i in. 2014; Cornara i in. 2017). Homogenat
czerwiu trutowego i mleczko pszczele to produkty pszczele o bardzo zblizonych
cechach sensorycznych. Oba pochodzg z ula, majg podobng barwe, konsystencje oraz
parametry fizykochemiczne, co jest wykorzystywane w celu fatszowania mleczka
pszczelego czerwiem trutowym, ktéry jest tatwiej dostepnym produktem pszczelim.
Dlatego podjeto prébe ustalenia markeréw chemicznych, tatwych do oznaczenia, ktére
pozwolityby jednoznacznie rozrézni¢ te dwa produkty pszczele i identyfikowaé
zafatszowania mleczka (publikacja Il).

Analizujgc parametry fizykochemiczne tj. zawartos¢ wody, pH i kwasowos¢, oraz
przewodnictwo i wspédtczynnik zatamania $wiatta dla obu badanych produktéw
pszczelich nie stwierdzono istotnych rdznic (tab. 3). Uzyskane wyniki byty zgodne
z przedstawionymi wczesniej wynikami badan prowadzonymi przez Batkanska i in.
(2014), Barnutiu i in. (2013), Wytrychowskiego i in. (2013) oraz Kolayli i in. (2016),
Krella (1996), Ramadana i Al-Ghamdi (2012) i Nabasa i in. (2014). Oba badane produkty
pszczele wykazywaty wtasciwosci przeciwutleniajgce, jednak czerw trutowy byt bardziej
aktywny niz mleczko pszczele, zwfaszcza w tescie FRAP. Pordéwnujac dane
przedstawione przez innych autoréw dla mleczka pszczelego (Wang i in. 2016; Cornara
i in. 2017; Batkanska i in. 2017) mozna uznaé, ze potencjat antyoksydacyjny czerwiu

trutowego jest korzystniejszy niz mleczka pszczelego.
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Zaréwno czerw jak i mleczko pszczele stanowig obfite zrédio makro —
i mikroelementéw, zawierajg poréwnywalny poziom Na, K, Ca, Mg, Cu, wyjatek
stanowi zelazo obecne wytacznie w czerwiu oraz mangan, ktérego 5-krotnie wieksza

zawarto$¢ stwierdzono w czerwiu (publikacja Il, tab. 2).

Tabela 3. Wyrdzniki jakosciowe czerwiu trutowego i mleczka pszczelego (publikacja I, (tab.
2,3,4,5).

Parametry fizykochemiczne

zawarto$¢ wody [%]
pH
kwasowos¢ [mval/g WW]
przewodno$é [mS/cm]
wspotczynnik zatamania
Swiatta [np]
Biatko
Biatko catkowite [%]
Biatko rozpuszczalne [%]
Hormony
Testosteron [nmol/100 g]
Estradiol [nmol/100 g]
Enzymy
o-GLU [U/g/min]
o-MAN [U/g/min]
HEX [U/g/min]
diastaza [DN]
Biopierwiastki
Fe
Mn
Antyoksydanty
DPPH [%]
FRAP [mmolTE/100 g]

czerw trutowy
$rednia (n=9)

(min-max dla czerwiu 7, 11 i

14 dniowy]

71,1 (68,7-72,8)
6,60* (6,58-6,78)
14,0* (9,90-19,0)
0,03 (0,03-0,04)
1,338 (1,337-1,339)

13,28 (12,99-13,54)
4,12* (3,41-4,64)

4,42* (0,79-8,67)
423,07* (248,78-664,75)

50,33* (20,70-82,90)
19,73* (3,40-33,90)
101,0* (64,10-157,10)
12,78* (8,15-16,40)

0,57-1,62* (1,18)
0,06-0,39* (0,24)

14,45* (6,91-24,76)
1,01* (0,79-1,63)

mleczko pszczele
Srednia (n=3)
(min-max)

68,4 (65,4-69,0)
3,97 (3,97-3,98)
6,36 (6,30-6,50)
0,03 (0,03-0,04)
1,341 (1,340-1,342)

14,12 (10,43-18,14)
7,28 (6,88-7,96)

0,68 (0,64-0,72)
106,46 (94,12-116,03)

0,70 (0,60-0,90)
1,30 (1,20-1,50)
4,50 (0,90-8,10)
0,56 (0,46-0,64)

0,01-0,08 (0,05)

10,52 (7,94-11,03)
0,19 (0,18-0,20)

*dane w wierszu rdznig sie od siebie istotnie statystycznie (test Tukey’a, p<0,05)

Biatka rozpuszczalne w wodzie stanowity 25-35% catkowitej zawartosci biatka
w czerwiu trutowym, w mleczku pszczelim stanowity one 50% biatka ogdlnego.
Mleczko zawierato srednio o 43% wiecej analizowanego sktadnika, w poréwnaniu do
czerwiu trutowego. Metodg SDS-PAGE zidentyfikowano biatka (prazki) o masie 28 i 12

kDa, specyficzne dla czerwiu trutowego (obecne we wszystkich badanych fazach
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rozwojowych), ktére mogg stuzy¢ do odrdznienia obu produktéw (publikacja Il, fig. 2).
Wyznaczona zawartos¢ biatek ogétem byta analogiczna z wynikami przedstawionymi
przez innych autoréw dla czerwiu trutowego (lliesiu 1988; Prokhoda i in. 2020) oraz dla
mleczka pszczelego (lliesiu 1988; Sabatini i in. 2009; Ramadan i Al-Ghamdi 2012; Nabas
i in. 2014). Szczegdlnie istotne réznice wykazano w zawartosci hormondw, gdzie czerw
trutowy zawierat Srednio o 297% wiecej estradiolu oraz o 550% wiecej testosteronu.
Jako markery odrdzniajgce oba analizowane produkty pszczele wskazano aktywnosc
trzech glikozydaz (HEX, a-GLU i o-MAN). Podobne obserwacje zanotowano
w przypadku aktywnosci alfa-amylazy, enzymu rozktadajacego polisacharydy na cukry
proste, gdzie w mleczku pszczelim wykazano jedynie sladowg aktywnos¢, podczas gdy
w czerwiu trutowym stwierdzono wysokg aktywnos¢ tego enzymu na poziomie 12,78
tM/100 g/min. Prostota i szybko$¢ kolorymetrycznego oznaczenia aktywnosci tych
enzymow z wykorzystaniem syntetycznych substratow, pozwala rekomendowaé je jako
tanie ifatwo dostepne markery pozwalajgce na detekcje zafatszowania mleczka
pszczelego czerwiem trutowym. Uzyskane wyniki znajdujg potwierdzenie w pracy
Droby i in. (2014, 2016), ktérzy stwierdzili wielokrotnie wiekszg i niezwykle
zroznicowang aktywno$é enzymatyczng w larwach matek niz w mleczku. Wysoka
aktywnos¢ kwasnych glikozydaz, wybranych jako markery, w réznych homogenatach

tkankowych wykazano juz wczesniej (Dzugan iin. 2011; Dzugan i Lis 2016).

4.3. Utrwalanie czerwiu trutowego
Najwiekszg wadg czerwiu trutowego jest jego niska stabilnos¢ i koniecznosé

natychmiastowego utrwalenia. Najprostszym sposobem jest mrozenie w temperaturze

-18 °C. Z powoddw technicznych nie prowadzono badarn $wiezego czerwiu, a przyjeto,

ze czerw krétkotrwale mrozony (do 30 dni) zachowuje petng aktywnosé. Czerw
mrozony poddano utrwaleniu na drodze liofilizacji, przeksztatcenia w suchy ekstrakt

oraz mieszania z miodem.

4.3.1. Liofilizacja

Metodg liofilizacji uzyskano 2 formy utrwalonego czerwiu: czerw liofilizowany
(suszeniu sublimacyjnemu poddano petny homogenat) i suchy ekstrakt (liofilizacji

poddano wodny ekstrakt czerwiu, z ktdrego przez wirowanie odseparowano
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nierozpuszczalne struktury komérkowe). W publikacji lll przedstawiono poréwnanie
potencjatu antyoksydacyjnego oraz catkowitej zawartosci zwigzkdéw polifenolowych
(wykres 3) dla czerwiu mrozonego, liofilizowanego i suchego ekstraktu w przeliczeniu
na suchg mase czerwiu trutowego. Wodne ekstrakty mrozonego czerwiu trutowego
wykazywaty najwyzszg zawartos¢ badanych zwigzkéw. Ubytek potencjatu
antyoksydacyjnego podczas utrwalania metodg liofilizacji wynosit od 6 do 10%
(niezaleznie od zastosowanej metody badan), a straty zwigzkéw polifenolowych
wynosity 4-12%. Z kolei dla ,suchego ekstraktu” stwierdzono wzrost potencjatu
antyoksydacyjnego mierzonego metodg DPPH w stosunku do czerwiu liofilizowanego

0 12,4%, w przypadku metody FRAP wykazano spadek potencjatu do 9,3%.
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Wykres 3. Pordwnanie catkowitej zawartosci zwigzkéw polifenolowych w wodnych ekstraktach
czerwiu trutowego utrwalonego réznymi metodami (publikacja Ill, tab. 2 i 3; dane dla suchego
ekstraktu w trakcie publikacji). Objasnienia: *"- érednie oznaczone réznymi literami réznig sie
istotnie w obrebie jednego stadium rozwoju (p<0.05).

Wytworzenie suchego ekstraktu wptyneto pozytywnie na catkowitg zawartosc
polifenoli, dla ktérego wartosci byty do 36,8% wyzsze w poréwnaniu do liofilizowanego
czerwiu trutowego. Oczyszczenie suchego ekstraktu z nierozpuszczalnych struktur
komodrkowych nie tylko zwiekszyto jego wtasciwosci antyoksydacyjne, ale poprawito
rozpuszczalno$é w wodzie, przy stezeniu 7,2 mg/ml dla suchego ekstraktu uzyskiwano
roztwor rzeczywisty, a dla liofilizatu zawiesine, co utatwia prowadzenie badan

toksykologicznych.
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Uzyskane wyniki s porownywalne z doniesieniami innych autoréw. Zawartos¢
polifenoli w 7-dniowym czerwiu trutowym po liofilizacji (Apilarnil) badat Silici (2019),
ktéry podaje catkowitg zawartos¢ polifenoli w podobnym przedziale 760-940 mg
GAE/100 g oraz aktywnos$¢ antyoksydacyjng mierzong metodg DPPH ekstraktow
wodnych do 81%, jednak procedura przygotowania prébki i rozcieficzenia do analizy
roznita sie od zastosowanej w publikacji IlI. Utrwalanie metoda suszenia
sublimacyjnego pozwala na uzyskanie suchej masy produktu z zachowaniem
aktywnosci surowca (Shofian i in. 2011). Produkt moze by¢ przechowywany 24
miesigce, z uwagi na duzg porowatos¢ i higroskopijno$¢ w hermetycznym opakowaniu
(Ciurzynska i Lenart 2011). Otrzymane wyniki potwierdzity, ze zastosowanie metody
liofilizacji do utrwalenia czerwiu trutowego pozwolito zachowac¢ aktywnosc
antyoksydacyjng (straty do 10%) oraz catkowitg zawartos¢ zwigzkéw fenolowych (o 7—

11%).

4.3.2. Utrwalenie w miodzie rzepakowym

Jedng z zalecanych metod utrwalania czerwiu jest mieszanie z miodem
(najczesciej 5% dodatek), co ma pozwoli¢ na zachowanie trwatosci przez okres
6 miesiecy i, co wazniejsze, umozliwi¢ przechowywanie produktu w temperaturze
pokojowej (utatwienie dystrybucji i transportu). Wptyw utrwalania czerwiu trutowego
miodem i stabilno$¢ uzyskanego produktu nie byt do tej pory szczegétowo badany.
Przeprowadzone wczesniej w macierzystej jednostce badania wykazaty, ze midd
rzepakowy w najlepszym stopniu nadaje sie do wykorzystania jako srodek utrwalajacy
(Mitek i in. 2023; Tomczyk i in. 2019; Sidor i in. 2022) ze wzgledu na duzg dostepnos¢
produktu, relatywnie niskg cene oraz zdolnos¢ do szybkiej krystalizacji, dzieki czemu
idealnie nadaje sie do procesu kremowania. Celem omawianego etapu badan byto
utrwalenie czerwiu trutowego (mrozonego lub liofilizowanego) w miodzie rzepakowym
oraz analiza zmian aktywnosci przeciwutleniajgcej otrzymanych miodéw w czasie
przechowywania do 9 miesiecy (publikacja IV).

Dodatek czerwiu do miodu nie wptynat istotnie na parametry fizykochemiczne
miodu (publikacja IV, tab. 1). Wykazano, ze dla najwyziszego dodatku czerwiu
mrozonego zawarto$¢ wody zblizyta sie do wartosci 20%, bezpiecznej granicy

zabezpieczajgcej miod przed fermentacja. W tym aspekcie stosowanie dodatku
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liofilizowanego jest korzystniejsze dla stabilnosci produktu. Wprowadzenie czerwiu
trutowego do miodu rzepakowego (dodatek 1, 2 i 4%) istotnie zwiekszyto zawartosc¢
zwigzkow polifenolowych. Najwiekszy wzrost stwierdzono w przypadku dodatku 4%
czerwiu mrozonego, jednak nalezy zaznaczy¢, ze wzrost aktywnosci antyoksydacyjnej
nie byt wprost proporcjonalny do zwiekszania udziatu dodatku. Potwierdzono
zachowanie petnej aktywnosci antyoksydacyjnej miodu z czerwiem do 6 miesiecy
przechowywania (wykres 4). Wydtuzenie czasu przechowywania do 9 miesiecy
spowodowato spadek zawartosci zwigzkéw polifenolowych, zalezny od formy czerwiu
i wysokosci dodatku. Jednak miody z dodatkiem czerwiu mrozonego/liofilizowanego
wcigz zachowaty wyzszg aktywnos¢ w porownaniu do miodu kontrolnego (publikacja

V).
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Wykres 4. Zmiana catkowitej zawartosci zwigzkéw polifenolowych podczas przechowywania
przez 3, 6 i 9 miesiecy (publikacja IV, wg fig. 1c). Objasnienia: K- miéd rzepakowy (kontrola); M
1% - dodatek 1% (w/w) czerwiu mrozonego; M 2% - dodatek 2%; M 4% - dodatek 4%; L 1% -
dodatek 1% czerwiu liofilizowanego; L 2% - dodatek 2%; L 4% - dodatek 4%; ¢ % & "¢ _ érednie
oznaczone réznymi literami réznig sie istotnie (p<0.05); * istotnie rézne w poréwnaniu do
préby kontrolnej (p < 0.05).

Poréwnanie profilu polifenolowego miodu rzepakowego i ekstraktéw czerwiu
trutowego metodg HPTLC pozwolito ustali¢ specyficzny dla obu produktéw zestaw

polifenoli (rys. 5).
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Rysunek 5. Profile polifenolowe (uzyskane technikg HPTLC) po 9 miesigcach przechowywania
mrozonego (F1, F2 i F4) i liofilizowanego (L1, L2 i L4) czerwiu trutowego utrwalonego w
miodzie. Dla poréwnania uzyto DB - ekstrakt z czerwiu trutowego i control - kontrolny miéd
rzepakowy (publikacja IV, fig. 2). Objasnienia: Na z2étto zaznaczono wybrane zwigzki migrujgce
z ekstraktu czerwiu trutowego do miodu, na zielono zaznaczono zwigzki pochodzgce z miodu
rzepakowego. Czerwona strzatka wskazuje polifenole obecne w miodzie w niewielkiej ilosci,
ktorych zawartos¢ zostata zwiekszona przez dodanie czerwiu trutowego (prazki, ktére zostaty
zintensyfikowane).

Dla czerwiu trutowego (Sciezka DB extract) zidentyfikowano pasma o Rf
w zakresie 0,1-0,9, rdinigce sie wizualnie barwg (jasnoniebieskie, niebieskie),
a uzyskany profil byt analogiczny jak we wczesniejszych pracach (publikacja Il i Ill).
W miodach z dodatkiem mrozonego czerwiu trutowego (F1, F2, F4) zidentyfikowano
kwasy polifenolowe pochodzace z czerwiu: chlorogenowy (Rf = 0,03), elagowy (Rf =
0,07), ferulowy (Rf = 0,45), ktére nie wystepowaty w miodzie rzepakowym. Ich
zawarto$é, zwiekszata sie wraz z udziatem dodatku, na co wskazuje narastajgca
intensywnos¢ prazkéw. Podobny obraz obserwowano dla mioddéw z dodatkiem
liofilizatu czerwiu. Natomiast specyficzne dla miodu polifenole, obserwowane jako
bragzowe (Rf = 0,05-0,25) i jasnozdétte (Rf > 0,90) oraz pojedyncze, ledwo widoczne
jasnozotte ijasnoniebieskie prazki, wystepowaty takze w profilu wszystkich miodéw
wzbogaconych czerwiem, niezaleznie od formy i udziatu dodatku. Uzyskany
chromatogram profilu polifenolowego analizowanego miodu rzepakowego byt
podobny do przedstawionego przez Stanek i Jasickg-Misiak (2018), gdzie wykazano

dominujgce pasma koloru zéttego, jasnoniebieskiego, niebieskiego i czarnego, wsréd
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ktérych zidentyfikowano obecno$¢ kwasu p-kumarowego, chlorogenowego
i mirycetyny.

Wytwarzanie miodéw wzbogaconych réznymi dodatkami roslinnymi jest coraz
bardziej popularne, a prowadzone badania wskazujg na synergistyczne wzmocnienie
wtasciwosci antyoksydacyjnych i wzbogacenie profilu polifenolowego (Grabek-Lejko
iin. 2022; Mitek i in. 2023). Prezentowane w tej pracy badania potwierdzajg
analogiczny efekt uzyskany z zastosowaniem dodatku pochodzenia zwierzecego.
Obserwowany synergizm dziatania miodu i czerwiu trutowego zwieksza dziatanie
prozdrowotne produktu, a réwnoczesnie ze wzgledu na akceptowalne cechy
organoleptyczne stanowi wygodng forme wprowadzenia czerwiu do diety. Midd
z dodatkiem czerwiu mrozonego moze by¢ uznany za wartosciowy suplement diety
o wysokiej trwatosci przechowalniczej, mozliwy do wytworzenia w warunkach

pasiecznych.

4.4. Mozliwosci wykorzystania czerwiu trutowego jako suplementu diety

W poprzednich pracach (publikacja II, lll, IV) wykazano obecno$¢ korzystnych
zwigzkdéw czerwiu trutowego (hormony, biatka, przeciwutleniacze, biopierwiastki).
W kolejnym etapie badan zaprojektowano i wytworzono naturalne suplementy diety
na bazie czerwiu trutowego w formie kapsutek wygodnych do stosowania:

1. DB — czerw trutowy (300 mg/kapsutke)
2. DB+ES - czerw trutowy + organiczny wapn (300mg + 250 mg/kapsutke)
3. DB+CC - czerw trutowy + nieorganiczny wapn (300mg + 250 mg/kapsutke)

(publikacja V).

Dawka czerwiu trutowego wprowadzona do pojedynczej kapsutki (DB) pozwala
osiggna¢ maksymalng dobowga dawke leczniczg (3 kapsutki/dobe), ktérg okreslono na
900 mg (Kedzia i Hotderna-Kedzia, 2017). Potgczenie czerwiu z wapniem w 1 kapsutce
pozwolito uzyska¢ suplement dedykowany osobom zagrozonym osteoporozg. W celu
zapobiegania osteoporozie zaleca sie suplementacje wapnia (1000-1200 mg/dobe),
najlepiej w dawkach podzielonych (Sewerynek i in. 2011). W ostatnich badaniach
potwierdzono wiekszg efektywnos¢ wapnia organicznego (naturalnego) pochodzgcego
ze sproszkowanych skorupek jaj w poréwnaniu z wapniem nieorganicznym (chemicznie
czysty weglan wapnia) w tagodzeniu skutkédw osteoporozy (Sakai i in. 2017; Omelka
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iin. 2021). Wykorzystujgc laboratoryjny model przewodu pokarmowego analizowano
biodostepnosé¢ gtéwnych sktadnikéw (hormony, wapn, antyoksydanty i polifenole) oraz
strawnos¢ biatka podczas symulowanego trawienia in vitro zaprojektowanych

suplementéw (publikacja V).

4.4.1. Analiza biodostepnosci sktadnikéw bioaktywnych z zaprojektowanych

suplementéw na bazie czerwiu trutowego

Biodostepnosc¢ sktadnikéw pokarmowych, definiowana jako ilos¢ spozytych
sktadnikdw dostepnych do wechtoniecia w jelicie po strawieniu, jest wazinym
wskaznikiem w ocenie skutecznosci stosowania suplementdéw diety. Takie badania sg
prowadzone z zastosowaniem modeli umozliwiajgcych ocene stopnia strawienia
i wchfaniania sktadnikéw pokarmowych w warunkach in vitro. Biodostepnos¢ zalezy od
wielu czynnikdw, w tym matrycy organicznej, z ktérej uwalniany jest sktadnik
pokarmowy. W celu okreslenia  biodostepnosci  wybranych  sktadnikéw
z zaprojektowanych suplementéw diety podjeto badania z zastosowaniem
dwustopniowego modelu trawienia zotgdek-jelito. Wedlug dostepnej literatury

badania takie przeprowadzono po raz pierwszy.
Hormony

Wykazano, ze biodostepnos¢ hormondw sterydowych zawartych w czerwiu
(suplement DB) po zakonczeniu trawienia wynosita 63,3 i 21,3 %, odpowiednio dla
testosteronu i estradiolu (wykres 5a). Uwalnianie testosteronu z matrycy
obserwowano w fazie zotadkowej i jelitowej, odpowiednio 23,8 i 93,3%, podczas gdy
estradiol uwalniat sie dopiero w jelicie (21,3%). Dodatek wapnia, istotnie zwiekszat
biodostepnos¢ testosteronu w obydwu frakcjach, przy czym uwalnianie testosteronu
z matrycy byto istotnie wieksze w obecnosci wapnia nieorganicznego (suplement
DB+CC) niz organicznego (DB+ES), o 16,2% dla frakcji zotagdkowej i 20% dla jelitowe;.
Obecnos¢ wapnia (niezaleznie od formy) nie wptywata na uwalnianie estradiolu
z suplementu (p>0,05).

Ze wzgledu na hydrofobowy charakter, obydwa hormony stajg sie biodostepne
dopiero po zemulgowaniu strawionej tresci, co nastepuje w kontakcie z z6tcig (Baltaci

iin. 2019). Po zemulgowaniu testosteron jest wtgczany do chylomikronéw i wchtaniany
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przez limfe (CN106456782B). Biodostepnos$¢ testosteronu moze zaleze¢ takze od
synergizmu zwigzkéw wystepujacych w spozywanych pokarmach przez cztowieka. Dla
przyktadu cynk, obecny takze w skorupkach jaj (0,44 mg/100 g s.m.), ufatwia

uwalnianie i wchfanianie testosteronu (Baltaciiin. 2019).
Wapn

Podczas symulowanego trawienia in vitro oceniono biodostepnos¢ jonow
wapnia z wytworzonych kapsutek (wykres 5b). Naturalna zawarto$¢ wapnia w czerwiu
trutowym wynosi srednio 19,42 mg/100 g (publikacja Il, tab. 2), co stanowi 2,57%
sktadnikdw mineralnych. Wykazano wysoki wskaznik biodostepnosci wapnia z czystego
czerwiu trutowego (DB), gtéwnie w jelicie. Wapn z suplementu na bazie czerwiu
i wapnia organicznego (DB+ES) byt uwalniany w znacznie wiekszym stopniu
(odpowiednio 89,89% i 105,14% w zotadku i jelitach) w poréwnaniu z suplementem
z czerwiu i weglanu wapnia (DB+CC), gdzie biodostepnos¢ wapnia wynosita tylko
10,08% w zotadku i 12,09% w jelitach.

Biodostepnos¢ wapnia z suplementéw, podobnie jak z pozywienia, zalezy od
catkowitej ilosci jednorazowego spozycia, organizm przyswaja okoto 36% z dawki 300
mg wapnia i 28% z dawki 1000 mg (Rodriquez-Rodriquez i in. 2020). Ponadto wazne
jest zrédto wapnia, wapn ze skorupek jaj jest znacznie bardziej dostepny niz
syntetyczny weglan wapnia (Kusumi i in. 1999). Ponadto wykazano, ze wapn ze
skorupek jaj jest skuteczniejszy w pordwnaniu z weglanem wapnia w zwiekszaniu masy
kostnej u kobiet, co wskazuje na jego potencjalne zastosowanie jako suplementu
wapnia w zywieniu cztowieka (Sakai i in. 2017). Podobne wyniki osiggneli Omelka i in.
(2021) w badaniach na modelu zwierzecym szczurow po resekcji jajnikdw, wykazujac,
ze proszek ze skorupek jaj kurzych skuteczniej fagodzi utrate masy kostnej u zwierzat
niz wapn nieorganiczny. Wedtug Ray i in. (2017) biodostepnos¢ wapnia z weglanu
okreslono na okoto 20 — 30%. Ponadto, na biodostepnos¢ wapnia ze skorupek jaj moze
wptywac korzystnie obecnos$¢ innych mineratéw, waznych dla kondycji kosci. Z tego
wzgledu skorupki jaj zostaty zaproponowane jako dodatek do rdznego rodzaju
zywnosci, w celu zwiekszenia podazy tego pierwiastka, zwtaszcza w diecie oséb

narazonych na jego niedobory (Bartter 2018; Kobus-Cisowska 2020).
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Biatka i aminokwasy

Sposréd wszystkich analizowanych suplementéw najwyzszg zawartos¢ biatka
rozpuszczalnego stwierdzono dla kapsutki z czerwiem trutowym (DB). Z suplementéw
z dodatkiem wapnia wyekstrahowano o 50% mniej biatek rozpuszczalnych, co wskazuje
na interakcje biatek czerwiu z jonami wapnia zmniejszajgcymi rozpuszczalnos¢ biatek
(wykres 5c). Niezaleznie od suplementu, biatka czerwiu podlegajg trawieniu gtéwnie
w fazie zotadkowej, w 84,09; 83,13% i 46,03% odpowiednio dla suplementu DB, DB+ES
i DB+CC. Podobnie we frakcjach jelitowych, stwierdzono wyzszy stopien strawienia
biatka w kapsutce DB+ES (60,76%) w porédwnaniu do kapsutki DB+CC (25,15%).
Analogiczny obraz wykazano metodg elektroforezy SDS-PAGE (publikacja V, fig. 3).
Stwierdzono, ze préobka DB (kontrola) wykazywata bogaty profil biatkowy, ktéry we
frakcji zotgdkowej byt niezwykle zredukowany, co wskazuje na intensywng degradacje
struktur biatkowych. Za pojawienie sie dodatkowych biatek w profilu frakcji jelitowych
odpowiadajg biatka enzymatyczne (lipazy, amylazy i proteazy) wprowadzone na tym
etapie (Abdelouhab i in. 2015). Podobne obserwacje poczynili Hui i in. (2022), ktérzy
analizowali zawartos¢ biatka metoda elektroforezy w mileku sojowym poddanym
trawieniu in vitro. Juz po 5 minutach trawienia w symulowanym Zzotadku liczba
prazkow i ich intensywnos$¢ zmniejszyty sie istotnie w porédwnaniu z frakcjg trawiong
w ,jamie ustnej”. Jednak po 30 i 120 minutach trawienia w jelitach zaobserwowali
nasilenie niektérych prazkéw o masie 25 i 35 kDa w pordwnaniu z frakcjg zotgdkowsa.

Postep w trawieniu biatek potwierdzono analizujgc profil wolnych
aminokwaséw dla frakcji po poszczegdlnych etapach trawienia in vitro za pomoca
chromatografii cienkowarstwowej HPTLC. Prébki niepoddane trawieniu (kontrolne)
wykazaty bardzo podobny profil aminokwasowy, w ktérym zidentyfikowano glicyne (Rf
= 0,28), waline (Rf = 0,45) i leucyne (Rf = 0,55). W miare postepu trawienia
obserwowano nasilenie widocznych wczesniej prgzkow, gtownie glicyny, waliny
i leucyny oraz pojawienia sie nowych w wyniku degradacji biatek pod wptywem
pepsyny i proteaz jelitowych. Badania technikg HPTLC majg jednak charakter
jakosciowy, ze wzgledu na szybkos¢ i koszty sg przydatne do obrazowania réznic

pomiedzy prébkami o tej samej matrycy.
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Zwiqzki fenolowe i aktywnos¢ antyoksydacyjna

Analize biodostepnosci zwigzkéw przeciwutleniajgcych z zaprojektowanych
suplementéw przeprowadzono metodg FRAP. Najwyzszg biodostepnosé stwierdzono
dla kapsutki DB, 42,05 i 52,68%, odpowiednio we frakcji zotgdkowej i jelitowej (wykres
5d). Dla kapsutek z dodatkiem wapnia stwierdzono obnizenie biodostepnosci
antyoksydantéw o 22,36% (skorupki jaj) i 23,90% (weglan). Redukcja wtasciwosci
antyoksydacyjnych frakcji zotagdkowej i jelitowej wydaje sie wskazywac na blokowanie
uwalniania zwigzkéw antyoksydacyjnych z matrycy lub ich przemiany. Podobne wyniki
uzyskali Seraglio i in. (2017), ktérzy badali dostepnos¢ zwigzkéw antyoksydacyjnych
w miodach odmianowych i wykazali spadek potencjatu antyoksydacyjnego we frakcji
jelitowej w poréwnaniu do frakcji nie trawionej (nawet o 33%).

Zawartos¢ zwigzkow polifenolowych we frakcjach nietrawionych wynosita 2,28;
2,56; 1,97 mg/kapsutke (odpowiednio dla DB, DB+ES i DB+CC) (publikacja V, tab. 4).
Biodostepnos¢ polifenoli z czystego czerwiu (DB) byta najwieksza, natomiast
w obecnosci wapnia spadata (wykres 5d). Biodostepnosé polifenoli we frakcji jelitowej
wynosita 93, 52 i 62% odpowiednio dla suplementu BD, DB+EC i DB+CC, przy czym nie
stwierdzono istotnych réinic w zaleznosci od stosowanej formy wapnia. Podobng
biodostepnosé¢ zwigzkéow polifenolowych wykazali de Paulo Farias i in. (2021) dla
specyficznych owocéw brazylijskich w zakresie 50-75% w pordwnaniu do frakgji
niepoddanej trawieniu. Z kolei Mercatante i in. (2022) wykazali 50-89 % biodostepnos¢
omawianych zwigzkdéw z ekstraktéw oliwnych, przy czym wyzsze wartosci stwierdzili
we frakcjach zotgdkowych. Nie bez znaczenia jest tutaj zréznicowanie matrycy, a takze
warunkéw trawienia, ktére istotnie mogg wptynac¢ na interakcje pomiedzy matryca

trawiong, a odczynnikami.

4.4.2. Bezpieczenstwo stosowania preparatéw z czerwiu trutowego

Zaproponowany suplement diety tgczacy liofilizowany czerw trutowy
z organicznym wapniem pozyskanym ze skorupek jaj kurzych wykazuje wysoka
biodostepnos¢ (publikacja V), dzieki czemu modgtby znalezé zastosowanie
w profilaktyce/leczeniu  osteoporozy. Jednak jego wdrozenie wymaga

przeprowadzenia dalszych badan, ktére pozwolg ustali¢ przyswajalnosé (zdolno$¢ do
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przenikania przez $ciane jelita) sktadnikdw bioaktywnych. Zaktadajgc, ze sktadniki
bioaktywne z naturalnego Zrédta bedg dobrze przyswajalne, mozna dokonaé wstepnej
oceny bezpieczenstwa stosowania zaproponowanego preparatu.

To zagadnienie wydaje sie by¢ bardzo wazne, ze wzgledu na zidentyfikowane
w czerwiu trutowym hormony (testosteron i estradiol). Zbyt wysoki poziom
testosteronu zwieksza ryzyko schorzen ukfadu sercowo-naczyniowego, moze
powodowac obnizenie odpornosci, co w konsekwencji zwieksza podatnos¢ na inne
schorzenia — od przewlektych infekcji po choroby nowotworowe i depresje. ROwniez
niekontrolowane stosowanie estradiolu powoduje szereg zaburzen, w tym wzdecia lub
skurcze brzucha, u kobiet krwawienia srédcykliczne, nudnosci, wymioty, sennos¢, bdl
lub nadmierng wrazliwos¢ piersi, rozdraznienie oraz niepokdj (Roop 2018; Ysrraelit
i Correale 2019; Dominguez-Lépez | in. 2020).

Aby ustali¢ maksymalne bezpieczne dzienne spozycie czerwiu trutowego
w postaci suplementu diety przeprowadzono kalkulacje zmierzajgce do pordéwnania
ilosci hormonéw dostarczanych dziennie z 3 kapsutkami suplementu z dawkami
stosowanymi w celach terapeutycznych. W przypadku niedoboru, testosteron stosuje
sie doustnie lub zewnetrznie na skére oraz w postaci domiesniowej, w postaci
syntetycznych estrow o bioprzyswajalnosci nie przekraczajacej 7% (Tauber i in. 1986).
Zwykle stosowana doustna dawka dobowa przez pierwsze 2-3 tygodnie wynosi 120-
160 mg, natomiast dawka podtrzymujaca miesci sie w zakresie 40-120 mg
(https://www.medsafe.govt.nz/profs/datasheet/a/AndriolTestocaps.pdf, dostep dn.
4.04.2023 r.). Poréwnujac, suplementacja trzema kapsutkami preparatu dziennie
dostarczy organizmowi okoto 0,0225 pg/dobe tego hormonu, co stanowi zaledwie
0,00003-0,00006% dawki farmakologicznej stosowanej w leczeniu niedoborow.
Obliczona wartos$¢ wskazuje na brak mozliwosci przedawkowania testosteronu przy
stosowaniu zaprojektowanego preparatu. Podobnie wyglada sytuacja w przypadku
estradiolu, w problemach hormonalnych zwigzanych z niedoborem estradiolu (HTZ)
zaleca sie stosowanie preparatow zawierajgcych od 0,5 do 2 mg tego hormonu
dziennie (https://www.womens-health-concern.org/, dostep dn. 4.04.2023 r.),
a w celach antykoncepcyjnych 15-30 pg/dobe. Suplementacja preparatem na bazie
czerwiu trutowego (3x1) dostarczy dziennie $rednio 1,62 ug estradiolu (max 0,3%
i5,4% zalecanej dawki odpowiednio w hormonalnej terapii zastepczej
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i antykoncepcyjnej). Z kolei realizacja dziennego zapotrzebowania na wapn przy
suplementacji  zaprojektowanym  preparatem pokrywa 71-75% dziennego
zapotrzebowania, co wazne w dawkach podzielonych
(https://healthybonesaustralia.org, dostep dn. 4.04.2023 r.).

Przedstawione kalkulacje pozwalajg zaktada¢, ze nawet przy 100%
przyswajalnosci sktadnikdw suplementu w jelicie stosowanie nowego suplementu wg
zalecenia 3x1, wydaje sie by¢ catkowicie bezpieczne. Wymaga to jednak potwierdzenia
w badaniach in vivo, poniewaz ,hormony naturalne”, uwazane za potencjalnie
bezpieczniejsze, mogg wykazywac wiekszg aktywnos¢ biologiczng niz ich syntetyczne
odpowiedniki. Utrzymanie witasciwego poziomu hormondéw ptciowych odgrywa
kluczowa role w rozwoju i utrzymaniu szkieletu kostnego zaréwno u mezczyzn, jak
i kobiet (Bandeira i in. 2010). Wraz z wiekiem zmniejszajg sie poziomy estradiolu
i testosteronu, zwtaszcza wolnych lub biodostepnych frakcji, co prowadzi do utraty
masy kostnej i ztaman (Cauley 2015; Sakai i in. 2017). W tym aspekcie korzysci ze
stosowania suplementacji czerwiem wydajg sie by¢ niezwykle obiecujgce, niewiele
jednak wiadomo na temat wptywu czerwiu trutowego na gospodarke hormonalng
organizmu.

Badania z udziatem zwierzat nie byty do tej pory prowadzone, a stosowanie
czerwiu trutowego do efektywnej suplementacji organizmu w przypadku niedoboréw
hormonalnych jest oparte wyfgcznie na doswiadczeniu naturoterapeutéw. W ostatnich
latach podjeto pierwsze préby wykorzystania czerwiu trutowego w hodowli zwierzat.
Najnowsze badania (Kosum i in. 2022) potwierdzity wptyw aplikacji czerwiu trutowego
na korzystne efekty androgenne i wzrost kozlgt. Jednak badania nad dtugotrwatym
wptywem suplementacji paszy czerwiem (25 mg/kg paszy) na proces dojrzewania $win
daty niespdjne wyniki (Kistanova i in. 2020). Z jednej strony suplementacja czerwiem
trutowym stymulowata wczesne stadia folikulogenezy u $win, z drugiej-c prowokowata
atrezje w ostatniej fazie rozwoju pecherzykédw. Obiecujgce wyniki przytoczonych
eksperymentéw z udziatem zwierzat wskazujg na potrzebe kontynuacji badan nad
aktywnoscig biologiczng czerwiu z udziatem rdéinych modeli biologicznych,

a ostatecznie potwierdzenia w badaniach klinicznych.
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4.5. Perspektywy rozwoju badan nad czerwiem trutowym

Wedtug obowigzujgcych przepiséw ,Suplement diety jest $rodkiem
spozywczym, ktérego celem jest uzupetnienie normalnej diety, bedacym
skoncentrowanym zrédtem witamin lub sktadnikdw mineralnych lub innych substancji
wykazujgcych efekt odzywczy lub inny fizjologiczny, pojedynczych lub ztozonych,
wprowadzanym do obrotu w formie umozliwiajgcej dawkowanie”. Maksymalny
dopuszczalny poziom sktadnikéw bioaktywnych ma zapewnié bezpieczenstwo
zdrowotne, pod warunkiem stosowania suplementu diety zgodnie z informacja
zamieszczong w opakowaniu. Dlatego przed wprowadzeniem na rynek, nalezy
przeprowadzi¢ szereg testow laboratoryjnych in vitro sprawdzajgcych wiasciwosci
nowej substancji czynnej, a ostatecznie przeprowadzi¢ préby doswiadczalne z udziatem
zwierzat. Te ostatnie eksperymenty najpetniej oddajg efekty fizjologiczne, zaréwno te
korzystne jak i negatywne.

W tym aspekcie naturalng kontynuacjg badan nad czerwiem trutowym jest
zebranie dowodow potwierdzajgcych korzystne dziatanie fizjologiczne i ustalenie
optymalnego dawkowania. W ramach zrealizowanego projektu ,,Mtodzi naukowcy UR”
pt. ,Mozliwos¢ zastosowania ekstraktéw czerwiu trutowego w terapii nowotwordow
i nieptodnosci meskiej — badania wstepne in vitro” przeprowadzono wstepne badania
aktywnosci czerwiu trutowego z wykorzystaniem 3 linii komdérek nowotworowych,
ktore pozwolity ustali¢ efekt biologiczny czerwiu. Dziatanie cytotoksyczne ekstraktow
z czerwiu trutowego (wodny i etanolowy) wobec linii komdérkowych gruczolakoraka
jelita grubego (Caco-2 i HT-29) oraz glejaka wielopostaciowego (U87MG) oceniono za
pomocg testu zywotnosci komdrek MTS. Wykazano wiekszg aktywnosé ekstraktow
wodnych w poréwnaniu z etanolowymi w stosunku do badanych komérek. Te wstepne
wyniki sg bardzo obiecujgce i niezwykle cenne, poniewaz efekt przeciwnowotworowy
czerwiu nie byt do tej pory przedmiotem badan. Z uwagi na fakt, ze zaprojektowane
suplementy sg dedykowane do profilaktyki i leczenia osteoporozy, lepszy model
mogtyby stanowié komodrki kostne - osteoblasty. Takie badania sg planowane we
wspotpracy z dr Alesem Pavlikiem z Uniwersytetu w Brnie (Czechy).

Innym zagadnieniem, ktére zrealizowano w ramach ww. projektu byto badanie

wpltywu czerwiu trutowego na aktywnosé plemnikéw in vitro. Badania przeprowadzone
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w ramach wspotpracy z prof. Peterem Massanyi z Katedry Fizjologii Zwierzat
Stowackiego Uniwersytetu Rolniczego potwierdzity ochronne dziatanie czerwiu
trutowego dla modelowych plemnikdw ogiera, przy czym lepsze rezultaty osiggnieto
przy zastosowaniu czerwiu mrozonego niz liofilizowanego czy suchego ekstraktu.
W literaturze brakuje informacji o wptywie czerwiu trutowego na meskie komérki
rozrodcze, tymczasem jest on zalecany do leczenia zaburzen ptodnosci meskie;j.
Wykazanie ochronnego dziatania czerwiu trutowego na plemniki pozwala na
rekomendowanie tego produktu do przedtuzania zywotnosci plemnikéw w nasieniu
przechowywanym przeznaczonym do sztucznej inseminacji, co moze zwiekszy¢ szanse
na zaptodnienie. Korzystne dziatanie na plemniki in vitro, pozwala przewidywac
potencjalne korzysci spozywania czerwiu trutowego dla jakosci nasienia in vivo.

W swietle ostatnich regulacji dopuszczajgcych do spozycia kolejne owady
(Swierszcze domowe) nie mozna poming¢ mozliwosci wprowadzenia czerwiu
trutowego jako ,novel food” (,nowa zywnosc¢”), czyli zywnosci, ktéra nie byfa
wykorzystywana w znacznym stopniu w Unii Europejskiej przed 15 maja 1997 r. Takim
mianem okresla sie produkty wyprodukowane z uzyciem nowych technologii, ale
rowniez takie, ktore sg tradycyjnie spozywane poza UE. Wymaga to jednak rejestracji
i wpisania do unijnego wykazu , Novel Food Catalogue”. Czerw trutowy, jako sktadnik
zywnosci pochodzacy od zwierzat, nie ma jeszcze ustalonego bezpieczerstwa
stosowania, co moze byé przeszkodg do wprowadzenie tego produktu na rynek.
Podobna sytuacja dotyczyta rejestracji jadu pszczelego jako naturalnego konserwantu
do Zzywnosci, podjeta decyzja odmowna dotyczy koniecznos$ci przeprowadzenia
szacowania ryzyka bezpiecznego spozycia.

Z punktu widzenia zywieniowego owady stanowig istotng, aczkolwiek
niedoceniang alternatywe dla sktadnikow odzywczych dostarczanych
z konwencjonalnych zrédet zwierzecych. Wraz ze stale zwiekszajacg sie liczbg ludnosci
na $wiecie zapotrzebowanie na sktadniki odzywcze, w tym np. petnowartosciowe
biatko wzrasta, co przyczynia sie do poszukiwan alternatywnych zrédet biatka (Piasecka
— Kwiatkowska i Stasifiska 2016; Bueschke i in. 2017). Nalezy jednak pamietaé, ze mogg
one zawiera¢ sktadniki bioaktywne, ktére nalezy limitowaé, stad istnieje ogromna

potrzeba prowadzenia badan zmierzajgcych do ustalenia bezpieczenstwa spozycia.
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5. Podsumowanie i wnioski

Czerw trutowy to mniej znany produkt pszczeli, stosowany w niektérych krajach
Europy Wschodniej i Azji w celach leczniczych, jednak o stabo udokumentowanych
w literaturze naukowej wifasciwosciach prozdrowotnych. Wiekszos¢ doniesien
dotyczacych tego produktu pszczelego pochodzi z Rumunii i Rosji, zostaty
opublikowane w latach 2000-2010, jednak ich dostepnos¢ jest ograniczona. Rosngce
zainteresowanie  naturalnymi  $rodkami  leczniczymi, w tym  produktami
apiterapeutycznymi, zintensyfikowaty badania krajowe, ktére dla czerwiu prowadzone
sq zaledwie od kilku lat. Zrealizowane w ramach pracy doktorskiej badania pozwolity
uzupetni¢ luki w literaturze Swiatowej nt. wtasciwosci i pozyskiwania bioaktywnego
czerwiu trutowego od rodzin pszczoty miodnej A. mellifera carnica w zakresie:
zmiennosci sktadu chemicznego czerwiu w kolejnych stadiach rozwojowych,
mozliwosci odrdzniania czerwiu od mleczka pszczelego oraz efektywnych sposobdw
utrwalania. Istotnym osiggnieciem pracy jest charakterystyka materiatu krajowego, co
umozliwia poréwnania dla czerwiu pozyskiwanego w innych czesciach swiata. Z kolei,
wykazanie wysokiej biodostepnosci sktadnikdéw czynnych czerwiu daje podstawy do

rozwazania mozliwosci jego stosowania jako wartosciowego suplementu diety.
Z przeprowadzonych badan wynikajg nastepujgce wnioski:

1. Czerw trutowy niezaleznie of fazy rozwoju (dzie 7, 11 i 14) stanowi cenne Zrédto
wielu sktadnikéw tj. biatko i aminokwasy, testosteron i estradiol, zwigzki
polifenolowe, gtdwnie hydrofilowe kwasy fenolowe i flawonoidy, jednak ich poziom

ulega zmianie w trakcie rozwoju larwalnego.

2. Czerw na wczesniejszych etapach rozwoju (miedzy 7 a 11 dniem) wykazuje wieksza
aktywnosé¢ antyoksydacyjng i zawarto$é estradiolu, z kolei poziom testosteronu
i biatka rosnie wraz z postepem rozwoju, co pozwala wskaza¢ 11 dzien jako

optymalny wiek do pozyskiwania czerwiu o najwiekszej wypadkowej bioaktywnosci.

3. Faza rozwoju jest kluczowym czynnikiem decydujgcym o aktywnosci biologicznej
czerwiu, warunki pasieczne i pochodzenie geograficzne w mniejszym stopniu

wptywajg na zmiennos¢ materiatu biologicznego.
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4. Aktywnos¢ hormonalna, enzymatyczna i antyoksydacyjna czerwiu trutowego jest
istotnie wieksza w poréwnaniu z mleczkiem pszczelim, a proste oznaczenia
aktywnosci markerowych kwasnych glikozydaz (HEX, i a-GLU) pozwalaja
jednoznacznie rozréznié te materiaty, wykluczajgc mozliwos¢ zafatszowania mleczka

czerwiem.

5. Czerw pobrany z ula musi by¢ natychmiast utrwalony ze wzgledu na zachodzace
procesy utleniania (ciemnienie), ktére mozna zahamowa¢ na drodze szybkiego
mrozenia, a nastepnie liofilizacji, nie powodujacej istotnych zmian aktywnosci
przeciwutleniajgcej i pozwalajgcej uzyskac staty produkt o zwiekszonej stabilnosci,
nadajacy sie do dtugotrwatego przechowywania w temperaturze pokojowej

w hermetycznym opakowaniu.

6. Zastosowanie wstepnej obrébki polegajacej na usunieciu nierozpuszczalnych
struktur komérkowych na drodze ekstrakcji wodnej, i liofilizacji otrzymanego
ekstraktu pozwala otrzymac suchy ekstrakt czerwiu o zwiekszonej rozpuszczalnosci

i catkowitej zawartosci polifenoli.

7. Utrwalenie czerwiu mrozonego lub liofilizowanego w miodzie (max. dodatek 4%)
pozwolito na petne zachowanie jego wtasciwosci antyoksydacyjnych podczas 6-
miesiecznego przechowywania w temperaturze pokojowej, dalsze przechowywanie
powodowato jednak spadek potencjatu antyoksydacyjnego, ponadto ze wzgledu na
zawarto$¢ wody zwiekszenie udziatu czerwiu mrozonego nie jest wskazane

(mozliwos¢ fermentacji), takie ograniczenie nie wystepuje dla liofilizatu czerwiu.

8. Skfadniki bioaktywne czerwiu trutowego wykazujg wysokg biodostepnosc
w warunkach symulowanego trawienia in vitro, przy czym hormony uwalniajg sie
gtownie we frakcji jelitowej, biatko niemal catkowicie jest trawione w Zofadku,
a zwigzki polifenolowe sg obecne na obydwu etapach trawienia na podobnym

poziomie.

9. Biodostepnosé badanych sktadnikéw czerwiu z zaprojektowanych
dwusktadnikowych suplementéw diety w formie kapsutek, zawierajgcych

liofilizowany czerw trutowy iwapn nie ulegta zmniejszeniu, co wiecej wieksza
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biodostepnosé testosteronu i strawnos¢ biatka uzyskano w przypadku potaczenia

czerwiu z organicznym wapniem (mielone skorupki jaj).

10. Technika HPTLC zastosowana po raz pierwszy w badaniach czerwiu, ze wzgledu na
szybkos$¢ i niskie koszty oraz mozliwos¢ jednoczesnego pordéwnania kilkunastu
prébek, moze byé polecana do obrazowania jako$ciowych i pétilosciowych rdznic
w profilu polifenolowym, cukrowym i aminokwasowym frakcji uzyskanych

z poszczegolnych etapdw symulowanego trawienia in vitro.

11. Zaprojektowany innowacyjny suplement tgczacy zalety czerwiu trutowego i wapnia
naturalnego pochodzenia, o potwierdzonej synergistycznej biodostepnosci
sktadnikéow, posiada wysoki potencjat stosowania w profilaktyce osteoporozy,
jednak jego wdrozenie wymaga oceny przyswajalnosci, wywotywanych efektéw

biologicznych i toksykologicznych w badaniach in vivo.

Zrealizowane badania potwierdzity bogactwo sktadnikow odzywczych i bioaktywnych
wystepujgcych w krajowym czerwiu trutowym pozyskanym w odpowiedniej fazie
rozwoju. Uzyskane wyniki wskazujg, Ze zastosowanie czerwiu trutowego do
suplementacji diety, zaréwno w postaci opracowanych suplementéow jak i miodu
z dodatkiem czerwiu moze przynies¢ wiele korzysci zdrowotnych, jednak wymagana jest
kontynuacja badai majgcych na celu potwierdzenie jego skutecznosci i brak skutkow

ubocznych dla ludzi.
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Abstract: Drone brood homogenate is a little-known bee product used in folk medicine to treat various
health problems. It is a very nutritious milky substance with high content of nutrients: proteins,
lipids, fatty acids, carbohydrates, vitamins (A, B, E and D), and minerals. Moreover, when collected
on early stage of larvae development, it is, most of all, rich source of sex hormone (testosterone,
progesterone and estradiol). Some beekeepers consider drone brood as a waste product, although in
some countries they use it to fight Varroa. Meanwhile, in many scientific reports a curative effect of bee
drone homogenate in treating urgent global health problems have been confirmed, including ovarian
dysfunction in women and male infertility, thyroid and immunity disorders, as well as malnutrition
in children. A few dietary supplements based on drone brood are available online. Many patents
relating to drone brood-based dietary supplements have been filed in Russia, but their prevalence
in EU countries is still limited. Further research is needed to fully recognize the pharmacological
activity and increase the use of drone brood.

Keywords: drone brood; apilarnil; steroid hormones; therapeutic value; dietary supplement

1. Introduction

Honey and other bee products, i.e., pollen, bee bread, propolis, royal jelly, and wax have been
valued as food stuffs all over the world since ancient times [1,2]. The basis for the comprehensive use
of bee products in human nutrition and treatment is their diverse and unique chemical composition,
including the content of numerous characteristic substances with a bioactive effect [3]. Bee products
are naturally occurring pharmaceutical products with a multidirectional effect on the living organism,
including humans. Their pharmacologically active fractions are used in many fields of treatment and
pharmacy as pharmacopoeial raw materials, dietary supplements and cosmetics [4-6]. The biologically
active compounds of bee products include bactericidal agents and antioxidants [7]. Drone brood is one
of the bee products that are not commonly known in Europe but is a recognized and frequently used
remedy in some countries of the world, such as Romania, China, Zambia, Senegal and Ecuador [8-12].

Drones, as male honeybees, are one of polymorphic forms of bees, next to the queen and worker
bees. Drones bite their way out of the drone cell on the 24th day after egg laying [12] and are easily
recognisable by their large size, oval body, large eyes and strong wings. They do not have pollen sacs,
a wax gland or sting. They appear in bee colony in spring and their only task is to inseminate with a
queen during her mating flight. The few drones that do get a chance to mate die after mating.

Drones typically compose 5-10% of the adult population of bee colony during the breeding
season from spring to autumn with a peak in the late spring or early summer. A colony might adjust
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drone production in relation to season (length of day and temperature) and other environmental cues,
including size of colony, availability of food as well as colony microclimate [13].

Drone brood homogenate (known as apilarnil or less apistimul) is a bee product obtained by
the collection of drone larvae from drone cells, from 3 to 11 days after hatching [14,15]. Apilarnil,
which may be defined as the male equivalent of royal jelly, is obtained from drone brood and then
freeze-dried. It was discovered by the Romanian apitherapist Nicolae V. Iliesiu. Etymologically, the
term originates from “api” for bee, “lar” for larvae, and “nil” as a shortened form of its discoverer’s
name, Nicholae Iliesiu [16].

Currently, many studies characterizing the morphological composition, properties and use of
drone brood are available [12,16-19]. The literature lacks a description of the detailed characteristics
of the raw material variability which depend on the development stage. In addition, drone brood
quickly loses biological activity once it is removed from a wax comb, so fixation strongly determines
its effectiveness [20]. Considering the above, the aim of the study was to review the scientific reports
regarding the chemical composition variability as well as pharmaceutical potential of the drone brood
homogenate. Moreover, the e-market and worldwide patent base was searched in terms of practical
application of drone brood as dietary supplements.

2. Drone Brood Origin

Drone brood is defined as male bees developing in wax comb cells from unfertilized eggs by a
process known as parthenogenesis. The development of drones (24 days) is longer than that of queens
and workers (16 and 21 days, respectively) [21]. Over the first ten days, the drones develop in an
open cell and the larvae are progressively provisioned by workers. The final 14 days of development
occur under capping. Workers bees close the cells with queen bees and workers with a cap, while the
drone cells are closed with a convex cap. This difference in caps allows for the identification of male
brood in the comb. During their time of enclosure within the cell, pre-pupa and pupa do not feed,
metamorphosis occurs (Figure 1), and the process of spermatogenesis is completed [22].

—
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Figure 1. Drone brood development stage [23].

In the first days of development (day 1-3), regardless of the polymorphic form, the larva weighs
about 0.11 mg [21]. It is only from the 4th day that the body weight and length of the various larvae
begin to differ, depending on their polymorphic form. A seven-day-old queen larva weighs 270 mg,
a worker larva 80 mg, and a drone larva 120 mg [22,24]. On the day of sealing (day 11) the drone
larvae reach a weight of 350 mg; thus, their weight is greater than that of the mother and bee larva [24].
Moreover, they contain more proteins, lipids and sulthydryl groups. Considering the above and the
ease of collecting from comb wells, 11-day-old drone brood is most suitable for technological use [19].

In the field of beekeeping, drone brood is sometimes treated as waste whereas it should be used
for the sake of wealth of valuable nutrients and bioactive ingredients. However, the amount of drone
brood present in the colony regulates drone production through a negative feedback process [12]; thus,
the removal of drones from the colony should upregulate drone production when they are harvested
regularly. Current evidence indicates that the practice of drone brood removal is an effective method
of controlling Varroa spp. [14]. In Europe, particularly in Nordic countries, this technique combined
with chemical treatment, is used as part of a Varroa spp. trapping strategy [12].
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3. Stability and Preservation of Drone Brood

Drone brood used for technological processing should be obtained on the appropriate development
day. Literature data concerning the best day of collecting material from the comb are strongly
divergent [25]. According to Stangaciu and Hartenstein [24] and Sotodenko [26], these should be
6-7 days old larvae. In turn, Czerkasowa and Prochoda [27] have indicated that 7-9 days is optimal,
while Budnikowa [14] has indicated that 10-14 days old pupae are best suited for technological
processing. This discrepancy is a consequence of taking into account drone brood activity by some
authors whereas other focused on the usefulness of material for processing.

Obtaining larvae from the combs may be easier prior to capping as the larvae can then be removed
from the combs with a stream of water. For capped brood combs, freezing the comb (at =20 °C or in
liquid nitrogen —196 °C) is recommended before proceeding with manual separation. A fast and less
labor-intensive method is squeezing the unfrozen or thawed brood combs above a sieve and letting the
juices pass through the sieve. However, such juice needs to be frozen or used immediately because it
oxidizes extremely quickly [12].

Cutting out the drone larvae from the hive is associated with a loss of biological properties in
a very short time. It is important to process the acquired brood within 24 h or to protect it against
the loss of beneficial properties. Moreover, drone brood is very sensitive to bacterial activity, so it
should be stored in freezer [12,28]. The larvae can be stored for up to 6 days at a temperature of -2 °C,
and for up to 10 months at —18 °C without losing their biological properties [29]. It is possible to freeze
larvae or homogenate in liquid nitrogen (-196 °C). However, this is a very costly process and is not
suitable for small-scale use [29], where usually the honey is used to preserve drone brood. For this
purpose, a previously prepared homogenate of drone brood is added to honey in amounts up to 1-2%
of the final volume. Storage at room temperature of the final product allows for the maintenance of
its properties for 6 months. Krytow et al. [30] proved that the preservation of the homogenate with
honey at a concentration of 3-5%, and storage at 6-12 °C allows for the maintenance of properties
for 6 months. An effective method of preserving drone brood is to mix the larvae with 40% ethyl
alcohol in a 1:1 ratio [20]. It is also possible to dry the drone larvae. They can be dried with natural
sun rays or with the use of air-circulating dryers (70-75 °C). Infrared or heating lamps are also used
for drying. This thermal process protects drone brood for 7 months. Deposition on the adsorbent is
another method of brood conservation. The combination of glucose and lactose in the ratio of 1:1,
and then brood and adsorbent (1:6), allows the product to be stored for 3 years at room temperature,
after prior placement of the product in a refrigerator (4-6 °C) for 3 months [31].

4. Functional Components of Drone Brood

The chemical composition of fresh drone brood is similar to that of royal jelly. Drone brood
homogenate is characterized by a higher water content but its protein and carbohydrate content is
lower than that in royal jelly [32,33]. A comparison of the physicochemical and chemical properties of
fresh drone homogenate, lyophilizate (apilarnil) and fresh royal jelly is presented in Table 1.
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Table 1. Physical properties and chemical composition of raw drone brood homogenate in comparison
with the apilarnil product [17,34-38] as well as royal jelly [35,38—40].

Quality Parameters

Characteristic
Raw Homogenate, .1 . .
Preserved Homogenate Lyophilizate (Apilarnil) Fresh Royal Jelly
dense, cream-like liquid amorphous powder of creamy texture, odourless,
Sensory properties of yellow colour with beige to yellow colour but with a distinctive,
characteristic odour with characteristic odour bitter and tart taste
Solubilit sparingly soluble in water and ethanol practically dissolves well in ethyl
y insoluable in ether alcohol, acetone and ether
Chemical Composition [%]
Proteins 7.2-10 9-12 14.6-18.3
Carbohydrates 6.9-8.0 6-17 8.5-10.8
Lipids 3.1-5 5-8 3-8
Ash 3.00 3.00 0.8-3.0
Water content 78.5 3.5 61.0-65.2
Dry matter 25-29 25-35 32.6
pH 5.5-7.5 4.5-6.5 3.8-4.0
Acidity [M/1] 0.7-1.10 - 3.7-4.4
Conductivity [uS/cm] 144.0-178.0 - 194.0-219.0

Drone brood homogenate is a milky, dense substance with creamy consistency. Its colour
varies from white and yellowish to pale grey [28,36]. It is characterized by a sweet, with a slightly
sour taste and distinctive smell similar to that of royal jelly [36,38]. The greatest differences in the
physicochemical composition were observed between fresh and freeze-dried brood homogenate in
terms of water content.

4.1. Proteins and Amino Acids

Fresh drone brood is a rich source of protein compared to other bee products. Lazaryan et al. [35]
reports that it constitutes 38.5% of the product, while Bogdanov [41] has determined that it makes up
52.3% of fresh drone brood. In addition, drone brood is a source of 20 amino acids, including 8.7%
in the free state, and 15.9% of exogenous amino acids. The essential amino acids, include threonine,
valine, methionine, isoleucine, leucine, phenylalanine, lysine, histidine and tryptophan. Among all of
the amino acids found in drone brood, the greatest amounts are glutamic acid (6.5% of all amino acids),
leucine and aspartic acid (3.6% each), proline (3.4%), lysine (2.9%), valine (2.3%) and alanine (2.1%)
which make up about 60% of all amino acids. Taurine and phosphoserine are non-protein amino acids
found in drone brood [42]. Similar proportions of the amino acid composition are found in royal jelly.
Substance with the highest content (similarly to drone brood) is glutamic acid (8.3%), tyrosine (4.3%),
proline (3.9%), aspartic acid (2.8%), leucine (3.0%), lysine (2.9%) and valine (1.6%). A relatively large
part of the protein amino acids consists of methionine (3.7%), tryptophan (3.4%) and arginine (3.3%),
which are present in drone brood in trace amounts [28].

4.2. Lipids

Drone brood is a source of lipids and according to Iliesiu [43] and Stangaciu and Hartenstein [24]
they account for 5-8% of the total composition. Slightly different values are given by Barnutiu et al. [28]
and Narumi et al. [44]. Similarly, Isidorov et al. [18] showed the lipid content in drone brood at the
level of 3.5%. This group of substances includes triglycerides, free fatty acids, fatty acid esters and
decenoic acids. The fatty acids include saturated acids (40%), of which palmitic and stearic acids are
the most abundant and 50% of the contents were monounsaturated acids where oleic acid constitutes
32.3% of this group. Drone brood is also a source of polyunsaturated fatty acids (10%), of which linoleic
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and y-linolenic are present in the highest amounts (1.1 and 1.7% respectively). Polyunsaturated acids
as essential unsaturated fatty acids must be supplied to the body in a healthy diet [21].

Most of the fatty acids contained in the drone brood exist in the form of esters [30]. This bee
product is a relatively large source of glyceryl-1,2-dioleate-3-palmitate ester. Additionally, plant sterols
which form a specific group of lipid compounds were found in the brood. Those which occur in the
highest amounts are campesterol (5.5 mg/100 g), (3-sitosterol (1.3 mg/100 g), stigmasterol (0.2 mg/100 g)
and 5-hydroxysitosterol (1.3 mg/100 g) [38]. They belong to a group of phytosterols (plant substances)
which have a similar structure to human cholesterol. A regular intake of these components in a diet
(about 2 g daily) helps to lower cholesterol effectively, reducing the risk of atherosclerosis and heart
attack and protecting against some cancers, as well as prostate hyperplasia [44].

4.3. Sugars

The comprehensive characterization of sugars present in the brood was carried out by Barnutiu
etal. [28]. On the basis of the results obtained, the highest percentage of glucose and fructose was found
(68.3% and 11.4% respectively). In the composition of the drone brood other sugars, occurring in smaller
amounts, were identified (Figure 2). Similar results were reported by Stangaciu and Hartenstein [24].

trehalose 8.3 % izomaltose 2.1 %
(0.09-0.47 g/100 g) (0.01-0.42g/100g)

fructose 11.4 %

maltose 6.3 % (0.03-2.7g/100g)

(0.09-0.53g/100g)

— 4

turanose 1.0 %
(0.01-0.24 g/ 100g)

sucrose 2.7 %
(0.01-0.15g/100g)

glucose 68.4 %
(1.30-7.27g/100g)

Figure 2. The sugar profile of drone brood homogenate as % share [27]. The range of sugar content in
[g/100 g] of the drone brood homogenate is presented in brackets [27].

4.4, Hormones

Drone brood contains two types of hormones: those regulating the development of the larvae
and the sex ones. Juvenile and moulting (metamorphosis) hormones influence the development of
drone larvae. The juvenile hormone stimulates the growth of drone larvae and inhibits metamorphosis,
while the moulting hormone (ecdysone) inhibits the growth of larvae and stimulates shedding and the
transformation of larvae into pupae [45]. Moreover, drone brood is a source of both male (testosterone)
and female sex hormones (estradiol, progesterone, prolactine) [14,34,46,47].

Those present in the highest amounts are estradiol and prolactin, while the hormone at the lowest
level is testosterone (Figure 3). The content of this male steroid hormone in seven-day-old drone brood
is approx. 0.03 nmol/mL. It is four times higher than in the fresh royal jelly. The level of sex hormones
in the developing drone larvae varies according to the stage of development [34,41,43], the older larva
the higher testosterone and lower progesterone and estradiol levels.
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Figure 3. Hormone levels (nmol/mL) in seven-day-old drone brood compared to royal jelly [14,34,47].

4.5. Vitamins and Bioelements

Drone brood is a rich source of both groups of vitamins: water and fat soluble (Table 2). The high
content of choline and a-tocopherol is especially noteworthy [27]. In drone brood, relatively large
amounts of pantothenic acid and calciferol occur [27,36].

Table 2. Vitamins and bioelements present in powder drone brood [4,15,34,38,44].

Vitamin Content in Drone Brood Bio Elements Content in Drone Brood
[mg/100 gl [mg/100 gl

Thiamine (vit. B1) 2.3-4.1 Sodium (Na) 41-900
Riboflavin (vit. B2) 0.1-3.8 Potassium (K) 140-656
Nicotinic acid (vit. B3) 0.3-15.8 Calcium (Ca) 47-126
Choline (vit. B4) 44.3-68.1 Magnesium (Mg) 20424
Pantothenic acid (vit. B5) 2.6-13.4 Phosphorus (P) 189-330
Pyridoxine (vit. B6) 0.2-0.5 Iron (Fe) 24-3.2
Retinol (vit. A) 0.01-0.05 Manganese (Mn) 0.1-4.4
[-carotene (provit. A) 0.03-0.9 Zinc (Zn) 1.3-6.5
a-tocopherol (vit. E) 0.4-1.6 Copper (Cu) 0.6-2.4
Calciferol (vit. D) 0.4-0.6 Selenium (Se) 0.01-0.02

Drone brood is relatively rich in sodium, potassium, calcium, magnesium and phosphorus [47].
The presence of iron, magnesium, zinc, copper, chromium, iodine and selenium was also found.
Moreover, according to Sotodenko [26], nickel, gold and silver are present in drone brood.

4.6. Antioxidant Activity

Bee products have strong antibacterial and antioxidant properties. The antioxidant components
include: polyphenolic compounds, vitamins C and E, enzymes, and other elements [7]. The antioxidant
activity of various bee products has been frequently measured using the 1,1-diphenyl-2-picrylhydrazole
(DPPH) radical test correlated with total phenolics content (by Folin-Ciocalteu method) (Table 3).
Among compared bee products, the highest antioxidant activity was found for propolis, next bee
pollen and drone brood homogenate. Moreover, the homogenate of drone brood contains the highest
amount of polyphenolic compounds among the tested bee products (Table 3).
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Table 3. Total phenolic compounds and antioxidant activity (DPPH) of the bee products [19,48-50].

TPC DPPH

Bee Products [mg GAE/ kgl [%]
Rape honey 254.2 21.8
Multifloral honey 490 39.9
Coniferous honeydew 585.9 66.8
Propolis 1610 96.1
Bee pollen 2340 89

Royal jelly 171 76

Drone brood homogenate 8340 81.6

5. Drone Brood in Scientific Reports

The rich chemical composition of the drone brood contributes to the high degree of biological
activity and leads to a beneficial effect on the human body. Due to high protein, vitamins and hormone
levels, drone brood effectively prevents the processes of cellular aging and many diseases. This
healing effect is widely described by scientists from Romania, Slovakia, Ukraine and Russia [27,31,42].
The in vivo studies carried out to date with the use both animals and humans, indicate the positive
effect of drone brood in the treatment of hypothyroidism, liver diseases, it is also used in adaptogenic
therapies and in the treatment of infertility (Table 4). In addition, drone brood has antioxidant
properties, protects the fetus and increases immunity.

Table 4. Scientific research focused on the use of drone brood in the treatment of various health problems.

. . Biological
Therapeutic Action Effects Model References
Alleviates the effects of disorders associated with the
menopause in women, increases the body’s immune
resistance, increases mental immunity, alleviates Humans [30,43]
symptoms such as: increased heart rate and breathing,
Fertility problems and ymp F as: The . . ng
. . . eeling hot, excessive sweating
libido reinforcing agent
Improvement in reproductive properties, increase in the
weight in the seminal gland by.nea1.*ly 22%, increa.se in the Boars, rams [47,51]
rate of recovery of sexual function, improvement in sperm
quality, i.e., ejaculation volume, survival and mobility
Decrease in cholesterol Lowering the level of cholesterol and triglycerides after
. . Rats [52]
and triglycerides levels two months of use
Lowering the level of alanine transaminase, alkaline
. [ Rats [53]
Hepatoprotective phosphatase and bilirubin in the blood serum
activit.ies and stimulates DNA obtained from drone brood protects liver tissue
the immune system against the hepatotoxic effects of acetylsalicylic acid, Rats [54]
buserelin and carbon tetrachloride
Fetal shielding properties Protect the fetus agam'st t}}e ha.rmful effects of Rats [55]
acetylsalicylic acid
Improve.s the mental state.of patl.ents with depressive Humans [43]
neurosis, fatigue, anorexia, feelings of helplessness
) Positive effect on the symptoms of neurastemia (fatigue, H
Healing effect in nervous weariness, dizziness) umans [56]
and mental diseases ; - Juct f N
mprovemerﬁ In memory, re l}ctlon of psychomotor Humans [43]
lability, return of sphincter control
Improvement of neurovegetative and sexual functions in Humans [32]

elderly people
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Table 4. Cont.

Biological

Model References

Therapeutic Action Effects

The administration of lyophilized brood administered to
rats for two months decreased the content of cholesterol by
Antiatherosclerotic effect ~ nearly 50%, triglycerides by 25% and -lipoproteins by Rats [52]
over 30% in the blood serum compared to the
control group.

The concentration of thyroxine and triiodothyronine
Thyroid disorders increased by 40%, while the thyroid stimulating hormone Dogs [57]
decreased by 37% after 30 days of brood administration

Lowers the content of unoxidized substances in blood
Antioxidant effect serum of animals fed drone brood by about 25% compared Rats [58]
to control animals

Consumption of several doses resulted in weight gain,
Malnutrition in children improvement in general health and appetite, as well as Humans [43]
tissue tension.

Administration of freeze-dried drone brood to mutant
mice with hereditary haemolytic anemia increased their
survival rate. The mouse survival was increased from 2

weeks to 7 months in 50% of the animals

Anaemia Mutant mice [59]

Means of treating urinary tract diseases, diabetes, diarrhea,
Other disease relieving chest pain, migraines, constipation and to Humans [24,60,61]
prevent stretch marks on the skin of pregnant women.

5.1. Effects on the Reproductive System and Fertility

The studies aimed at testing the influence of drone brood on the treatment of male infertility
was initiated by Iliesiu [43]. As a result of the research, an increase in sexual performance was found,
and the functioning of the testicles improved. Consuming the brood has also led to the elimination in
some cases of erectile dysfunction. All of the observations were confirmed by tests determining the
number of sperm. In another clinical trial [62], infertile men (n = 68) with infertility resulting from
the symptoms of sexual neurosis, which is responsible for problems with ejaculation and orgasm.
The research carried out by Krylow [30] has shown that drone brood has an androgenic effect and also
stimulates the production of testosterone which alleviates sexual disorders.

The androgenic activities of drone brood have been intensively studied in vivo with the use of
animals. Seres et al. [63] used an experimental model using rats to test the effectiveness of drone brood
on the androgenic functions in males. Increased plasma testosterone levels have been observed in
animals receiving drone brood, the same tendency in the weight of the penis glans and seminal vesicle
was found. In the control groups (both false control and flutamide application group), no significant
changes were observed. Similarly, Bolatovna et al. [47] illustrates that the administration of drone
brood solution by injection in pigs increases the weight of the seminal gland and the survivability
and mobility of boar sperm. This research also corroborates the idea of the usage of drone brood as a
therapy for testosterone deficiency. Experiments with the use of broiler chicks showed the effectiveness
of the use of drone brood in the development of secondary sexual characteristics and the length of the
comb [64]. It was shown that broilers that received brood with their feed had a longer comb than the
control broilers. A similar relationship was observed by Allen et al. [65] who additionally found that
broilers which were fed brood showed higher blood testosterone levels.

A few studies reported the usefulness of drone brood in alleviating the symptoms of menopause
in woman [43]. It has been shown that drone brood has a supportive effect in neurovegetative
disorders in women, with impaired physical and mental fitness, as well as those with a tendency
towards depression [30]. Moreover, the use of drone brood by women reduced the initial symptoms of
menopause, such as feeling hot, and an increased breathing and heart rate, headaches and dizziness,
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as well as excessive sweating [66]. The authors emphasize that women using drone brood tolerated it
very well.

5.2. Adaptogenic Effect of Drone Brood

Drone brood is characterized by an ability to increase the body’s non-specific immunity [53].
Moreover, it improves the physical and mental resistance of experimental animals [30]. It was
found that feeding rats with drone brood improved their physical resistance during a swimming test.
The experiment also consisted of testing the changes in the level of cortisol in the blood serum of the
animals. It was proved that its content in rats subjected to physical activity was 20% higher than at
the beginning of the experiment. The results obtained show a clear protective effect against the stress
associated with the swimming test. In addition, the obtained results indicate an increase in the mental
resistance of the tested animals caused by the drone brood treatment.

Drone brood homogenate was administered in rabbits for two weeks by oral ingestion intraoral
intake of 0.6 mL/kg every 48 h (controls treated with gelatin). The experiments showed a decrease of
oxidated reaction products in blood and increase of the cell resistance of the drone brood treated rabbits.
The thiobarbituric reactive substances (a measure of lipid peroxidation and oxidative stress) decreased
by 26%, while that of the controls increased by 25%. At the same time, serum sialic acid concentration
(an indicator of glycosylation disorders) decreased in the treated groups by 20% while the controls
it increased by 24%. The research conducted proves the influence of drone brood in increasing the
immunity of the nervous system to the harmful influence of external factors [58]

6. Drone Brood as Dietary Supplement

In many countries (Japan, China, Romania, Russia, Ukraine) brood drones are obtained for
preparing snacks in the fried or baked form. They are added to dishes, e.g., instead of toasts for
soups or in the form of sauces. Drone brood was used to prepare tinctures, preserves or sweets.
Moreover, it is used in the production of dietary supplements and medications [12,67]. However, only
a few commercial products were found for sale in Europe online, including Romanian Apilarnil Potent,
Canadian ApiDhron®, Slovenian Femoklim® or Turkish Hargena Apiterapi Uriinleri. Meanwhile, many
handmade products are offered by apiaries, also as combination with propolis and pollen or honey.
All known preparations based on the drone brood, due to extreme chemical instability of its active
ingredients, as a rule, contain stabilizing additives, for example, honey, sucrose, lactose or glucose.
According to Burmistrova [68], the storability of fresh bee brood can be improved, by binding fresh
drone brood to a glucose/lactose adsorbent with the additive of L-ascorbic acid as an antioxidant
(50 mg/kg). If the mixture is dried until 4% humidity, product is stable at 4 to 8 °C for 2-3 years [32,68].
Due to the different production technologies (extraction, lyophilization, thermal drying, adsorption,
stabilization, mixing), the preparations based on the drone brood have a non-permanent qualitative and
quantitative composition, have different severity of nutritional and therapeutic properties, characterized
by a different shelf life [16].

The usual daily dose recommend by apilarnil producers for adults is about 300 mg, which can
be enlarged to 600-900 mg, if necessary [38]. However, toxicological studies are completely lacking
in the available literature, nor adverse effect or toxic dose has been established. The only one study
conducted in Russia reports the incidence of allergy towards drone brood application as 2.4% of tested
population (n = 41) [69].

Conducting the research allowed to patent the recipes for supplements based on drone brood
recommended to support the functioning of the organism. To find such practical solutions we used the
worldwide Espacenet base which offer free access to over 120 million patent documents. The result
list of advanced search for key words combination “drone” and ” brood” given 247 results, when
the combination “drone” and ” brood” and “supplement” was used the results were limited to 75.
The most interesting current applications which were filed within last 10 years, were summarized in
chronological order in Table 5.
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Table 5. Patents relating to the use of drone brood as an ingredient in supplements in the prevention/treatment of various health problems [https://worldwide.

espacenet.com/].

. Applicants . Earliest .
No Title [Country] Publication Number Priority/Publication Description
Insect protein-containin The preparation for androgen deficiency in women contains
ro ar}; tion and metho dg a homogenate of brood and can be produced in the form of
1 lfgor It)rea tine androgen PARAFARM [RU] UA140992U 2016-03-10/2020-03-25 tablets, capsules or powder. The method of treating
deficienc gin womgen androgen deficiency in a woman is to administer the
y preparation in an amount of 10 mg to 600 mg per day.
The invention relates to biologically active food
supplements and is intended for treating androgen
Method of treating , deficiency in women and for preventive action against the
2 androgen deficiency in cKollet(;:}Slolr\;v [RUJand 15 US20170065646A1 2017-03-09/2018-05-22 states associated with osteoporosis. Powdered calcium
women carbonate mix with drone brood lyophilizate (9:1) in form
of tablets. One capsule administration 3 times a day for the
month separately from meals.
The bio preparation of homogenizing bee brood drone
Method of producing bio Budget Institution of larvae in cooled isotonic NaCl solution, boiling male bee
3 preparation with ngher‘Vocatlonal RU2609872C1 2015-11-25/2017-02-06 brood ‘larvae homogenate in ord‘er to denature.prote.lns,
nootropic activit Education of the State removing sediment on a paper filter and cleaning with a
P y Fed [RU] membrane. The described method allows to obtain a
peptide preparation with nootropic effect.
The invention “Osteomed forte” is using for the invention
enables the reduction of the pain syndrome and motor
dysfunctions in the joints of the hands and feet. Containing
Method of treating 20-1000 mg of drone brood in combination with vit. D in
4 osteoarthrosis PARAFARM [RU] RU2593018C1 2015-10-28/2016-07-27 the amount of 100-50,000 IU, a calcium compound
40-1000 mg. Osteomed forte is taken in the amount of 1
tablet in the morning and evening, with 3-month treatments
3 times a year.
The biologically active additive composition comprises the
Composition for selected pharmacologically active calcium compound in an
reV(}:n tine and healin Andreeva E. . [RU] and amount of 16.67-93.75 wt.% and drone brood in an amount
5 P & & e US2016339063A1 2009-11-30/2016-11-24  of 6.25-83.33% by weight. The application prevents and

compromised bone and a
method of making same

17 co-authors

treats osteoporosis, bone fractures and cavities, arthritis,
arthrosis, periodontitis, with a significantly reduced risk of
calcium deposition in soft tissues.
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. Applicants o Earliest .
No Title [Country] Publication Number Priority/Publication Description
Application of adsorbed
j;inerELOOth?::;‘?zgate The proposed biologically active additive comprises
nd /gr thpir " RU2013130302A adsorbed drone brood homogenate, the daily dose thereof
6 ol b ention  PARAFARM [RU] RU2564111C2 2013-07-03/2015-01-08  lying between 75 mg and 500 mg, and vitamin or vitamins
and treatment OP; acute RU2564111C9 of group D and/or their active metabolites, a daily dose
. . v thereof between 25 IE and 50,000 IE.
respiratory diseases and
flu
]:é(gioﬁg‘tceaflz fﬁgve food The product contains L-arginine and also drone brood with
7 rophvlaxis of erectil PARAFARM [RU] EP2687107A2 2012-10-04/2014-01-22 the following components: 50-96.2% by weight of
prophiy’axis ot etectiie L-arginine and 3.8-50% by weight of drone brood.
dysfunction in men
Intended for prophylaxis and therapeutic prophylaxis in
CA2840708A1 conditions associated with fatigue, and is in the form of a
8 Coffee drink PARAFARM [RU] CA2840708C 2011-07-05/2013-01-10 coffee or other drink and consists of: 1 part drone brood,
3-9 parts glucose and/or fructose, and 1-100 parts fillers
(coffee or other drink in powder form).
Preparation and method The preparation consists of 10 mg to 1000 mg daily of drone
for the prophylaxis and US2015224150A1 Yy e brood and 50 IU to 100,000 IU daily of vitamin D or
9 treatment of atypical PARAFARM [RU] US9827273B2 2012-04-19/2013-10-24 vitamins of this group and/or their active metabolites can be
osteoporosis supplied in a powder, tablet or capsule.
Preparation contains drone brood with the following weight
N ratio of components: drone brood (powder) 25-75% naked
Medication for treatment licorice root (powder) 75-25%. Taking the drug stimulates
10 and prevention urogenital PARAFARM [RU] RU2423142C1 2009-12-02/2011-06-09

system diseases in males

the work of the glands, normalizes the reproductive system
in men, has anti-inflammatory and anesthetic properties,
normalizes urination and restores sexual functions.




Molecules 2020, 25, 5699 12 of 15

The patented supplements are mainly recommended for the prevention and treatment of hormonal
disorders in women and men or in a complex with calcium—for osteoporosis and arthritis. The proposed
administration amount is very divergent, from 10 to 1000 mg per day. The majority of inventions come
from Russia and are applied mainly by one company “Parapharm”, the manufacturer of innovative food
supplements and ingredients, which nowadays possess 110 patents of Russia and foreign countries [70].

7. Conclusions

Drone brood is a rich in nutrients, little-known bee product which exhibits many beneficial healing
and therapeutic properties. Since ancient times, it has been used as a cheap, safe and effective natural
remedy against different diseases. Some of the biological and therapeutic effects of drone brood have
been confirmed by performing laboratory and animal or human in vivo experiments. Unfortunately,
scientists have only just begun to discover the many health benefits of consuming this little-known bee
product. Only a few dietary supplements can be found in on-line sale. The dietary supplements based
on drone brood were the subject of some filed patent coming mainly from Russia. Meanwhile, due
to its high degree of hormonal activity, drone brood should be thoroughly examined in order to be
safe used as a component of widely accepted pharmaceuticals in the future. Due to reported allergy
incidents toxicological aspects of excessive use of drone brood should be considered.
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Abstract: Drone brood is a little-known bee product which is frequently considered as a male
equivalent of royal jelly and is sometimes used as its adulterant. The aim of the study was to compare
the chemical composition and biological activity of both bee products originated from the same
apiaries (n = 3) limiting the influence of genetic and environmental factors. Moreover, for drone
brood study covered testing three stages of larval development (days 7, 11, and 14). The comparison
included mineral composition (ICP-OES method), protein content and protein profile (SDS-PAGE),
testosterone and estradiol content (ELISA tests). HPTLC method was used to analyze of sugar,
amino acids, and polyphenolic profile of drone brood and royal jelly. Moreover, their antioxidant
and enzymatic properties were compared. A lot of similarities between drone brood and royal jelly
were found in terms of chemical components. However, drone brood was more abundant in iron
and manganese, reducing sugars and some amino acids, especially proline, tyrosine, and leucine.
It contained more testosterone (especially on the 14th day) and estradiol (on the 7th day). The
greatest differences in the enzymatic activities and polyphenolic profile were found. Diastase and
a-glucosidase activity were found as specific enzymes of the drone brood. Similarly, ferulic and
ellagic acids were characteristic for brood and were not present in royal jelly. The study showed a lot
of similar features for both tested bee products, however, some specific markers which can serve to
differentiate drone brood and royal jelly were found.

Keywords: drone brood; royal jelly; minerals; sex hormones; antioxidant activity; enzymes; protein
profile; HPTLC

1. Introduction

Since the end of the 20th century, beehive products have been more widely used
in modern medicine as a curative and preventive remedy. Honey, pollen, royal jelly,
and propolis are unique natural products, that contain balanced combinations of the most
important biologically active components, which determine a wide range of their medicinal
properties. It has been shown that in many biologically active beehive products, royal jelly
is the most important one [1]. In turn, drone brood is a valuable bee product little known
in the world, however with a long history of application in Romania and Russia [2].

Royal jelly (R]) is a yellowish-white, creamy, acidic secretion from the mandibular and
hypopharyngeal glands of young worker bees (the so-called nurses) of the Apis mellifera
species [3]. It serves as the most important part of the honeybee larvae diet, including both
worker and drone larvae, playing a major role in caste differentiation. This milk is fed to all
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larvae in the bee colony for the first three days of life, and the queen to the entire larval stage.
Scientific researchers have shown that royal jelly is a rich source of protein, carbohydrates,
lipids, minerals, and vitamins, as well as female sex hormones. It was shown that royal
jelly given to the mother larvae has a richer chemical composition (more sugars, juvenile
hormones and acids) than that intended for other larvae [1,3]. Royal jelly lipids consist of
fatty acids (90%), sterols, glycerides, and phospholipids. Among sugars, glucose, fructose,
sucrose, ribose, and traces of glycogen were found. Proteins, including albumin, globulins,
complex proteins, hormones and enzymes, make up the largest share of the composition
of RJ. The numerous enzymes are divided into those involved in the synthesis of proteins
and carbohydrate metabolism, associated with the oxidation and reduction processes or
involved in lipid metabolism and transport. Among them, glycosidases belonging to
the hydrolases group, constitute a diverse enzymes complex, related to the biogenesis,
transport, and catabolism of glycoconjugates [4,5]. Royal jelly is also rich in macro- and
microelements, vitamins of the B group, pantothenic acid, nicotinic acid, and inositol.
Organic acids contained in R] cause acidic conditions (pH 4.1-4.8) [6].

The abundance and variety of bioactive compounds occurring in royal jelly are re-
sponsible for its multiple physiologic activities and medical applications. The beneficial
effects as a result of the ingestion of R] through capsules, tablets, or other preparations are
based on experimental studies in which the group was treated with a placebo [7]. Several
pharmacological properties have been attributed to R] mainly among which are antioxidant
activity, due to hormones, enzymes used in healthy foods, the pharmaceutical industry or
cosmetics [8,9].

In turn, drone brood (DB) is a bee product gaining more and more popularity, often
referred to as the male equivalent of royal jelly. This assumption is based on the similarity
in the chemical composition of both R] and DB products. However, its origin is completely
different. The drone brood is collected from beehives as young male larvae, usually
between days 4 and 14 of development [2]. As DB can be easily obtained in large quantities,
it is used to counterfeit royal jelly [9-11].

Drone brood is a viscous yellowish liquid with a pleasant odor, which contains a
large number of beneficial substances for humans. The chemical composition of drone
brood homogenate is characterized by the presence of proteins, amino acids, nucleic acids,
enzymes, and phospholipids. The complex of biologically active substances of drone
brood determines the number of pharmacological characteristics of these bee products, in
particular, the antioxidant, immunotropic, adaptogenic, and anabolic actions. Drone brood
is characterized by the presence of enzymes with a large number of functional groups, as
well as hormones [2,12]. Drone brood homogenate is unstable during storage and requires
additional stabilization to maintain the biological activity of the active substances for a long
time. Different methods are used to stabilize biologically active substances in preparations
based on drone brood homogenate. Although drone brood is a little-known product of
beekeeping, it has long been used as a cheap, safe, and effective natural remedy against
various diseases [13,14].

So far, preliminary studies have been carried out on the chemical composition and
biological activity of drone brood which prove the high content of nutrients, bioelements,
enzymes, and sex hormones. However, there are still no detailed studies of the chemical
composition comparing the drone brood to royal jelly which is a well-tested bee product.
The aim of the work was to compare the chemical composition of drone brood collected at
various stages of development with royal jelly and to find the specific chemical markers to
distinguish between the two products.

2. Materials and Methods
2.1. Chemicals

The chemicals [2,2-diphenyl-1-picrylhydrazyl; 2'-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid); 2,4,6-Tris(2-pyridyl)-s-triazine], reagents (Folin—Ciocalteu reagent), stan-
dards: ferulic acid, ellagic acid, proline, tyrosine, glycine, lysine, histidine, leucine, aspartic
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acid, valine were obtained from Sigma Aldrich (St., MO, USA), Elisa kits for testosterone
and estradiol from Abbexa (Cambridge, UK) and buffer components (chloroform, ethyl ac-
etate, formic acid, ethanol, 1-butanol, 2-propanol, boric acid) were purchased from Avantor
Performance Materials Poland SA (APM, Gliwice, Poland).

2.2. Material Collection

Samples of drone brood (7-, 11-, 14-day-old; n = 9) and royal jelly (n = 3) were collected
from the three apiaries (localized at least 50 km apart) in the south-eastern part of Poland
(50.31° N, 21.26° E; 50.03° N, 22.93° E; 50.30° N, 22.25° E) in the June 2020 season. The drone
brood (50 g from each sample) of the Apis mellifera carnica breed families were selected by
hand from the drone frame, immediately sealed in sterile containers and transferred to the
laboratory. The 7-, 11- and 14-day-old larvae were collected (Figure 1).

=g«

Figure 1. The size of drone larvae at various stages of development: (a) 7-day male larva in the comb
cell, (b) 7-day-old larva, (c) 11-day-old larva, (d) 17-day old pupa, (e) royal jelly.

Each sample was homogenized using a tissue homogenizer (TH 02, Omni Interna-
tional, Kennesaw, GA, USA) with 7 mm Omni Tips ™ plastic tips. The material was then
frozen at —18 °C. The collection of royal jelly consisted in extracting the queen cells from
the whole combs, which was then cut, and royal jelly was collected with a metal spatula
into Eppendorf tubes. The material was immediately frozen at —18 °C.

2.3. Preparation of Drone Brood and Royal Jelly Extracts

Half a gram of frozen drone brood or royal jelly sample was extracted with 5 mL of
distilled water. The samples were homogenized with a tissue homogenizer (TH 02, Omni
International, USA) for two minutes at medium speed (15,000 rpm). The extracts were then
centrifuged for 20 min at 10,000 rpm at 4 °C using a refrigerated centrifuge (MPW-351R,
Med. Instruments, Warszawa, Poland). The supernatants were collected and then filtered
through a 0.45 pm nylon syringe filter and stored in a refrigerator at 4 °C until further
analysis but not longer than 3 days. Before antioxidant activity tests, the extracts were
diluted 10-fold.

2.4. Determination of the Physicochemical Properties of Drone Brood and Royal Jelly
2.4.1. Water Content

One gram of the analyzed bee product was weighed on an aluminum plate. Water
content was determined in a moisture analyzer (MA 50/1.R, RADWAG, Radom, Poland).
A gentle drying profile of 60 °C with an accuracy of 1 mg/25 s was set. The measurement
was performed in triplicate.

2.4.2. Refractive Index

The determination of the refractive index was done by the refractometric method,
using an electronic refractometer HI96800 (Hanna Instruments, Woonsocket, RI, USA). The
value of the refractive index was determined at room temperature with accuracy to the
third decimal place. The determinations were made in triplicate.

2.4.3. Active and Free Acidity

To determine active acidity, a pH measurement of 20% solutions of drone brood and
royal jelly in distilled water was performed using a CP-401 pH meter (Elmetron, Zabrze,
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Poland). To determine the free acidity, 50 mL of 20% appropriate extract was titrated by
0.1 M NaOH to reach a pH of 8.3 measured by pH meter. The results were expressed in
mval/g (mL 0.IN NaOH/g) of wet weight (WW).

2.4.4. Conductivity

To determine the specific electrical conductivity, 20% solutions of drone brood and
royal jelly in distilled water were used. The conductivity of each sample was determined
by immersing the electrode in the test solution. Each sample was measured three times.
The conductivity of each product solution was measured using a conductometer CP-401
(Elmetron, Zabrze, Poland) and the results (in mS/cm) were presented.

2.4.5. Protein Analyses
Total Protein

Total protein was determined based on nitrogen content using carbon/hydrogen/nitrogen
analyzer TruSpec (LECO, Saint Joseph, MI, USA), which is based on the Dumas dry com-
bustion technique. The homogenized material was directly suspended to CHN analyzer
according to ISO 16948:2015-07. Obtained nitrogen percentage (N) was calculated into
protein content (%) by an adequate multiplier 6.25 [15,16].

Soluble Protein Fraction

Soluble protein fraction was determined by Bradford method in DB and R] extracts
prepared according to Latimer [16]. Appropriately diluted samples (5 uL) were combined
with 250 pL Bradford reagent (G-250) in a 96-well microplate. Samples were incubated
for 5 min at room temperature and the absorbance was read at 595 nm using a microplate
reader (EPOCH 2, BioTek, Winooski, VT, USA). The results were calculated on the basis of
a calibration curve 0-100 pg/per sample (y = 0.0551x, R? = 0.9991). Bovine albumin was
used as a standard protein.

Protein Profiling by SDS-PAGE

For protein precipitation with acetone, 1 g of drone brood or royal jelly was diluted with
deionized water in 1:1 proportion (w/w) and 5 volumes of pure acetone were added. After
12 h of precipitation at —4 °C, tubes were centrifuged for 30 min at 10,000 x g and pellets
were dried in the open air. For salting out, samples were five times diluted with deionized
water (w/w) and precipitated on a magnetic stirrer with the use of solid ammonium sulfate up
to the final concentration of 4 M. The samples were then centrifuged for 30 min at 10,000 g.
Dialysis was performed on samples diluted with deionized water in 1:1 proportion (w/w)
in D-Tube™ Dialyzer Maxi (MWCO 3.5 kDa, Merck Millipore, Burlington, MA, USA) for
24 h against deionized water, changed every 8 h. All samples after isolation were finally
dissolved in 500 pL of standard Laemmli buffer and protein concentration was measured
using 2D Quant Kit (80-6483-56, GE Healthcare, Little Chalfont, UK) in two technical repeats
with the BSA as a standard in accordance with the manufacturer’s instructions. Samples
containing 25 pg of protein were incubated for 5 min at 95 °C and after cooling were applied
to 17.5% denaturing gels (with 5% stacking gels). Electrophoresis was carried out initially
at 150 V (15 min) and then at 250 V for 2.5 h with cooling on an Omni PAGE WAVE Maxi
apparatus (Cleaver Scientific Ltd., Rugby, Warwickshire, UK) according to the standard
method of Laemmli. After electrophoresis, all gels were stained with colloidal Coomassie
Brilliant Blue G-250 overnight and then washed for 24 h with deionized water in order to
remove the remains of the dye. Gels were scanned with Image Scanner III (GE Healthcare)
and processed by LabScan 6.0 (GE Healthcare). Analysis of the gels was performed in
Image] (1.52a) software by generating graphs representing each lane on the gel [17,18].

2.4.6. Mineral Composition of Bioelements Using the ICP-OES Method

Assessment of selected minerals (Na, K, Ca, Mg, P, S, Fe, Mn, Zn, Cr, Cu, Sr, As) and
the toxic metals (Al, Cd, Pb) were determined by optical emission spectrometry with



Foods 2021, 10, 2233

50f 20

inductively-induced plasma (ICP-OES) using a Thermo iCAP 6500 spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The detection limit for each element
was determined at a level that was not lower than 1 ug/L. A curve fit factors (R?) for
all the elements studied were above 0.99. All the analyses were undertaken in three
independent replications for each sample. The targeted repeatability expressed as the
relative standard deviation (RSD) and targeted recovery were 92-106%, respectively. The
method was validated using certified reference material (INCT-TL-1 tea leaves and NIES
CRM No. 7 Tea Leaves). The response from the equipment was periodically checked
with known standards. In order to identify the relevant measurement lines and avoid
possible interferences, the method of adding an internal standard was applied. Yttrium
and ytterbium ions were used as internal standards.

2.5. Hormonal Activity Determination

The activity of testosterone and estradiol in tested bee products was demonstrated
with the use of immunoenzymatic ELISA Test Kits (abx574169 for estradiol and abx574314
for testosterone), strictly according to the manufacturer’s manual (Abbexa, Cambridge,
UK). In total, 50 puL of appropriately diluted sample was added into the test sample wells.
Immediately after, 50 pL reagent A was added. After an hour of incubation at 37 °C and
a three-time wash with buffer, 100 uL of reagent B was added. The plate was incubated
for another 45 min at 37 °C. The washing process was repeated (5 times), then 90 pL of
TMB substrate was added to each well and incubated at the same temperature for 20 min,
protected from light. A 50 uL stop solution was added and the absorbance was immediately
measured at 450 nm [19,20].

2.6. Antioxidants Assay
2.6.1. DPPH Test

The inhibition of DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals was measured ac-
cording to the method previously used in our laboratory for honey analysis with slight
modifications. In total, 20 uL of the appropriately diluted extract was mixed with 180 puL
of DPPH radical methanolic solution (0.1 mM) and kept in the dark for 30 min. After
incubation, the absorbance was measured at 517 nm in a microplate reader EPOCH 2. The
reduction of DPPH radicals was calculated using the following equation:

AA% =[(Ao — As)/Ao] x 100,

where Ao is the absorbance of the control and As is the absorbance of the tested samples.
As positive control Trolox methanolic solution was applied (exhibited 56.5% scavenging
activity in 10 mg/mL concentration).

2.6.2. FRAP Test

The FRAP (Ferric Reducing Antioxidant Power) test was performed according to
Dzugan et al. [21]. The FRAP reagent contained 2.5 mL of a 10 mM solution of 2,4,6-Tris(2-
pyridyl)-s-triazine (TPTZ) in 40 mM HCl, 2.5 mL of 20 mM FeCl; and 25 mL of 0.3 M
acetate buffer (pH 3.6). To 20 uL of diluted extract, 180 uL of FRAP reagent was added and
after incubation at 37 °C for 10 min the absorbance of the reaction mixture was measured
spectrophotometrically at 593 nm (EPOCH 2) against a blank. Results were expressed as
mmol Trolox equivalents (TE) per 100 g of appropriate sample (mmol/100 g) from the
calibration curve prepared for Trolox in the range 5-60 nmol/mL (y = 0.152x, R? = 0.9989).

2.6.3. Total Phenolic Content (TPC) Determination

The total content of phenolic compounds was determined using the Folin—Ciocalteu
reagent according to Dzugan et al. [21] adapted to use microplates analyses. To 20 uL of
diluted appropriate extract 100 pL of 10% Folin—Ciocalteu reagent was added followed
by 80 uL of 7.5% (w/v) sodium carbonate solution. The samples were kept in the dark for
60 min and then the absorbance was measured against the blank at 760 nm using microplate
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reader EPOCH 2. The total content of phenolic compounds was expressed in mg of gallic
acid equivalents (GAE) per 100 g of appropriate sample (mg GAE/100 g). The results were
calculated based on a calibration curve prepared for gallic acid in the range 0-125 ug/mL
(y = 0.336x, R? = 0.9914).

2.6.4. Total Flavonoid Content (TFC) Determination

The total content of flavonoids in the appropriate extracts was assessed using the method
of Biju [22]. In total, 100 uL of the undiluted extract was mixed with 100 uL 2% AICls
(in methanol). The reaction mixture was incubated for 10 min at room temperature until the
completion of the reaction. The absorbance of the solution was then measured at 415 nm
with a microplate reader EPOCH 2 against methanol blank. The total content of flavonoids in
the extracts of drone brood was expressed in mg of quercetin equivalent (QE) per 100 g of
brood sample (mg QE/100 g). The results were calculated on the basis of a calibration curve
prepared for quercetin in the range 0-125 pg/mL (y = 0.0655x, R? = 0.9999).

2.7. HPTLC Analysis

Comparative analysis of polyphenolic, sugar and amino acid profiles for water extracts
of the drone brood and royal jelly samples were performed on HPTLC Silica Gel 60 Fysy4
plates (20 x 10 cm) purchased from Merck (Darmstadt, Germany). Chosen extracts of
drone brood and royal jelly showing the best results in previous analyses were applied
to the plate (40 uL for polyphenolic, 5 uL for sugars and amino acids) as 10 mm bands
from the lower edge of the plate at the rate of 100 nL/s using a semi-automated HPTLC
application device (Linomat 5, CAMAG, Muttenz, Switzerland) (Table 1).

Table 1. Details of separations performed on HPTLC Silica gel 60 Fysy4.

Identified Group Mobile Phase (v:v:v) Derivatization Reagent Used Standards
. Chloroform:ethyl p-anisaldehyde-sulfuric acid . S

Polyphenolics acetate:formic acid (5:4:1) reagent Ferulic acid, ellagic acid

1-propanol:1-butanol:boric p-anisaldehyde-sulfuric acid Glucc?se, fructose, trehalose,
Sugars X = melezitose, sucrose, turanose,
acid 5 mg/mL HO (3:5:1) reagent
maltose
Amino acids 1-butanol:acetic acid:water Ninhydrin in ethanol Il)rg;r;e,hti};?;;l:/ lgell}:;l;:ee’
(3:1:1) (2 mg/50 mL) ysme, ’ ’

aspartic acid, valine

The chromatographic separation was performed in a chromatographic tank saturated
for 20 min with the mobile and developed to a distance of 70 mm. The obtained results were
documented using an HPTLC imaging device (TLC Visualizer, CAMAG) under white light,
UV 254, and 366 nm. In addition, each plate was derivatized using an automated derivatizer
of TLC plates (CAMAG Derivatizer). After derivatization, the plates were imaged under
white light and 366 nm. The obtained chromatographic images were analyzed using the
HPTLC software (Vision CATS, CAMAG).

2.8. Enzymatic Activity Assay

The activities of the following acid glycosidases in water extracts of the drone brood
and royal jelly samples were determined: N-acetyl-D-hexosaminidase (HEX), a-D-galactosidase
(-GAL), 3-D-galactosidase (3-GAL), a-D-mannosidase (x-MAN), 3-D-mannosidase (f3-
MAN), «-D-glucosidase (x-GLU), 3-D-glucosidase (3-GLU). Moreover, acid and alkaline
phosphatases were tested. Enzymatic assays were performed according to the method
described by Barrett and Heath [23] based on absorbance measurements at 400 nm of enzy-
matically released p-nitrophenol (p-NP) from suitable p-NP-glycosides (Sigma Aldrich,
St., MO, USA). Briefly, mixtures containing 50 uL of diluted enzyme sample and 50 pL of
2 mM appropriate p-NP substrate in 0.2 M citrate buffer at optimum pH (4.0 for 3-GAL,
«-GAL, and 3-GLU; 5.0 for HEX, «-MAN, 3-MAN, x-GLU, and acid phosphatase) were
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incubated at 37 °C. For alkaline phosphatase determination 0.1 M glycine/NaOH buffer
pH 10.5 was used. The reaction was terminated by the addition of 1M Na,CO3/NaHCO3
(250 pL) or in the case of acid and alkaline phosphatase 0.25 M and 0.1 M NaOH, respec-
tively. Absorbance was measured using microplate spectrophotometer EPOCH 2 at 400 nm.
Results were expressed as enzymatic units U (umol/g/min). One unit (U) was defined as
the enzyme activity hydrolyzing 1 umol of substrate per min at 37 °C at the optimal pH
conditions [23].

The optimum pH for the tested glycosidases was determined by incubating diluted
samples of royal jelly or drone brood with the substrate and 0.1M citrate buffer of pH
ranging from 2.5 to 7.0 at 37 °C for 10-60 min. After this time, the reaction was stopped
by the addition of 1 M carbonate buffer. Absorbance was measured using microplate
spectrophotometer EPOCH 2 at a wavelength of 400 nm [23].

The thermostability of selected enzymes from the brood and royal jelly was determined
by mixing 1 mL of the respective sample with 1 mL of buffer (0.1 M citrate buffer, pH 4.0
and 6.0). The settings were incubated for 120 min in a bath (60 °C), with 250 pL of mixture
taken before insertion into the bath. The same aliquots were taken after 5, 15, 30, 60, and
120 min of incubation consecutively and were cooled in ice water at once. Then, the activity
in all collected fractions was determined in standard conditions [23].

a-amylase was determined by a spectrophotometric method with the Phadebas Di-
astase test (Magle AB, Lund, Sweden) according to the manufacturer’s instructions. A
total of 5 mL of a 1% appropriate bee product solution in 0.1 M acetate buffer pH 5.0 was
incubated for 5 min at 40 °C in a water bath. A Phadebas Diastase test tablet was then
added to each sample and after thorough mixing, incubated at 40 °C for 30 min. Then,
1 mL of 0.5 M NaOH was added, mixed, and filtered into tubes and the absorbance of
the filtrate was measured at wavelength 620 nm against a blank (acetate buffer) using a
Biomate 3 spectrophotometer (Thermo Scientific, Waltham, MA, USA). One unit (U) was
defined as the enzyme activity causing the increase of the absorbance of 0.1 in experimental
conditions.

2.9. Statistical Analysis

All calculations were made in triplicate unless otherwise indicated. For the obtained
data, mean values were calculated. Significant differences were calculated by one-way
analysis of variance followed by Tukey’s test of significant difference (p < 0.05). All
calculations were made using the Statistica 13.3 software (StatSoft, Tulsa, OK, USA).

3. Results
3.1. Physicochemical Properties of Drone Brood and Royal Jelly

In the first step of the study, the physicochemical properties of crude drone brood and
royal jelly collected from three apiaries were determined. The comparison covered DB at three
different stages of larval development (days 7, 11, and 14). The results are presented in Table 2.

In this report, the analyzed bee products showed a slightly different water content, the
mean value for drone brood was 3.4% higher than in the royal jelly (p < 0.05). Moreover, the
14-day-old drone brood showed the highest content of water. Significant differences were
found in the activity of hydrogen ions (pH) in the tested products. Drone brood showed
significantly higher pH compared to royal jelly (p < 0.05). The highest pH was found for
DB in 11 day of development, however, the development stage did not influence the pH
of the DB samples significantly. A similar relationship was observed for the conductivity
of the extracts. Drone brood was characterized by a significantly higher acidity by over
50% compared to royal jelly, and the differences regarding the development stage were not
statistically significant. Checking the refractive index, the differences were found between
DB and R] samples only, but the differences were not statistically significant (p > 0.05).
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Table 2. Physicochemical properties and mineral composition of drone brood (7-, 11-, 14-day-old) and royal jelly. The range
and mean value for three samples obtained from various apiaries are shown.

Physicochemical Composition Min-Max (Mean)

Drone Brood

Royal Jelly (n = 3)

7-day-old (n = 3)

11-day-old (1 = 3)

14-day-old (n = 3)

Mean

(7-14-day-old)

Water content [%]
pH
Acidity [mval/g WW]
Conductivity [mS/cm]
Refractive index [np]

69.6-70.3 (69.9) @ 69.4-72.8 (71.6) 2 68.7-73.1 (71.9) 2 7114 65.4-69.0 (68.4) 2
6.52-6.58 (6.53) P 6.62-6.70 (6.66) P 6.58-6.78 (6.63) P 6.60 24 3.97-3.98 (3.97) 2B
10.0-18.0 (13.3) P 10.0-18.5 (14.3) b 9.90-19.0 (14.4) b 14.08 6.30-6.50 (6.36) @A
0.03-0.04 (0.03) @ 0.03-0.04 (0.03) 2 0.03-0.04 (0.03) 2 0.03 4 0.03-0.04 (0.03) @A
1.337-1.339 (1.338) 2 1.337-1.339 (1.338) 1.337-1.339 (1.338) 2 1.338 4 1.340-1.342 (1.341) 24

Macroelements min-max (mean) [mg/100 g WW]

Na 6.45-10.27 (8.73) © 8.63-26.09 (6.99) 2 7.32-9.93 (8.40) 8.04 4 10.3-13.8 (12.0) B
K 276.06-337.06 (287.32) @ 240.96-313.99 (286.36) @  259.30-314.32 (292.58) 2 288.75 A 321.1-357.4 (391.0) *B
Ca 15.16-21.02 (17.77) ® 8.91-57.05 (27.98) 4 8.13-17.47 (12.52) @ 19.42 A 22.8-24.0 (23.5) B
Mg 29.21-34.02 (32.04) @ 15.25-33.24 (26.18) 21.02-122.73 (56.57) © 38.26 A 44.0-50.4 (47.2) bB
P 296.69-324.02 (302.40) @ 212.22-348.70 (287.92) @  267.26-351.35 (316.21) 302.17 A 338.4-412.1 (375.0) B
S 392.37-99.27 (96.30) P 53.33-100.99 (75.85) 99.27-126.87 (110.39) © 94.18 A 153.2-169.3 (161.2) 4B
Microelements min—-max (mean) [mg/100 g WW]
Fe 1.17-1.23 (1.20) ® 0.57-1.17 (0.93) 2 1.29-1.62 (1.41) 1.184 n.d.
Mn 0.21-0.45 (0.33) 0.27-0.33 (0.21) ® 0.06-0.39 (0.18) @ 0248 0.01-0.08 (0.05) 2A
Zn 41.44-1.71 (1.56) © 0.89-1.80 (1.29) 2 1.14-2.04 (1.49) 2P 1.44 4 2.07-2.58 (2.32) B
Cr 0.01-0.03 (0.02) @ 0.00-0.03 (0.01) 2 0.02-0.07 (0.04) @ 0.024 0.03-0.15 (0.09) 24
Cu 0.29-0.44 (0.36) © 0.15-0.39 (0.27) 2 0.32-0.38 (0.35) ® 0324 0.31-0.39 (0.33) bA
Other min-max (mean) [mg/100 g WW]
Sr 0.00-0.006 (0.004) @ 0.00-0.18 (0.06) 2 0.00-0.006 (0.003) 2 0.0224 n.d.
As 0.00-0.002 (0.03) @ 0.00-0.006 (0.003) 2 0.003-0.003 (0.003) @ 0.003 & 0.01-0.09 (0.04) 2B
Contaminants min—-max (mean) [mg/100 g WW]
Al 0.39-0.64 (0.48) @ 0.48-1.19 (0.76) ® 0.54-1.15 (0.93) 0.624 0.48-3.35 (0.64) PA
cd 0.003-0.003 (0.003) @ 0.00-0.007 (0.003) 2 0.00-0.003 (0.0003) @ 0.0021 A n.d.
Pb 0.00-0.005 (0.003) 00.00-0.004 (0.004) @ 0.003-0.006 (0.003) 2 0.0033 A 0.04-0.07 (0.02) @A

abcd__results marked with a different superscript in the rows are significantly different (Tukey’s test, p < 0.05

). AB__results marked with a

different superscript between royal jelly and mean value of drone brood are significantly different (Tukey’s test, p < 0.05).

The research showed that both drone brood and royal jelly are rich sources of bioele-
ments. However, the royal jelly contained slightly higher values for all tested minerals,
excluding iron and manganese. Among the identified macroelements, the highest content
in DB was found for phosphorus and potassium. In the analyzed bee products, comparable
contents were found for sodium, calcium, and magnesium, however, the differences were
statistically significant (p < 0.05). The lowest value of macronutrient in drone brood was
found for sodium. Among microelements, the highest level was found in the case of zinc.
Slightly lower concentrations of manganese and iron were identified, while no iron was
found in royal jelly. In addition, trace amounts of contaminants such as lead and cadmium
were identified in the drone brood, and a higher content was found in the case of aluminum
similar in both tested products.

3.2. Total Protein and Soluble Protein Fraction

Using CHN combustion elemental analysis the total carbon, hydrogen, and nitrogen
contents in DB and R] were compared (Table 3). Based on total nitrogen assayed by Dumas
method, the total protein content was calculated using a 6.25 multiplier. An insignificant
difference between DB and R] was found (p > 0.05). Moreover, protein content in DB
was not changed between the tested stages of development. The comparative analysis of
drone brood and royal jelly soluble protein concentration was determined by the Bradford
method based on the formation of a dye—protein complex (Table 3). Despite the increase in
the development stage of drone brood larvae, the content of water-soluble proteins was
significantly lower than that of royal jelly (p < 0.05).
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Table 3. Results of CHN analysis, calculated total protein content and soluble protein content measured by Bradford method

for drone brood and royal jelly.

Drone Brood Royal Jelly (n = 3)
Mean
7-day-old (n = 3) 11-day-old (n = 3) 14-day-old (n = 3) (7-14-day-old)
CHN
elemental analysis
C[%] 16.49-16.70 (16.58) > 16.49-16.60 (16.54)®  15.92-16.99 (16.57) © 16.56 B 13.23-14.06 (13.64) 24
H [%] 2.09-2.12 (2.11) 2.06-2.12 (2.10) 2 212-2.17 (2.14) 2 2114 2.89-2.41 (2.15) 24
N [%] 2.08-2.25 (2.16) 2 2.12-2.35 (2.25) @ 2.01-2.34 (2.21) 2 2204 2.02-2.89 (2.45) A
Total protein [%] 12.52-13.53 (12.99) @ 12.75-14.17 (13.54)®  12.09-14.09 (13.31) 2 13.28 A 10.43-18-14 (14.12) A
Soluble protein [%] 3.30-4.20 (3.41) 2 4.19-4.57 (4.32) ® 4.48-4.72 (4.63) P 4124 6.88-7.96 (7.28) B

abc__results marked with a different superscript in the rows are significantly different (Tukey’s test, p < 0.05). ~B—results marked with a
different superscript between royal jelly and mean value of drone brood are significantly different (Tukey’s test, p < 0.05).

Proteomic Identification of Drone Brood and Royal Jelly Using SDS PAGE

A series of electrophoretic separations were carried out for selected specimens of drone
brood at various stages of development and royal jelly. The analysis was carried out on samples
of drone brood and royal jelly showing the best results in previous analyses (Figure 2).
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Figure 2. Gels obtained after protein SDS-PAGE of selected drone brood and royal jelly sample (a) and
line plots of the respective gel lines generated with program Image] (1.52a) software (b). R-BlueEasy
Prestained Protein Ladder (Nippon Genetics Co., Ltd., Tokyo, Japan)—protein molecular weight marker
(kDa); (1) 7-day-old drone brood, (2) 11-day-old drone brood; (3) 14-day-old drone brood; (4) royal jelly.

The obtained protein maps (Figure 2) clearly show that the proteome of the drone
brood depended on the stage of development and was completely different from the royal
jelly protein profile. All three drone brood samples (regardless of development stage) have
a distinct band at the level of approx. 28 and 12 kDa and 14-day-old drone brood were
clearly distinguished by the occurrence of a specific band of 8 kDa. On the other hand,
royal jelly contains six major protein fractions with a weight range of 50-90 kDa.
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3.3. Biological Activity
3.3.1. Antioxidant Activity Determination

The analysis of the antioxidant and hormonal activity of aqueous extracts of drone
brood and royal jelly was carried out using the DPPH and FRAP methods (Table 4).

Table 4. Antioxidant activity (DPPH, FRAP), total phenolic (TPC), and total flavonoids as well as hormonal content of
analyzed drone brood and royal jelly.

Antioxidant Activity:

Drone Brood

Royal Jelly (n = 3)

7-day-old (n = 3) 11-day-old (n = 3) 14-day-old (n = 3) (7_1¥;:;01 a
DPPH [%)] 9.2-16.36 (12.95) 6.91-24.76 (16.82) © 10.43-16.98 (13.60) b 14.458 7.94-11.03 (10.52) *A

FRAP [pumol TE/100 g] 0.80-1.16 (0.97) ® 0.79-1.27 (1.04) ® 0.86-1.63 (1.03) P 1.018 0.18-0.20 (0.19) @
TPC [mg GAE/100 g] 234.62-268.84 (267.57) © 180.05-320.43 (259.79) ¢ 200.89-285.21 (234.12) 253.82 B 181.54-191.96 (189.72) 24

TEC [mg/100 g] 6.71-9.92 (8.94) @ 10.30-13.0 (11.42) ® 4.12-9.80 (7.46) @ 9.27 A 10.7-11.9 (11.3) b®

Hormonal activity

Testosterone [nmol/100 g] 0.47-1.10 (0.79) @ 3.64-3.96 (3.80) 8.24-9.10 (8.67) © 4428 0.64-0.72 (0.68) 24

[nis;f?ii)%lg] 653.70-680.26 (664.75) 4 332.37-370.45 (355.67) © 217.90-274.16 248.78 © 426.06 B 94.12-116.03 (106.46) 24
abed

—results marked with a different superscript in the rows are significantly different (Tukey’s test, p < 0.05

). AB__results marked with a

different superscript between royal jelly and mean value for drone brood are significantly different (Tukey’s test, p < 0.05).

The analysis of the DPPH radical scavenging capacity showed on average 27% higher
activity of the drone brood compared to royal jelly, in the same concentration (10 mg/mL).
A similar relationship was found by testing the activity with the FRAP method. Drone
brood was more than 50% active than that of the royal jelly. Using both, DPPH and FRAP
methods, the highest values were obtained for 11-day-old DB, which is in agreement with
our earlier study [24].

The mean total phenolic compounds content in drone brood was 25% higher than that
of royal jelly and the highest value was obtained for 7-day-old DB which slightly decreased
in later stages of larvae development. In the 14-day-old brood, the content of phenolic
compounds decreased significantly (p < 0.05).

Among the tested samples, royal jelly showed a higher content of flavonoids compared
to the average content in brood by 21.89%, however, in the 11-day-old brood the highest
content of flavonoids was found. The differences in the content of flavonoids in DB at
different stages of development were significant (p < 0.05).

3.3.2. Hormonal Activity

Steroid hormones (testosterone and estradiol) in drone brood and royal jelly were
analyzed in this study (Table 4).

The conducted research showed that drone brood is a valuable product containing on
average 4.42 nmol/100 g of testosterone, which is 6-fold higher than royal jelly. Moreover,
the testosterone level increases significantly with the development phase of the drone
brood (p < 0.05). The 14-day-old DB contains 57% more male sex hormone than 11-day-old
brood and 91.8% more than 7-day-old brood.

An opposite relationship was demonstrated by analyzing the level of estradiol in
tested bee products. A comparative analysis of drone brood and royal jelly showed that
DB at the earlier stages of development is a richer source of estradiol than royal jelly.
On average, drone brood has over 76% higher estradiol content compared to royal jelly
(p < 0.05). As the brood matured, the level of this hormone decreased and on day 14, the
concentration was 63% lower compared to day 7 of development.

3.3.3. Enzyme Activity

Acid glycosidases were tested in drone brood for the first time. Since the enzymes
required an appropriate pH to maintain catalytic activity, the optimal pH for each enzyme
was tested at the beginning. Figure 3 shows the dependence of the activity of selected
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glycosidases on pH (in the range of pH 2.5-7.0). The calculated values of pH optimum are
shown in Table 5. The highest enzyme activities were observed in the pH range of 4.0-5.0.
The same pH was determined as optimal for all tested enzymes that occurred in DB and
RJ, excluding 3-glucosidase activity where the most acidic pH optimum was found in R]
compared to DB (Figure 3).
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Figure 3. The comparison of optimum pH for selected glycosidases from drone brood and royal jelly.

Using determined optimal pH conditions, the specific activities of the tested glycosi-
dases, as well as acid and alkaline phosphatases, were compared using the spectrophoto-
metric method (Table 5).

Based on the tests of enzymatic activity of DB and R], it was found that both bee prod-
ucts exhibit the activity of all tested enzymes. However, royal jelly showed significantly
lower enzymatic activity compared to the drone brood (p < 0.05). In terms of decreasing
activity, the glycosidases in DB can be arranged in the following order: HEX> o-GLU>
a-MAN> 3-GLU> 3-GAL> acid phosphatase, whereas for other studied enzymes only
trace activity was found. Moreover, the peak of activity for 11-day-old brood was observed
for all tested enzymes. In the case of R], the enzyme activity decreased in a completely
different order: 3-GLU> acid phosphatase> 3-MAN. For HEX, the most active acid gly-
cosidase in DB, the activity recorded in R] was by 20-times lower. The same relationship
for x-MAN was observed but when younger brood was taken for comparison only. R]
was more abundant in alkaline phosphatase, whereas DB exhibited higher activity of
acid phosphatase. Moreover, for the activity of x-amylase, an enzyme that breaks down
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polysaccharides into simple sugars, only trace activity was demonstrated in RJ, whereas
DB showed a strong activity of this enzyme. The highest amylase activity in the 7-day-old
DB was checked which decreased during the development progress.

Table 5. Specific enzyme activity in drone brood and royal jelly measured in optimal pH conditions.

Drone Brood

pH [U7100 g WW] Royal Jelly
Enzyme Ovti [U/100 g WW]
PUMUM  jay-old (1=3)  1l-day-old (1=3)  14-day-old (n = 3) Mean (n=3)
ay-old (n = ay-old (n = ay-old (n = (7-14-day-old)

a-GLU 50DB;35R]  47.0-47.8 (47.4) ¢ 82.2-84.1 (82.9) 4 19.5-22.0 (20.7) © 50.3B 0.6-0.9 (0.7) 24
B-GLU 4.0 DB; RJ 2.2-3.9 (3.0) b 3.9-5.6 (4.7)° 0.00-0.8 (1.0) 2904 6.9-7.7 (7.4) B
a-GAL 4.0DB;RJ 0.4-1.4 (0.9) ® 0.8-23(1.2)¢ 0.3-1.7 (1.1) be 0998 0.5-0.7 (0.6) *
B-GAL 4.0DB; RJ 1.6-2.4 (2.0)P 2.7-4.2(33)4 1.2-4.1 (2.9) «d 2738 0.6-0.7 (0.6) *A
«-MAN 5.0 DB; RJ 21.0-22.8 (21.9) 33.0-34.4 (33.9) 4 2.0-4.6 (3.4)° 19.71 B 1.2-1.5(1.3) 24
B-MAN 5.0 DB; RJ 0.6-1.0 (0.8) 2 1.0-2.7 (1.8) b 0.1-1.3 (0.7) @ 0.99 4 0.7-0.9 (0.8) @4
HEX 5.0 DB; RJ 59.0-68.3 (64.1)®  156.8-157.7 (157.1)9  80.8-88.0 (81.8) 101.0 B 0.9-8.1 (4.5) 4

Alkaline . a a a A
phosphatase 10.5 DB; RJ 0.1-1.2 (0.5) 0.1-1.4 (0.7) 0.1-1.0 (0.5) 0.56 0.8-1.5 (1.1) B

Acid
phosphatase 5.0 DB; RJ 1.6-3.4 (2.4) P 3.7-5.5 (4.5) 1.0-3.7 (2.1) 20 308 1.5-1.6 (1.6) A
a-amylase (U/g) 5.0 DB; RJ 14.0-17.60 (16.4) 4 13.1-14.5 (13.8) 5.2-11.9 (8.15) P 12.78 B 0.46-0.64 (0.56) 24

ab,c,d

different superscript between royal jelly and mean value for drone brood are significantly different (Tukey’s test, p < 0.05).

[
=

—results marked with a different superscript in the rows are significantly different (Tukey’s test, p < 0.05). #B—results marked with a

Taking into account different origins of DB (tissue) and R] (secretion) enzymes their
thermal stability was tested at 60 °C, during 120 min. As the catalytic activity of an enzyme
is influenced by pH, the effect of high temperature on selected enzymes activity was tested
in two various pH environments (4.0 and 6.0) (Figure 4).
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Figure 4. Thermostability of selected enzymes of drone brood (hexosaminidase, x-glucosidase, c-mannosidase, acid
phosphatase) and royal jelly (hexosaminidase, 3-glucosidase, x-mannosidase, acid phosphatase) at pH 4.0 or 6.0 during
120 min incubation at 60 °C.
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The analysis showed that the enzymes of the drone brood are more stable at pH 6.0
which is the natural pH of DB homogenate. In an acidic environment, they were losing
their activity quickly. For R] enzymes, the stabilizing effect of less acidic pH on thermal
inhibition of tested enzyme activity was not observed, on the contrary, the activity of
-glucosidase was completely destroyed at this pH.

3.4. High Performance Thin Layer Chromatography Analysis
3.4.1. Polyphenolic Profile

The chromatogram of the separation of phenolic acids and flavonoids in the crude
drone brood homogenates and royal jelly is shown in Figure 5. The bands create unique
fingerprints of drone brood and royal jelly and allow for visual differentiation, forming a
system similar to common barcodes used for marking consumer goods.

Figure 5. HPTLC chromatogram of phenolic compounds at 365 nm (after p-anisaldehyde deriva-
tization) in crude drone brood and royal jelly, where (1) 7-day-old; (2) 11-day-old; (3) 14-day-old;
(4) royal jelly; (5) ferulic acid; (6) ellagic acid. (Drone brood and royal jelly extracts showing the best
results in previous analyses were only shown).

The HPTLC phenolic profile chromatogram (Figure 5) is characterized by differentia-
tion in terms of the location of the bands and their color intensity, which proves qualitative
and quantitative differences in the analyzed samples of drone brood and royal jelly. The
identification of the phenolic compounds was based on the Rf values (distance) and color
of the standards used. The obtained profiles contain mainly blue bands (characteristic for
caffeic, p-coumaric, and ferulic acid) [25]. Blue bands dominate in the DB homogenate chro-
matogram, which proves the presence of ferulic acid (Rf = 0.48) and ellagic acid (Rf = 0.08)
in the tested material. Additionally, some white stained bands are visible in the DB samples
(at Rf = 0.39, 0.34 for a 7-day DB). In contrast, the R] sample shows numerous bands of
slightly pink color. The group of bands with high Rf values (above 0.65) stained pink or
purple corresponds most likely to steroid compounds.

HPTLC chromatograms show similarities and differences in the composition of the
identified compounds between the drone brood and royal jelly, as well as within the
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different development stages of the drone brood. Based on the intensity of the band, it
should be concluded that in 14-day-old male brood much smaller amounts of ferulic acid
were found, while ellagic acid was present in trace amounts. Moreover, no bands were
found in the royal jelly to indicate the presence of ferulic and ellagic acids.

3.4.2. Sugars

During the HPTLC separation of reducing sugars, after derivatization and heating the
plate to 110 °C for 10 min, gray-green bands are formed on an almost colorless background,
and some of them fluoresce at 365 nm, which is crucial for the construction of characteristic
fingerprints [26].

Figure 6 shows the sugar profile of drone brood and royal jelly. The reference standards
used were glucose (Rf = 0.34), fructose (Rf = 0.24), sucrose (Rf = 0.30), melezitose (Rf = 0.17),
trehalose (Rf = 0.21), turanose (Rf = 0.26), maltose (Rf = 0.22). The sugar bands in the drone
brood were more intense and more pronounced, which proves the higher content of the
discussed compounds. Based on the intensity of the bands, it was found that drone brood
is a richer source of glucose and fructose compared to royal jelly. Moreover, the intensity of
the bands indicated that the content of the analyzed reducing sugars in the brood varies
regardless of the stage of development.
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Figure 6. HPTLC chromatogram of sugars compounds at RT white in crude drone brood and
royal jelly, where (1) 7-day-old; (2) 11-day-old; (3) 14-day-old; (4) royal jelly; (5) glucose, fructose;
(6) sucrose, melezitose; (7) trehalose, turanose; (8) maltose. (Drone brood and royal jelly extracts
showing the best results in previous analyses were only shown).

Royal jelly contains fewer reducing sugars analyzed, as demonstrated by the weak
intensity of the glucose and fructose bands. Moreover, the presence of trehalose in the
brood and royal jelly cannot be eliminated, because its Rf is very similar to the fructose Rf,
so that the bands may overlap, which makes it difficult to accurately identify the sugars in
the bee products tested. However, it should be noted that the royal jelly chromatogram
shows two additional bands of weak intensity. The first at the height of turanose (Rf = 0.26)
and the second undefined at Rf = 0.53. Similarly, additional bands for DB samples which
did not occur in RJ profile were noted at Rf = 0.08 and 0.01. These compounds have not
been identified, which indicates the need for further, extensive research.
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3.4.3. Amino Acids

The chromatographic results of amino acids fingerprints determination in drone brood
in different stages of development and royal jelly are presented in Figure 7.
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Figure 7. HPTLC chromatogram of amino acids compounds at RT white in crude drone brood and
royal jelly, where (1) 7-day-old; (2) 11-day-old; (3) 14-day-old; (4) royal jelly; (5) proline, tyrosine;
(6) glycine, lysine; (7) histidine, leucine; (8) aspartic acid, valine. (Drone brood and royal jelly extracts
showing the best results in previous analyses were only shown).

The HPTLC chromatograms indicate similarities and differences in the composition of
the identified compounds between drone brood and royal jelly. The bands for drone brood
are dominated by yellowish and orange color, with major bands at Rf in the range of 0.01-0.30.
The chromatogram bands for royal jelly are much less intense in color compared to drone
brood, which indicates a lower content of amino acids. However, the royal jelly presents
notable bands at Rf in the same range as in drone brood. Proline (Rf = 0.04) which forms
light yellow to white band, was present in the R]. The band is also visible in the drone brood,
however, due to the overlapping of other amino acids with a similar Rf (glycine Rf = 0.07;
lysine Rf = 0.08) the proline band was poorly visible. Moreover, a band with an Rf = 0.29,
which is assigned to tyrosine and/or leucine, as well as valine (Rf = 0.15), was also identified
in the brood. A poorly visible valine band was also found in royal jelly. The histidine band
(left on the starting line) was present in all samples in a higher amount in DB than R].

4. Discussion

For the first time, drone brood and royal jelly that originated from the same apiaries
were compared in terms of their chemical composition. Moreover, the changes in chemical
composition of drone brood during larvae development were tested. As DB and R] are
assumed to have a similar chemical composition, recent cases of adulteration of RJ with
the addition of brood were detected. This is because DB is an easy to obtain bee product
compared to RJ only [27]. Obtaining drone brood on an industrial scale is easier and more
beneficial than royal jelly. Drone larvae can be extracted easily from the combs before
capping even with the use of a stream of water. Moreover, up to 1.3 kg of drone brood
can be obtained annually on average from one bee family without consequences for its
condition. In opposite, royal jelly can be obtained in larger quantities only in specialized
apiaries, where it is produced using royal jelly-producing chamber [25].



Foods 2021, 10, 2233

16 of 20

The comparison between R] and DB was started from basic physicochemical parame-
ters analysis. All tested parameters were found to be stable in drone brood regardless of
the stage of larvae development. DB contained more water than royal jelly. Our finding of
the moisture content for drone brood was similar to earlier reported data [28-30]. Royal
jelly was more acidic but exhibited lower total acidity compared to DB. Obtained data
agreed with the values reported by Krell [31], Ramadan and Al-Ghamdi [8], and Nabas
et al. [32]. The observed differences in pH and acidity values could be a useful tool in the
detection of R] adulteration with drone brood.

Both tested bee products were found as valuable sources of macro- and microelements,
however, in most cases, the royal jelly was more abundant in minerals. Any significant
differences resulting from botanical and geographic origins of samples were observed.
This fact emphasizes the homeostatic regulation of the concentrations of trace and mineral
elements produced in the endocrine glands of bees [3]. In turn, in the course of larvae
development great fluctuations in the content of bioelements were observed. Higher
phosphorus but a much lower calcium content was found in DB than in R]J. Among
microelements, iron and manganese prevailed in DB, whereas higher zinc level was found
in RJ. The results obtained in this work are in line with other authors’ studies. Stocker
et al. [33] checked the similar mineral composition of royal jelly. It showed that the main
element was potassium (246.6-312 mg/100 g), phosphorus (194-235 mg/100 g), calcium
(113-145 mg/100 g) and magnesium (26.4-31.2 mg/100 g). Similar results were reported
for royal jelly by Bengu et al. [34]. Moreover, the results obtained for the drone brood are
in agreement with available literature. Prokhoda et al. [35] showed a similar content of
magnesium, manganese, and copper in the analyzed DB samples.

Similar protein content was found in drone brood and royal jelly. Moreover, the protein
level was not dependent on the developmental stage of DB. On the opposite, when only
soluble protein fraction was analyzed, the higher value for R] and the increase of protein
content in the course of larvae development were found. The obtained DB total proteins
content was consistent with the literature data [35,36]. The value found for RJ samples in
this study was within the range reported by several authors [8,32,36,37]. The water-soluble
proteins accounted for only 25-35% of the total protein content in the drone brood and 50%
in the royal jelly. This is because the Dumas method measures the protein content indirectly
based on its nitrogen content which includes other biomolecules containing nitrogen also,
e.g., amino acids, nucleic acids, and other nitrogenous compounds.

The protein composition of the DB was more diversified than R]. The proteome of the
drone brood was related to the stage of development and was completely different from the
royal jelly protein profile, especially in the range of lower-mass proteins. For royal jelly six
major protein fractions with a mass range of 50-90 kDa were detected, which corresponds
to MRJP proteins. The most intense band has approx. 57 kDa, which corresponds to
MR]JP-1 [38]. The observed differences seem to be obvious considering the origin of both
samples: DB as a tissue sample contains other proteins that additionally differentiate as the
larva develops, while R] is a bee secretion with a stable composition.

Among proteins detected in tested bee products, the most important are enzymes,
including lysosomal glycosidases which belong to glycoproteins [4,5]. Most of these
enzymes, characterized by acidic pH optimum, are common in various tissues of animals
and can be secreted outside the cell into body fluids [4]. Thus, their occurrence has been
expected in both drone larvae and royal jelly extracts. However, different enzymatic profiles
for both materials were found. Drone brood showed high hexosaminidase activity (22 times
higher than RJ) which is typical for tissue homogenates [39,40]. The most active were
a-glucosidase, a-mannosidase and (3-galactosidase specific for tissue extracts. Whereas,
for royal jelly 3-glucosidase and f-mannosidase were found as the most active. Testing
the dependence of the activity of tested glycosidases on pH (in the range 2.5-7.0), it was
shown that they exhibited the pH optimum in the range of 4.0-5.0 the same for DB and R],
excluding (-glucosidase from R]J. The activity of these enzymes was studied in DB for the
first time and the results are in line with those obtained for RJ [4]. When the temperature
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increased above 40 °C, gradual denaturation and loss of catalytic abilities were noted.
However, the pH environment affected the thermal resistance of DB enzymes only.

Droba et al. [4,5] investigated the activity of acid glycosidases in royal jelly and queen
bee larvae. They showed many times greater enzyme activity of queen bee larvae than royal
jelly. Moreover, the activity of enzymes in individual samples of royal jelly was varied.
Amylolytic and glycolytic enzymes can enrich the environment with easily digestible
nutrients and other valuable ingredients. On the other hand, lysosomal glycosidases
may favor the processes taking place in the royal jelly modifying the composition of the
glycan component of glycoconjugates [5]. Diastase is one of the major enzymes found in
honey. Diastase activity is well used as a criterion to assess the quality of the product [41].
However, to date, no studies have been found showing x-amylase activity in brood or
royal jelly. The analysis showed high o-amylase activity in drone brood, while in royal jelly
this enzyme was present in trace amounts.

Both tested bee products exhibited antioxidant properties, however, DB was more
active than RJ, regardless of the assay. The antiradical properties of drone brood were
changing during larvae development. Thus, the highest values obtained by DPPH and
FRAP methods for 11-day-old DB in this study are in line with our earlier report [22].
Drone brood antioxidants are represented by polyphenolic compounds, vitamins C and
E, enzymes, unsaturated fatty acids in free and bound forms, including unique decenoic
acids, substances having sulfhydryl groups, flavonoid, and other phenolic compounds [42].
Silici [13] examined the bioactivity of apilarnil (Iyophilized drone brood) and showed the
total phenolic content at the level 834.05 mg GAE/100 g which is comparable with the
results of this work when calculated them to dry mass.

Direct visual comparison of reducing sugar bands obtained by HPTLC analysis for
brood and royal jelly with the standards entered, provided new reliable semi-quantitative
information. It should be emphasized that the TLC method is most suitable for detecting
many carbohydrates present in food products, mainly in fruit and vegetable juices [43]. The
obtained data are in line with those presented by Bogdanov [12], who proved that drone
brood contains two times more glucose than royal jelly. Similarly, Margaoan et al. [44]
checked the carbohydrate content in royal jelly and drone brood using the HPLC-IR method
and showed a slightly higher content of glucose (1%) than fructose in royal jelly. The same
correlation was observed for the drone brood, but the glucose content was several hundred
times higher than that of fructose [44]. Moreover, in royal jelly, he showed sucrose, which
was not found in the brood. Drone brood was a richer source of maltose and trehalose
compared to royal jelly [44].

This study presented also a new idea to test the amino acid profile in bee products
using HPTLC analysis. The chromatogram bands for royal jelly amino acids were much
less intense compared to drone brood, which indicates a lower content of amino acids.
However, the royal jelly presents notable bands at Rf in the same range as in drone brood,
including proline, glycine, lysine, tyrosine, and leucine, as well as valine, which was the
most intense band in the 11-day-old brood. Obtained data are in agreement with other
author findings where the greatest amounts of glutamic acid, leucine and aspartic acid,
proline, lysine, valine, and alanine which make up about 60% of all amino acids of drone
brood and royal jelly [27,44]. Amino acids that could be markers of the quality of royal jelly
and drone brood are mainly glutamine—found only in royal jelly and threonine present in
much greater amounts in drone brood. A similar relationship was observed for leucine,
histidine, and tyrosine [44]. In turn, drone brood has the highest content of proline from all
the analyzed bee products and for this reason, this bee product is very important as a food
supplement or an ingredient in other types of natural supplements [45].

Based on the analysis of the color intensity and the number of bands on HPTLC
chromatogrames, it should be concluded that the richest source of phenolic compounds is
the 7-day-old drone brood, and the weakest is the 14-day-old one. However, the phenolic
profiles obtained for drone brood and royal jelly were completely different, ferulic and
ellagic acids were not found in royal jelly. Such observation was done for the first time.
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According to earlier reports, some flavonoids were expected [24,34,46] and tested (narin-
genin, apigenin, chrysin, sakuranetin) there are certain flavonoids: flavanones (hesperetin,
naringenin), flavones (apigenin derivatives), and isoflavonoids (genistein, formononetin,
coumestrol), as well as ferulic acid present in royal jelly. However, there are no polyphenol
profiles available for the drone brood. Differences in phenolic compound profiles in the
future could be used to determine adulteration of royal jelly with drone brood in order to
improve quality. Due to the limited availability of reference substances and the unknown
topic, further analyses are needed to fully identify the unknown compounds.

In some population cultures, honeybee larvae are used to treat male infertility [45,47].
Previously, it was mistakenly assumed that the use of larvae for infertility treatment was
due to the high protein content in the larvae, but subsequent chemical analysis revealed
the presence of sex hormones in drone larvae [48]. The obtained results of the hormonal
activity of testosterone and estradiol in drone brood (in the early stage of development)
and royal jelly are comparable with the Bogdanov [12], who found that the crude brood
homogenate contains 0.31 nmol/100 g of testosterone, 51.3 nmol/100 g of progesterone,
410.65 nmol /100 g of prolactin, and 677.6 nmol/100 g of estradiol. Moreover, crude royal
jelly contains 0.20 nmol/100 g of testosterone and 52.0 nmol/100 g of estradiol [12]. It
should also be stated that the early stage of drone brood is more active in testosterone
and estradiol than R]. As the stage of development changes, the activity of testosterone
increases and estradiol decreases. Since royal jelly showed much lower hormonal activity—
both testosterone and estradiol—testing the hormonal activity may be a checkpoint for the
adulteration of royal jelly with drone brood.

5. Conclusions

Drone brood, considered the male equivalent of royal jelly, is a new, little known
and rarely tested bee product. The chemical composition related to the drone larvae
developmental stage has not been studied in detail yet. It was found that the content of
bioactive compounds changed during larvae development and the highest level of the
majority of tested parameters for 11-day-old brood was observed. However, the change
in the content of bioactive compounds caused by developmental changes, drone brood,
compared to royal jelly, shows better physicochemical properties and greater biological
activity, mainly hormonal, enzymatic, and antioxidant.

Due to the high physicochemical similarity, royal jelly may be admixed with drone
brood, which is not officially marketed as a food product or food additive. Thus, searching
for effective markers to differentiate adulterated royal jelly seems to be an urgent problem.
As the most promising indicators of royal jelly purity, x-amylase activity together with
other glycosidases (hexosaminidase, «-glucosidase, and a-mannosidase) were selected.

Drone brood as an easy to obtain beekeeping product, sometimes considered as waste,
could be applied as a direct functional food thanks to the greater abundance of protein,
amino acid, steroids and polyphenols compared to royal jelly.
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Abstract: Drone brood is a little-known and poorly studied bee product used and valued in the
treatment of many diseases, including male infertility and women’s menopausal disorders. The aim
of this study was to evaluate the antioxidant activity of drone brood depending on the stage of larval
development and the method of preservation. Aqueous and ethanolic homogenate extracts of drone
brood were assayed for antioxidant activity (with the DPPH, FRAP, and ABTS methods), polyphenol,
and flavonoid content. The extracts” polyphenolic profiles were compared by the HPTLC method.
Drone brood has been shown to be more active in the earlier stages of development (between days
7-11), with a decline in antioxidant activity in the later period (by the 14th day). The freeze-drying
process did not cause significant changes in the antioxidant activity of brood preparations converted
to dry mass. Based on the higher activity of the aqueous compared to 70% ethanolic extracts, it
was shown that the dominant fraction of brood consisted of hydrophilic antioxidants. The results
obtained with different methods were highly correlated, excluding those from the ABTS assay. The
HPTLC method showed that the polyphenol fraction of drone brood homogenate consisted mainly
of phenolic acids and flavonoids. It was shown that drone brood has valuable antioxidant properties
that can be compared with royal jelly.

Keywords: drone brood; antioxidant activity; HPTLC; polyphenols; the stage of development

1. Introduction

Drone brood homogenate, less commonly called drone milk, is a little-known bee prod-
uct that is often disregarded in articles relating to beekeeping products [1-3] or marginal-
ized with a brief mention [4]. This bee product is obtained from drone larvae collected from
the bee family in the spring or early summer, according to the authors of [5,6]. Although
the main role of drones is to participate in the mating flight during which the queen is
inseminated, a certain percentage of drones (5-10% of the adult bee colony population) is
present in the hive throughout the beekeeping season [6]. Raw drone brood homogenate
obtained by mechanical homogenization of drone larvae is a milky substance with a creamy
consistency, ranging in color from white or yellow to green [5]. It is one of the bee products
not widely known in Europe (except Romania and Russia) but recognized and frequently
used as a natural medicine in some countries in the world, such as China, Zambia, Senegal,
and Ecuador [6].

Due to its high levels of protein, vitamins, and hormones, drone brood is a natural
remedy for men’s fertility problems, androgen deficiency during menopause in women,
and prophylactic measures against conditions associated with osteoporosis. Additionally,
it is recommended against nervous and mental diseases and thyroid disorders, has hepato-
protective and anti-atherosclerotic properties, and stimulates the immune system [5-7].

To obtain drone milk, male larvae must be taken on the tenth day after eggs have
been laid, or on the seventh day in the larval stage. At this time, a drone larva weighs
approximately 250-300 mg and contains all of the necessary substances and elements in
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high concentrations [6]. However, data on the most favorable age for larvae are incon-
clusive, and other authors have suggested using larvae in the later stages, i.e., 9-11 days
old [8]. Native homogenate of drone brood obtained from drone cells is unstable during
storage and requires additional stabilization to maintain the biological activity of its sub-
stances. Different methods are used to stabilize the biological activity of drone homogenate
preparations, for example, mixing with honey, freezing, or adsorbing on lactose, but the
most effective method is lyophilization, which allows one to preserve the active biological
substances in drone brood for a long time [9]. Nowadays, the purest and most popular
form of drone brood is the white-yellow powder obtained by freeze-drying fresh drone
brood; it is available on the market under the name Apilarnil [6].

The chemical composition of drone brood homogenate is very diverse; it contains
proteins (10-20%), carbohydrates (up to 5.0%), fats (5.0-6.3%), amino acids (11.4%), en-
zymes, hormones, and vitamins [5,7]. The complex composition of drone brood determines
the number of pharmacological characteristics of this bee product, and in particular, the
presence of antioxidant, immunotropic, adaptogenic, and anabolic actions [10]. In terms of
the variety of vitamin content, drone brood homogenate ranks first among all beekeeping
products, ahead of even royal jelly [11].

Drone brood is often referred to as the male equivalent of royal jelly due to its very
similar chemical composition. Royal jelly is a substance secreted by the hypopharyngeal
and mandibular glands of worker honeybees [1,3]. On average, royal jelly contains about
60% water, 12% sugar, 12% protein, 6% lipids, and 5% organic acids, sex hormones, min-
erals, and vitamins (C, D, E, B), which makes it a valuable bioactive product [3,12-14].
The antioxidant potential of royal jelly is attributed to its polyphenols content, mainly
flavonoids [4,9,15-20]. Using a DPPH radical scavenging capacity assay, the researchers
confirmed the antioxidant capacity of royal jelly at levels in the range of 30-80% of radical
residue [14,17,18]. Antioxidant capacity was determined using FRAP assays, resulting in
180220 mM Fe/100 g [14,17], while total phenolics measured by a Folin-Ciocalteu assay
amounted to 23.49 mg GAE/100 g, on average [17]. It is assumed that both bee products,
drone brood and royal jelly, show similar biological activity, and thus, antioxidant proper-
ties [7]. However, the composition of drone milk has been poorly studied with respect to
the protein, amino acids, lipids, hormones, vitamins, and bioelements that make it a good
source of antioxidants [10,11,21]. Flavonoids and other phenolic compounds are important
components that contribute to the ability of drone brood to reduce oxidative stress and
prevent cardiovascular diseases [22], but still have not been recognized.

So far, preliminary studies of the chemical composition and biological activity of
drone brood have been carried out and demonstrated its high content of nutrients and
bioelements. However, research on the antioxidant activity of this bee product as well as
the influence of various environmental and biological factors on the antioxidant properties
of drone brood is still lacking. Thus, the aim of this study was to evaluate the effect of the
stage of larval development and method of preservation on the antioxidant properties of
drone brood homogenates.

2. Materials and Methods
2.1. Chemicals

The chemicals [2,2-diphenyl-1-picrylhydrazyl; 2'-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid); 2,4,6-Tris(2-pyridyl)-s-triazine)], reagents (Folin—Ciocalteu reagent), and
standards (p-coumaric acid, apigenin-7 glucoside, ferulic acid, naringenin, chrysin, and
quercetin) were obtained from Sigma Aldrich (Saint Louis, MO, USA), and buffer compo-
nents (chloroform, ethyl acetate, and formic acid) were purchased from Avantor Perfor-
mance Materials Poland SA (APM, Gliwice, Poland).

2.2. Drone Brood Homogenates

Drone brood (7-, 11-, and 14-day-old) samples were collected from three apiaries
distant from each other by at least 50 km in the southeastern part of Poland (Podkarpackie
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Voivodeship) during May and June 2020. Drone brood (50 g of each sample) of the Apis
mellifera carnica was selected manually from the one-half drone frame, immediately sealed
in sterile containers, and transferred to the laboratory. Each sample was homogenized
using a tissue homogenizer with 7 mm plastic Omni Tips TM (TH 02, Omni International,
Kennesaw, GA, USA). One part of the material was frozen at —70 °C, and then freeze-dried
(using Alpha 1-2, LD plus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode,
Germany). Dehydration was carried out for 72 h by cooling the sample to —55 °C at a
standard pressure of 0.1 bar. The second part of the material was frozen at —18 °C. Drone
brood samples were used in the experiments in both forms: freeze-dried or frozen, both
ground in a mortar before analysis.

2.3. Preparation of Drone Brood Extract

Half a gram of drone brood sample (freeze-dried powder or defrosted homogenate)
was extracted with 5 mL of distilled water or 70% ethyl alcohol. The samples were
homogenized with a tissue homogenizer (TH 02, Omni International, Kennesaw, GA, USA)
for 2 min at medium speed (15,000 rpm). The extracts were then centrifuged for 20 min at
10,000 rpm at 4 °C using a refrigerated centrifuge (MPW-351R, Med. Instruments, Warsaw,
Poland). The supernatants were collected and then filtered through a 0.45 pm nylon syringe
filter and stored in a refrigerator at 4 °C until further analysis, but not longer than 3 days.
Before antioxidant activity tests, the extracts were diluted 10-fold using a proper solvent.

2.4. Antioxidants Assay
2.4.1. DPPH Test

The inhibition of DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals was measured ac-
cording to the method previously used in our laboratory for honey analysis [23] with slight
modifications. Twenty microliters of drone brood diluted extract was mixed with 180 pL of
DPPH radical methanolic solution (0.1 mM) and kept in the dark for 30 min. In the control
sample, the extract was replaced by proper solvent. After incubation, the absorbance of
the test and control samples were measured at 517 nm in a microplate reader (EPOCH 2
microplate spectrophotometer, BioTek Instruments Inc., Winooski, VT, USA). The reduction
of DPPH radicals (AA%) was calculated using the following equation:

AA% = [(Ao — As)/Ao] x 100,

where AA% is antioxidant activity, Ao is the absorbance of the control, and As is the
absorbance of the tested samples.

2.4.2. FRAP Test

The ferric reducing antioxidant powder (FRAP) test was performed according to
Dzugan et al. [23]. The FRAP reagent contained 2.5 mL of a 10 mM solution of 2,4,6-
tripyridyltriazine (TPTZ) in 40 mM HCI, 2.5 mL of 20 mM FeCl; and 25 mL of 0.3 M
acetate buffer (pH 3.6). To 20 pL of diluted extract, 180 pL of FRAP reagent was added, and
after incubation at 37°C for 10 min, the absorbance of the reaction mixture was measured
spectrophotometrically at 593 nm (EPOCH 2) against a blank. Results were expressed as
mmol Trolox equivalents (TE) per 100 g of drone brood sample (mmol/100 g) from the
calibration curve prepared for Trolox in the range of 5-60 nmol/mL (y = 0.152x, R? = 0.999).

2.4.3. ABTS Test

The antioxidant capacity was determined using the ABTS test (2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) according to the method described by Re et al. [24]
with slight modifications. ABTS solution (19.5 mg ABTS in 7.00 mL of distilled water) was
mixed with 3.3 mg of potassium persulfate and stored in the dark for 24 h. Before use,
it was diluted with phosphate buffer (0.1M, pH = 7.4) to obtain an absorbance value at
734 nm of about 0.7. Then 20 uL of each diluted drone brood extract was mixed with 180 pL
of diluted ABTS radical solution. After 6 min incubation in the dark, the absorbance of
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each sample was recorded at 734 nm in an EPOCH 2 microplate reader against phosphate
buffer. Results were calculated using the following equation:

ABTS% = [Ao — As)/Ao] x 100,
where Ao is the absorbance of the control and As is the absorbance of the tested samples.

2.5. Total Phenolic Content (TPC) Determination

The total content of phenolic compounds was determined using the Folin-Ciocalteu
reagent according to Dzugan et al. [23] with minor modifications. To 20 puL of diluted
drone brood extract, 100 pL of 10% Folin-Ciocalteu reagent was added, followed by 80 puL
of 7.5% (w/v) sodium carbonate solution. The samples were kept in the dark for 60 min
and then the absorbance was measured against the blank at 760 nm using the EPOCH 2
microplate spectrophotometer. The total content of phenolic compounds was expressed
in mg of gallic acid equivalents (GAE) per 100 g of brood sample (mg GAE/100 g). The
results were calculated based on a calibration curve prepared for gallic acid in the range of
0-125 pg/mL (y = 0.336x, R? = 0.9914).

2.6. Total Flavonoid Content (TFC) Determination

The total content of flavonoids in the extracts of drone brood was assessed using the
method of Biju [25]. One hundred microliters of the undiluted extract was mixed with 100 pL
2% AlCl3 (in methanol). The reaction mixture was incubated for 10 min at room temperature
until the completion of the reaction. The absorbance of the solution was then measured at
415 nm with an EPOCH 2 microplate reader against a methanol blank. The total content of
flavonoids in the extracts of drone brood was expressed in mg of quercetin equivalent (QE) per
100 g of brood sample (mg QE/100 g). The results were calculated on the basis of a calibration
curve prepared for quercetin in the range of 0-125 pug/mL (y = 0.0655x, R? = 0.9999).

2.7. Identification of Antioxidant Compounds by HPTLC

Analyses of all obtained ethanolic extracts in 70% ethanol of the drone brood samples
were performed on HPTLC Silica Gel 60 Fjs4 plates (20 cm x 10 cm) purchased from
Merck (Darmstadt, Germany). Forty microliters of each drone brood homogenate extract
were applied to the plate as 11 mm bands from the lower edge of the plate at the rate of
200 nL/s using a semi-automated HPTLC application device (Linomat 5, CAMAG, Muttenz,
Switzerland). The chromatographic separation was performed in a chromatographic
tank saturated for 20 min with the mobile phase composed of chloroform: ethyl acetate:
formic acid [5:4:1 v:v:v], and developed to a distance of 85 mm. The obtained results
were documented using an HPTLC imaging device (TLC Visualizer, CAMAG, Muttenz,
Switzerland) under white light, 254 and 366 nm. In addition, each plate was derivatized
with 0.05% DPPH reagent (in methanol) using an automated TLC derivatizer (CAMAG
Derivatizer, Muttenz, Switzerland). After derivatization, the plates were imaged under
white light and 366 nm. The obtained chromatographic images were analyzed using
HPTLC software (Vision CATS, CAMAG, Muttenz, Switzerland).

2.8. Statistical Analysis

All calculations were made in triplicate. For the obtained data, mean values and
standard deviations were calculated. The correlations between the obtained parameters
were analyzed by Pearson coefficient (r). Significant differences were calculated by two-
way analysis of variance followed by NIR Fisher’s test of significant difference (p < 0.05).
Multidirectional analysis of variance with the Wilks test was performed to determine the
influence of independent factors as well as the interactions between them at the significance
level p = 0.05. Principal component analysis (PCA) was used to find the relationship
between the parameters tested in drone brood depending on the developmental stage
and the method of fixation. All calculations were made using the Statistica 13.3 software
(StatSoft, Tulsa, OK, USA).
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3. Results
3.1. Antioxidant Activity (Measured by DPPH, ABTS, FRAP), Total Phenolic and Flavonoid
Content of Frozen Drone Brood Homogenates

In the first step of the study, the antioxidant activity of extracts obtained from frozen
drone brood samples was measured with the DPPH, ABTS, and FRAP methods. Moreover,
total polyphenol and flavonoid content were analyzed. The comparison covered brood
collected from three apiaries (I, II, III) at three different stages of larval development (day 7,
11, and 14). Additionally, the examination of brood homogenate extracts obtained with two
solvents, water and 70% ethanol, was performed on the basis of earlier findings [6], where
significant differences between these two extracts were noticed. The results are presented
in Table 1.

Table 1. Antioxidant activity (measured with DPPH, ABTS, and FRAP methods) and total phenolic and flavonoid content
of frozen drone brood homogenates extracted with water and 70% ethanol.

Developmental Stage Extractant Apiary I Apiary I Apiary III Average
Antioxidant Activity DPPH [%] (n = 3) (£SD)
7-dav-old water 14.3P +0.1 16.4°+ 1.1 1192 £05 142 +£22
y ethanol 70% 53PE +0.1 58PF + 0.4 1.7B+01 43422
11-dav-old water 2489+ 04 2324+ 1.6 1242 £02 20.1 4+ 6.7
Y ethanol 70% 4.4CPE 4 04 42CPL 12 338C £ 0.1 40406
14-dav-old water 15.8P¢ 4+ 0.2 169°+14 1122 £ 0.6 14.7 £3.0
Y ethanol 70% 3.08C £ 0.1 6.0F £09 0.00A 3.0 430
Antioxidant Activity ABTS [%] (n = 3) (£SD)
7-dav-old water 1354405 73P+1.0 17.2¢ 402 127 +49
y ethanol 70% 20.28C £ 07 214C€ £26 19484+ 06 20.4 + 1.0
11-dav-old water 282402 552 +0.2 10.5°+ 0.4 6.3 +3.9
y ethanol 70% 2490 +05 215C€ £3.1 1644 +1.6 21.0+43
14-day-old water 750 +0.2 1144 +£10 15.8¢ 4 0.5 11.6 +42

ethanol 70% 2430 +24 214C€ £21 1624 +1.0 20.7 + 4.1
Ferric Reducing Antioxidant Power FRAP [mmol/100 g] (n = 3) (£SD)

7-dav-old water 1.02bd £+ 0.1 124 +0.1 0.9% +£0.1 1.0£0.1
y ethanol 70% 044 +01 064 +0.1 054 +0.0 05+0.1

11-dav-old water 1.1¢%de + 0.0 092401 1.3¢+0.1 11402
Y ethanol 70% 064 +0.0 054 +0.1 054 +0.0 0.5+0.0

14-dav-old water 0.92+00 0.9 3¢ +0.1 1.1bede 0.2 09+0.1
y ethanol 70% 054 +£0.1 054 +09 044 +01 0.5+0.0

Total Phenolic Content TPC [mg GAE/100 g] (n = 3) (£SD)

7-dav-old water 23460 +10.0 267.9¢ 4+ 14.2 251.5¢ + 14.5 251.3 + 16.6
y ethanol 70% 7448 +£92 10126 +10.3 91.8E 4+10.2 89.1 +£13.6

11-dav-old water 2827f £ 126 32040 +£93 256.0 ¢ £ 10.5 289.4 + 32.4
y ethanol 70% 6994 +72 952F 491 80.4P +9.0 81.8 +12.7

14-dav-old water 22472 4+ 10.1 28528 + 7.4 225.72 4+ 10.0 2452 + 347
y ethanol 70% 789 P 4+ 10.3 104.7H + 122 77.4€ £10.1 87.0 £ 15.3

Total Flavonoid Content TFC [mg/100 g] (1 = 3) (SD)

7-dav-old water 9.9cde 112 6.7°£02 9.5 £ 0.2 87+ 17
y ethanol 70% 084 £0.1 064 +03 064 +0.1 0.7+0.1

11-dav-old water 1099 + 0.7 10.3¢de + 0.2 11.5¢+0.2 10.9 + 0.6
y ethanol 70% 1.04 +0.1 074 +£0.1 134401 1.0+03

14-dav-old water 9.0¢+1.0 412402 6.8° +0.1 67419
y ethanol 70% 154 +0.1 044 +0.1 124401 1.0+ 06

a,b,c,d e f,gh

—for aqueous extracts lowercase superscript letters indicate significant differences for data in columns (apiary number)

and rows (developmental stage) obtained by two-way ANOVA (NIR Fisher test. p < 0.05). & B € DB F—for ethanolic extracts uppercase
superscript letters indicate significant differences for data in columns (apiary number) and rows (developmental stage) obtained by

two-way ANOVA (NIR Fisher test. p < 0.05). SD is the standard deviation.
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Among tested aqueous extract samples, the highest antiradical activity (DPPH test)
was found for the 11-day-old drone brood, in comparison to days 7 and 14 or apiaries I and
II (p < 0.05). Any significant differences (p > 0.05) were observed for the 7- and 14- day-old
drone brood aqueous extracts. Lower levels of antioxidant potential in 70% ethanol extracts
were found, with the lowest for 14-day-old and highest for 7 -day-old drone brood.

The analysis of antioxidant potential measured with ABTS reagent showed an inverse
correlation with the DPPH results (Table 1). The activity of homogenates extracted with
70% ethanol was found to be higher than that of the aqueous extracts, and an inverse
relationship was observed for aqueous extracts, where the 11-day-old drone brood showed
the lowest activity on average.

Minor differences between samples were observed for reducing potential (in FRAP
test). When analyzing the mean values of homogenate activity, the same relationship as
confirmed by the DPPH method was observed, where 11-day-old drone brood showed
the strongest activity, while slightly lower activity was found with the 7- and 14-day-old
samples (p < 0.05). The use of 70% ethanol as the extractant resulted in a lower ability to
reduce Fe(Ill) ions by about 48% in all tested extracts, with the same tendency observed in
all developmental stages.

High phenolic compound content was found in the aqueous-extract frozen drone
brood. A statistically significant relationship (p < 0.05) was found between the developmen-
tal stage and the polyphenol content, regardless of the apiary origin of the sample. Similarly
to the DPPH and FRAP methods, the mean content of polyphenols was the highest on
day 11 of development, but decreased in thel4-day-old brood. A similar relationship was
observed for ethanolic extracts, where the content of phenolic compounds was 65-70%
lower and differed significantly depending on the stage of development and apiary origin
(p <0.05).

For flavonoids as well, water proved to be a better extractant than 70% ethanol. The
highest level was shown for 11-day-old drone brood regardless of apiary origin (p > 0.05).
Moreover, average flavonoid content in brood on day 14 of development decreased by
38.8% compared to day 11 of development (p < 0.05).

3.2. Antioxidant Activity (Measured by DPPH, ABTS, FRAP), Total Phenolic and Flavonoid
Content of Freeze-Dried Drone Brood Homogenates

In the second step of the study, the antioxidant activity (DPPH, ABTS, FRAP methods),
as well as total polyphenol and flavonoid content, were analyzed in extracts of freeze-dried
drone brood (Table 2). The comparison was arranged in the same manner as in Section 3.1.
The highest antiradical activity measured with the DPPH method was observed in 11-day-
old drone brood. The obtained value was significantly different (p < 0.05) from the other
results, both in terms of apiary origin and developmental stage. The lowest activity was
observed in 14-day-old brood collected from apiary III. The observed relationship was the
same as demonstrated for frozen brood. Similarly, the use of 70% ethanol as an extractant
resulted in a decrease in the antioxidant activity of the tested extracts, by 70%. In this case,
significant changes in antioxidant activity depending on the apiary origin of brood were
demonstrated (p < 0.05).

In lyophilized preparations, the results for antioxidant activity measured with the
ABTS test were higher for 70% ethanolic extracts compared to aqueous counterparts.
Moreover, regardless of the stage of maturity and extractant used, the high variability
(p < 0.05) in antioxidant potential was observed to be dependent on the apiary origin of
the samples.

The highest reducing power (FRAP test) was observed with 11-day-old drone brood
extracted with water, while the lowest was observed with 14-day-old brood ethanolic
extract. The use of ethanol as an extractant resulted in a decrease in reducing ability of
extract, by an average of 73% for 7- and 11-day-old brood and 80% for 14-day-old brood.
The differences in activity were significant between apiaries (p < 0.05) and developmental
stages (p < 0.05).
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Table 2. Antioxidant activity (measured with DPPH, ABTS, FRAP methods) and total phenolic and flavonoid content of
freeze-dried drone brood homogenates extracted with water and 70% ethanol.

Developmental Stage Extractant Apiary I Apiary I Apiary III Average
Antioxidant Activity DPPH [%] (n = 3) (£SD)
7-dav-old water 51.04 + 04 419° + 1.6 5741 +£09 50. + 5.3
y ethanol 70% 205F +0.1 139E +26 104€+1.6 149 £ 5.1
11-dav-old water 61.38 +0.2 53.0° + 0.6 5159 + 0.6 552 +7.8
Y ethanol 70% 202F+38 153E+1.1 82B+05 14.6 £ 6.0
14-dav-old water 572f+£1.1 445°+1.0 3742+ 04 43.3 +10.0
y ethanol 70% 634+13 154E+11 13.0PE+ 16 115+47
Antioxidant Activity ABTS [%] (n = 3) (&SD)
7-dav-old water 36.6¢+ 04 259¢+1.0 4958 4+ 0.5 373+ 11.9
y ethanol 70% 682F +13 709F + 1.6 56.5C + 1.1 65.2+77
11-dav-old water 632 +37 19.9° £ 05 2884 £ 04 183 £11.3
y ethanol 70% 6430 +0.3 71.3F £ 04 4498 £ 04 60.1 £13.7
14-dav-old water 3009403 3044403 4021403 335+58
y ethanol 70% 68.8F + 0.4 3214405 559C€ +0.3 52.3 + 18.6
Ferric Reducing Antioxidant Power FRAP [mmol/100 g] (n = 3) (SD)
7-dav-old water 3.04+02 223+0.1 2094 £0.1 2.7 +04
y ethanol 70% 0.8C +0.1 0.78C + 0.0 0.6B + 0.0 0.7 +0.1
11-dav-old water 32¢4+02 26¢+0.1 341402 30404
y ethanol 70% 1.0P +00 0.78¢ +0.0 0.78¢+ 09 0.8+02
14-dav-old water 24P +01 222401 202401 22402
y ethanol 70% 044 +0.1 0.6 ¢ +0.0 044 +00 05402
Total Phenolic Content TPC [mg GAE/100 g] (n = 3) (SD)
7-dav-old water 827.3°+29.8 699.9° + 324 73120 +24.6 763.9 + 66.4
y ethanol 70% 27930 +17.5 281.3E +21.0 2312C€ +135 263.9 + 28.4
11-dav-old water 1005.0 4 + 28.2 832.8¢ +18.0 984.19 4+ 246 940.6 + 94.0
y ethanol 70% 3993H + 146 298.6C +17.0 144.82 £ 16.6 280.9 + 128.2
14-dav-old water 64092 +£91.2 811.0°€ +20.3 829.4° +14.0 760.4 + 103.9
y ethanol 70% 20048 +18.1 290.2F +21.0 2847E + 186 258.4 + 50.3
Total Flavonoid Content TFC [mg/100 g] (1 = 3) (£SD)
7-dav-old water 10458 +£1.2 7364 +57 592b 4+ 1.1 79.0 + 23.2
y ethanol 70% 438P +1.1 1848 £12 1504 + 4.8 25.7 £15.7
11-dav-old water 12200 £ 1.1 7249 £3.0 875f+22 94.0 +25.4
y ethanol 70% 498E +51 540F + 38 1768+ 0.5 405+ 19.9
14- dav-old water 823¢+58 632¢+37 4252 +43 62.7 +19.9
y ethanol 70% 1928 +£21 572G +4.1 26C+12 33.04+21.0

abcdefgh_for aqueous extracts lowercase superscript letters indicate significant differences for data in columns (apiary number)

and rows (developmental stage) obtained by two-way ANOVA (NIR Fisher test. p < 0.05). & B & D E F—for ethanolic extracts uppercase
superscript letters indicate significant differences for data in columns (apiary number) and rows (developmental stage) obtained by
two-way ANOVA (NIR Fisher test. p < 0.05). SD is the standard deviation.

Similarly to frozen brood, the lyophilizates were characterized by high phenolic
compound content. The highest average content was observed with 11-day-old brood
homogenate. The use of ethanol for extraction resulted in a decrease in content of the tested
compound, on average by 65% for 7- and 14-day-old brood and 71% for 11-day-old brood.

The analysis of the flavonoid level in brood extracted with water and fixed by
lyophilization showed the highest levels on average in 11-day-old brood samples, with the
highest content in the brood obtained from apiary I. Brood origin significantly influenced
flavonoid content (p < 0.05). What is more, the developmental stage significantly affected
total flavonoid content (p < 0.05). The use of ethanol as an extractant resulted in a significant
reduction in the content of the tested compounds in extracts, by 47 to 67%.
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3.3. Loss of Bioactive Compounds and Antioxidant Activity during Freeze-Drying of Drone
Brood Homogenate

The white-yellow powder obtained by lyophilization after reconstitution in water
formed a white-yellow, milky suspension strongly resembling refrosted homogenate of
drone brood. Moreover, both samples behaved analogously when they were extracted with
water and ethanol. The data presented in Tables 1 and 2 may lead directly to the wrong
conclusion that frozen drone brood contains less antioxidants, phenolic compounds, and
flavonoids. However, the differences in the content of the discussed compounds were due
to different expressions of the data: wet mass for frozen drone brood and dry mass for
freeze- dried drone brood. When the results for frozen homogenates were converted into
dry mass (using the loss of water during freeze-drying), direct comparison to freeze-dried
brood was then possible. A slight decrease in antioxidant compound activity (by 6-10%)
and total phenolic compound content (by 7-11%) during the lyophilization process was
observed (p > 0.05). Comparisons of results for TPC (Figure 1) and FRAP (Figure 2) are
shown below.

3.4. Statistical Analysis

The results for the antioxidant activity of frozen brood showed strong positive
correlations with the DPPH, FRAP, TPC, and TFC parameters (Table S51) measured by
Pearson correlation coefficient (r = 0.838-0.929). Conversely, the ABTS results showed
a strong negative correlation with all other tested parameters. A similar trend was
observed for the freeze-dried bee product. The results of the DPPH, FRAP, and TPC, as
well as TFC assays, showed a strong positive correlation (r = 0.814-0.929). In this case, a
strong positive correlation for the ABTS and other results was observed, excluding the
DPPH method (r = —0.828). A strong positive correlation was found between the results
for frozen and freeze-dried brood, where correlation coefficients for all parameters were
above 0.82 (Table S1).
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Figure 1. Comparison of total phenolic content (expressed as dry mass) in frozen and freeze-dried drone brood at different

stages of development (7-, 11-, and 14-day-old larvae).
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Figure 2. Comparison of antioxidant activity (FRAP method, expressed as dry mass) in frozen and freeze-dried drone brood
at different stages of development (7-, 11-, and 14-day-old larvae).

The relationships between the determined parameters for drone brood samples were
verified by principal component analysis (PCA) (Figure 3). Variables displayed in Figure 3a
confirmed the strongest positive correlation between the DPPH, FRAP, TPC, and TFC meth-
ods, demonstrated by close proximity. Conversely, a negative correlation was demonstrated
between the antioxidant activity measured by ABTS and other assays, which were located
in different areas of the biplot. Moreover, it can be noticed that all examined parameters
had a significant impact on overall drone brood quality due to their location close to the
projection circle. The analysis showed that the tested samples were characterized by high
heterogeneity (Figure 3b), and it was not possible, based on the tested parameters, to clearly
classify the samples in terms of geographical origin, developmental stage, or solvent used.
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Figure 3. Principal component analysis (PCA)—(a) biplot of scores and loadings of data obtained for antioxidant activity,
total phenolic compounds, and flavonoid content of tested drone brood samples; (b) the scatter plot of results in the space of
the first two main components (7, 11, 14 days of development/LII, Ill-apiary number/a, b- extractant: a- water, b- ethanol).
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The results were also examined by multivariate significance test (Wilks test). The
developmental stage and location of the apiary were found to have a significant influence
on the values of tested parameters of biological activity. The interaction effect between the
main factors was evidenced by the test probability level (p = 0.08) for the apiary number
and developmental stage.

3.5. High-Performance Thin Layer Chromatography Polyphenolic Profile

High-performance thin-layer chromatography (HPTLC) recently has been applied in
the profiling of phenolic compounds in various types of products. During HPTLC separa-
tion, polyphenols occur as bands of different intensity, which is crucial for the construction
of characteristic fingerprints [26,27]. Using the CAMAG system, it is possible to visualize
the polyphenolic profiles of multiple samples simultaneously under identical separation
conditions. Such analyses have been intensively studied for use in quality assessments of
bee products [28,29].

Drone brood has not been analyzed before in terms of its phenolic compound pro-
file, but according to the literature, it is expected to show a composition similar to royal
jelly [5,11]. Therefore, based on research relating to the analysis of the phenolic compound
profile for royal jelly, the following standards were selected: p-coumaric acid, apigenin 7-
glucoside (api 7-glu), ferulic acid, naringenin, chrysin, and quercetin [30]. Preliminary tests
applying aqueous and ethanolic extracts to TLC plates yielded better band quality, were eas-
ier to perform, and required less time to apply the ethanol-extracted drone brood samples;
a version of this approach was therefore selected for thin-layer chromatography analysis.

The chromatograms showing the separation of phenolic acids and flavonoids in the
frozen drone brood homogenates are demonstrated in Figure 4. Obtained profiles contained
both blue (typical of phenolic acids) and yellow (characteristic of flavonoids) bands [31].
The identification of phenolic compounds was performed on the basis of R¢ values and
colors of the selected standard bands (Table S2). The HPTLC chromatograms indicated
strong similarities in composition between the identified compounds and drone brood
samples of different stages of development and apiary origin.

| apiary Il apiary | 1l apiary | references |

0.8
0.8
oy

0.6

04
0.3
0.2

0.1

1 12 13 14

Figure 4. HPTLC chromatogram of phenolic compounds at 366 nm in frozen drone brood homogenates (1-9). Phenolic
compound standards used: (10) p- coumaric acid, apigenin 7-glucoside (api 7-glu), (11) ferulic acid, naringenin, (13) chrysin,
(14) quercetin.

The location of the bands and their color intensity on the TLC chromatogram corre-
sponds to qualitative and quantitative differences in the tested substance, respectively. The
analysis of the chromatogram of the drone brood homogenate showed yellow and blue
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bands as dominant (Figure 4). In all tested extracts, the presence of phenolic acids with
blue bands in the UV344 light was confirmed, and two major compounds with the retention
coefficients R = 0.09 and R¢ = 0.22 were observed (Table S3). The intensity of the bands
was used to estimate the approximate content of a particular compound (Table S3). It was
found that the 7-day-old brood, regardless of the apiary of origin, was the richest source of
phenolic acids, while the poorest source was the 14-day-old. Moreover, all bands in the
sample from apiary Il identified as phenolic acids occurred at the highest intensity. In the
drone brood, apigenin, one of the flavonoids, was also identified as a yellow band under
UV346 light. The most intense color of this band was found in extracts from apiary II, for
the 14-day-old brood, whereas the least visible apigenin bands were found for extracts
from apiary I (Table S3). Moreover, flavonoids with the retention factor R = 0.30 (pale
yellow), as well as two compounds with the retention factor R¢ = 0.33 (pale blue) and
Rf = 0.80 (blue) were detected in the studied extracts of drone brood. Due to the limited
availability of reference substances and an unrecognized topic, no detailed identification of
these compounds was possible.

The plate was developed with 0.05% methanolic 2.2-diphenylpicrylhydrazyl (DPPH)
reagent, followed by drying for 2 min in a derivatization chamber (Figure 5). The obtained
results were documented using an HPTLC imaging device. In this derivatization method,
the plates show yellow bands on the violet background due to the discoloration of the
DPPH reagent in reaction to components with antiradical properties. The most intense
discoloration was observed for bands with an R¢ coefficient of approx. 0.34 and approx.
0.22 (Table S3). The first of these compounds was dominant in samples from apiary II and
the second, in samples from apiaries I and III, especially in the 14-day-old brood. Based
on the comparison with the data in Figure 4, it can be concluded that these bands show
a blue color at 366 nm and can be assigned to the group of phenolic acids. Among the
tested polyphenol standards, naringenin, ferulic acid, and apigenin showed the strongest
antiradical activity, manifested as intense yellow bands.

II apiary III apiary
14dayold 7 day-old 11day-old 14dayold 7-dayold 11-day-old lddayold
109
108
107
+06
+05
404
+0.3
+0.2

+0.1

3 4 5 6 7 8 9

Figure 5. HPTLC chromatogram after derivatization with developing reagent (0.05% DPPH); (1-3 apiary I, 4-6 apiary II,

7-9 apiary III).
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4. Discussion

Drone brood is a valuable bee product; however, it is strongly unstable after removal
from the comb. Thus, fixing the brood by lyophilization is a modern but rarely used method
that maintains the stability of the homogenate without reducing the quality of the tested
material [32]. It was found that after re-dissolving in water, freeze-dried brood showed the
same color and consistency as the raw homogenate. Moreover, both frozen and freeze-dried
homogenates were observed to have low solubility in water. In turn, the extraction with
ethanol was also problematic and resulted in the formation of a large amount of precipitate,
possibly containing proteins. The low solubility of the homogenate in water and extraction
of only low molecular antioxidants with ethanol may lead to analytical difficulties and
non-reproducibility of results.

Both aqueous and ethanolic extracts of drone brood homogenates were examined
with standard methods used in the antioxidant analysis of biological samples. The pur-
pose of using two different solvents (water, 70% ethanol) was to diversify the hydrophilic
and hydrophobic fractions of antioxidants present in the brood as well as to allow for
comparison with data reported in the literature. It was found that the younger the age
of the larvae tested, the higher the activity observed. The 11-day-old brood showed the
highest antioxidant activity while the lowest was observed with the 14-day-old brood
(Tables 1 and 2). When comparing drone broods at the same stage of development, statis-
tically significant differences were found to be related to the apiary of origin. The brood
from apiary I showed the highest antioxidant activity, whereas that from apiary III had
the lowest. Both apiaries were located closer to each other and did not differ from apiary I,
which was located at a greater distance. This suggests that geographical origin is of less
importance to a brood’s characteristics than hive conditions, as was earlier reported [33,34].

In terms of the antioxidant potential of drone brood, the obtained results were in agree-
ment with other author findings. Silici [35] examined the bioactivity of apilarnil (7-day-old
brood) and showed total phenolic content in the range of 760-940 mg GAE/100 g and
DPPH values of aqueous extracts up to 81% under the same analytical conditions [35].
Although developmental changes in antioxidant potential of drone brood were demon-
strated for the first time, a similar study on drone brood amino acids reported an increase in
aspartic acid, glutamic acid, cysteine, and lysine content corresponding with the develop-
mental phase of the drone brood; these increases, can also improve the activity of brood in
alleviating oxidative stress [11,36,37]. Developmental changes in nutritional value for bee
male larvae were studied only by Ghosh et al. [37], who analyzed, among other factors, the
antioxidant properties of ethanolic extracts of Danish Buckfast honeybee drone larvae (fifth
larval instars from the open-cell phase), pupae (brood with a dark eye), and adults (right
after biting out of the comb). The cited authors reported antioxidant activity measured with
the DPPH test for larvae and late pupae at levels of 6% and 26%, respectively, which can be
compared to our results where the activity between 7- to 14-day-old larvae ranged from
11 to 14.5%. Moreover, the cited study [37] checked antioxidant activity with the ABTS
reagent and found higher activity in ethanolic extracts (40% for adult drones). A similar
relationship was observed in our study, where the activity for ethanolic extracts was higher
than that observed for aqueous extracts and amounted to 52-65%.

The high biological activity of drone brood was confirmed by several reference meth-
ods, and the results were well-correlated, except for the ABTS method (Table S1). The
aqueous extracts were more abundant in antioxidants compared to ethanolic ones regard-
less of the method used, and only in the ABTS test was an adverse relationship observed. In
the case of aqueous extracts, the proteins (including enzymes), vitamins, and water-soluble
polyphenols may be considered as antioxidant components. However, drone brood antiox-
idants are represented also by unsaturated fatty acids in free and bound form, including
unique decenoic acids [7,38] and some hydrophobic phenolic compounds, which can be
15-30 times more active in scavenging free radicals [39]. These components probably
influenced the antioxidant activity of ethanolic protein-free extracts.
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Although the ABTS and DPPH tests can be comparable, and both are applied for the
determination of lipophilic and hydrophilic antioxidants [40,41], a negative correlation
between their results was observed. The adverse relation observed for water extracts can
be explained by the following causes: (1) the acidic pH of aqueous extracts (pH 5.0), which
can affect the ABTS results [32,33], (2) the greater efficiency of sulthydryl groups of protein
in scavenging of DPPH radicals [42,43], and (3) the possibility of a subsequent reaction of
a product formed between the ABTS cation radical and parent compounds, which then
reacts more quickly with ABTS [44]. The last cause seems to be the most probable, given
that ethanolic extract contained many phenolic acids and flavonoids.

The obtained results indicated that the tested material is a rich source of flavonoids
compared to honey, which contains about 5-8 mg/100 g of the tested compounds, but less
than propolis, which contains about 379 mg/100 g of flavonoids [45].

As various polyphenols differ in their antioxidant effectiveness [46], the chromato-
graphic profiles of the samples provided basic information about the antioxidant fraction
composition and could be helpful as markers of developmental stage. In recent years,
high-performance thin-layer chromatography has become an increasingly popular method
of analyzing different compounds in bee products such as 10-hydroxy-2-decenoic acid [47],
the sugar profile in honey [48], and the profile of phenolic compounds in bee pollen [49].
However, so far, this method has not been used for the analysis of drone brood. As the data
on drone brood polyphenols was completely lacking and the composition of royal jelly and
brood was presumed to be similar, data reported in the literature for polyphenol analysis
of royal jelly were followed. Based on UHPLC-Orbitrap-MS analysis [30], the occurrence of
naringenin, genistein, chrysin, apigenin 7-glucoside has been confirmed. However, using
the HPTLC method, it was possible to identify only apigenin and confirm the presence of
numerous phenolic acids. Probably, the used method was not sensitive enough to detect
very low concentrations of other flavonoids. On the other hand, the lack of the above-
mentioned compounds in drone brood homogenates may indicate that royal jelly and drone
brood differ in their phenolic compound profiles. When the plate was derivatized with
DPPH solution, an additional observation about the antiradical potential of separated com-
pounds (bands) was made. Such derivatization of TLC plates is not commonly used. The
most intense yellow band demonstrating the strongest DPPH radical reducing effect was
observed with the ferulic acid, naringenin, and apigenin standards (Table S2). However,
the applied apigenin glycoside did not show any effect, which was consistent with data in
the literature suggesting that flavonoid glycosides usually have lower antioxidant activity
than aglycons [50,51]. However, the proposed, new detection method (HPTLC-DPPH)
allowed confirmation of the antiradical potential of drone brood homogenates.

According to the literature, all bee products are considered to be a potential source
of natural antioxidants with order of decreasing activity from propolis to royal jelly, bee
bread, pollen, and honey [2,3]. It was shown that drone brood, often considered as the
male equivalent of royal jelly, exhibits strong antioxidant properties. Comparing data
reported for royal jelly [1,17,18] with those obtained for drone brood in this study, it can be
considered that the antioxidant potential of drone brood is more beneficial than royal jelly.

5. Conclusions

The study confirmed that the antioxidant potential of drone brood homogenate de-
pends on the stage of larval development. An increase between 7 and 11 days followed by
a reduction at later stages (14 days) was observed. The obtained results support the use of
drone brood up to 10 days old, which is technologically beneficial due to the possibility of
easily removing larvae from non-capped patch cells. The fixing of drone brood homogenate
by the freeze-drying process did not cause significant changes in antioxidant activity when
compared in terms of dry mass. Based on the comparison of water and ethanol extraction
results, it was found that hydrophilic antioxidants form a major antioxidant fraction of
drone brood; this was confirmed by several methods and supported by statistical analysis.
The similarity of qualitative polyphenolic profiles of extracts investigated by the HPTLC
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method was determined, and the same phenolic acids and flavonoids were identified in
drone brood ethanolic extracts regardless of the stage of larval development. Furthermore,
the usefulness of the HPTLC method in the identification of polyphenols of drone brood
homogenates was demonstrated. Drone brood has valuable antioxidant properties that can
be successfully compared with royal jelly. The biological properties reported in the litera-
ture for drone brood homogenate can be attributed to its confirmed antioxidant activity.
However, further study will be needed to identify the main active substances.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/antiox10050639/s1, Table S1: Correlation matrix for frozen and freeze-dried drone brood
homogenate, Table S2: Characterization of chromatographic bands for reference standards, color and
intensity of band, Table S3: Characterization of chromatographic bands for extracts of drone brood
homogenates, color and intensity of band in UV344 and after derivatization.
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Table S1. Correlation matrix for frozen and freeze-dried drone brood homogenate.

DPPH ABTS FRAP TPC TFC
Frozen Freeze- Frozen Freeze- Frozen Freeze- Frozen Freeze- Frozen Freeze-
dried dried dried dried dried
Frozen 1
DPPH .
Freeze 0.824* 1
dried
Frozen -0.828 -0.760 1
ABTS .
F;efezg -0.833 -0.828 0.833* 1
rie
Frozen 0.914* 0.876* -0.700 -0.714 1
FRAP :
F;efez; 0.865* 0.814* -0.714 0.700* 0.909* 1
rie
Frozen 0.929* 0.892* -0.840 -0.817 0.883* 0.919* 1
TPC Freeze-
;e,ezs 0.871* 0.929* -0.762 0.840* 0.917* 0.883* 0.935* 1
rie
Frozen 0.838* 0.911* -0.773 -0.734 0.882* 0.962* 0.883* 0.908* 1
TEC Freeze-
s 0.823* 0.838* -0.672 0.773* 0.717* 0.882* 0.749* 0.883* 0.799* 1
rie

*—Correlation coefficient statistically significant (p < 0.05).



Table S2. Characterization of chromatographic bands for reference standards, color and intensity of band.

DPPH
Standard R« UVsee color derivatization
intensity
p-coumaric acid  0.41 blue ++
aplgen‘m-7- 0.05 yellow -
glucoside
ferulic acid 0.42 blue ++
naringenin 0.52 yellow +H
apigenin 0.43 yellow ++
chrysin 0.63 pale blue ++

Bands color: + slightly intense; ++ medium intensive; +++ very intense.



Table S3. Characterization of chromatographic bands for extracts of drone brood homogenates, color and intensity of band in UVses and after derivatization.

Band number 1 2 3 4 5 6
R¢ 0.09 0.22 0.30 0.33 0.45 0.80
UVsss color blue blue pale pale blue  yellow blue
yellow
7- day-old +++ ++ + ++ ++
L . 11- day-old -+ + ++ +
apiary
14- day-old ++ + + - - ++
7- day-old -+ ++ ++ + ++ ++
UVaes II
. . . 11- day-old +++ ++ ++ +++ ++ +
intensity apiary
14- day-old -+ ++ ++H+ -+ +++ ++
7- day-old +++ ++ ++ +++ ++
I
. 11- day-old ++ + ++ ++ -
apiary
14- day-old ++ + ++ ++ -
I 7- day-old ++ + ++ - ++ -
. 11- day-old ++ + ++ - + -
apiary
14- day-old ++ + +++ - + -
DPPH 7- day-old +++ + + ++ +++ ++
e II
derivatization apiar 11- day-old ++ + + ++ +H+
intesity PRy day-old ++ + + N +
7- day-old +++ + + +++ - ++
I
. 11- day-old ++ + + + ++ +
apiary
14- day-old ++ + s + + -
e phenolic  phenolic . ..
Identification . . flavonoid  ? apigenin 7
acid acid

Bands color: + slightly intense; ++ medium intensive; +++ very intense.
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THE EFFECT OF STORAGE TIME ON THE ANTIOXIDANT ACTIVITY
AND POLYPHENOLIC PROFILE OF FROZEN AND LYOPHILIZED DRONE
BROOD FIXED IN HONEY

Summary

Background. The purpose of the study was to evaluate the effect of drone brood fixation in rape hon-
ey and to analyze changes in its antioxidant activity during storage. The fixation was carried out for frozen
and lyophilized drone brood, which were mixed with honey in various proportions (1, 2, and 4 % w/w).
The antioxidant activity (DPPH and FRAP methods) and the total content of polyphenolic compounds
(TPC) after 3, 6, and 9 months of storage were analyzed. After 9 months of storage, the polyphenolic
profile (HPTLC method) and physicochemical parameters of samples were assessed.

Results and conclusion. The addition of drone brood to honey increased the antioxidant activity of
the final product considerably (by 33 to 110 %), while only slightly affected the physicochemical parame-
ters (conductivity and a diastase number) compared to control honey. Moreover, honey with the addition
of drone brood still continued to meet the requirements for honey standard. The polyphenol profile ob-
tained by HPTLC method for honey with the addition of drone brood was enriched mainly with ellagic
and ferulic acids compared to control honey. It was found that fixing the drone brood in honey allows to
maintain its antioxidant properties for 6 months, whereas a significant decrease in reducing power (FRAP)
and polyphenolic content (TPC) during prolonged storage were observed (from 8 to 26 % ). Due to the
fact that lower losses were observed for the addition of frozen than for lyophilized drone brood after 9
months of storage, preserving the frozen brood in honey (up to 5 % w/w) can be recommended as an
effective and inexpensive method available in apiary conditions.

Key words: drone brood, treatment, honey, antioxidant activity, polyphenolic profile

Introduction

Drone brood homogenate is a bee product obtained from drone larvae collected
from drone cells in a honeycomb at various stages of development. In the form of a
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homogenate, because of its similar chemical properties, it is considered to be the male
equivalent of royal jelly. It is commonly used as Apilarnil, which is obtained from
drone brood subjected to homogenization, then frozen at -65 °C and fixed by lyophi-
lization to preserve its biological properties [4].

Drone brood, as a nutrient-rich little-known beekeeping product has many benefi-
cial healing properties. It is a valuable source of protein (13.28 %) and minerals (e.g.
phosphorus, sodium, sulfur, magnesium, calcium), but also contains phenols (ellagic
acid, chlorogenic acid) and steroid hormones (testosterone, progesterone, estradiol)
[16]. Due to its low acquisition cost and effectiveness, it was used as a remedy for var-
ious diseases. Some of the biological and therapeutic effects of drone brood have been
confirmed in in vitro laboratory studies [13, 16].

It is known that drone brood loses its biological activity in a very short time, so it
is important to fix it as quickly as possible. The simplest and cheapest method is freez-
ing (up to 6 days at -2 °C or up to 10 months at -18 °C). Drone brood can be frozen in
liquid nitrogen (-196 °C) or lyophilized (shelf life up to 2 years). However, drone
brood can be deposited on a stable absorbent such as honey. For this purpose, a previ-
ously prepared homogenate of drone brood is added to honey in the amount of up to 1
+5 % of the final volume. The storage of the final product at room temperature allows
its properties to be retained for 6 months [5].

The effect of honey variety as a fixing agent has not been studied in detail. How-
ever, rape honey is best suited for this purpose. It is one of the best-known varieties in
Poland due to the earliest harvesting time, a low price, and easy availability. In a liquid
form, it has a light color and crystallizes the fastest among all honey varieties found in
Poland (3 + 7 days). After crystallization, it turns white or changes its color to creamy.
Rape honey contains essential oils, tannins, bitter compounds, flavonoids (mainly
quercetin, kaempferol, apigenin) [23]. This honey type nourishes and regenerates an
exhausted organism [12]. Recently, it has been promoted to replace unhealthy sugar
with honey, which cannot be overdosed because of its sweet taste and quick satiation
with sweet taste.

The aim of the study was to fix drone brood (frozen or lyophilized) in rape honey
and to analyze changes in the antioxidant activity of obtained mixtures during storage.

Materials and methods

Chemicals

Chemicals [2,2-diphenyl-1-picrylhydrazyl; 2'-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid); 2,4,6-Tris(2-pyridyl)-s-triazine], reagents (Folin—Ciocalteu reagent),
were obtained from Sigma Aldrich (St. Louis, MO, USA). Solvents and acids (ethyl
alcohol, ethyl acetate, formic acid, acetic acid) were purchased from Chempur (Piekary
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Slaskie, Poland) and reagents for HPTLC visualization (natural product reagent, PEG
400) were obtained from Carl Roth GmbH (Karlsruhe, Germany).

Material Collection

The drone brood was collected from an apiary in the south-eastern part of Poland
in the June 2020 season. The drone brood of the Apis mellifera carnica breed families
were selected by hand from a drone frame, immediately sealed in sterile containers,
and transferred to the laboratory. The samples were homogenized using a tissue ho-
mogenizer (TH 02, Omni International, Kennesaw, GA, USA) with 7 mm Omni Tips
™ plastic tips. The material was then frozen at -18°C or lyophilized (using Alpha 1-2,
LD plus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany). Rape
honey was purchased from a local apiary located in the Podkarpackie Province in the
2020 beekeeping season.

As a method of drone brood fixation, both the frozen (F) or lyophilized (L) drone
brood were introduced to honey during creaming. Liquefied rape honey (100 g) was
weighted in a glass jar (200 cm®), inoculated with crystallized honey (99:1) and mixed
with a kitchen mixer for 60 s, four times a day to start the crystallization process. Six
honey samples were creamed. Subsequently, frozen drone brood was added to honey in
increasing amounts of 1, 2, and 4 % (w/w). For lyophilized drone brood, the addition
was recalculated taking into account a loss of water during lyophilization as 0.3, 0.6
and 1.2 % w/w, but for the better understanding, it was marked as the same as the dose
of frozen brood dose (corresponded value 1, 2 and 4 % w/w). The whole mixture was
mixed again with the kitchen mixer for 60 s. Samples prepared in such a manner were
stored in a refrigerator at 4 °C for three days and mixed two times a day to obtain ho-
mogeneous consistency. After complete crystallization, the honeys were stored at 21 +
2 °C without exposure to sunlight for 3, 6, 9 months until analyses.

DPPH Test

The inhibition of the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical was measured
by following the assay procedure described by Dzugan et al. [2], with minor modifica-
tions. The reduction of DPPH radicals was calculated using the following t AA % =
[(Ay — Ay)/Ap] * 100, where AO is the absorbance of the control and As is the absorb-
ance of the tested samples and expressed as umol of Trolox (TE) equivalents per 100 g
of honey (umol/100 g) based on a calibration curve (y = 15.553x, 7> =0.9970), prepared
for Trolox in the range of 25-300 nmol/cm’.

FRAP Assay

The FRAP (ferric ion reducing antioxidant parameter) assay was carried out ac-
cording to Dzugan et al. [2]. The results were expressed as umol of Trolox (TE) equiv-
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alents per 100 g of honey (umol/100 g) based on a calibration curve (y = 0.152x, r* =
0.9998), prepared for 0.1 mmol Trolox in the range of 25-300 nmol/cn’.

Total Phenolic Content Determination (TPC)

The total phenolic content was determined using a Folin-Ciocalteu reagent, ac-
cording to Dzugan et al. [2], with minor modifications. The phenolic content expressed
as mg of gallic acid (GAE) equivalents per 100 g of honey (mg GAE/100 g) was calcu-
lated based on a calibration curve prepared for gallic acid in the range of 0 +
150 pg/mL (y = 0.336x, 7 = 0.9914).

Polyphenolic profile using HPTLC chromatography

The polyphenolic profiles for honeys were performed on HPTLC Silica Gel 60
Fys4 plate (20 x 10 cm) purchased from Merck (Darmstadt, Germany). The samples for
an analysis were prepared by making a 20 % solution of honeys in water acidified with
HCI (pH = 2). Subsequently, the solutions were passed through the C-18 Sep-Pak car-
tridges (Waters, Milford, USA) retaining phenolic compounds. Ballast compounds
were rinsed with 10 mL of acidified water and finally polyphenols were rinsed with
2.5 mL of methanol. Five pL of such prepared honey samples were applied to the
HPTLC Silica Gel 60 Fys4 plate as 7 mm bands from the lower edge of a plate, at the
rate of 100 nL/s, using a semi-automated HPTLC application device (Linomat 5,
CAMAG, Muttenz, Switzerland). Chromatographic separation was performed in a
chromatographic tank saturated for 20 min with the mobile phase (ethyl acetate: water:
formic acid: acetic acid; 15:2:1:1) and developed to a distance of 70 mm. The results
obtained were documented using an HPTLC imaging device (TLC Visualizer,
CAMAG) at 366 nm. Additionally, the plate was derivatized using an automated TLC
plate derivatizer (CAMAG Derivatizer) with Natural Product Reagent (diphenylboric
acid B-aminoethyl ester complex) and in the second step with an alcoholic PEG 400
solution. The chromatographic image obtained was analyzed using HPTLC software
(Vision CATS, CAMAG). The profile of polyphenolic compounds of honey with the
addition of drone brood was analyzed in comparison to control honey and drone brood
fingerprints in terms of the pattern of bands, their color and intensity. Single phenolic
compounds was identified based on Rf values determined for standard substances (el-
lagic acid, ferulic acid, chlorogenic acid, quercetin, apigenin) separated under the same
conditions (not shown on the chromatogram).

Physicochemical parameters determination

The water content, active acidity and free acidity, conductivity and diastase num-
ber were determined for all tested samples strictly as described in our earlier paper
[15], in accordance with the legal requirements for honey [11].
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Statistical analysis

All calculations were made in triplicate. Three-way analysis of variance followed
by HSD Tukey's test (p <0.05) was applied to find significant differences in antioxi-
dant activity regarding the used drone brood addition value, the time of storage and the
form of added drone brood. The Student's t-test was used to check whether the differ-
ences between the control sample and other means are statistically significant. Correla-
tion coefficients (r Pearson) were calculated. All calculations were performed using
Statistica 13.3 software (StatSoft, Tulsa, USA).

Results and discussion

Changes in antioxidant activity and total phenolic content of drone brood fixed in rape
honey during storage

Rape honey (control) showed antioxidant activity measured using a DPPH meth-
od at the level of 3.1 umol TE/100 g, which gave almost 10 % of the ability to scav-
enge free radicals (Fig. 1a). The addition of 1 % of frozen drone brood to honey signif-
icantly increased the antiradical capacity by 64.5 %. However, the addition of 2 % of
drone brood did not have a direct effect on a double increase in the antiradical activity.
The highest increase in the analyzed parameter, compared to control honey, was
demonstrated for the highest addition of frozen drone brood (an increase of 77.4 %).

The storage time did not influence the activity of the tested honeys significantly.
However, after 9 months of the storage of honey, a significant decrease in antioxidant
activity was found in all the analyzed samples. The ability of rape honey (control) to
scavenge free radicals increased by 6.45 %, which is characteristic of stored honey
(Maillard reaction) [21]. On the other hand, as regards the honeys to which drone
brood was added, a decrease in antioxidant activity was found (9.3 + 36.95 %). The
greatest decrease was found for honey with a 4 % addition of frozen drone brood. De-
spite a decrease in activity after 9 months of storage, the honey retained a higher activi-
ty compared to the control honey.

A similar relationship was found for the results of ferric ion reduc-
ing antioxidant power (FRAP) (Fig. 1b), which was confirmed by a correlation among
the results after 3 months of storage (r = 0.532). However, the addition of lyophilized
drone brood enriched honey with bioactive compounds to a lower extent, but the high-
est increase compared to the control was found for the 4 % addition of frozen brood
(60.53 %). The storage of drone brood fixed in honey for 9 months decreased the abil-
ity to reduce ferric ions in all samples significantly. Compared to the honeys stored for
6 months, the activity of rape honey decreased by 17.31 %, while in the case of honeys
with brood addition, it ranged from 2.84 to 32.95 %.
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Fig. 1. Changes in the antioxidant properties of drone brood fixed in honey compared to control rape
honey measured using the DPPH method (a), the FRAP method (b), and as total phenolic content
(c); (n=3)

Ryc. 1. Zmiany wlasciwosci przeciwutleniajacych czerwia trutowego utrwalonego w miodzie w porow-
naniu z kontrolnym miodem rzepakowym mierzone metodga DPPH (a), metoda FRAP (b) oraz jako
catkowita zawarto$¢ polifenoli (c); (n=3)

Explanatory notes / Objasnienia: > ©  © & € means marked with different letters differ significantly /

$rednie oznaczone réznymi literami roznig si¢ istotnie (p <0.05); * significant differences compared to

control honey / istotnie r6zne w poréwnaniu do proby kontrolnej (p < 0.05)
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The synergistic effect of the mixture of various bee products with honey has been
already reported. Habryka et al. [3] enriched honey with 25 % bee pollen and achieved
eight-and-a-half times higher DPPH activity of the finished product compared to con-
trol honey. However, the 5 % addition contributed to a two-and-a-half-fold increase in
activity. The authors [3] obtained a similar effect by enriching honey with propolis at
various concentrations (0.1 + 1 %). Socha et al. [17] analyzed the effect of adding bee
bread to honey. A FRAP analysis showed that after the addition 20 % of bee bread to
honey, the reducing ability increased 10 times, which was statistically significant.

The total polyphenol content in the rape honey was 33.9 mg GAE/100 g (Fig. 1c).
The highest increase was recorded for the greatest addition of frozen and lyophilized
drone brood by 51.03 and 41.29 %, respectively. Furthermore, the addition of drone
brood increased the content of phenolic compounds significantly, except for the addi-
tion of 1 % brood lyophilisate compared to control honey. After 6 months of storage,
the content of polyphenolic compounds in the enriched honey increased on average by
3-5 %, which was statistically significant and strongly correlated with the FRAP results
(r = 0.925). Moreover, the influence of the form of the additive, the amount of the ad-
ditive and the storage time on changes in the antioxidant potential and the content of
polyphenols was found. All interactions were statistically significant (p < 0.05). The 9-
month storage of drone brood fixed in honey resulted in a decrease in the content of
polyphenolic compounds by 14.29 % for honey with a 4 % addition of lyophilized
drone brood. Habryka et al. [3] enriched honey with 5 % bee pollen and showed a sig-
nificant increase in the total content of polyphenolic compounds. Majewska and
Trzanek [8] obtained similar results.

The comparison of the HPTLC polyphenolic profiles of drone brood fixed in rape hon-
ey after 9 months of storage

The comparison of polyphenolic profiles of drone brood fixed in rape honey was
provided in Fig. 2.

The visualization of drone brood extract (DB) at 366 nm shows a phenolic profile
(Rf=0.12, 0.20, 0.25, 0.31, 0.45, 0.84, 0.91), which can be considered unique because
the bands are visually different in color (light blue, blue). Additionally, chlorogenic
acid (Rf = 0.03) was identified at the start line as the light blue band. Rape honey
showed a different phenolic profile than drone brood. For honey, the most intense
bands were found at Rf (0.12, 0.21, 0.31). This fingerprint was dominated by brown
(Rf=0.05 + 0.25), and light yellow bands (Rf above 0.90). In addition, the presence of
light yellow and light blue bands was found. Some bands that were barely visible in the
control honey showed higher intensity in honey with the addition of drone brood at Rf
=0.31, 0.12 (blue bands) and 0.95 (yellow band) identified as apigenin. Increasing the
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intensity and visibility of the bands, as well as increasing the addition share, proves
that the content of phenolic compounds in honey becomes higher with the addition of
drone brood. The results obtained were in line with the Stanek and Jasicka-Misiak’s
results [18], who compared the phenolic profile of nectar honeys. They showed domi-
nant bands of yellow, light blue, blue and black, among which they identified the pres-
ence of p-coumaric acid, chlorogenic acid and myricetin in nectar honeys. However,
Tomczyk et al. [19] analyzed the phenolic profile of Polish honeys, showing orange,
blue, yellow, and green bands in rape honey. The composition of polyphenols in drone
brood was similar to that in the previous studies [14, 15]. Blue bands dominated in the
drone brood homogenate chromatogram, which proves the presence of ferulic acid (Rf
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Fig. 2. Polyphenolic profiles (using the HPTLC method) after 9 months of storage of frozen (F1, F2,
and F4) and lyophilized (L1, L 2 and L 4) drone brood fixed in honey. DB - drone brood extract
and control - rape honey were used for the comparison.

Rys. 2. Profile polifenolowe (metoda HPTLC) po 9 miesiacach przechowywania zamrozonego (F1, F2
1 F4) i liofilizowanego (L1, L 2 i L 4) czerwiu trutowego utrwalonego w miodzie. Dla poréwna-
nia uzyto DB - ekstrakt z czerwia trutowego i kontrolny miod rzepakowy.

Explanatory notes / Objasnienia:

Selected compounds which migrated from the drone brood extract to honey are marked in yellow, com-

pounds originated from rape honey are marked in green. The red arrow indicates the small amount of

polyphenols present in honey, which the content of which was increased by drone brood addition (bands
which were intensified).

Na z6lto zaznaczono wybrane zwigzki migrujace z ekstraktu czerwiu trutowego do miodu, na zielono

zaznaczono zwiazki pochodzace z miodu rzepakowego. Czerwona strzatka wskazuje polifenole obecne

w miodzie w niewielkiej iloéci, ktorych zawarto$¢ zostata zwigkszona przez dodanie czerwiu trutowego

(prazki, ktore zostaty zintensyfikowane).
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= (.48) and ellagic acid (Rf = 0.08) in the tested material. Moreover, apigenin as yel-
low band was identified [15]. Based on the HPTLC results, the beneficial effect of
drone brood additive on polyphenolic profile of rape honey was shown, the higher
share of drone brood, the more polyphenols were observed.

Physicochemical parameters and organoleptic evaluation of enriched honeys after 9
months of storage under legal regulations for honey

After 9 months of storage, the organoleptic evaluation of the honeys was carried
out. During the evaluation of honeys with frozen drone brood, it was found that their
taste and smell corresponded to the typical characteristics of rape honey and no foreign
ones were found. Only the color of the honey with 4 % addition was slightly darker
and the consistency more fluid, however, these observations did not reduce the overall
quality of the honey. The honeys enriched with lyophilized drone brood behaved simi-
larly. In this case, their taste and smell did not differ from that of the control honey.
The color of the honey was very similar to that of the control honey, also with the 4 %
additive. The honey enriched with lyophilized drone brood retained a more stable con-
sistency compared to the addition of frozen brood due to low water content. In addi-
tion, it was observed that the highest addition stabilized the consistency and was the
most stable among all of the honeys being evaluated.

Bee honey is obtained according to generally accepted beekeeping practice and is
always subjected to quality control before being placed on the market. The physico-
chemical parameters, thanks to which the quality of honey is controlled based on a
laboratory analysis, include, among other things, water content, electrical conductivity,
acidity, pH, and diastase number. A good quality of the rape honey was confirmed,
which was in line with the findings of other authors for Polish [7, 10, 19] and European
[1, 6, 22] rape honey. The analysis of physicochemical parameters after 9 months of
the storage of the honeys did not show deviations from the norm for nectar honeys
[11]. The addition of 4 % of frozen drone brood did not exceed allowed water content.
However, the value was significantly different from the control honey. Meanwhile, a
beneficial increase in acidity, conductivity and diastase number was observed for the
enriched honey, resulting from native acidity, high bioelement content, and diastatic
activity of raw drone brood [15]. However, the values observed were still within the
legal limits for honey quality standard.

Developing new products and introducing them to the market is extremely diffi-
cult and should take into account market requirements and consumer preferences. Most
importantly, a new product and its ingredients should neither be hazardous to nor mis-
lead the consumer [9]. Due to the hormonal activity of drone brood, detailed studies
should be performed to confirm safe consumption and the maximum daily dose should
be established before introducing it as a dietary product.
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Table 1. Physicochemical properties of honey enriched with drone brood after 9 months of storage
(n=3).

Tabela 1. Whasciwoscei fizykochemiczne miodu wzbogaconego czerwiem trutowym po 9 miesigcach
przechowywania (n=3).

Water content Acidity Conductivit’}i Diastase
Sample / Probka Zawarto$¢ pH Kwasowos$¢ Przewyosinosc . numb'e '
wody [%] [mval/ke] wlasciwa Liczba diasta-
[mS/cm] Zowa
Control 17.00 4.70 13.15 0.215 11.07
F1 17.20 452 16.10" 0.225 13.69"
F2 17.30° 4.59 19.60% 0.249" 17.16"
F4 19.70° 445 24.80" 0.256" 17.50°
L1 17.15 4.63 15.90" 0.216 13.53"
L2 17.00 4.59 17.20% 0.225 14.00"
L4 17.00 4.56 22.70° 0.244%* 14.96"
Standard requirements
PN-88/A-77626 <20 - =50 0.2-08 -8

Explanatory notes / Objasnienia:
*significant differences compared to control honey / istotnie rézne w poréwnaniu do miodem kontrolnym
(p <0.05)

Conclusions

1. The addition of drone brood to rape honey significantly increased its antioxidant
activity and enriched polyphenolic profile in a dose-dependent manner.

2. The use of frozen drone brood in the highest dose was more beneficial than the
lyophilized additive, for this product less changes in antioxidant activity were ob-
served during prolonged storage.

3. The use of honey to fix the drone brood did not change significantly its physico-
chemical parameters, which still meet the requirements of honey quality standards.

4. Fixing frozen drone brood in honey seems to be the most applicable method under
apiary conditions.
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WPLYW CZASU PRZECHOWY WANIA NA WEASCIWOSCI ANTYOKSYDACYJNE
I PROFIL POLIFENOLOWY MROZONEGO I LIOFILIZOWANEGO CZERWIU
TRUTOWEGO UTRWALONEGO W MIODZIE

Streszczenie

Wprowadzenie. Celem pracy byta ocena wpltywu utrwalenia czerwiu trutowego w miodzie rzepako-
wym oraz analiza zmian jego aktywnosci antyoksydacyjnej podczas przechowywania. Utrwalanie prze-
prowadzono na mrozonym i liofilizowanym czerwiu trutowym, ktory zmieszano z miodem w réznych
proporcjach (1, 2 14 % w/w). Analizowano aktywno$¢ przeciwutleniajaca (metodami DPPH i FRAP) oraz
calkowitg zawarto$¢ zwiazkow polifenolowych (TPC) po 3, 6 i 9 miesiacach przechowywania. Po 9 mie-
sigcach przechowywania oceniono profil polifenolowy (metoda HPTLC) oraz parametry fizykochemiczne.

Whyniki i wnioski. Dodatek czerwiu trutowego do miodu silnie zwigkszyt aktywno$¢ przeciwutlenia-
jaca produktu koncowego (o 33 do 110 %), a jedynie nieznacznie wptynal na parametry fizykochemiczne
(przewodno$¢ i liczbe diastazowa) w poréwnaniu z miodem kontrolnym. Ponadto midd z dodatkiem czer-
wiu trutowego nadal spelnia wymagania normy dla miodu. Profil polifenolowy uzyskany metoda HPTLC
dla miodu z dodatkiem czerwiu trutowego zostal wzbogacony gltéwnie o kwas elagowy i ferulowy
w porownaniu z miodem kontrolnym. Stwierdzono, Ze utrwalanie czerwiu trutowego w miodzie pozwala
na zachowanie jego wlasciwosci antyoksydacyjnych przez 6 miesigcy, natomiast zaobserwowano znaczne
spadki mocy redukujacej (FRAP) i zawartosci polifenoli (TPC) podczas dtuzszego przechowywania (od 8
do 26 %). W przypadku dodatku czerwiu mrozonego, po 9 miesigcach przechowywania obserwowano
mniejsze straty niz w przypadku liofilizatu, dlatego przechowywanie mrozonego czerwiu w miodzie (do
5 % m/m) mozna poleci¢ jako skuteczng i niedroga metod¢ dostgpng w warunkach pasiecznych.

Stowa kluczowe: czerw trutowy, utrwalanie, miod, aktywno$¢ antyoksydacyjna, profil polifenolowy
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Abstract: Drone brood is a little-known bee product, often treated as beekeeping waste or natural
varroosis bait. Obtaining drone brood from beehives does not weaken the bee family, which is why
this product is used as natural medicine in Eastern European countries. The main objective of this
work was to design an innovative dietary supplement containing freeze-dried drone brood (DB)
enriched with calcium ions (3:1). As the calcium component, inorganic calcium carbonate (CC) and
ground chicken eggshells (ES) were used. Bioaccessibility of hormones, selected nutrients (proteins
and amino acids), non-nutritive polyphenols from pure drone brood (DB), and designed supplements
(DB + CC, DB + ES) were analyzed using an in vitro gastrointestinal system. It was shown that
drone brood components are better bioaccessible from the DB + ES compared to DB + CC and DB
capsules. An increase was achieved by up to 93.33%, 21.29%, 105.14%, and 52.34% for testosterone,
estradiol, calcium, and polyphenols, respectively. Drone brood proteins were completely digested
to free amino acids which was confirmed by SDS-PAGE electrophoresis and high-performance thin
layer chromatography (HPTLC). Due to the demonstrated synergistic action of drone brood and
the calcium of eggshells, the newly proposed two-ingredient supplement seems to be an efficient
treatment to equalize hormonal and calcium deficiency in osteoporosis; however, its application
requires further studies.

Keywords: drone brood; testosterone; protein; polyphenols; bioaccessibility

1. Introduction

Bee drone brood is a rarely used bee product, which is characterized by a rich chemical
composition, which makes it biologically active. It contains approximately 40% protein, 30% re-
ducing sugars, but also hormones, mainly sex hormones: testosterone (0.29-0.31 nmol /100 g),
estradiol (431.2-847.90 nmol/100 g), progesterone (42.6-51.3 nmol/100 g), and prolactin
(344.6-475.4 nmol /100 g) [1]. Additionally, it is also a good source of vitamins and bioele-
ments, mainly phosphorus, potassium, calcium, iron, and zinc. Freeze-dried drone brood
(named Apilarnil or Apistimul) is available for sale mainly in Eastern European countries as a
dietary supplement or one of its ingredients. Thanks to preservation by freeze-drying, it can
be stored for up to two years [2]. The rich chemical composition and confirmed biological
activity of drone brood could indicate its potential use to equalize the hormonal system in
people of both sexes [3]. Due to this, drone brood is applied in the treatment and prevention
of various diseases, including osteoporosis and male infertility, hypothyroidism, liver diseases,
psychiatry, adaptogenic therapies, as well as in malnutrition in the treatment of children [4-9].
However, there is a lack of scientific data confirming the effectiveness of drone brood in vivo,
and the in vitro bioaccessibility of its components is unknown.

Osteoporosis is a global problem that affects people of both sexes, more often women
than men, and the incidence of its occurrence clearly increases in people over 60 years of
age [10,11]. Sex hormone deficiency has adverse effects on bone growth and modeling,
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ultimately reducing peak bone mass and setting the stage for osteoporosis in later life.
This disorder is characterized by the thinning of bone tissue, which results in low bone
mass and a disturbed bone structure, increasing the likelihood of bone fractures [12,13].
A properly balanced diet plays a very important role in the prevention of osteoporosis
and can reduce age-related bone loss and fracture risk. The crucial issue is proper calcium
(1000-1200 mg/day) and vitamin D (800-1200 IU/day) supplementation [13,14]. However,
a greater benefit is achieved when calcium is introduced into the diet in small proportions,
avoiding oscillator spikes that could lead to cardiovascular complications [15]. Recently,
plant-derived phytoestrogens with estrogenic effects (e.g., genistein, daidzein, icariin,
dioscin, and Ginkgo biloba extracts) were also proposed as agents for prophylactics of steroid-
induced osteoporosis, which could provide a safer alternative to primary pharmacological
strategies [16-18].

Recently, shells of chicken eggs have been proposed as a natural source of calcium
in the prevention and treatment of osteoporosis [19-21]. This natural product, which
is bakery waste, is an interesting alternative to the currently used inorganic forms of
calcium. Moreover, eggshells are an inexpensive calcium source and are accessible at home.
Chicken eggshells contain about 95% calcium carbonate and 3.5% of glycoproteins and
proteoglycans; therefore, they could be a valuable natural source of calcium with a higher
solubility compared to the oyster shells that are currently used [22]. Additionally, the
inner membrane of the eggshell contains glucosamine, chondroitin sulphate, hyaluronic
acid, type I collagen, and a large number of microelements such as magnesium, strontium,
zing, barium, and fluorine, making them an excellent biomaterial for the production of
new dietary supplements that positively affect bone metabolism [22-25]. Furthermore, a
better calcium absorption from eggshells was found than from calcium carbonate, due to
its porous structure which facilitates digestion [26,27].

The aim of this study was to combine beneficial compounds of drone brood (hormones,
proteins, antioxidants, and bioelements) and hen eggshells to design a new natural dietary
supplement with enhanced bioaccessibility tested in vitro. The use of drone brood for
the production of dietary supplements could broaden the range of products offered by
beekeeping and increase beekeepers’ income.

2. Materials and Methods
2.1. Chemicals

Chemicals: 1-propanol, ninhydrin, ethyl acetate, methanol, formic acid NP reagent,
PEG 400, 1-butanol, 2-propanol, boric acid, aniline-diphenylamine-phosphoric acid reagent.
Standards: valine, histidine, leucine, glycine, aspartic acid, proline, lysine, glutamic acid,
ferulic acid, ellagic acid, vanillin, kaempferol, apigenin 7-glucoside, Laemmli Buffer,
Coomassie Brilliant Blue G-250, HCl, NaCl, NaHCO3, pepsin from porcine gastric mucosa
and NIST1515 certified reference material were obtained from Sigma Aldrich (St. Louis,
MO, USA), Lipancrea from Polfa (Warszawa, Poland), the Elisa Test Kit for testosterone
(abx574314) and estradiol (abx574169) from Abbexa (Cambridge, UK), the Calcium Assay
Kit ab102505 from Abcam (Cambrige, UK). Bradford reagent: Bio-Rad Protein Assay Dye
Reagent Concentration (Hercules, CA, USA), ROTI®Mark BI-PINK (Carl Roth GmbH,
Karlsruhe, Germany).

2.2. Drone Brood Collection

Drone brood (7-day-old) samples were collected from one apiary in the southeastern
part of Poland (Podkarpackie Voivodeship) in June 2022. The drone brood (total 200 g)
of Apis mellifera carnica was manually selected from the one-half drone frame, immedi-
ately sealed in sterile containers, and transferred to the laboratory. The samples were
homogenized using a tissue homogenizer with 7 mm plastic Omni Tips TM (TH 02, Omni
International, Kennesaw, GA, USA). The material was frozen at —70 °C and then freeze-
dried (using Alpha 1-2, LD plus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode,
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Germany). Dehydration was carried out for 72 h by cooling the sample to —55 °C at a
standard pressure of 0.1 bar. Lyophilizate was used to prepare the capsules.

2.3. Chicken Eggshell Collection and Processing

For this study, organic (n = 30) and farm cage (n = 30) hen eggs were collected. The
shells were separated from the eggs, and the membrane was additionally separated from
the shells. First, the microbiological purity of fresh eggshells was verified. The shells
were washed with distilled water (10 mL) to obtain an assay solution, which was then
applied to a 2% agar medium (0.1 mL of each sample). The samples were incubated in an
incubator at 37 °C for 24 h. After this time, the colonies grown on the plates were evaluated.
The colony smear was observed under a microscope (Delta Optical Genetic Pro, Mirisk
Mazowiecki, Poland) to determine the types of bacteria. The shells were heated for 30 min
at 100 °C, cooled, and then ground in an electric mill (MMK-06M, Milanéwek, Poland).
The eggshell powder was again controlled in terms of microbiological quality. Briefly, 1 g
of the appropriate thermally treated powder was suspended in 10 mL of distilled water.
The suspension was analyzed as described above. The obtained eggshell powder was
stored tightly closed in a desiccator under strictly controlled environmental conditions
until analysis.

2.4. Preparation of a Dietary Supplement Based on Drone Brood and Eggshell Powder

To prepare the supplement, gelatin shells (0.90 mg each) purchased in one of the local
stores were used. The composition of the prepared versions of the supplements (DB + ES
and DB + CC) is shown in Table 1. For comparison, capsules containing single components
in the doses used were also prepared (ES, CC, and DB).

Table 1. The composition of prepared dietary supplements.

Supplement Code Drone Brood Eggshell of Organic Eggs Calcium Carbonate
Organic Ca ES - 250 mg (=95 mg Ca) -
. 250 mg
Inorganic Ca CC - - (=100 mg Ca)
300 mg
Hormones DB =0.0024 nmol testosterone - -
=1.99 nmol estradiol
Hormones + Organic Ca (3.2:1) DB+ES 300 mg 250 mg -
Hormones + Inorganic Ca (3:1) DB+CC 300 mg - 250 mg

Each of the given variants was filled in one gelatin capsule (90 mg each) using a
manual encapsulator (Capsule Connection, LCC, Prescott, AZ, USA). Three capsules were
prepared in each variant.

2.5. Analysis of the Mineral Composition of Eggshells Using the ICP-OES

The content of selected minerals in the hen eggshells was determined by inductively
coupled plasma optical emission spectrometry (ICP-OES) using a Thermo iCAP 6500
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The samples were
subjected to a mineralization process with nitric acid (temp. 200 °C) (Millestone Ethos One,
Lomianki, Warsaw, Poland). The detection limit for each element was set at a level greater
than 1 ug/L. The curve fit coefficients (R?) for all elements tested were above 0.99. All
analyses were performed in three independent replicates for each sample. The repeatability
of the target was expressed as a relative standard deviation (RSD), and the recoveries of
the target were 92-106%, respectively. The method has been validated using a certified
reference material (NIST1515). The response of the equipment was periodically checked
against known standards. To identify the appropriate measurement lines and avoid possible
interference, the method of adding an internal standard was used. Yttrium and ytterbium
ions at concentrations of 2 mg/L and 5 mg/L were used as internal standards.
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2.6. Calcium Assay Test

For the evaluation of soluble calcium content, a colorimetric Calcium Assay Kit (ab102505)
was used. To 50 pL of the analyzed sample, 90 uL of a chromogenic reagent was added. Then,
60 uL of a calcium assay buffer was added. The samples were mixed and incubated at room
temperature for 10 min and protected from light. Absorbance was measured on a microplate
reader at a wavelength of 575 nm. The results were calculated according to the equation of the
calibration curve prepared for calcium standards attached to the kit, within a concentration
range of 0.0625-2 pug/sample (y = 0.8432x, R? = 0.9985).

2.7. In Vitro Bioaccessibility of the Supplement Components

The study of the bioaccessibility of the designed supplement components was carried
out according to the instructions of Vitali et al. [28] with minor modifications. Each capsule
variant was analyzed in duplicate. As the digested mixture, 1 capsule each of the prepared
variants was used. A total of 10.5 mL of distilled water was added and heated at 37 °C for
10 min in a laboratory incubator to dissolve the gelatin shell. After this time, a control sample
(not digested) was taken. The samples were dispersed with 0.5 mL of pepsin in gastric juice
(0.5 mg/mL of pepsin in 0.1 M HCL; adjusted to pH 2 with 5 M HCl) and incubated in a lab
incubator for 1 h at 37 °C; every 15 min the samples were shaken for 2 min. After neutralization
(1 M NaHCQO3), the gastric (stomach) fraction was taken. The samples were supplemented
with simulated intestinal juice (bile: pancreatin, 12:2 g/L), NaCl: KCI (120:5 mmol/L) and
incubated for the next 2 h under the same conditions as described above. The digested samples
were then centrifuged at 4100 x ¢ for 20 min, and selected parameters were determined in
the obtained supernatants. Until further analysis, the samples were stored at —20 °C. In the
case of the ES and CC capsules, only calcium and polyphenol content was measured, whereas
in the case of the DB, DB + ES and DB + CC samples, the evaluated compounds included
calcium, testosterone, estradiol, protein and polyphenolic compounds’ content, as well as
amino acids’ profile, and FRAP-reducing power.

The bioaccessibility index BI [%] for calcium, hormones, polyphenols, and antioxidants
was calculated according to the following equation:

BI [%] = (Bdigested /Bundigested) x 100

where BI [%]—bioaccessibility of bioactive compounds; Bdigested—the concentration of
bioactive compounds in digested (gastric/intestinal) phase; Bundigested—the concentra-
tion of the bioactive compound in the nondigested phase.

The soluble protein digestibility was calculated using the same formula. The percentage
calculated in gastric and intestinal fractions was assumed to correspond to undigested proteins.

2.8. Soluble Protein Assay

The protein content in the samples was determined by the Bradford method according
to Sidor et al. [29]. The absorbance was read at 595 nm using a microplate reader (EPOCH 2,
BioTek, Winooski, VT, USA). The results were calculated based on a calibration curve
1.8-250 pg/per sample (y = 0.0424x, R? = 0.9658). Bovine albumin was used as a standard.

2.9. Protein Profiling by SDS-PAGE

For the determination of proteins in supplement fractions after in vitro digestion, 30 uL
of each sample was heated for 5 min at 100 °C with 15 pL of a standard Laemmli buffer
immediately before application. After cooling, denatured samples (20 puL of each) were
applied to a 12.5% denaturing gel (with 5% stacking gel). Electrophoresis was carried out
initially at 50 V (15 min) and then at 150 V for 2 h using Bio-Rad PowerPac 3000 (Bio-Rad
Laboratories, Hercules, CA, USA). The prestained ROTI® Mark BI-PINK (Carl Roth GmbH,
Karlsruhe, Germany) was used as a molecular weight marker. After electrophoresis, the
gel was stained with colloidal Coomassie Brilliant Blue G-250 overnight and then washed
for 24 h with a decolorizing solution consisting of ethanol, acetic acid, and water in order
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to remove the dye. The gel was scanned and processed with Epson Perfection V850 Pro
(Simatupang, Jakarta Selatan, Indonesia).

2.10. Hormonal Activity Determination

Estradiol and testosterone in the undigested (10% suspension) and digested samples
were tested with the use of immunoenzymatic ELISA test kits (abx574314, abx574169 for
testosterone and estradiol, respectively), strictly according to the manufacturer’s man-
ual (Abbexa, Cambridge, UK). The absorbance was immediately measured at 450 nm
and recalculated according to the prepared calibration curve in pg/mL for testosterone,
y = —0.408In (x) + 2.968, (R? = 0.945) and for estradiol, y = —0.644In (x) + 4.977, (R? = 0.914).
The results were expressed in nmol/capsule [1].

2.11. Antioxidants Assay
2.11.1. FRAP Test

The FRAP (Ferric Reducing Antioxidant Power) test was performed according to
Sidor et al. [29]. The results were expressed as equivalent Trolox umol (TE) per one cap-
sule (umol/capsule) from the Trolox calibration curve, prepared for Trolox in the range
25-300 nmol TE/mL (y = 0.152x, R? = 0.9989).

2.11.2. Total Phenolic Content (TPC) Assay

The total content of phenolic compounds was determined using the Folin—Ciocalteu
reagent according to Sidor et al. [29] and adapted to use microplate analyses. The re-
sults were calculated based on a calibration curve prepared for gallic acid in the range
0-125 pug GAE/mL (y = 0.336x, R? = 0.9914).

2.12. HPTLC Analysis

A comparative analysis of free amino acids and polyphenolics for undigested and
digested fractions of supplements were performed on HPTLC Silica Gel 60 F254 plates
(20 x 10 cm) purchased from Merck (Darmstadt, Germany). The selected fraction extracts
were applied to the plate (10 puL for polyphenols, amino acids were analyzed applying
samples in volumes corresponding to the same protein concentration) as 8 mm bands from
the lower edge of a plate at the rate of 150 nL/s using a semiautomated HPTLC application
device (Linomat 5, CAMAG, Muttenz, Switzerland).

A chromatographic separation was performed in a chromatographic tank saturated
for 20 min with the appropriate mobile phase (Table 2) and developed at a distance of
70 mm. The results obtained were documented using an HPTLC imaging device (TLC
Visualizer, CAMAG) under white light (for amino acids and sugars) with a total of 366 nm
(for polyphenols). In addition, each plate was derivatized using an automated derivatizer
of TLC plates (CAMAG Derivatizer). The obtained chromatographic images were analyzed
using the HPTLC software (Vision CATS, CAMAG).

Table 2. Details of separations performed on HPTLC Silica gel 60 Fysy4.

Identified Group

Mobile Phase (v:v:v) Derivatization Reagent Used Standards

Amino acids

1-propanol, HyO (7:3) ninhydrin

valine, histidine, leucine, glycine, aspartic
acid, proline, lysine, glutamic acid

Polyphenols

ethyl acetate, methanol, water,
formic acid (50:4:4:2.5)

ferulic acid, ellagic acid, vanillin,

NP reagent, PEG 400 kaempferol, apigenin 7-glucoside
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2.13. Statistical Calculations

All calculations were made in triplicate. For the data obtained, mean values and
standard deviations were calculated. Significant differences were calculated by one-way
ANOVA followed by Tukey’s test (p = 0.05), differences compared to the undigested samples
were checked with Student’s t-Test (p = 0.05), and standard deviations for the obtained
results were calculated. All calculations were made using the Statistica 13.3 software
(StatSoft, Tulsa, OK, USA).

3. Results and Discussion

Two natural raw materials were used to produce the natural dietary supplement:
freeze-dried drone brood and ground chicken eggshells, which were mixed in a fixed
proportion and sealed in gelatin shells purchased in one of the local stores. At the beginning,
the quality of the raw materials was checked, and the drone brood was selected based
on previous research [29]. As a source of natural calcium, the use of two raw materials
was considered: eggshells from organic and farmed eggs. The selection of the material
was preceded by a comparative analysis of the chemical content and evaluation of the
microbiological purity of the shells.

3.1. Eggshell Quality Analysis

The quality of eggshells as a potential natural source of bioavailable calcium was first
evaluated regarding its mineral content and microbial contamination. Table 3 summarizes
the results of the mineral profile of powder from hen eggshells obtained from various hen
rearing systems. The main bioelement present in eggshell powder was found to be calcium
(31.9 g/100 g on average) in the form of calcium carbonate, which constitutes 96% of the
mineral composition. This element was accompanied by significant amounts of magnesium
(average 483.1 mg/100 g), sulfur (average 446.99 mg/100 g), sodium (96.12 mg/100 g),
and potassium (average 52.45 mg/100 g). Additionally, eggshells have been shown to
contain trace amounts of the essential elements, chromium and copper (values in the range
of 0.04-0.3 mg/100 g), and only traces of cadmium and arsenic were found, as well as
lead and nickel. Furthermore, the effect of the hen rearing system was found negligible
(p < 0.05). The results presented are comparable to those reported by Brun et al. [20] who
showed that eggshells are essentially composed of calcium (382 mg/g), sodium (5.1 mg/g),
phosphorus (4.4 mg/g), and potassium (1.4 mg/g). Furthermore, Bartter et al. [24] showed
a similar level of calcium in eggshells, in the range of 360 to 400 mg/g of eggshell.

Although microbiological contamination was detected for 80% of the fresh shells
tested, numerous (uncountable) colonies were found for 15% of the samples only (Figure S1).
Surprisingly, the caged eggs were more contaminated than the organic ones. Rod-type
bacteria and streptococci were identified mainly in the microscopic image (Figure S2). The
microbiological analysis of the heat-treated powders did not show any grown colonies in
both caged and farm egg powders.

3.2. Supplement Design

Supplements based on drone brood and chicken eggshell powder have been prepared
on the basis of recommendations that clearly declare the daily need for each component
separately. For drone brood, a safe daily intake of 70 to 900 mg of drone brood per day
was suggested [2]. The average daily calcium intake from both foods and supplements
is 1156 mg for men and 1009 mg for women [30]. Assuming the dosage of the designed
supplement is two capsules a day, the recommended daily dose will be filled by an adult,
on average, in 66% for drone brood (max dose) and 50% for calcium (1000 mg on average).
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Table 3. The mineral content of the powdered shells of the eggs of various hen rearing systems.

Cage Rearing Organic Farming Average Content Percentage [%]
[mg/100 g d.m. &+ SD] [mg/100 g d.m. &+ SD] [mg/100 g d.m. + SD]
Al 012£0.29° 048 +0.30° 0.30 £0.11 0.0009
As 0.04 £0.07 2 0.034+0.04% 0.04 4 0.009 0.0001
Ca 32,362.79 £ 503.94 2 31,417.52 £ 678.54 2 31,890.15 + 473.06 96.15
Cd 0.002 £ 0.004 2 0.002 £ 0.001 2 0.002 £ 0.00 0.0001
Cr 0.12 +0.08" 0.004 + 0.008 2 0.08 & 0.00 0.0002
Cu 0.13 +0.03° 0.05£0.030° 0.09 £ 0.02 0.0002
Fe 430+1.69° 486+133° 4.58 +1.33 0.14
K 48.24 +0.75° 56.67 £1.402 5245 +2.75 0.16
Mg 508.73 4+ 4.95P 45749 £8.15% 483.11 £ 3.60 1.45
Mn 0.20 £0.09 2 0.214+0.1032 0.20 & 0.06 0.0006
Mo n.d. n.d. n.d. n.d.
Na 8726 £0.54% 104.99 £ 1.52° 96.12 4 0.54 0.02
Ni n.d. n.d. n.d. n.d.
P 194.49 +2.83° 139.68 +4.35? 167.08 £ 2.83 0.57
Pb n.d. n.d. n.d. n.d.
S 44583 £3.14? 448.15 £ 12472 446.99 £+ 3.14 1.34
Sr 2093 £0.172 3215+ 1.31° 23.28 +1.31 0.07
Zn 0.48 £0.532 0.44 £0.022 0.44 £0.01 0.001
TOTAL 33,673.82 32,662.23 33,164.91 100%

d.m.—dry mass; n.d.—not detected; ab__the means marked with different letters in the rows differ statistically
significantly.

3.3. In Vitro Digestion Study

The development of an in vitro model to predict bioaccessibility should include diges-
tive transformations of food into material ready for assimilation and absorption/assimilation
steps that predict absorption into the intestinal epithelial cells [31]. Bioavailability can
be defined as the amount or fraction of components that are released from food ingested
in the gastrointestinal tract and become available for absorption in the intestine [31]. In
the laboratory, bioaccessibility assessment involves the digestion of food using selected
procedures, which simulate gastric and small intestinal digestion [32]. The bioaccessibility
of components of the designed supplement (DB + ES), including calcium, hormones, pro-
teins, polyphenols, and reducing power, was evaluated, and the results are summarized
in Table 4. For completeness, digestion was performed under identical conditions for the
inorganic calcium supplement variant (DB + CC), single components (DB, ES and CC), and
capsule shells alone (Table 4). The release of individual ingredient groups in the simulated
gastrointestinal tract has been considered separately and is described below (Figure 1). The
comparison of the calculated values of the bioaccessibility index (BI%) for both variants of
the supplement (DB + ES and DB + CC) compared to pure brood (DB) are shown in Table 4.
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Table 4. Comparison of the bioaccessibility of protein, calcium, testosterone, estradiol, polyphenolic

compounds, and antioxidants in the tested fractions.

Sample Tested Fraction before/ Proteins Calcium Testosterone Estradiol TPC
P after Digestion [mg/Capsule + SD] [mg/Capsule + SD] [nmol/Capsule + SD] [nmol/Capsule + SD] [mgGAE/Capsule + SD] [ 1 molTE/Capsule + SD]
Undigested 6.09 +2.13 78.7 +15.52 nt. nt. nd. nd.
ES Stri ; B
(250 mg/capsule) Gastric phase 4.22 4 0.67 7245 £ 0.37 n.t. nt n.d. n.d.
Intestinal phase 0.88 £ 1.53* 82.60 +1.24 n.t n.t nd. nd.
Undigested n.t 100.00 + 17.102 n.t. n.t. nd. nd.
CccC . .
(250 mg/capsule) Gastric phase n.t. 9.20 £0.12 n.t. n.t. nd. nd.
Intestinal phase n.t. 10.28 £0.04* n.t n.t. nd. nd.
Undigested 114.22 £3.84 0.10 & 0.02 0.011 £ 0.00 1.28 £0.07 228 +0.30 8.37 4 0.56
DB . Gastric phase 18.18 £2.63 * 029 £0.03* 0.0019 = 0.00 * nd. 1.74 £035* 352+0.36*
(300 mg/capsule)
Intestinal phase 13.62 £2.96 * 072£0.10* 0.0063 = 0.00 * 0.35+£0.02* 2.12 + 0.60 441+£056*
Undigested 45.19 +£5.49 43.34 +4.12 0.0060 + 0.00 1.08 £0.03 2.56 £ 0.11 3.54 £ 0.06
DB + ES N ¥ ¥ . " "
(300 mg + 250 mg /capsule) Gastric phase 7.62 +1.15 38.96 & 1.01 0.0025 =+ 0.01 n.d. 1.56 +0.19 2.81+0.25
Intestinal phase 299 +£036* 45.57 £0.11 0.0098 =+ 0.03 * 023 £0.07* 1.34+0.30 % 2.88 £0.09*
Undigested 40.95 + 2.00 55.05 + 3.41 0.012£0.00 1.11 £ 0.04 1.97 £ 0.08 347 £0.13
DB +CC Stri . . B B “ 1r
(300 mg + 250 mg/capsule) Gastric phase 22.10 +4.25 5.55 + 0.50 0.0048 =+ 0.03 nd. 142 +£1.40 4.21 +1.54
Intestinal phase 14.23 +£10.57 * 6.66 +0.13* 0.0136 + 0.03 0.30 £ 0.08 * 122 +£1.75% 3.33 + 0.60
Undigested <0.035 n.t n.t nt 0.05. nd.
Control (capsule alone) Gastric phase nd. nt. nt. nt. n.d. n.d.
Intestinal phase nd. nt. nt. n.t. nd. nd.

Results marked * differ statistically significantly compared to the undigested fraction within the supplement.

n.d.—not detected, n.t.—not tested.

CAPSULE
w -

UNDIGESTED: capsule +H,0 | —— K

K,

GASTRIC PHASE: pepsin, pH=2.0  ——»

(J BIOACCESSIBILITY of calcium,

\ | hormones, polyphenolsand antioxidants,
) DIGESTIBILITY of soluble protein

7
INTESTINAL PHASE: bile,

pancreatic digestive enzymes, |
pH=7.2 \ /

Figure 1. Diagram of the in vitro digestion performed.

3.4. Calcium

The percentage of calcium absorbed from supplements, as with that from foods,
depends not only on the source of calcium but also on the total amount of elemental
calcium consumed at one time; as the amount increases, the percentage absorbed decreases.
Absorption from supplements is highest at doses of 500 mg or less. For example, the body
absorbs about 36% of a 300 mg calcium dose and 28% of a 1000 mg dose [30]. During the
simulated in vitro digestion of the capsules produced, the ability of calcium available to
assimilation in an organism was checked (Table 4). Although a higher amount of calcium
was contained in calcium carbonate (CC) than the eggshell capsule (ES) (by 21.3%), the
calcium showed a much greater release capacity (92.05% in the stomach and 104.82% in
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the intestines) compared to calcium carbonate (9.21% in the stomach and 10.28% in the
intestines) (Figure 2b). What is valuable, a high bioaccessibility index of calcium from drone
brood (DB) was demonstrated (290% in the stomach and 720% in the intestine). Calcium
from DB + ES was released to a much greater extent (89.89% and 105.14% in the stomach
and intestines, respectively) compared to DB + CC, where the calcium absorption capacity
was only 10.08% in the stomach and 12.09% in the intestines. Kusumi et al. [33] studied
the digestibility of calcium supplied in various forms and found that eggshell calcium
was significantly more available than synthetic calcium carbonate. This result suggests
that eggshell powder dissolves more easily in gastric juice due to its porous structure,
making it easier to absorb compared to synthetic calcium compounds. Due to the favorable
bioaccessibility of calcium, eggshells have been proposed as an additive to various types
of foods, in order to increase the supply of this element, especially in the diet of people
exposed to its deficiencies [24,34].

SOLUBLE PROTEIN DIGESTIBILITY [%] CALCIUM BIOACCESSIBILITY [3] b
BOO c
700
600
500
300 c
2, 200 -
0 S N T [
0B DB+ES DB+CC DB DB+ES DB+CC
m undigested s gastric phase m intestinal phase | undigested gestric phase  m intestinal phase
HORMONE BIOACCESSIBILITY [3£] C POLYPHEMOLIC AND ANTIOXIDANTS BIOACCESSIBILITY d
[%]

DB+ES
testosterone

m undigested

B

120

100

A

BO

b 50

b A A A 40 I I I
Finll -
D

C

DB+CC 3] DB+ES B+LC DB+ES DB+LC DB+ES DB+CC
estradiol TPC FRAP
s gastric phase m intestinal phase | undigested gestric phase  m intestinal phase

Figure 2. Digestibility index [%] of (a) proteins, and bioaccessibility index [%] of (b) calcium,
(c) hormones, (d) polyphenols, and the reducing power of the tested capsule fractions. *P*—the
results marked with different letters differ statistically significantly between the gastric fractions of the
supplements (p < 0.05); ABC
between the intestinal fractions of the supplements (p < 0.05).

The effect of eggshell calcium on changes has long been tested in in vitro and in vivo
studies. Sakai et al. [26] found that eggshell calcium is more efficient compared to calcium
carbonate in increasing bone mass in women, indicating its potential use as a calcium
supplement in human nutrition. Omelka et al. [27] evaluated the effects of calcium-rich
chicken eggshell powder and the inorganic form of calcium carbonate on osteoporotic
bone structure using an animal model of ovariectomized rats. They observed that chicken
eggshell powder more effectively ameliorates bone loss in ovariectomized rats than inor-
ganic calcium. Eggshell treatment significantly lowered bone resorption, increased plasma
calcium levels, the relative volume of trabecular bones, and secondary osteon population
density, which together improved bone strength. As an explanation of observed differences,
the authors presented the differences in the bioavailability of calcium carbonate, which is



Appl. Sci. 2023,13, 4687

10 of 16

only around 20-30% [35]. On the other hand, the calcium bioavailability in eggshells can
be influenced and increased by the presence of other minerals, important for bone health.

3.5. Steroid Hormones

In studies of the content of sex hormones involved in bone formation, it was found
that during capsule digestion, the bioaccessibility of both hormones increased (Table 4). The
testosterone in the DB + ES capsule has been shown to have an absorption capacity in the
intestine than that contained in the DB capsule. Furthermore, a lower absorption capacity of
the hormone analyzed from the DB + CC capsule was found by 50% compared to DB + ES.
The greatest ability of testosterone to be released from the matrix was demonstrated
in the intestinal phase, where it was emulsified in the presence of bile acids while its
bioaccessibility increased (Figure 2c). Testosterone has a very low solubility in water.
Preparations with testosterone in the composition show an absolute bioavailability of 4% in
the state after a meal. When eating a medium to high fat meal, testosterone in the digestive
tract is combined with fat by bile acids. Once emulsified, testosterone is incorporated into
chylomicrons and absorbed by the lymph [36]. This may also be related to zinc, which
is naturally present in eggshells (0.44 mg/100 g of dry weight) and which facilitates the
release and absorption of testosterone [37].

The study of estradiol content showed its presence in the undigested and intestinal
fraction. The presence of calcium is not favorable for the release of this hormone; however,
the effect was 27.02% higher in the case of DB + CC capsules compared to the DB + ES
ones (Table 4). Due to the hydrophobic nature of both hormones, their release in the
gastrointestinal tract is similar; they become bioavailable only after emulsification of the
digested content, which occurs in contact with bile [37].

Sex steroid hormones play a key role in the development and maintenance of the
skeleton in both men and women. Estradiol and testosterone levels, especially the free
or bioavailable fractions, decline with increasing age in both men and women and likely
contribute to bone loss and fractures [38]. Menopause and the accompanying loss of
ovarian estrogens are associated with a decrease in bone mineral density (BMD). During
male andropause, testosterone levels decline, knocking down estrogen, thereby reducing
any protective benefits and reducing bone rejuvenation and bone mineral density (BMD).
By replacing lost hormones, hormone balance can be restored, and bone health can be
improved. However, long-term hormone replacement therapy (HRT) is controversial
because of increases in the risk of breast carcinoma, endometrial cancer, thromboembolic
events, and cardiovascular diseases [39].

Little is known about the impact of drone brood on the body hormonal balance. The
latest research [40] confirmed the stimulatory effects of the application of bee drone larvae
(BDL) on the beneficial androgenic effects and growth performance of male goats and male
kids, but treating the female animals, used for reproductive purposes, provided inconsistent
results [41]. Supplementation with DBH stimulated the early stages of folliculogenesis in
gilts, but provoked atresia in the last stage of follicular development. However, the results
cited confirmed the biological properties of the bee drone brood as an ideal additive for
growth promotion in animal husbandry instead of banned hormonal anabolics.

3.6. Protein

In vitro protein digestibility was tested on soluble protein content, protein degradation
profiles (sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)) and
HPTLC profiles of free amino acids. The analysis of protein digestibility in the prepared
capsules showed that the ES capsule itself contained a small amount of soluble protein,
probably derived from the cuticle (Table 4). Drone brood is the main source of soluble
protein in the capsules analyzed. Among all the prepared preparations, the highest protein
content was found in the DB capsule with the highest share of drone brood (300 mg of
drone brood/capsule), compared to DB + ES or DB + CC (300 mg of drone brood/capsule
of 550 mg). In the gastric phase, it was found that the protein is best digested in the DB
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and DB + ES capsules (84.09 and 83.13%, respectively). A significantly lower percentage
of protein digestion was also observed in the DB + CC (46.03%) capsule. In the intestinal
fractions after in vitro digestion was found, a high level of protein digestion in the DB + ES
capsule at a level of 60.76% was present. Significantly lower results were shown for the
DB + CC capsule, which was 25.15% lower compared to the DB + ES capsules (Figure 2a).

SDS-PAGE protein profiling was performed to understand changes in protein content
during in vitro digestion of the supplement capsules. Most of the proteins came from the
drone brood (Figure 3). The undigested DB sample showed a rich protein profile of 10, 12,
25, 26,40, 42, 61, 70, 74, 80, 115, 130, and 175 kDa. In all the samples, further digestion in
the stomach resulted in the elimination of a large amount of protein and the generation of
fuzzy bands (10, 42, and 72 kDa). This indicates that the organized protein network began
to disintegrate in the gastric phase, and most of the protein macromolecules disintegrated
rapidly. In the intestinal fractions of the preparations, mainly bands with a mass of 10, 26,
42,74, and 130 were identified, and their intensity was higher compared to the non-digested
fractions. This may indicate the participation of digestive enzymes (lipase, amylase, and
protease) in the protein profile of the intestinal fraction, whose molecular weights are 48,
56, and 22 kDa, respectively [42].

?—— ® ; —=
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Figure 3. Protein profiles of fractions obtained by SDS-PAGE. M—molecular weight marker; 1—DB
(undigested); 2—DB (gastric phase); 3—DB (intestinal phase); 4—DB + ES (undigested); 5—DB + ES
(gastric phase); 6—DB + ES (intestinal phase); 7—DB + CC (undigested); 8—(gastric phase); 9—DB + CC
(intestinal phase).

Similar observations were made by other researchers [43]. The authors tested the
protein content by electrophoresis in soy milk. They showed that after digestion in the
oral cavity, the protein content did not change, which could be influenced by the lack of
enzymes responsible for protein digestion in the oral cavity. After 5 and 60 min of digestion
in the stomach, the number of bands and their intensity decreased significantly compared to
the undigested sample, with a significant decrease in protein content after 5 min. However,
after 30 and 120 min of digestion in the intestines, they observed an intensification of some
bands with a mass of 25 and 35 kDa, compared to the gastric fraction.
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3.7. Free Amino Acids

The qualitative free amino acid profile during in vitro digestion was determined
by HPTLC, and the results are shown in Figure 4. The undigested samples showed a
very similar amino acid profile, where glycine (Rf = 0.28), valine (Rf = 0.45), and leucine
(Rf = 0.55) were identified. A slightly weaker band intensity, i.e., lower amino acid content,
was observed for the DB + CC gastric fraction. Fractional analysis after the end of digestion
(intestinal phase) showed an intensification of previously visible bands, mainly glycine,
valine, and leucine. The higher content of amino acids in the intestinal fraction is the result
of protein breakdown during digestion. Protein content at each stage decreases, while free
amino acids increase. In an earlier study, Ref. [29] characterized the amino acid profile
of drone brood using high performance thin layer chromatography (HPTLC) for the first
time, and we found more amino acids, including histidine, lysine, proline, glycine, valine,
leucine, and tyrosine. However, the separation was conducted under different conditions;
therefore, the obtained results cannot be unequivocally compared. Margaoan et al. [44]
also found a richer amino acid profile for Apilarnil (freeze-dried drone brood). The authors
identified the highest amounts of proline, alanine, lysine, and glycine, and the total content
of free amino acids was 1830.07 mg/100 g of Apilarnil.
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Figure 4. Increase in free amino acids in drone brood (DB) and designed supplements (DB + ES and
DB + CC) during in vitro digestion.

3.8. Antioxidants

The analysis of the bioaccessibility of antioxidant compounds was carried out using
the FRAP method (Table 4). The capsule containing the only drone brood was found to have
the greatest reducing potential, which is due to its highest concentration in the capsule.
No reducing potential was found in the ES and CC capsules; therefore, the addition
of calcium in both forms reduces the share of drone brood in the capsule by 45.46%,
which in turn reduces the antioxidant properties of the undigested fraction, compared
to the DB capsule. Taking into account the reduction of the share of drone brood in the
DB + ES and DB + CC capsules (up to 54.54% in both cases), a reduction in the reducing
potential was found in the DB + ES capsule by 22.36%, and in the DB + CC capsule by
23.90%. The decrease in antioxidant properties in supplements appears to indicate that
calcium may block the release of antioxidant compounds or there are interactions between
ingredients. After digestion in the stomach and intestines, the FRAP values of all samples
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decreased, which may be due to the digestion of the compounds. Similar results were
obtained by Seraglio et al. [45], who examined the availability of antioxidant compounds in
varietal honeys and showed a decrease in the antioxidant potential in the intestinal fraction
compared to the undigested fraction (by up to 33%).

It is commonly accepted that antioxidant activity is formed mainly by polyphenols
which have anti-inflammatory and anticancer properties [46]. Long-term consumption of
foods rich in polyphenols, mainly of plant origin, has been shown to improve conditions of
osteoporosis [47]. Due to this, the polyphenol bioaccessibility of the capsules produced was
evaluated and is shown in Figure 2d. The content of phenolic compounds in the undigested
fraction ranged from 1.97 to 2.28 mg/capsule (for DB + CC and DB, respectively). These
compounds were not detected in the prepared eggshell (ES) and calcium carbonate (CC)
capsules, which confirms that the drone brood is the only source of phenolic compounds
in the designed supplements. The capsule prepared on the basis of brood and eggshells
was found to show a 23% higher content of phenolic compounds compared to the DB + CC
capsule, which may indicate that calcium carbonate—a synthetic compound-reduces the
release of polyphenols from drone brood, whereas compounds derived from eggshells
support the release of polyphenols from the matrix. Phenolic compounds were the most
bioaccessible in the drone brood (76.31 and 92.98% in the gastric and intestinal fractions,
respectively). In addition, the phenolic compounds with DB + ES also showed high
bioaccessibility: 60.93 and 52.34% in the gastric and intestinal phases, respectively. However,
the recorded values were lower than in the case of DB capsules by 11.33% and 9.37% in the
gastric and intestinal fraction.

The bioaccessibility of phenolic compounds was conducted in an extended simulation
of in vitro digestion for various samples. As the total content of phenolic compounds,
the researchers assumed the sum of extractable and hydrolysable fractions, with the hy-
drolysable fractions being several times higher than the extractable fractions, discussed in
this paper as the undigested phase [28,45]. Seraglio et al. [45] analyzed the bioavailability of
phenolic compounds from varietal honeys using a digestion simulation method analogous
to our method. The authors showed that the sum of individual phenolic compounds in the
undigested fraction was 46.66% lower compared to the intestinal fraction. The possibility
of a food matrix, as well as slight differences in digestion conditions, may have influenced
the different behavior between studies.

Changes in the polyphenol profile during in vitro digestion of the supplement were
confirmed by HPTLC (Figure 5). In the undigested samples, two faint bands can be
identified at Rf = 0.10 and 0.12 (blue and brown, respectively). The blue-colored band
can be attributed to ellagic acid, previously detected by this method [29]. In addition,
in the zone of low Rf values, a blue color is visible, which may indicate the presence of
phenolic acids, e.g., chlorogenic. In samples taken after the intestinal phase of digestion, an
additional intense blue band appeared at Rf = 0.45-0.49. This may indicate the release of
additional phenolic compounds from the matrix due to digestive processes. Polyphenolic
compounds are bound to protein structures in tissues; therefore, as a result of loosening
their structures, they can be released in the course of digestion.
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Figure 5. The change of the polyphenolic profile of prepared supplements DB + ES and DB + CC
during in vitro digestion.

4. Conclusions

The novel dietary supplement composed of drone brood enriched with organic cal-
cium was designed. For the first time, the bioaccessibility in vitro of the main components
(steroid hormones, calcium, proteins, and polyphenols) from pure drone brood compared
to designed supplements was demonstrated. A higher bioaccessibility of calcium from
eggshells than form calcium carbonate was found, which is in line with literature data.
It was shown that the proposed combination (drone brood with eggshells) increases the
bioaccessibility of important compounds of drone brood, including hormones, polyphenols,
and proteins which were rapidly digested into amino acids. This indicates a beneficial
synergistic interaction between both components. However, bioaccessibility studies con-
stitute the initial stage of the in vitro evaluation of the pharmacological potential of the
proposed two-component supplement. The next step must include the assessment of
bioavailability. Finally, before the recommendation of the designed preparation in the
prevention/symptom relief of osteoporosis, the confirmation of its effectiveness and dose-
related toxicity during in vivo studies are required. However, in the case of a positive
result, the use of drone brood for the production of dietary supplements could expand the
range of products offered by beekeeping and increase the income of beekeepers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app13084687/s1. Figure S1. Microbiological purity of organic
and caged eggshells. Figure S2. Exemplary microscopic images of microorganisms grown from
inoculation of egg shells, where: (a) Gram-positive bacteria with a spherical shape, aggregated in
clusters, microorganisms resemble bacteria of the Streptococcus family; (b) Gram-positive, rod-shaped
bacteria most likely of the genus Bacillus, streptococci also visible; (¢) Gram-positive bacteria with
a spherical shape, clustered together, probably bacteria of the Streptococcus family. The presence of
yeast cells has also been demonstrated.
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Figure S1. Microbiological purity of organic and caged eggshells
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Figure S2. Exemplary microscopic images of microorganisms grown from inoculation of egg shells, where: (a) Gram-positive bacteria with a

spherical shape, aggregated in clusters, microorganisms resemble bacteria of the Streptococcus family; (b) Gram-positive, rod-shaped bacteria
most likely of the genus Bacillus, streptococci also visible; (c) Gram-positive bacteria with a spherical shape, clustered together, probably

bacteria of the Streptococcus family. The presence of yeast cells has also been demonstrated.
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