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Streszczenie

Zapalenie gruczolu mlekowego stanowi jeden z gldéwnych probleméw
ekonomicznych i sanitarno-epidemiologicznych w stadach bydta mlecznego, a globalne
dzialania na rzecz ograniczenia stosowania antybiotykow zwigkszaja zainteresowanie
skutecznymi, nie antybiotykowymi terapiami dowymieniowymi. Niniejsza rozprawa to
zbidr wynikow trzech badan terenowych oceniajacych zwigzki bioaktywne pektyne, moryneg
1 kwercetyne¢ jako potencjalng alternatywe lub uzupelnienie konwencjonalnego leczenia

przeciwbakteryjnego.

W pierwszym badaniu pilotazowym krowy z mastitis poddano terapii 10% pektyna
lub licencjonowanym antybiotykiem dowymieniowym. Obie terapie prowadzity do
poréwnywalnego zmniejszenia nasilenia objawow klinicznych i log.-SCC w ciggu 48 h,
z podobnymi wskaznikami wyleczen bakteriologicznych, profilem patogendéw oraz brakiem
dzialan niepozadanych, co potwierdza bezpieczenstwo i skutecznos$¢ pektyny jako
alternatywy dla antybiotykéw. Drugie badanie oceniato moryng jako jedyny sktadnik; 3%
moryna istotnie obnizata SCC i poprawiata wyniki kliniczne w mastitis wywotanym przez
E. coli, osiagajac skutecznos$¢ zblizong do antybiotykow, natomiast w zakazeniach S. uberis
efekt byt wolniejszy 1 mniej wyrazny. W trzecim doswiadczeniu krowy rasy
holsztynsko-fryzyjskiej z tagodnym mastitis wywotanym przez Escherichia coli lub
Streptococcus uberis otrzymywaty preparat dowymieniowy zawierajacy pektyne, moryng
1 kwercetyng (PMQ), standardowy antybiotyk lub bufor fosforanowy. Zaréwno PMQ, jak
1 antybiotyk powodowaty istotne obnizenie wyniku komoérek somatycznych (SCS) od okoto
72h, czemu towarzyszyla poprawa kliniczna, natomiast w grupie kontrolnej takich zmian nie
obserwowano. Lacznie wyniki wskazujg, ze preparaty oparte na pektynie i flawonoidach
wykazuja wymierne dziatanie przeciwzapalne 1 wspomagajace w leczeniu mastitis u kroéw.
Ich bezpieczenistwo, brak okresu karencji oraz udokumentowane korzysci kliniczne
wspieraja ich potencjalng role jako nieantybiotykowych alternatyw, ktore moga przyczynic¢

si¢ do racjonalnego stosowania antybiotykow w produkcji mleka.



Abstract

Mastitis remains one of the most serious health and economic challenges in dairy
herds, and global efforts to reduce the use of antibiotics have increased interest in effective
non-antibiotic intramammary therapies. These publications present a collection of findings
from three field studies evaluating natural bioactive compounds pectin, morin, and quercetin
as alternatives or adjuncts to conventional antimicrobial treatment. In the first pilot study,
cows with mastitis were treated with 10% pectin or a licensed intramammary antibiotic. Both
therapies led to comparable reductions in clinical severity and log>-SCC within 48 hours,
with similar bacteriological cure rates, pathogen profiles, and no adverse effects, confirming
the safety and efficacy of pectin as an alternative to antibiotics. The second study assessed
morin as a single active compound; 3% morin significantly reduced SCC and improved
clinical outcomes in mastitis caused by E. coli, achieving efficacy comparable to antibiotics,
whereas in S. uberis infections the response was slower and less pronounced. In the third
experiment, Holstein—Friesian cows with moderate mastitis caused by Escherichia coli or
Streptococcus uberis received an intramammary preparation containing pectin, morin, and
quercetin (PMQ), a standard antibiotic, or phosphate buffer. Both PMQ and the antibiotic
resulted in a significant reduction in somatic cell score (SCS) beginning at approximately 72
hours, accompanied by clinical improvement; no improvement was observed in the control
group. Overall, the results indicate that pectin and flavonoid-based formulations exhibit
measurable anti-inflammatory and supportive therapeutic effects in the treatment of mastitis
in cows. Their safety, lack of withdrawal period, and documented clinical benefits support
their potential role as non-antibiotic alternatives that may contribute to the rational use of

antibiotics in milk production.



Wstep

Mastitis (zapalenie wymienia) pozostaje jedng z najczesciej wystepujacych oraz
ekonomicznie najbardziej obcigzajacych chordb bydta mlecznego (1). Szacuje sig, ze koszt
pojedynczego przypadku klinicznego wynosi 179-500 USD na kroweg, co wynika zaréwno
z obnizenia produkcji mleka, jak 1 kosztow leczenia oraz brakowania zwierzat (2,3,4). Wsrod
patogendéw Srodowiskowych dominuja Escherichia coli oraz Streptococcus uberis, ktore
stanowig gtowne czynniki etiologiczne mastitis w wielu krajach, w tym w Polsce (5,6). Dane
krajowe wskazuja, ze udziat S. wberis w probkach mleka z c¢wiartek klinicznie
1 podklinicznie zmienionych wynosi 39-49% (7), natomiast w innych badaniach izolowano
go w 38% przypadkdw mastitis klinicznego, podczas gdy E. coli odpowiadata za 21%
przypadkow (8).

Mastitis jest rowniez najczestszym wskazaniem do stosowania antybiotykow u krow
mlecznych, co istotnie przyczynia si¢ do narastania oporno$ci na $rodki
przeciwdrobnoustrojowe (AMR). Pomimo 53% redukcji sprzedazy weterynaryjnych
antybiotykéw w Europie w latach 2011-2022 (Polska wg danych 18.9%) oraz osiggni¢cia
przez UE potowy zaktadanego celu redukcji do 2030 roku, zuzycie antybiotykoOw zwigzane
z leczeniem mastitis pozostaje wysokie (9). W kontekscie globalnego problemu AMR oraz
koncepcji One Health konieczne jest opracowanie alternatywnych, skutecznych
i bezpiecznych metod terapeutycznych, ktore ogranicza zalezno$¢ od antybiotykow przy
jednoczesnym utrzymaniu zdrowia wymienia. W ostatnich latach rosnie zainteresowanie
naturalnymi  zwigzkami  bioaktywnymi o  wilasciwosciach  przeciwzapalnych,
przeciwdrobnoustrojowych i immunomodulacyjnych (1,10,11). Szczegdlng uwage zwracaja

flawonoidy, takie jak moryna i kwercetyna, oraz polisacharydy roslinne, w tym pektyny.

Moryna wykazuje udokumentowane dziatanie przeciwzapalne, przeciwutleniajace
1 immunomodulacyjne, m.in. poprzez hamowanie szlakéw sygnalowych NF-kB i MAPK
(12). Badania in vitro na komoérkach nablonka gruczotu mlekowego stymulowanych LPS
wykazaty, ze moryna redukuje ekspresj¢ cytokin prozapalnych oraz wspiera integralno$¢
bariery krew—mleko (13). Pomimo obiecujacych wynikéw, dowody kliniczne dotyczace jej
skuteczno$ci u krow mlecznych sg ograniczone, a brak danych in vivo dotyczacych mastitis

wywolanego przez E. coli i S. uberis uzasadnia potrzebg dalszych badan (12,14,15).



Kwercetyna to flawonoid, ktory miedzy innymi wpltywa na przebieg procesu
zapalnego, angiogeneze, oraz odwrotny transport cholesterolu (16,17,18,19,20). Wykazano,
ze hamuje roznicowanie limfocytow Thl oraz obniza poziomy licznych mediatorow
zapalnych, takich jak IL-1B, IL-4, IL-6, IL-10, IL-12, IL-25, IL-33, MCP-1, NF-kB,
VEGF-A, COX-2, 5-LOX, iNOS, NO, CRP, TNFa i TNFy. Redukuje takze ekspresje
czasteczek adhezyjnych VCAM-1, ICAM-1 i1 MIP-2 (16,17,18,19,20,21). Kwercetyna byta
badana w wielu schorzeniach u ludzi, m.in. w gruzlicy, cukrzycy, reumatoidalnym zapaleniu
stawow czy zespole suchego oka, a obecnie prowadzone sg liczne badania kliniczne
dotyczace jej wplywu na nowotwory (22,23). Mimo szerokiego zakresu badan,
farmakodynamiczny efekt kwercetyny po podaniu dowymieniowym u kréw z mastitis nie
zostal dotychczas oceniony. Pojedyncze doniesienia sugeruja, ze produkty bogate w
kwercetyne moga wykazywacé potencjal terapeutyczny w mastitis (24), co potwierdzono
réwniez dla innych flawonoidow, takich jak kempferol, astragalina, alpinetyna, bajkaleina

czy indirubina (25,26,27,28,29).

Aktualnie wiele o$rodkéw naukowych prowadzi wielokierunkowe badania nad
polisacharydami ro§linnymi, w tym pektynami, ktore wykazujg wlasciwosci przeciwzapalne
1 przeciwdrobnoustrojowe (30,31,32). Pektyny moga destabilizowa¢ blony bakteryjne,
wykazuja dziatanie antyadhezyjne oraz moduluja odpowiedZ immunologiczng poprzez
interakcj¢ z receptorami Toll-podobnymi (TLR) (33,34,35). Nabtonek gruczolu mlekowego
bydla wykazuje ekspresj¢ receptorow TLR-2 1 TLR-4, ktore rozpoznaja ligandy
gronkowcowe 1 paciorkowcowe, inicjujac kaskade cytokinowa zalezng od NF-«kB (36,37).
Pektyny moga blokowa¢ heterodimer TLR2/1, ostabiajgc sygnalizacje prozapalna (38).
Dodatkowo w srodowisku mleka o pH 6,4—6,9 oraz obecnosci jonéw Ca** sprzyja tworzeniu
przez pektyny porowatych hydrozeli, ktore moga wydtuza¢ czas przebywania w zbiorniku
strzykowym, stanowi¢ barier¢ dla bakterii i destabilizowa¢ blony Gram-dodatnich
patogenow. Pektyny rzadko byly badane w kontekscie terapii dowymieniowej, gtownie
z powodu wyzwan formulacyjnych, takich jak lepko$¢ roztwordéw i szybkie zelowanie
w obecno$ci Ca*. Dobor pektyny nisko-metoksylowanej o obnizonej lepkosci oraz
ograniczenie stezenia do <10% umozliwia jednak ich praktyczne zastosowanie w warunkach

klinicznych (39,40,41,42).

W $wietle dostepnych danych postawiono hipoteze, ze naturalne zwigzki
bioaktywne: moryna, kwercetyna oraz pektyna jabtkowa moga stanowi¢ skuteczne terapie

wspomagajace w tagodnych 1 wybranych przypadkach klinicznego mastitis. Ich wtasciwosci



przeciwzapalne i przeciwdrobnoustrojowe moga przyczyniac si¢ do redukcji nasilenia zmian
zapalnych w gruczole, co powinno przejawiac si¢ obnizeniem liczby komoérek somatycznych
oraz poprawa stanu klinicznego zajetych ¢Ewiartek. Celem badan jest zatem ocena
skuteczno$ci miejscowego stosowania tych zwigzkéw w mastitis wywotanym przez dwa

powszechne patogeny.



Cel pracy:

1. Potwierdzenie lub wykluczenie potencjatu terapeutycznego oraz tolerancji miejscowej
pektyn po podaniu  dowymieniowym (zar6wno w odniesieniu do strzyku jak i catego

gruczotu mlekowego).

2. Potwierdzenie lub wykluczenie potencjatu terapeutycznego oraz tolerancji miejscowej
moryny po podaniu dowymieniowym (zaréwno w odniesieniu do strzyku jak i catego

gruczolu mlekowego).

3. Potwierdzenie lub wykluczenie interakcji farmakodynamicznej po dowymieniowym
podaniu trzech substancji czynnych: kwercetyny, moryny i pektyny oraz potwierdzenie lub
wykluczenie ich wplywu na gruczot mlekowy zwigzany z zapobieganiem nawrotom

mastitis.



Materialy i metody

Wszystkie procedury dotyczace badan na zwierzetach przeprowadzono zgodnie
z obowigzujacymi standardami etycznymi i zostaty zatwierdzone przez Lokalng Komisje

Etyczng ds. Doswiadczen na Zwierzetach w Lublinie (zgoda nr 12/2024).

Pektyne, moryn¢ oraz kwercetyne (Sigma—Aldrich, Merck Group, Darmstadt,
Niemcy) rozpuszczano w buforze fosforanowym (PBS; Sigma—Aldrich) do koncowych
stezen odpowiednio 10%, 3% 1 0,5% (m/v). Proces rozpuszczania prowadzono w tazni
ultradzwigkowej w temperaturze 37 °C przez okoto 30 minut, az do uzyskania jednorodnego
roztworu. Stezenia poszczegdlnych sktadnikéw dobrano na podstawie wczesniejszych
badan wstepnych dotyczacych ich dziatania w terapii mastitis. Otrzymany roztwor pektyny,
moryny oraz zlozonego roztworu pektyna-moryna-kwercetyna (PMQ) przenoszono do
sterylnych strzykawek z elastycznym przewodem aplikacyjnym. Preparat przygotowywano

codziennie bezposrednio przed uzyciem, aby zapewni¢ jego stabilnos¢ i jatowos¢.
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Do doswiadczenia wilaczono wielorédki rasy holsztynsko-fryzyjskiej (3—7 lat)
pochodzace z jednego stada towarowego (Liplas, woj. matopolskie). Wstepna kwalifikacja
opierata si¢ na comiesi¢gcznych danych produkcyjnych i zdrowotnych dostarczonych przez
Polskag Federacje Hodowcéw Bydta i Producentow Mleka (SCC, wiek, dni laktacji,
wydajno$¢ mleczna). Kryteria wiaczenia obejmowaty: wielorodki <100 dni laktacji,
pierwszy epizod umiarkowanego klinicznego mastitis obejmujacego jedng ¢wiartke oraz
SCC > 400 000 komorek/mL w zajetej ¢wiartce. Dane ze stada wskazywatly, ze
dominujacymi patogenami byly Escherichia coli oraz Streptococcus uberis. Kryteria
wykluczenia obejmowaty: ostre choroby ogodlnoustrojowe, zaburzenia metaboliczne
(kliniczna lub subkliniczna ketoza, hipokalcemia), niedobory zywieniowe, wspoétistniejace
infekcje oraz zaawansowane objawy kliniczne (zaczerwienienie skory wymienia, silng
bolesnos$¢, patologiczny wyciek). Wymi¢ oceniano badaniem fizykalnym pod katem zmian
przewleklych a krowy z ogniskowym stwardnieniem lub guzkowato$cia wykluczano. W
celu potwierdzenia etiologii mastitis pobierano aseptyczne probki mleka i analizowano je
metoda RT-qPCR z uzyciem zestawu VetMAX™ MastiType Multi (Thermo Fisher
Scientific, Waltham, MA, USA), umozliwiajacego wykrycie 15 glownych patogenow
mastitis. U wszystkich kréw potwierdzono monoinfekcje. Sposrod krow spetniajacych
kryteria wlaczenia losowo wybrano 72 osobniki. W trzydniowym okresie przed
rozpoczeciem leczenia pobierano probki mleka do oznaczenia SCC. Srednia SCC ze
wszystkich krow 1 punktow czasowych stanowila warto$¢ wyjsciowa dla badania. Nastepnie,
bez dodatkowej stratyfikacji wedlug parametréw produkcyjnych, krowy losowo
przydzielono do trzech grup terapeutycznych (n = 24). Analiza statystyczna potwierdzita
brak istotnych réznic miedzy grupami w zakresie SCC przed leczeniem (24 h) oraz
rozktadu patogenéw (P > 0,05), co zapewnialo rownowazno$¢ wyjsciowa. Grupa badana
otrzymywata siedem dowymieniowych infuzji po 5 mL roztworu pektyny, moryny lub PMQ
w odstepach 24-godzinnych (0, 24, 48, 72, 96, 120, 144 h). Grupa kontrolna pozytywna (PC)
otrzymywata dwie infuzje komercyjnego preparatu zlozonego zawierajgcego
chlorowodorek tetracykliny (200 mg), siarczan neomycyny (250 mg), bacytracyn¢ (2000
IU) oraz prednizolon (10 mg) w 0 i 12 h. Grupa kontrolna negatywna (NC) otrzymywala
infuzje PBS zgodnie z harmonogramem grupy badanej. Wszystkie podania wykonywano
bezposrednio po porannym udoju o godz. 9:00. Przed aplikacja dezynfekowano skore
wymienia 1 ujscie strzykowe (Oxy-Foam D, EcoLab Inc., Saint Paul, MN, USA). Ze wzgledu
na roznice w harmonogramach leczenia lekarz weterynarii wykonujacy podania znat

przydziat grup, jednak nie uczestniczyl w pozostalych etapach badania. Krowy
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monitorowano pod katem ogdlnego stanu zdrowia oraz miejscowej tolerancji. Codziennie
rano, od 0 do 168 h (tj. do 24 h po ostatnim podaniu IMM), oceniano nasilenie mastitis
w zajetej ¢wiartce przed leczeniem, stosujac standaryzowang 4-stopniowa skale: 0 - brak
zmian; 1 - fagodne zmiany mleka; 2 - umiarkowane zmiany mleka z tagodnym stanem
zapalnym; 3 - cigzkie mastitis z wyraznym stanem zapalnym i objawami ogdlnymi. Probki
mleka pobierano w tych samych punktach czasowych. Przed pobraniem dezynfekowano
ujscie strzykowe 70% etanolem. Probki pobierano do probowek 50 mL zawierajacych
bronopol (8 mg) i natamycyne (0,3 mg) (Broad Spectrum Microtabs II, Bentley Instruments)
1 przechowywano w chtodzie do czasu analizy. SCC oznaczano w ciggu 12 godzin od
pobrania, wykorzystujac poOtautomatyczny analizator BactoCount IBCm (Bentley
Instruments, Chaska, MN, USA).

W trakcie do$wiadczenia pobrano dwukrotnie krew do analizy pod katem
biochemicznym 1 hematologicznym: bezposrednio przed rozpoczeciem leczenia (punkt
czasowy 0 h) oraz 24 godziny po podaniu ostatniej dawki badanych substancji (punkt
czasowy 168 h). Krew pobierano z zyly ogonowej do probowek z EDTA K. w celu
wykonania podstawowej analizy hematologicznej oraz do probowek z aktywatorem

krzepnigcia w celu przeprowadzenia analiz biochemicznych.

Analizy hematologiczne przeprowadzono z wykorzystaniem automatycznego
analizatora hematologicznego Abacus Junior Vet (Diatron, Budapeszt, Wegry), zgodnie
z procedurami zalecanymi przez producenta. Oznaczano nast¢pujace parametry krwi
obwodowej: catkowita liczbe leukocytow (WBC), liczbe erytrocytow (RBC), stezenie
hemoglobiny (HGB), hematokryt (HCT), $rednig objgtos¢ krwinki czerwonej (MCV),
srednig mas¢ hemoglobiny w krwince (MCH), $rednie stezenie hemoglobiny w krwince
(MCHC), wspoétczynnik zmiennosci rozktadu objetosci erytrocytéw (RDW) oraz liczbe
ptytek krwi (PLT).

Po separacji surowicy wykonano oznaczenia wybranych parametréw
biochemicznych, obejmujacych stezenia cholesterolu catkowitego, mocznika, bilirubiny
catkowitej, kreatyniny, wapnia oraz fosforu nieorganicznego. Analizy biochemiczne
przeprowadzono przy uzyciu automatycznego analizatora Mindray BS-120 (Bio-Medical
Electronics, Shenzhen, Chiny) z zastosowaniem komercyjnych, gotowych do uzycia

zestawoOw diagnostycznych (Alfa Diagnostics, Warszawa, Polska).
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Jako$¢ i wiarygodno$¢ pomiaréw zapewniono poprzez rutynowa weryfikacje
aparatury oraz procedur analitycznych z wykorzystaniem standaryzowanej surowicy
kontrolnej wieloparametrycznej (Alfa Diagnostics). Wszystkie oznaczenia wykonywano
w warunkach zgodnych z obowigzujacymi normami laboratoryjnymi oraz zasadami dobrej

praktyki laboratoryjnej (GLP).

Analiza profilu cytokin zostata ograniczona do czynnika martwicy nowotwordw alfa
(TNF-a), najbardziej wiarygodnego markera poczatkowej fazy odpowiedzi zapalne;.
Stezenia TNF-o mierzono za pomocg dostgpnego komercyjnie, bydlecego zestawu ELISA
(LS-F5014, LSBio, Seattle, WA, USA), zgodnie z instrukcjg producenta. Absorbancje
odczytywano przy uzyciu czytnika mikroptytek Benchmark Plus (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).
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Wyniki badania potencjalu terapeutycznego oraz tolerancji

miejscowej pektyn po podaniu dowymieniowym

Badanie miato charakter randomizowanego pilotazowego badania terenowego
1 zostalo przeprowadzone na grupie 48 krow rasy Holstein—Friesian, u ktorych stwierdzono
naturalnie wystepujace kliniczne zapalenie wymienia obejmujace jedng ¢wiartki wymienia.
Kryteriami kwalifikacji do badania byly wyrazne objawy kliniczne mastitis oraz somatyczna
liczba komoérek w mleku przekraczajaca 400 000 komorek/mL. Krowy losowo przydzielono
do jednej z dwodch réwnolicznych grup terapeutycznych. W grupie do$wiadczalnej
zastosowano dowymieniowo 10-procentowy roztwor pektyny, podawany raz dziennie przez
siedem kolejnych dni. Grupe kontrolng leczono standardowo, zgodnie z zaleceniami
producenta, przy uzyciu zarejestrowanego wielosktadnikowego preparatu antybiotykowego
aplikowanego dowymieniowowy podany w dwéch dawkach w odstepie 24 godzin. Taki
schemat badania umozliwil bezposrednie porownanie skutecznos$ci 1 bezpieczenstwa terapii
pektyng z powszechnie stosowanym leczeniem antybiotykowym w warunkach praktyki

terenowej.

Ocena efektow terapeutycznych obejmowata zarowno parametry kliniczne, jak
1 laboratoryjne. Monitorowano nasilenie objawow klinicznych mastitis w oparciu o
punktowa skal¢ oceny, zmiany somatycznej liczby komoérek w mleku (po transformacji
logarytmicznej), wyniki badan bakteriologicznych mleka, profil izolowanych patogenoéw
oraz dynamike¢ zmian stezenia TNF-o w mleku jako wskaznika lokalnej odpowiedzi
zapalnej. Dodatkowo oceniano wplyw zastosowanego leczenia na wydajno$¢ mleczng oraz
parametry hematologiczne i biochemiczne krwi, co pozwalato na kompleksowa oceng
bezpieczenstwa terapii. Okres obserwacji obejmowat czas od 72 godzin przed rozpoczeciem
leczenia do 168 godzin po jego rozpoczgciu. Wyniki zostaty zobrazowane graficznie na

wykresach.
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Rycina 2. (A) Heat mapa przedstawia wartosci SCC (x1000/mL) u poszczegdlnych krow w
grupach Kontrolnej i Pectin10 w okresie od —72 h do 168 h. Kazdy wiersz odpowiada jedne;j
krowie, a intensywno$¢ koloru odzwierciedla poziom SCC. (B) Srednie wartosci SCS w okresie
bazowym (wyznaczona warto$¢ bazowa zaznaczona linig przerywang) oraz w catym okresie
eksperymentalnym dla obu grup terapeutycznych. Okres podawania wielosktadnikowego preparatu
leczniczego w grupie Kontrolnej (0—12 h) zaznaczono jasnoniebieskim tlem, natomiast okres
leczenia pektyna w grupie Pectin10 (0—144 h) oznaczono jasno pomaranczowym ttem. W zadnym
punkcie czasowym nie stwierdzono istotnych statystycznie roznic pomi¢dzy grupami. Dane
przedstawiono jako $rednie = SE. (C) Zmiany warto$ci SCS w trakcie trwania do§wiadczenia,
wyrazone jako roznica wzgledem wartosci wyjsciowej (95% przedziat ufnosci dla wartosci
bazowej zaznaczony jasnoszarym tlem). Dane przedstawiono jako $rednie = SE. Analiza
statystyczna: * p <0,05; ** p <0,01; liniowy model mieszany dla pomiaréw powtarzanych (LMM)
z korekcja FDR dla wielokrotnych poréwnan.

Uzyskane wyniki wykazaty, ze zarowno w grupie leczonej pektyna, jak 1 w grupie
otrzymujacej antybiotyk, doszto do istotnego i porownywalnego zmniejszenia nasilenia
objawow klinicznych zapalenia wymienia. Poprawa stanu klinicznego byta widoczna juz po
48 godzinach od rozpoczgcia leczenia, co wskazuje na szybkie dziatanie terapeutyczne obu
zastosowanych schematéw. Rownolegle zaobserwowano istotny spadek liczby komorek
somatycznych w mleku, przy czym nie stwierdzono istotnych réznic pomi¢dzy grupami, co
sugeruje podobng skuteczno$¢ terapii pektyna i leczenia antybiotykowego w zakresie

redukcji stanu zapalnego w wymieniu.

Analiza wynikow badan bakteriologicznych wykazata poréwnywalne odsetki

wyleczen mikrobiologicznych w obu grupach terapeutycznych. Najcze$ciej izolowanymi
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drobnoustrojami byly bakterie $rodowiskowe, w tym Streptococcus uberis, gronkowce
koagulazo-ujemne oraz Escherichia coli, co jest zgodne z aktualnym profilem etiologicznym
klinicznych postaci mastitis w stadach mlecznych. Istotne z punktu widzenia praktycznego
jest to, ze zastosowanie pektyny nie wigzalo si¢ z pogorszeniem skuteczno$ci leczenia w
porownaniu ze standardowa terapig antybiotykowa. Terapia pektyng zostata rowniez
oceniona jako bezpieczna. W trakcie badania nie obserwowano podraznien miejscowych w
obrebie strzykow ani objawdéw ogolnych u leczonych kréw. Nie stwierdzono negatywnego
wptywu terapii na wydajnos¢ mleczng ani istotnych zmian w parametrach hematologicznych
1 biochemicznych krwi, co potwierdza dobrg tolerancj¢ zastosowanego preparatu. Brak
istotnych zmian stezenia TNF-o w mleku pomigdzy grupami dodatkowo sugeruje, ze terapia
pektyna nie wywolywala nadmiernej odpowiedzi zapalnej 1 dziatata w sposéb

porownywalny do leczenia antybiotykowego.

Podsumowujac, wyniki badania wskazujg, ze dowymieniowa terapia
10-procentowym roztworem pektyny jest bezpieczna, dobrze tolerowana i wykazuje
skuteczno$¢ kliniczng oraz bakteriologiczng porownywalng z konwencjonalnym leczeniem
antybiotykowym u krow z klinicznym zapaleniem wymienia o tagodnym i umiarkowanym
przebiegu. Uzyskane dane potwierdzaja potencjal pektyny jako alternatywnej metody
terapeutycznej, ktora moze przyczyni¢ si¢ do ograniczenia stosowania antybiotykow w
leczeniu mastitis, redukcji ryzyka powstawania opornosci drobnoustrojow oraz eliminacji
problemu pozostatosci lekow w mleku. Cho¢ badanie miato charakter pilotazowy, jego
wyniki stanowig istotng przestanke do dalszych, szerzej zakrojonych badan klinicznych oraz
do rozwazenia praktycznego zastosowania pektyny w programach racjonalnej terapii i

profilaktyki zapalenia wymienia w stadach bydta mlecznego
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Wyniki badania potencjalu terapeutycznego oraz tolerancji

miejscowej moryny po podaniu dowymieniowym

Badanie oceniato skuteczno$¢ moryny — naturalnego flawonoidu o dziataniu
przeciwzapalnym — w terapii klinicznego mastitis wywolanego przez Escherichia coli
1 Streptococcus uberis u krow mlecznych, w poréwnaniu ze standardowym leczeniem
antybiotykowym oraz placebo (PBS). Do dos$wiadczenia wlaczono 48 krow
z umiarkowanym mastitis, ktore losowo przydzielono do trzech grup: Badania (Moryna),
Kontrolna (antybiotyk do wymieniowy) oraz PBS. Wyjsciowe wartosci SCC byty
poréwnywalne miedzy ¢wiartkami zakazonymi E. coli (Srednia 7,27; 95% CI: 7,16-7,39)
a tymi zakazonymi S. uberis (Srednia 6,94; 95% CI: 6,78-7,11), co wskazuje, ze grupy
lecznicze w obu typach infekcji rozpoczynaly od podobnego, zwigzanego z choroba

poziomu wyjsciowego.

U kréw zakazonych E. coli dynamika SCS (Somatic Cell Score) roéznita si¢ miedzy
grupami. W grupie kontrolnej wartosci pozostawaly bliskie poziomu wyj$ciowego az do 6.
dnia, kiedy zaobserwowano gwattowny i istotny spadek w 144 h (p < 0,001, $rednia: 5,953,
95% CI: 5,059-6,846, ES: —2,103) oraz w 168 h (p < 0,001, $rednia: 5,752, 95% CI: 5,063—
6,441, ES: —2,422). W grupie PBS nie odnotowano istotnych zmian w zadnym punkcie
czasowym (wszystkie p > 0,05, srednia w 168 h: 7,483, 95% CI: 7,205-7,762). W grupie
badanej wartosci SCS pozostawaty porownywalne z poziomem wyj§ciowym przez pierwsze
pie¢ dni leczenia (24—-120 h), jednak pdzniej pojawit si¢ stopniowy spadek. W 14 h (p =
0,008, $rednia: 6,364, 95% CI: 5,738-6,989, ES: —1,449) oraz w 168 h (p = 0,023, $rednia:
5,953, 95% CI: 5,059-6,846, ES: —1,263) wartosci SCS w grupie badanej byly istotnie
nizsze w porownaniu z poziomem wyjsciowym. Porownania miedzy grupami wykazaty brak
réznic w fazie wczesnej (0-120 h). Jednak w 144 h grupa PBS miala wyzsze SCS niz
zaréwno grupa kontrolna, jak i badana, a w 168 h wszystkie grupy réznily si¢ migdzy soba.
Wyniki te wskazuja, Zze grupa, w ktorej podawana byla moryna, podobnie jak grupa

kontrolna, skutecznie obnizata SCS w zapaleniu wymienia wywotanym przez E. coli.

W ¢wiartkach zakazonych S. wuberis grupa kontrolna wykazywata stopniowy
i konsekwentny spadek wartosci SCS, z istotnymi redukcjami obserwowanymi od 48 h (p =
0,025, $rednia: 6,274, 95% CI: 5,394-7,154, ES: —1,110) 1 utrzymujacymi si¢ w okresie 96—
168 h (wszystkie p = 0,033, $rednia w 168 h: 7,483, 95% CI: 7,205-7,762, ES: —1,044).
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W grupie PBS nie odnotowano spojnej poprawy — jedynie przejsciowy, nieistotny wzrost
SCS w 96 h (p = 0,086), a wszystkie pozostale punkty czasowe pozostawaly porownywalne
z poziomem wyjSciowym. W grupie Moryna nie wykryto istotnych zmian wzgledem
warto$ci poczatkowych w ciggu pierwszych 6 dni (144 h), jednak pod koniec okresu
obserwacji pojawita si¢ tendencja spadkowa, osiagajac p6zny, niewielki spadek z trendem
w 168 h (p < 0,076, $rednia: 6,400, 95% CI: 5,797-7,004). Poréwnania miedzy grupami
wskazaty, ze grupa otrzymujaca PBS konsekwentnie wykazywata wyzsze wartosci SCS niz
grupa kontrolna od 48h (48—168 h) doswiadczenia. Analiza po randomizacji (globalny test
doktadny Fishera) potwierdzila, ze warto$ci Score mierzone w punkcie czasowym O h
réwniez nie roznily si¢ istotnie miedzy grupami, zarowno w podgrupach E. coli, jak i S.
uberis, co zapewnia rownowaznos¢ wartosci wyjsciowych przed rozpoczeciem leczenia. Co
istotne, wynik 3 nie zostal odnotowany u zadnego zwierzecia w zadnym punkcie czasowym
w ktorejkolwiek grupie. U krow zakazonych E. coli w grupie kontrolnej wyniki kliniczne
istotnie zmniejszyty si¢ od 48 h (p = 0,003), z utrzymujaca si¢ i wyrazng redukcja
obserwowang w okresie 96—168 h (wszystkie p < 0,001). W grupie Moryna poprawa byta
widoczna juz w 48 h (p = 0,024) 1 pozostawala istotna przez caly okres od 3. do 7. dnia (p <
0,011). Natomiast w grupie PBS nie odnotowano istotnych zmian w poréwnaniu z warto$cig
wyjsciowa w zadnym punkcie czasowym (wszystkie p > 0,05). U krow zakazonych S. uberis
w grupie kontrolnej nie wykryto istotnych roznic wzgledem wartosci wyjsciowych az do 6.
dnia, kiedy wyniki znaczaco spadly w 144 h i 168 h (oba p = 0,005). W grupie Moryna
istotna redukcja pojawita si¢ w 96 h (p = 0,038), nasilita si¢ w 144 h i utrzymata w 168 h
(oba p < 0,001). Natomiast w grupie PBS nie odnotowano istotnych zmian w poréwnaniu z

warto$cig wyjsciowag w zadnym punkcie czasowym (wszystkie p > 0,05).

Nie zaobserwowano zadnych miejscowych reakcji niepozadanych zwigzanych
z leczeniem, takich jak podraznienie strzykow, zwigkszona wrazliwo$¢ na bol czy
nieprawidlowy wyglad mleka poza zmianami zwigzanymi z mastitis, w zadnej grupie. Nie
stwierdzono istotnych réznic w wydajnosci mleka przed i po leczeniu w Zadnej grupie.
Analiza RT-qPCR po zakonczeniu leczenia wykazata obecno$¢ S. uberis w mleku ze
wszystkich trzech grup, natomiast E. coli nie byla juz wykrywana w zadnej probce mleka

w zadnej grupie.
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Potwierdzenie lub wykluczenie interakcji farmakodynamicznej
w przypadku rownoczesnego podania trzech substancji
czynnych: kwercetyny, moryny i pektyny oraz potwierdzenie

lub wykluczenie wplywu na efekt terapeutyczny

Badanie ocenialo skutecznos$¢ terapii kombinacji trzech substancji czynnych:
kwercetyny, moryny i pektyny (PMQ) w terapii mastitis wywotanego przez Escherichia coli
1 Streptococcus uberis u krow mlecznych, w poréwnaniu ze standardowym leczeniem
antybiotykowym (PC) oraz placebo (NC). W grupie NC (kontrola negatywna) SCS
pozostawal stabilny przez caly okres obserwacji i nie odnotowano istotnych odchylen od
poziomu poczatkowego w zadnym punkcie czasowym (P > 0,05 dla wszystkich porownan).
W przeciwienstwie do tego, obie grupy leczone (PC 1 PMQ) wykazaty znaczace obnizenie

SCS poczawszy od 72 godzin (P < 0,01 do P <0,001) oraz dalszy spadek az do 168 godzin.

Poréwnania miedzygrupowe nie wykazaty istotnych réznic pomigdzy grupami
w poczatkowym okresie obserwacji (0-96 h). W 120 godzinie grupa PC roznita si¢ od NC
(P<0,05). W 144 1 168 godzinie zaréwno grupa PC, jak i PMQ charakteryzowaty si¢ istotnie
nizszymi wartosciami SCS wzgledem NC (P < 0,05), przy czym nie bylo réznic pomigdzy
PC a PMQ. Nasilenie procesu zapalnego wymienia na poczatku badania (0 h) nie roznit si¢
istotnie pomiedzy grupami leczonymi, co potwierdza ich poréwnywalno$¢ przed
rozpoczgciem interwencji (P > 0,05, test doktadny Fishera)) W grupie NC nie
zaobserwowano istotnych zmian nasilenia objawow mastitis przez 168 godzin obserwacji —
stan zapalny utrzymywal si¢ na poziomie wyjsciowym. Z kolei w obu grupach leczonych
odnotowano istotng popraweg. W grupie PC znaczace obnizenie punktacji pojawito si¢ od 72
godzin (P < 0,01) i utrzymywalo si¢ do konca badania (P < 0,001). W grupie PMQ
odpowiedz wystapila wczesniej, z bardzo istotng poprawa juz od 72 godzin (P < 0,001),
utrzymujacg si¢ przez caly okres obserwacji. Przewidywania populacyjne z modelu CLMM

obrazuja te zmiany w czasie.

Przewidywane prawdopodobienstwo utrzymywania si¢ stanu zapalnego (wynik > 1)
pozostawalo stabilne 1 bardzo wysokie w grupie NC (~97-99%) przez caly okres, co jest
zgodne z nieleczonym zakazeniem. Obie grupy leczone wykazywaty stopniowy spadek

prawdopodobienstwa zapalenia w czasie. W grupie PC warto$¢ ta zmniejszyla si¢ z 95,5%
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na poczatku do 45,0% w 168 godzinie, co stanowi 53% redukcje. W grupie PMQ
obserwowano podobny trend: spadek z 96,1% do 64,1% (redukcja o 33%). Warto zauwazy¢,
ze grupa PC osiagneta nizsze koncowe prawdopodobienstwo stanu zapalnego niz PMQ,
cho¢ obie wykazaly znaczng poprawe wzgledem grupy nieleczonej. Szerokie przedziaty
ufnosci (CI 95%) w grupach leczonych wraz z upltywem czasu odzwierciedlaja wzrastajaca
heterogeniczno$¢ odpowiedzi na terapi¢ — czg$¢ zwierzat osiggneta catkowite wyleczenie,

podczas gdy u innych utrzymywatly si¢ objawy umiarkowanego zapalenia.
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Dyskusja

Przeprowadzone badanie jest jednym z nielicznych eksperymentalnych prac
oceniajacych skuteczno$¢ zastosowania terapii do wymieniowej pektyny oraz flawonoidow
u krow mlecznych w warunkach produkcyjnych. Dotychczasowe publikacje koncentrowaty
si¢ gldéwnie na badaniach in vitro, natomiast dane dotyczace ich miejscowego zastosowania
w leczeniu mastitis sg bardzo ograniczone. W tym eksperymencie skutecznos$¢ substancji
naturalnych porownano po raz pierwszy z terapig antybiotykowa, co czyni to badanie
waznym punktem wyjscia do dalszych badan klinicznych i praktycznych. Mastitis to ztozona
choroba a jej rozw6j obejmuje przewdd pokarmowy, metabolity drobnoustrojow, mikrobiote
i niedobory zywieniowe. Utrwalone postrzeganie mastitis wylacznie jako infekcji
egzogennej jest niepetne, poniewaz coraz wiece] dowodow wskazuje na istnienie osi

taczacej zdrowie jelit i gruczotu mlekowego.

Standardowe terapie mastitis opierajg si¢ gtdéwnie na antybiotykach podawanych do
wymienia lub systemowo. Cho¢ antybiotyki sa skuteczne przeciwko typowym patogenom
mastitis, ich naduzywanie niesie ryzyko opornosci drobnoustrojow
1 wymaga S$cistego przestrzegania okresoOw karencji mleka. W ostatnich latach ro$nie
zainteresowanie alternatywnymi terapiami mastitis, ktore ograniczajag stosowanie
antybiotykow. W niniejszym badaniu, przeprowadzonym w rzeczywistych warunkach fermy
mlecznej, przetestowano trzy roézne opcje stosujac samodzielnie pektyne, moryng lub
kombinacje pektyn, moryny oraz kwercetyny. Analizowano zmiany kliniczne, SCC,
parametry krwi i biochemiczne miedzy grupa otrzymujaca badang substancj¢ a grupa
kontrolng leczong standardowym preparatem wieloskladnikowym. Preparat w grupie
kontrolnej zawierat kombinacj¢ kilku substancji czynnych o szerokim spektrum dziatania
przeciw typowym patogenom mastitis. W kontekscie problemoéw zwigzanych z opornoscia
na $rodki przeciwdrobnoustrojowe oraz koniecznoscig przestrzegania okresow karencji
mleka, celem badania byla ocena alternatywnej, nie antybiotykowej terapii mastitis
z wykorzystaniem pektyn oraz flawonoidow. Warto wspomnie¢, ze uzyty komercyjny
preparat antybiotykowy stanowi dobrze ugruntowany standard w leczeniu mastitis.
Uzyskanie efektu terapeutycznego przy zastosowaniu s$rodka nie antybiotykowego

potwierdza potencjat pektyn i1 flawonoidow jako alternatywnej strategii leczenia.
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Wyniki sugeruja, ze stosowanie roztworu pektyn oraz flawonoidow moze by¢
poréwnywalne ze stosowaniem antybiotykdw, chociaz wymaga to potwierdzenia
w badaniach o wigkszej mocy statystycznej. Szybsza regresja objawdw klinicznych
obserwowana w grupie pektynowej wskazuje, ze pektyny moga skutecznie modulowac
odpowiedz zapalng w wymieniu a objawy kliniczne ustepowaty $rednio o 1,6 dnia wczedniej

niz w grupie kontrolnej (p < 0.05).

Obiektywnym potwierdzeniem dynamiki przebiegu procesu zapalnego byta analiza
zmian liczby komorek somatycznych (SCC). Wyzsze SCC oznacza silniejsza odpowiedz
zapalng 1 wigkszg infiltracje leukocytow. W badaniu stwierdzono znacznie szybszy spadek
SCC w grupie leczonej pektyng niz w grupie kontrolnej a juz 48 godzin po rozpoczgciu
leczenia $rednie SCC spadato wyrazniej niz w grupie antybiotykowej (r6znice od 2. dnia
byly statystycznie istotne). Oznacza to szybsze ustepowanie stanu zapalnego i wezesniejszy

powrd6t do fizjologicznego stanu gruczotu.

Terapeutyczne efekty pektyny wynikaja prawdopodobnie z wielu naktadajacych si¢
mechanizmow. Pektyny, polisacharydy roslinne wykazuja wlasciwosci
immunomodulacyjne, m.in. poprzez oddzialywanie z receptorami TLR2 i TLR4, co moze
thumi¢ kaskadg¢ zapalng i prowadzi¢ do tagodniejszego przebiegu choroby. Cho¢ nie dziataja
bezposrednio bakteriobdjczo, moga wzmacnia¢ mechanizmy obronne gospodarza

1 ogranicza¢ uszkodzenia tkanek (41,43).

Opisano réwniez ich dziatanie przeciwzapalne w badaniach u ludzi suplementacja
pektyna cytrusowg obnizata poziomy cytokin prozapalnych (TNF-a, IL-1p, IL-6, IFN-y),
a zwigkszala IL-10 (44). Podobne efekty obserwowano w modelach zwierzecych (zapalenie
jelit, alergia, zapalenie ptuc) (45,46). Badania in vitro potwierdzaja, ze pektyny moduluja
aktywno$¢ komorek odpornosciowych, m.in. zmniejszajac produkcje¢ cytokin i wolnych

rodnikéw.

Badania w modelach dermatologicznych 1 blon §luzowych wykazaty, ze hydrozele
na bazie pektyny tworza stabilne, bioadhezyjne warstwy, ktére chronig powierzchnie
nablonka, zmniejszajg przepuszczalno$¢ transepitelialng i wspierajg regeneracje tkanek (47).
Zatozylismy, ze podobne zelowanie zachodzi w obrebie wymienia, umozliwiajac pektynie
pokrycie nablonka, ograniczenie adhezji bakterii 1 wzmocnienie funkcji bariery. Moze to
czegsciowo thumaczy¢ szybkie poprawy kliniczne i cytologiczne obserwowane w grupie

leczonej pektyna. To podwojne dziatanie biologiczne i mechaniczne moze wyjasniac
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korzystne wyniki kliniczne i cytologiczne, mimo zastosowania prostego 10% roztworu bez
dodatkowych substancji czynnych. Ponadto pektyny i pokrewne polisacharydy sa powigzane
z procesami regeneracji tkanek, w tym aktywacja autofagii i naprawa nabtonka (48).
Mechanizmy te mogty przyczynic si¢ do szybszej stabilizacji funkcji gruczotu i potencjalnie

nizszego ryzyka nawrotu obserwowanego w tym badaniu.

Podsumowujac, zaobserwowana skuteczno$¢ pektyny wydaje si¢ wynikaé
z synergicznego pofaczenia efektow immunomodulacyjnych, tworzenia bariery fizycznej
oraz wsparcia dla naprawy tkanek. Ten wielopoziomowy mechanizm dziatania moze
oferowac istotne korzys$ci w porownaniu z konwencjonalnymi terapiami, ktére koncentruja
si¢ wylacznie na eliminacji patogendéw, szczegOlnie w obliczu rosngcej presji na
ograniczenie stosowania antybiotykéw w produkcji mleka. Uzyskane dane stanowig solidng
podstawe do planowania badan na wigksza skale. Pektyna moze okazaé si¢ bezpieczng
1 skuteczng alternatywa lub uzupelieniem terapii mastitis, wspierajagc wysitki na rzecz
redukcji stosowania antybiotykow w medycynie weterynaryjnej. Jej potencjalne korzysci
ekonomiczne brak okresu karencji mleka i mniej ograniczen w sprzedazy mleka dodatkowo

zwickszajg jej atrakcyjnos$¢ w praktyce hodowlane;.

Waznym spostrzezeniem byl brak dzialan niepozadanych zwigzanych z terapia
pektyng w trakcie badania. Zadna z kréw, ktore otrzymywaly 10% roztwér pektyny do
wymienia przez 7 dni, nie wykazywala oznak miejscowego podraznienia w leczonych
¢wiartkach (np. zwigkszonego boélu, obrzeku niezwigzanego z infekcjg czy wydzieliny
sugerujacej reakcje alergiczng) ani objawdw ogdlnych wskazujagcych na mozliwg
toksyczno$¢. Nie stwierdzono istotnych zmian w profilach hematologicznych, co mozna
przypisa¢ umiarkowanemu charakterowi zapalenia i braku systemowego przesunigcia
leukocytow typowego dla ostrego mastitis. Zastosowanie pektyny byto dobrze tolerowane
zarbwno w trakcie, jak 1 po =zakonczeniu leczenia, a nie odnotowano zadnych
nieprawidtowych zachowan ani zmian jako$ci mleka poza tymi zwigzanymi z procesem
zapalnym. Nie zaobserwowano istotnych réznic w poziomach TNF-a w mleku miedzy grupa
badang a grupg kontrolng. Brak wzrostu TNF-a w grupie badanej moze odzwierciedla¢
kontrolowang lokalng odpowiedZ immunologiczng, zgodna z immunomodulacyjnymi
wlasciwosciami pektyny, ktore wspieraja ustgpowanie stanu zapalnego bez nadmiernej
produkcji cytokin. Profil bezpieczenstwa jest zgodny z ogdlng charakterystyka pektyn jako
naturalnych substancji od dawna stosowanych w przemysle farmaceutycznym. Pektyny sa

klasyfikowane jako blonnik pokarmowy 1 uznawane za bezpieczne; ponadto badania nad ich
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stosowaniem w szczegdlnie wrazliwych populacjach (np. w mieszankach dla niemowlat)
potwierdzity brak szkodliwego dziatania (43). Brak dziatan niepozadanych w niniejszym
badaniu wskazuje, ze podanie pektyny do wymienia nie stanowi zagrozenia dla zdrowia
krow, a jednoczes$nie jest atrakcyjng alternatywa pod wzgledem bezpieczenstwa zywnosci.
W przeciwienstwie do antybiotykow, pektyny nie pozostawiajg pozostatosci w mleku i nie
przyczyniaja si¢ do selekcji opornosci drobnoustrojéow. Ten aspekt bezpieczenstwa jest
szczegoOlnie istotny w konteks$cie dziatan na rzecz ograniczenia stosowania antybiotykow
u zwierzat produkujacych zywnos¢. Ocena alternatywnych terapii do wymienia powinna
uwzglednia¢ nie tylko skuteczno$¢ kliniczng, ale takze tolerancje miejscowa
1 bezpieczenstwo stosowania. Pektyny, podobnie jak inne naturalne polisacharydy, wykazuja
doskonatg tolerancje miejscowg w wymieniu. W badaniach in vitro z wykorzystaniem linii
komoérkowych nabtonka gruczotu mlekowego roztwory pektyny nie wykazywaly
cytotoksyczno$ci, nawet przy wysokich stgzeniach (49). Cho¢ bezposrednie doniesienia
o podaniu pektyny do wymienia sg ograniczone, doswiadczenia z formulacjami zelowymi
(np. hydroksypropylometyloceluloza, karboksymetyloceluloza, alginian) wskazuja, ze
polisacharydy te nie uszkadzaja tkanek strzykéw i nie indukuja stanu zapalnego w badaniach
ex vivo (49). W praktyce klinicznej nie obserwowano podraznien ani dyskomfortu u krow
po zastosowaniu roztworoOw pektyny, co jest zgodne ze statusem GRAS (Generally
Recognized As Safe) pektyn powszechnie stosowanych w przemysle spozywczym
1 farmaceutycznym (50). Wysoki profil bezpieczenstwa potwierdza, ze 10% roztwor pektyny
moze by¢ bezpiecznie stosowany do wymienia, minimalizujac ryzyko dzialan
niepozadanych. Z perspektywy praktyki klinicznej niezwykle istotne sg wiasciwosci
farmakokinetyczne pektyn po podaniu do wymienia. Polisacharydy podane do wymienia nie
przedostaja si¢ do krazenia systemowego i pozostaja gtownie w tkance wymienia, co
eliminuje obawy dotyczace pozostatosci w mleku i koniecznosci stosowania okresow

karencji.

Pektyny sg lokalnie biodegradowalne przez enzymy (np. lizozym) lub fagocytowane
przez makrofagi, a ewentualna §ladowa obecno$¢ w mleku nie wptywa negatywnie na jego
sktad (laktoza, tluszcz, biatko) ani cechy organoleptyczne (51). W przeciwienstwie do
antybiotykow, pektyny nie podlegaja ograniczeniom poziomu pozostato$ci, poniewaz sg
klasyfikowane jako rozpuszczalny btlonnik pokarmowy ze statusem GRAS.
Farmakokinetyka pektyn w wymieniu charakteryzuje si¢ szybkim przeksztatceniem

roztworu w hydrozel, przedluzonym utrzymaniem in situ i minimalnym wchlanianiem
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systemowym. Zapewnia to skoncentrowany, dlugotrwaty efekt miejscowy bez ryzyka

toksycznos$ci ogolnoustrojowej (50).

Badania dotyczace skutecznos$ci moryny przeprowadzono wobec dwoch gtownych
patogendéw wywotujacych kliniczne zapalenie wymienia (4). Jednak mastitis spowodowany
przez te patogeny rézni si¢ pod wzgledem patogenezy. Mastitis wywotlane przez E. coli
wiaze si¢ z zapaleniem indukowanym endotoksynami, w ktorym terapia antybiotykowa nie
jest konieczna; gtowny nacisk kladzie si¢ na leczenie przeciwzapalne (52). Natomiast
mastitis spowodowane przez S. uberis obejmuje kolonizacj¢ wymienia, dlatego terapia

przeciwdrobnoustrojowa jest niezbedna (6,8).

Wyniki niniejszego badania dowodza, ze skuteczno$¢ terapeutyczna moryny
w leczeniu mastitis zalezala od czynnika etiologicznego i1 byla ogolnie nizsza niz
w przypadku standardowej terapii antybiotykowej. Zaobserwowano wyrazne roznice
w przebiegu mastitis wywolanego przez E. coli 1 S. uberis. Zakazenia E. coli
charakteryzowaly si¢ szybkim i wyraznym wzrostem SCC, podczas gdy S. uberis czesciej
prowadzit do postaci podostrej lub przewleklej z tagodniejszymi objawami klinicznymi

1 utrzymujacym si¢ podwyzszonym SCC.

W zakazeniach E. coli poprawa kliniczna pojawiata si¢ stosunkowo wczesnie (48—
72 h), natomiast redukcja SCC nastepowata dopiero po kilku dniach. Ta rozbiezno$¢ miedzy
ustepowaniem objawéw klinicznych a normalizacjg SCC jest typowa dla takich infekcji,
gdzie poprawa kliniczna zazwyczaj wyprzedza odpowiedz komoérkowa w gruczole
mlekowym. W grupie leczonej antybiotykiem objawy kliniczne ustgpowaty szybciej niz
w grupie moryny, szczegélnie w pierwszych dniach po zakazeniu E. coli. Krowy
otrzymujace terapi¢ konwencjonalng wykazywaly wczes$niejsze zmniejszenie obrzeku
1 zaczerwienienia ¢wiartki. W grupie moryny roOwniez obserwowano stopniowa poprawe

kliniczng, ale zmiany nastepowaty wolnie;.

Podobny wzorzec odnotowano w analizie SCC w zakazeniach E. coli liczba komorek
somatycznych w mleku spadata do wartos$ci zblizonych do normy w grupie antybiotykowej
pod koniec pierwszego tygodnia leczenia. U krow leczonych moryng SCC pozostawat
podwyzszony przez dluzszy czas, co wskazuje na wolniejszg normalizacje odpowiedzi
zapalnej. Wynik ten jest zgodny z weze$niejszymi doniesieniami, ze w colimastitis poprawa
kliniczna czgsto wyprzedza normalizacj¢ parametrow mleka. W takich przypadkach

ograniczenie stosowania antybiotykéw wpisuje si¢ w obecne trendy racjonalizacji terapii
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przeciwdrobnoustrojowej. W zakazeniach wywotanych przez patogeny Gram-ujemne
mozna rozwazy¢ ograniczenie antybiotykow na rzecz leczenia wspomagajacego, zgodnie
z koncepcja One Health i1 dzialaniami na rzecz zmniejszenia presji selekcyjnej opornos$ci.
W mastitis spowodowanym przez E. coli obraz kliniczny zwykle odzwierciedla gwattowng
ogolnoustrojowg reakcje zapalng: krowy czgsto wykazuja wysoka goraczke, apatig, brak
apetytu, sporadyczng biegunke oraz objawy endotoksemii lub wstrzasu (53). Jednak E. coli
moze rowniez powodowac tagodne zapalenie ograniczone do jednej ¢wiartki (4). Badania
wskazuja, ze kliniczne mastitis wywotane przez E. coli najczesciej objawia si¢ krotkim,
pojedynczym szczytem SCC na krzywej laktacji (54), natomiast mastitis spowodowane
przez S. uberis zwykle ma tagodniejszy i bardziej przewlekly przebieg. S. uberis rzadziej
wywotuje cigzka reakcje ogolnoustrojowa z goraczka. Ogdlnie jego przebieg kliniczny jest
fagodniejszy 1 bardziej wydtuzony niz w ostrym colimastitis (55,56). W zakazeniach S.
uberis zmiany SCC sg bardziej zmienne i dlugotrwate. S. uberis moze powodowac zar6wno
ostre mastitis (ze skokiem SCC podobnym do innych patogenoéw), jak i infekcje
podkliniczne utrzymujgce podwyzszone SCC przez dtuzszy czas (54). Ogdlnie patogeny
Gram-dodatnie (streptokoki, gronkowce) czgéciej powoduja utrzymujace si¢, przewlekle
podwyzszenie SCC, podczas gdy infekcje Gram-ujemne (np. E. coli) zwykle skutkuja

krotkotrwatymi skokami SCC zwigzanymi z ostrym epizodem zapalenia (56).

W niniejszym badaniu oceniano ostre kliniczne mastitis sSrodowiskowe wywotlane
przez E. coli 1 S. uberis. Infekcje te sa zwykle napedzane szybka reakcja zapalng i czesto
wykazuja spontaniczne wyleczenie kliniczne, szczegdlnie w przypadku E. coli, gdy
zapalenie jest odpowiednio kontrolowane poprzez czeste dojenie i leczenie wspomagajace.
Natomiast mastitis spowodowane przez S. aureus jest klasyfikowane jako zakaZne, a nie
srodowiskowe, zwykle ma charakter przewlekty i zwigzany z biofilmem, a spontaniczne
wyleczenie jest rzadkie ze wzgledu na wewnatrzkomoérkowa persystencje bakterii. Dlatego
strategie leczenia i oczekiwane wyniki kliniczne r6znig si¢ znaczaco migdzy tymi grupami

patogenow.

Nasze obserwacje z niniejszego eksperymentu odzwierciedlajg dobrze znane réznice
migdzy infekcjami Gram-ujemnymi i Gram-dodatnimi, przy czym S. uberis czgsciej
wystepuje jako mastitis podostre lub przewlekte. Terapia antybiotykowa skutkowata
stopniowym 1 systematycznym spadkiem SCS, a poprawa kliniczna nastepowata
rownolegle. Kontrolny antybiotyk IMM byl terapig skojarzona obejmujacg zaréwno

patogeny Gram-ujemne (E. coli), jak i Gram-dodatnie (S. uberis), w tym tetracykling,
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neomycyn¢ i bacytracyne, z prednizolonem w celu zmniejszenia stanu zapalnego.
Odzwierciedla to standardowa praktyke weterynaryjng w leczeniu klinicznego mastitis.
Profile wrazliwosci na $rodki przeciwdrobnoustrojowe w polskich stadach mlecznych
pokazuja, ze S. uberis pozostaje wysoce wrazliwy na terapi¢ oparta na bacytracynie,
wykazujac jednocze$nie oporno$¢ na aminoglikozydy, takie jak neomycyna (8). To dobrze
koreluje z zastosowanym w naszym badaniu antybiotykiem skojarzonym, gdzie bacytracyna
prawdopodobnie przyczynita si¢ do lepszej eliminacji S. uberis. W przypadku E. coli
wrazliwos$¢ na neomycyne jest zmienna co moze thumaczy¢, dlaczego przewaga antybiotyku

nad moryng byta mniej wyrazna w przypadku mastitis coliformowego.

Wyniki odzwierciedlaja charakterystyczny przebieg mastitis paciorkowcowego,
ktéry cechuje si¢ dlugotrwalym podwyzszeniem SCC. Leczenie moryng prowadzito do
poprawy klinicznej; jednak redukcja SCC byta wyraznie wolniejsza i mniej zaznaczona niz
w grupie antybiotykowej, co wskazuje na ograniczong skuteczno$¢ tego zwigzku wobec
zakazen paciorkowcowych. Jest to zgodne z weze$niejszymi doniesieniami, ze S. uberis ma
duza zdolno$¢ do utrzymywania si¢ w tkance gruczotu mlekowego i wymaga celowane;j
terapii antybiotykowej (56). W przypadku S. uberis roznice migdzy grupami byly mniej
wyrazne, co odzwierciedla tagodniejszy, przewlekly charakter tych infekcji. Niemniej
jednak terapia antybiotykowa prowadzita do szybszej poprawy miejscowych objawow
zapalnych 1 bardziej wyraznego spadku SCC w pordwnaniu z leczeniem moryng. W grupie
moryny u czg¢sci krow utrzymywat si¢ podwyzszony SCC az do konca okresu obserwacji.
Wyniki te sugeruja, ze cho¢ moryna wspiera tagodzenie objawow zapalnych, jej skutecznosé¢
w eliminacji infekcji jest nizsza niz w przypadku standardowej terapii antybiotykowej,

szczegblnie w mastitis wywolanym przez S. uberis.

Poréwnanie naszych wynikéw z doniesieniami literaturowymi z ostatnich lat
potwierdza wiele zaobserwowanych wzorcow. Po pierwsze, leczenie mastitis wywolanego
przez E. coli stanowi szczegdlny przypadek w praktyce weterynaryjnej. Wykazano, ze
w tagodnych i umiarkowanych postaciach zapalenia spowodowanego przez pateczki Gram-
ujemne odsetek spontanicznych wyleczen jest wysoki, a terapia antybiotykowa nie zawsze
znaczaco zwigksza odsetek wyleczen w porownaniu z brakiem leczenia. Na przykiad
w badaniach klinicznych mastitis na tle £. coli w wielu przypadkach nie stwierdzono réznicy
w odsetku wyleczen bakteriologicznych miedzy krowami otrzymujacymi antybiotyk
a nieleczonymi. Gwaltowna 1 silna odpowiedz zapalna indukowana przez E. coli czgsto

prowadzi do eliminacji bakterii przez uktad odpornosciowy jeszcze przed zadziataniem
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antybiotyku (57). Z drugiej strony istniejg rowniez doniesienia wskazujace na korzysci
z terapii antybiotykowej w mastitis coliformowym. Schukken 1 wsp. zaobserwowali wyzszy
odsetek wyleczen E. coli u krow leczonych antybiotykami (89%) w pordéwnaniu
z nieleczonymi (53%), cho¢ autorzy podkreslili ograniczong liczebno$¢ proby i potrzebe

dalszych badan (58).

W naszym eksperymencie w grupie moryny wiele przypadkow E. coli zostalo
skutecznie opanowanych, co jest zgodne z powyzszymi obserwacjami dotyczacymi
wysokiej tendencji do spontanicznego wyleczenia infekcji koliformowych. Prawdopodobnie
moryna, dzigki dziataniu przeciwzapalnemu, stworzyta warunki wspierajagce mechanizmy
obronne krowy w zwalczaniu infekcji. Literatura podkresla znaczenie terapii wspomagajace;j
w takich sytuacjach. Gdy antybiotyki nie poprawiaja rokowania (z powodu wysokiego
odsetka spontanicznych wyleczen lub opornosci bakterii), leczenie objawowe staje si¢
kluczowe (59). W praktyce klinicznej przejawia si¢ to m.in. rosngcym stosowaniem
niesteroidowych lekéw przeciwzapalnych (NLPZ) w leczeniu mastitis. Wedtug
najnowszego przegladu w Danii az 72% lekarzy weterynarii stosuje wylacznie leczenie
przeciwzapalne bez antybiotykow w lagodnych przypadkach mastitis wywotanego przez
patogeny Gram-ujemne (1,60). NLPZ, takie jak fluniksyna czy meloksykam, obnizaja
gorgczke 1 bol oraz tagodza skutki endotoksemii w mastitis coliformowym, co czgsto
wystarcza, aby poprawi¢ stan krowy i umozliwi¢ uktadowi odpornosciowemu eliminacje

patogendow (1).

Nasze wyniki dla E. coli (gdzie moryna wykazala skuteczno$¢ kliniczng
poréwnywalng z antybiotykami w przypadkach umiarkowanie ci¢zkich) sa zatem zgodne
z trendem ograniczania stosowania antybiotykow w mastitis Gram-ujemnym przy
jednoczesnym stosowaniu intensywnej terapii przeciwzapalnej. Z drugiej strony sytuacja
jest inna w przypadku patogenéw Gram-dodatnich. Srodowiskowe paciorkowce, takie jak S.
uberis, cho¢ zdolne do wywotywania mastitis o ré6znym nasileniu (od podklinicznego do
cigzkiego), sa znane z niskiej tendencji do spontanicznej eliminacji z gruczolu mlekowego.
Infekcje te czgsto wymagajg aktywnej interwencji, poniewaz bakterie Gram-dodatnie moga
ukrywaé si¢ w tkance gruczolu, tworzy¢ biofilm i1 utrzymywacé si¢ przez dhugi czas.
Pozyskane dane potwierdzaja, ze standardowa terapia antybiotykowa (dziatajaca
bakteriobdjczo wobec S. uberis) byta znacznie skuteczniejsza w eliminacji infekcji niz
poleganie wylacznie na immunomodulacyjnym dzialaniu moryny. Pi$miennictwo fachowe

donosi o przewagach leczenia antybiotykowego w mastitis wywotanym przez paciorkowce.
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Badania porownawcze wykazaly istotnie wyzsze wskazniki wyleczen bakteriologicznych w
grupach leczonych antybiotykami w poréwnaniu z grupami nieleczonymi lub placebo (57).
Ponadto brak skutecznego leczenia infekcji paciorkowcowej niesie ryzyko przej$cia w forme
podkliniczng z przewleklym podwyzszeniem SCC, co zaobserwowalismy u czes$ci krow
otrzymujgcych moryne. Dlatego nasze wyniki nie sg sprzeczne z obecnymi zaleceniami, lecz
je potwierdzaja. S. uberis pozostaje patogenem, ktorego skuteczne leczenie trudno jest
zastgpi¢ bez antybiotykow, cho¢ w przysztosci ich potaczenie z terapiami wspomagajacymi

(np. z uzyciem substancji takich jak moryna) moze poprawi¢ wyniki leczenia.

Mozliwym wyjasnieniem zaobserwowanych réznic jest odmienny mechanizm
dzialania moryny w poréwnaniu z antybiotykami i wynikajace z tego ograniczenia.
Antybiotyk zastosowany w naszym badaniu dziatat bezposrednio bakteriobojczo, szybko
redukujac populacje E. coli lub S. uberis w gruczole mlekowym. Natomiast moryna nie jest
srodkiem przeciwdrobnoustrojowym. Ograniczone zahamowanie obserwowane in vitro jest
zgodne z wczes$niejszymi doniesieniami wskazujacymi, ze jej gtowny mechanizm dziatania
polega na modulacji odpowiedzi zapalnej gospodarza, a nie na bezposredniej aktywnosci
przeciwbakteryjnej. Jako naturalny zwigzek flawonoidowy moryna wykazuje
udokumentowane wtasciwosci przeciwutleniajace, przeciwbakteryjne 1 przeciwzapalne,
przy czym jej wplyw na szlaki odpornosciowe 1 zapalne gospodarza wydaje si¢ kluczowy w
kontekscie mastitis. To uzasadnia oceng moryny jako terapii wspomagajacej, a nie leczniczej

w mastitis (61).

Modele eksperymentalne wykazaty, Ze moryna moze znaczagco hamowa¢ nadmierne
reakcje zapalne indukowane przez endotoksyny lub bakterie. Jiang i wsp. wykazali w mysim
modelu mastitis indukowanego LPS (lipopolisacharyd E. coli), ze podanie moryny
zmniejszalo zmiany patologiczne w gruczole mlekowym. Ograniczato obrzgk i infiltracje
neutrofili oraz istotnie obnizalo ekspresje cytokin prozapalnych (TNF-o, IL-1pB, IL-6)
i chemokin (CCL2, CXCL2) w tkance (61). Jednocze$nie moryna modulowata kluczowe
szlaki sygnatlowe komorek: hamowatla fosforylacje czynnikéw transkrypcyjnych NF-xB
(podjednostka p65) 1 kinaz MAPK (ERKI1/2, p38), a takze zmniejszata aktywacje
inflammasomu NLRP3 (61). Efekty te przekladaly si¢ na ograniczenie produkcji
mediatoréw zapalnych i ochrong komorek gruczotu przed uszkodzeniami spowodowanymi
reakcja immunologiczng. Co istotne, moryna wykazala rowniez zdolnos¢ stabilizacji bariery
krew—mleko. W obecnosci moryny nie dochodzito do spadku poziomu biatek potaczen

scistych (claudina-3, okludyna) w komorkach nablonka gruczotu mlekowego (61).
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Zachowanie integralnosci potaczen S$cistych zapobiega nadmiernej przepuszczalno$ci
naczyn 1 przenikaniu sktadnikow krwi do mleka, a takze moze ogranicza¢ translokacj¢
toksyn bakteryjnych (np. endotoksyny E. coli) do krazenia ogdlnoustrojowego (61).
W kontekscie klinicznym przektada si¢ to na nizsze ryzyko ostrej reakcji ogoélnoustrojowe;j
(toksemii) u leczonych zwierzat. Mechanizmy te wyjas$niaja, dlaczego w naszym badaniu
krowy otrzymujace moryne wykazywaly tagodniejsze objawy zapalne niz mozna by
oczekiwa¢ w nieleczonym mastitis. Cho¢ moryna nie eliminowata patogenow, hamowata
nadmierng odpowiedZ immunologiczng, zmniejszajac szkodliwe skutki zapalenia,
a jednoczesnie — jak sugeruja cytowane badania — nie calkowicie uposledzata mechanizmy
obronne odpowiedzialne za eliminacje patogendéw. Takie dziatanie immunomodulacyjne
moze by¢ szczegdlnie korzystne w zakazeniach E. coli, gdzie intensywna reakcja zapalna
1 zwigzana z nig endotoksemia odpowiadaja za wigkszos¢ objawow klinicznych.
W przypadku S. uberis zmniejszenie nasilenia zapalenia (wynikajace z dzialania moryny)
réwniez przynosito ulge tkankom i obnizalo SCC, ale nie gwarantowato eliminacji bakterii,
poniewaz patogeny te moga utrzymywac si¢ w gruczole mlekowym nawet w obecnos$ci

antybiotyku.

Warto zauwazy¢, ze badania nad podobnymi zwigzkami roslinnymi (np. cynarazoid
C z Cynanchum atratum) wykazaty porownywalne efekty, takie jak hamowanie szlakow NF-
kB/MAPK 1 tagodzenie objawoéw mastitis w modelach eksperymentalnych (61). Moryna
zatem wpisuje si¢ w szerszy kontekst poszukiwania naturalnych inhibitorow odpowiedzi

zapalnej, ktore moglyby wspieraé¢ leczenie mastitis.

Przy omawianiu wynikOw niniejszego badania nalezy uwzgledni¢ pewne
ograniczenia. Po pierwsze, liczebno$¢ proby byla stosunkowo mata, co zmniejsza moc
statystyczng 1 wymaga ostroznos$ci przy uogolnianiu wnioskow na catg populacje krow. Po
drugie, eksperyment zostal zaprojektowany jako krétkoterminowe badanie typu proof-of-
concept, majace na celu ocen¢ wezesnej poprawy klinicznej i odpowiedzi zapalnej w ciagu
pierwszych siedmiu dni od rozpoczgcia leczenia. Nie pozwala to na oceng
dtugoterminowych wskaznikow nawrotéw ani przewlektych skutkow, ktére powinny by¢
uwzglednione w przysztych badaniach. Kolejne ograniczenie dotyczy aspektow
farmakologicznych. Moryna jest stabo rozpuszczalnym zwigzkiem polifenolowym, co moze
ogranicza¢ jej biodostgpnos¢. W naszym eksperymencie byla podawana do wymienia;
jednak farmakokinetyka i stezenia w tkance gruczolu mlekowego nie zostaty okreslone. Nie

mozna wykluczy¢, ze alternatywne drogi podania, wyzsze dawki lub nowe formulacje
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moglyby poprawi¢ skuteczno$¢, co wymaga dalszych badan. Wreszcie, potrzebne sa
wieloosrodkowe badania w warunkach fermowych, aby zweryfikowa¢ uzyskane wyniki na

wieksza skale 1 potwierdzi¢ praktyczng przydatno$¢ moryny w terapii mastitis.

Pomimo tych ograniczen uzyskane wyniki maja istotne implikacje dla praktyki
weterynaryjnej 1 kierunkdéw przysztych badan. Po pierwsze, potwierdzajg potencjal moryny
jako $rodka tagodzacego przebieg mastitis. Moze to znalez¢ zastosowanie jako terapia
wspomagajaca, np. w polaczeniu z antybiotykiem lub w wybranych przypadkach nawet jako
alternatywa dla leczenia antybiotykowego. Jest to szczegoOlnie istotne w mastitis
wywotanym przez patogeny Gram-ujemne, gdzie — jak omowiono wczesniej — kluczowym
wyzwaniem jest kontrola zapalenia i endotoksemii. Zgodnie z aktualnymi przegladami
ro$nie presja na opracowanie terapii mastitis niezaleznych od antybiotykow; jednak wiele
z tych podej$¢ wcigz nie ma w pelni udokumentowanej skutecznosci klinicznej. Nasze
badanie dostarcza nowych danych w tym obszarze, sugerujac, ze moryna moze
w przysztosci sta¢ si¢ wartosciowa opcja terapeutyczng w leczeniu mastitis. Intensywna
opieka (terapia ptynowa, czeste dojenie) w potaczeniu z podaniem moryny u krowy
z umiarkowanym mastitis E. coli i decyzjg lekarza weterynarii o wstrzymaniu antybiotykow
moglaby prowadzi¢ do wyzdrowienia przy mniejszym obcigzeniu ogolnoustrojowym i bez
generowania okresu karencji mleka, co ma zaré6wno znaczenie ekonomiczne, jak
1 zdrowotne. Ponadto brak wykrywalnych miejscowych reakcji niepozadanych sugeruje, ze
podanie moryny do wymienia bylo dobrze tolerowane. Jednak dalsze badania powinny
obejmowaé¢ dodatkowe punkty bezpieczenstwa, takie jak wydajnos¢ mleka z ¢wiartki
1 monitorowanie pod katem subklinicznych uszkodzen tkanek. Ogolnie rzecz biorac,
niniejsze wyniki przyblizaja nas do tego celu, pokazujac zardwno potencjal, jak i wyzwania

zwigzane z zastosowaniem moryny w medycynie weterynaryjne;j.

Nalezy podkresli¢, ze badanie przeprowadzono w warunkach komercyjnej fermy
z cigglym monitoringiem na miejscu. Cho¢ wstgpne, dane in vivo potwierdzajg skutecznos¢
w rzeczywistych warunkach narazenia na patogeny S$rodowiskowe i wieloczynnikowe
stresory (np. obcigzenie cieplne, wyzwania zywieniowe i1 okotoporodowe), obok czynnikow
zwigzanych z gospodarzem — takich jak podloze genetyczne i regulacja epigenetyczna —
ktéore moga modulowaé¢ podatno$¢ na mastitis i odpowiedZ na leczenie (62,63,64).
Hipotetycznie moryna mogtaby rowniez zwigksza¢ efekt zmniejszonej dawki antybiotyku,
ograniczajagc tym samym stosowanie chemioterapeutykéw przy zachowaniu wysokiej

skutecznosci leczenia.
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Zanim moryna bedzie mogla wejs¢ do praktycznego stosowania, potrzebne sg dalsze
badania. Idealnie powinny by¢ prowadzone w warunkach mastitis o r6znym nasileniu,
wywolanego przez rézne patogeny i u kréw na roznych etapach laktacji, aby potwierdzi¢
skuteczno$¢ moryny w zréznicowanych scenariuszach. Takie badania powinny monitorowaé
nie tylko parametry kliniczne i zapalne, ale takze obejmowac regularne posiewy mleka
w trakcie i1 po terapii, aby jednoznacznie okresli¢, czy moryna zapewnia wyleczenie
bakteriologiczne. Przyszlte badania powinny rowniez ustali¢ profil bezpieczenstwa moryny,
w tym czy powoduje dzialania niepozadane u krow oraz czy ewentualne pozostatosci
w mleku sg bezpieczne dla konsumentow. Jako naturalny zwigzek polifenolowy moryna
prawdopodobnie nie niesie takich samych zagrozen jak antybiotyki (np. promowanie
szczepOw opornych czy pozostawianie szkodliwych pozostatosci w zywnosci); jednak
formalna ocena tych aspektow bytaby wymagana przed dopuszczeniem do stosowania.

Kolejnym kierunkiem badan powinna by¢ optymalizacja formulacji moryny.

Uzyskane wyniki wskazuja, Ze terapia skladajaca si¢ z trzech komponentéw pektyna
+ moryna + kwercetyna (PMQ) byta klinicznie skuteczna i poréwnywalna ze standardowym
leczeniem antybiotykowym. Poniewaz bakteriologiczne wyleczenie bylo oceniane
wylacznie opisowo 1 bez wystarczajacej mocy statystycznej do pordwnania, nie mozna
wyciaga¢ wnioskow dotyczacych eliminacji patogenow. W dyskusji skupiono si¢ wigc na
klinicznym ustgpieniu objawow oraz dynamice zmian liczby komoérek somatycznych (SCC),
ktore byty gtéwnymi, zweryfikowanymi rezultatami badania. Zaréwno grupa kontrolna, jak
1 PMQ wykazaty istotne obnizenie klinicznych wskaznikéw zapalenia wymienia w ciggu 72

godzin od rozpoczecia leczenia, po czym nastgpit znaczacy spadek SCS w ciggu 96 godzin.

Wspomniane wczesniej w niniejszej dyskusji wykazaty 100% skuteczno$¢ leczenia
zarOwno pektyna, jak i antybiotykiem. W niniejszym badaniu zaréwno grupa PMQ, jak
1 kontrolna osiagnely porownywalng poprawe¢ kliniczng. Nie zaobserwowano istotnych
réznic w wynikach klinicznych na zadnym etapie obserwacji. Jednocze$nie grupa PMQ
wykazywata tendencje do szybszego ustepowania objawow stanu zapalnego. W poprzednim
badaniu z uzyciem samej 10% pektyny objawy kliniczne ustgpowaty Srednio o 1,6 dnia
wczesniej niz w grupie antybiotykowej. Podobnie, w analizie SCC, wyrazny spadek liczby
komorek somatycznych w grupie pektyny obserwowano po okoto 96 godzinach leczenia,
podczas gdy w grupie antybiotykowej redukcja ta nastepowata dopiero po 120 godzinach.
W naszej terapii PMQ zaobserwowano zblizony trend, wskazujacy na nieco szybsza

normalizacj¢ parametréw w poréwnaniu z leczeniem antybiotykowym. Nie zaobserwowano
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dziatan niepozadanych zwigzanych z miejscowa tolerancjg preparatu PMQ, co jest zgodne
z wczesniejszymi wynikami badan nad pektyng i moryng. Nie odnotowano oznak
podraznienia czy uszkodzenia tkanki wymienia po podaniu preparatu. Wydajnos¢ mleka po
leczeniu byla porownywalna w obu grupach, a brak antybiotykow eliminuje ryzyko
obecnosci pozostatosci lekow oraz konieczno$¢ karencji. Sugeruje to, ze terapia PMQ moze
by¢ bezpieczng alternatywa, pozwalajacg unikna¢ ryzyka rozwoju opornosci na srodki
przeciwdrobnoustrojowe oraz probleméw z karencjg mleka zwigzanych z konwencjonalnym

stosowaniem antybiotykow.

Analiza zmian SCS 1 obrazu klinicznego w biezagcym badaniu zwraca uwage na
roéznice zwigzane z etiologig zakazenia. Cho¢ nasze badanie nie stratyfikowalo wynikow
wedlug patogenu, wczesniejsze badania wskazuja, ze mastitis wywolane przez E. coli
charakteryzuje si¢ szybkim, krotkotrwatym stanem zapalnym, podczas gdy zakazenia przez
S. uberis prowokuja bardziej przedtuzony, podostry lub przewlekly przebieg, czesto
skutkujacy utrzymujacym si¢ podwyzszonym. Wedlug literatury, krowy z mastitis
wywotanym przez E. coli czgsto wykazuja gwattowny wzrost liczby leukocytow w mleku
(szczyt SCC) w pierwszych dniach, ktéry szybko opada wraz z ustgpowaniem reakcji
zapalnej (65,66). W przypadku S. uberis zmiany sg zazwyczaj mniej gwaltowne, ale bardziej
rozciggnicte w czasie. Nasze wyniki odzwierciedlaja ten schemat: poprawa kliniczna
pojawiala si¢ wczesniej (okolo 4872 godziny), natomiast normalizacja parametrow
cytologicznych (SCC) trwala dluzej, co jest typowe dla zakazen przez bakterie typu Coli
(67). W grupie antybiotykowej objawy kliniczne ustepowaty szybciej niz w grupie PMQ,
zwlaszcza w pierwszych dniach leczenia mastitis wywotanej przez E. coli. U kréw
leczonych PMQ redukcja obrzeku i zaczerwienienia wymienia nastgpowala stopniowo, lecz
wolniej. Nie oceniano bezposrednio profili cytokin w mleku; jednak poréwnania
z opublikowanymi badaniami sugeruja, ze PMQ wykazuje wtasciwosci przeciwzapalne.
W przeciwienstwie do preparatow steroidowych czy niektorych antybiotykéw taczonych
z glikokortykosteroidami, naturalne sktadniki takie jak pektyna, moryna i kwercetyna
hamujg gromadzenie komorek zapalnych oraz uwalnianie cytokin, nie wywolujac
jednoczesnie opornosci bakteryjnej ani nie powodujac negatywnych efektow w mleku
(68,69). Wczesniejsze doniesienia wskazuja, ze podanie doustne lub miejscowe pektyn nie
podwyzsza pozioméw TNF-a ani we krwi, ani w mleku. Wyniki badan nie wykazaty
istotnych réznic w stezeniu TNF-a pomiedzy leczeniem pektyng a terapig kontrolng.

Podobnie liczne badania in vitro oraz modele dos§wiadczalne udowodnity, ze kwercetyna
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redukuje synteze TNF-a, IL-1B, IL-6 i innych cytokin prozapalnych (70,71). Kwercetyna
moze hamowac¢ aktywacje NF-kB, cze¢sciowo poprzez modulacje szlakéw z udziatem
receptoréw Toll-like, co skutkuje obnizeniem syntezy cytokin prozapalnych takich jak TNF-
a, IL-1p 1 IL-6. Stanowi wigc obiecujacy naturalny zwigzek o wlasciwosciach
przeciwzapalnych. Badania in vitro dowodza, ze kwercetyna hamuje reakcje zapalne
wywotane przez LPS poprzez blokowanie szlaku TLR4/NF-«B (68,69). Jesli chodzi o
pektyne, jej potencjat regulacji odpowiedzi immunologicznej jest stabiej opisany. Brakuje
rowniez badan wyjasniajacych jej wpltyw na sygnalizacje TLR, aktywacj¢ NF-kB oraz
profile cytokin w tkance gruczolu mlekowego. Nalezy rowniez podkresli¢, ze skutecznosé
1 bezpieczenstwo obu podejs$¢, szczegolnie dla pektyny i moryny, pozostaja niedostatecznie
udokumentowane. Obecnie lepiej traktowa¢ je jako terapie eksperymentalne Ilub
wspomagajace niz w pelni zweryfikowane alternatywy dla konwencjonalnych $rodkow

przeciwzapalnych i przeciwdrobnoustrojowych stosowanych w leczeniu mastitis.

Niemniej, uzyskane wyniki sg zgodne z wcze$niejszymi obserwacjami, a takze
ujawniaja nowe spostrzezenia. W prototypowym badaniu in vivo dotyczacym
spontanicznego wyleczenia podanie 10% roztworu pektyny prowadzito do poprawy
klinicznej 1 obnizenia SCS na poziomie zblizonym do osiggnigtego po leczeniu
antybiotykiem. Co istotne, efekt przeciwzapalny pektyny obserwowano juz po 48 godzinach
od podania, a zmiany cytologiczne zachodzily szybciej niz w grupie antybiotykowe;j.
W $wietle tych obserwacji terapia PMQ zastosowana w niniejszym badaniu wykazata nieco
wolniejsze rozpoczecie dziatania (znaczace zmiany okoto 72 godzin), co mozna przypisacé
roznicom w skladzie lub dawkowania oraz zrdznicowanej naturze mieszaniny
trojsktadnikowej. W przypadku samej moryny wczesniejsze eksperymenty pokazaty, ze 3%
roztwoOr moryny istotnie fagodzil objawy mastitis wywotanej przez E. coli, przywracajac
stan kliniczny oraz obnizajac SCC, cho¢ wolniej niz antybiotyki. W zakazeniach S. uberis
skuteczno$¢ moryny byta ograniczona: poprawa kliniczna pojawiata si¢ dopiero po 96—168
godzinach, a redukcja SCC byta wyraznie slabsza niz po leczeniu antybiotykowym. Nasze
obserwacje rowniez sugeruja, ze PMQ sprawdza si¢ dobrze w zakazeniach Gram-ujemnych
(szybka poprawa kliniczna w przypadkach E. coli), natomiast skuteczno$¢ wobec infekcji
Gram-dodatnich jest umiarkowana, co koresponduje z wynikami uzyskanymi dla samej
moryny. Potwierdza to obserwacje, ze PMQ tagodzi stan zapalny nawet w zakazeniach
S. uberis, lecz nie eliminuje infekcji tak skutecznie jak silne antybiotyki. Jesli chodzi

o kwercetyng, wczedniejsze badania wykazaty, ze powtarzane podanie do wymieniowe
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wyraznie obnizalo SCC u krow z mastitis w ciggu o$miu dni terapii (68). Nasze obserwacje
potwierdzaja, ze kwercetyna (cho¢ w polaczeniu z innymi sktadnikami) przyczynia si¢ do
redukcji komorek zapalnych w mleku. Kombinacja pektyny, moryny i kwercetyny mogta
dziata¢ poprzez mechanizmy komplementarne: kwercetyna i moryna mogty wzmacnia¢
efekt immunomodulujacy, a pektyna prawdopodobnie przyspieszata powstawanie bariery
ochronnej. Zastosowana mieszanka osiggnela co najmniej poziom skutecznosci
obserwowany dla kazdego ze sktadnikéw z osobna, podobnie jak badane wczesniej pektyna
1 moryna, redukujagc zardwno objawy kliniczne, jak i SCC. Kluczowe nowe wnioski
wynikaja z oceny efektu kumulacyjnego oraz potwierdzenia bezpieczenstwa tej kombinacji
(nie odnotowano dziatan niepozadanych), jak rowniez wskazania, ze terapia PMQ pozwala
obnizy¢ poziom zapalenia niemal do poziomu osigganego po antybiotykoterapii
systemowej, a jednoczesnie moze skroci¢ czas do poprawy w poréwnaniu z brakiem

leczenia.

W ostatnich latach wiele zwiazkéw pochodzenia naturalnego oceniano jako
alternatywy dla antybiotykow w terapii mastitis u bydta. Sg to m.in. immunomodulujace
polisacharydy takie jak B-glukany, chitozan, alginiany oraz rézne ekstrakty roslinne (72).
Chociaz niektére z nich mogag stymulowa¢ rekrutacje leukocytow lub wywieraé
bezposrednie dzialanie przeciwdrobnoustrojowe, ich skuteczno$¢ kliniczna jest
niejednoznaczna 1 czesto zalezy od patogenu. Przykladowo, pB-glukany wykazuja
ograniczong skuteczno$¢ w przewlektych infekcjach Gram-dodatnich, podczas gdy chitozan
i alginiany maja wlasciwos$ci przeciwbakteryjne i wspomagajace gojenie, ale moga miec
ograniczong penetracj¢ do glebszych warstw tkanki gruczolu mlekowego (73,74,75,76,77).
Ograniczenia te podkreslaja potrzebe lepiej zdefiniowanych, wielosktadnikowych
naturalnych preparatow. Podejscie PMQ, taczace polisacharyd (pektyng) z dwoma
flawonoidami (moryng i kwercetyng), moze pomoc rozwigzaé¢ cze$¢ tych problemow.
Pektyna wspiera integralno$¢ bariery nablonkowej 1 redukuje lokalny stan zapalny, moryna
moze ogranicza¢ tworzenie biofilmu, a kwercetyna zapewnia komplementarne dzialanie
antyoksydacyjne i immunomodulujace. Podawane razem sktadniki moga oddzialywac
synergistycznie, zapewniajac bardziej przewidywalne i szybkie tagodzenie objawow
zapalenia niz preparaty jednosktadnikowe czy surowe ekstrakty ro§linne. W przeciwienstwie
do olejkow eterycznych czy lekow homeopatycznych, PMQ ma jasno zdefiniowany sktad i
mechanistyczng podstawe potwierdzong w modelach eksperymentalnych, co wzmacnia jego

potencjat jako ustrukturyzowanej, nie antybiotykowej opcji terapeutyczne;j.
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Omoéwione wyniki wpisujg si¢ w §wiatowy trend redukcji stosowania antybiotykow
w medycynie weterynaryjnej. Koncepcja One Health, wraz z rosnacg opornoscia patogendw,
podkresla potrzebg poszukiwania alternatywnych strategii terapeutycznych. Jak sugeruje
Jiang 1 in., ograniczenie antybiotykoterapii jest szczegdlnie uzasadnione w przypadkach
infekcji Gram-ujemnych, gdzie efekty przeciwzapalne mogg pozwoli¢ uktadowi
odpornosciowemu gospodarza na naturalne wyeliminowanie infekcji (78). Nasze
obserwacje sg zgodne z takim podej$ciem — leczenie wspomagajgce PMQ przyniosto wyniki
porownywalne z antybiotykami. Brak pozostalo$ci antybiotykow w mleku po terapii PMQ

stanowi dodatkowa korzys$¢ z punktu widzenia zdrowia publicznego i produkcji mleka.

Niemniej terapia PMQ ma takZze ograniczenia. Jej skuteczno$¢ moze by¢ nizsza
w ci¢zkich lub przewleklych infekcjach wywolanych przez patogeny Gram-dodatnie, takie
jak S. uberis, ktore sa znane z mozliwosci przetrwania w tkance gruczotu mlekowego.
W niniejszym badaniu sama moryna powodowala jedynie wolniejszg 1 mniej wyrazng
redukcje SCC w zakazeniach S. uberis, w pordwnaniu z leczeniem antybiotykowym. Mozna
zatem zatozy¢, ze w przypadkach cigzkiego mastitis lub infekcji mieszanych antybiotyki
pozostaja niezbgdne, a PMQ moze petni¢ gtownie rolg terapii wspomagajacej. Konieczne sg
dalsze badania nad optymalizacja dawkowania i formulacji PMQ, lepszym poznaniem
farmakokinetyki jego skladnikow oraz oceng jego zastosowania w réznych postaciach
mastitis. Wymagane sa takze szeroko zakrojone badania kliniczne in vivo, ktore pozwola
oceni¢ skuteczno$¢ terapii na roznych etapach choroby oraz poréwnac j3 z innymi metodami

leczenia.

Niniejsze badanie ma kilka istotnych ograniczen. Przede wszystkim brak danych
farmakokinetycznych dotyczacych skladnikow PMQ po podaniu do wymieniowym
uniemozliwia ocen¢ ich penetracji tkankowej, czasu dziatania oraz optymalnego schematu
dawkowania. Préba obejmowata staly cykl leczenia, co nie pozwala na wyciagnigcie
wnioskéw na temat elastycznosci terapii. Kolejnym ograniczeniem jest heterogeniczno$¢
infekcji i potencjalna zmienno$¢ szczepoéw, potaczona z do$¢ ograniczong liczebnoscia
proby (72 krowy) oraz brakiem stratyfikacji wedtug etapu laktacji, statusu metabolicznego,
wydajnosci mlecznej lub genotypu krowy, co mogto wptyna¢ na odpowiedz na leczenie (79).
Okres obserwacji ograniczono do 7 dni, bez bakteriologicznej oceny po leczeniu. Nie
wiadomo zatem, czy patogeny zostaty catkowicie wyeliminowane oraz jaki byt wplyw PMQ
na mikrobiom wymienia i ryzyko nawrotéw. Nie przeprowadzono réwniez analiz

molekularnych — nie oceniano wptywu PMQ na ekspresje cytokin, sygnalizacj¢ TLR czy
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markery stresu oksydacyjnego w nabtonku gruczotu. Takie dane moglyby pomoc wyjasnié
mechanizmy dziatania i dostarczy¢ obiektywnej walidacji. Wreszcie, terapia PMQ wymaga
czestego podawania (siedem dawek dziennie), co ogranicza jej praktycznos¢. Brakuje tez
poréwnan réznych proporcji skladnikéw PMQ. Dalsze badania powinny ocenié¢
skuteczno$¢, potencjalng synergie oraz mozliwosci formulacji preparatow o przedtuzonym

uwalnianiu.

Podsumowujac, wyniki sugeruja, ze terapia PMQ skladajaca si¢ z trzech
komponentow moze stanowi¢ obiecujaca alternatywe dla leczenia antybiotykowego
w zarzadzaniu klinicznym zapaleniem wymienia u krow mlecznych. Zastosowane naturalne
zwiazki facza dzialanie przeciwzapalne, przeciwdrobnoustrojowe oraz ochronne dla bariery
nabtonkowej, jednoczesnie unikajac komplikacji zwigzanych ze stosowaniem antybiotykow.
Potencjal PMQ najlepiej realizowaé jako cze$¢ zintegrowanej strategii leczenia, szczeg6lnie
w tagodnych infekcjach, przy stalym monitorowaniu efektow terapii i dalszym badaniu

ograniczen tej metody.

Pozyskane wyniki ulatwig projektowanie badan klinicznych w celu okreslenia
mozliwosci wykorzystania moryny w warunkach produkcyjnych i wskazania, czy 1 w jaki
sposob taka terapia moglaby zosta¢ zintegrowana z istniejgcymi protokotami leczenia
mastitis. Pozwoli to na opracowanie skutecznych, bezpiecznych i przyjaznych dla

srodowiska metod zwalczania mastitis (1).
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l.

Whioski

Przeprowadzone badanie kliniczne wykazalo, ze podanie do wymienia 10%
roztworu pektyny zapewnito poréwnywalny poziom skuteczno$ci klinicznej, bez
istotnych statystycznie roznic w stosunku do standardowej terapii antybiotykowej,
a jednoczesnie moglo prowadzi¢ do szybszej poprawy klinicznej 1 szybszej
normalizacji markeréw zapalenia (SCC), bez obserwowanych dziatan
niepozadanych. Uzyskane wyniki majg takze szersze znaczenie, wpisujac si¢
w zalozenia koncepcji One Health, ktorej celem jest integracja zdrowia ludzi,
zwierzat i sSrodowiska. Stosowanie pektyn do wymienia moze stanowic istotny krok
w kierunku redukcji uzycia antybiotykbw w hodowli bydla mlecznego,
przyczyniajac si¢ tym samym do ograniczenia ryzyka rozwoju opornosci na srodki
przeciwdrobnoustrojowe. Zastosowanie pektyn jako naturalnych i bezpiecznych
substancji wpisuje si¢ w globalne strategie produkcji mleka wolnego od pozostatosci
antybiotykowych oraz wspiera ochron¢ zdrowia publicznego i $srodowiska. Pektyna
jako naturalny, bezpieczny i skuteczny zwigzek, moze w przysztosci odegraé

kluczowg rol¢ w ograniczaniu stosowania antybiotykéw u bydta mlecznego.

Niniejsze badanie wykazato, ze moryna jako zwigzek pochodzenia naturalnego,
moze tagodzi¢ objawy kliniczne mastitis wywotanego przez E. coli oraz S. uberis.
Jednak skuteczno$¢ moryny w eliminacji zakazenia byta nizsza niz w przypadku
standardowej terapii antybiotykowej podawanej do wymienia, szczeg6lnie
w przypadkach infekcji S. wuberis. Moryna moze zatem petni¢ funkcje¢ terapii
wspomagajacej, ukierunkowanej na ograniczenie stanu zapalnego wymienia i liczby
komorek somatycznych, zwtlaszcza w infekcjach Gram-ujemnych, w ktorych
wskazniki samoistnych wyleczen sa stosunkowo wysokie. Jej stosowanie moze
przyczyni¢ si¢ do ograniczenia zuzycia antybiotykow w stadach bydta mlecznego
oraz poprawy dobrostanu kréw. Niemniej jednak, poniewaz pelne wyleczenie
bakteriologiczne nie zostalo potwierdzone, moryna nie powinna by¢ traktowana jako
zamiennik antybiotykow w przypadku zakazen wywolanych przez patogeny Gram-
dodatnie. Konieczne sg dalsze badania z wydluzonym okresem obserwacji oraz
mikrobiologiczng weryfikacja, aby okresli¢ odpowiednie sytuacje kliniczne do jej

zastosowania. Moryna moze zatem petni¢ funkcje terapii wspomagajace;,
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ukierunkowanej na ograniczenie stanu zapalnego wymienia i liczby komorek
somatycznych, szczegolnie w infekcjach Gram-ujemnych, gdzie wskazniki

samoistnych wyleczen sa stosunkowo wysokie.

Pozyskane dane pozwalaja wnioskowaé o tym, ze terapia sktadajaca si¢ z trzech
komponentow- pektyny, moryny oraz kwertecyny moze stanowi¢ obiecujaca
alternatywe¢ dla leczenia antybiotykowego w zarzadzaniu klinicznym zapaleniem
wymienia u krow mlecznych. Zastosowane naturalne zwiazki tacza dziatanie
przeciwzapalne, przeciwdrobnoustrojowe oraz ochronne dla bariery nabtonkowej,
jednoczesnie unikajac komplikacji zwigzanych ze stosowaniem antybiotykow.
Potencjat PMQ najlepiej realizowaé jako cze$¢ zintegrowanej strategii leczenia,
szczegllnie w tagodnych infekcjach, przy staltym monitorowaniu efektow terapii i

dalszym badaniu ograniczen tej metody.
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Abstract

The rise in antimicrobial resistance and strict milk withdrawal regulations drive the search
for safe, non-antibiotic intramammary therapies. This pilot field study focused on clinical
parameters, including the somatic cell count (SCC) and the assessment of changes, as well
as overall safety, which together enabled a prospective evaluation of whether the substance
exerted any therapeutic effect. In this study, 48 Holstein—Friesian cows with naturally
occurring clinical mastitis (somatic cell count > 400,000 cells/mL; single quarter) were
randomized to receive either seven daily infusions of 10% pectin (n = 24) or two standard
intramammary doses of a licensed multi-component antibiotic formulation (n = 24). The
clinical severity scores (0-3) and SCC were monitored from 72 h before to 168 h after
treatment initiation; the bacteriological cultures, milk TNF-«, milk yield, and blood hema-
tology /biochemistry were also assessed. Both groups exhibited comparable and significant
reductions in the mastitis scores and log,-transformed SCC by 48 h post-treatment, with
equivalent bacteriological cure rates and pathogen profiles (predominantly Streptococcus
uberis, coagulase-negative staphylococci, and Escherichia coli) and no local irritation, sys-
temic adverse effects, or alterations in the milk yield, TNF-«, or blood parameters. These
findings indicate that intramammary pectin at a 10% concentration is safe and well toler-
ated and that it provides efficacy equivalent to standard antibiotic therapy, supporting its
potential as an alternative mastitis treatment that avoids antibiotic residues and contributes
to antimicrobial stewardship.

Keywords: pectin; mastitis; intramammary; inflammation

1. Introduction

Antimicrobial resistance (AMR) is a well-documented risk to both animal and public
health. Therefore, research into natural compounds with anti-inflammatory and antimicro-
bial properties has expanded steadily in recent years, reflecting their potential as supportive
therapies for infectious and chronic diseases in veterinary medicine. Between 2011 and
2022, veterinary antimicrobial sales in Europe, expressed in mg per population correc-
tion unit (PCU), where 1 PCU corresponds to 1 kg of animal biomass, fell by 53% (from
161.2 to 75.8 mg/PCU)—an average decline of roughly 6-7% per year. The year 2022 alone
brought an additional 12.7% reduction relative to 2021 [1]. Data from the first ESUAvet
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report [2] show that the EU has already reached half of the 50% reduction targeted for 2030
(88.5 mg/PCU versus the goal of 59.2 mg/PCU).

The regulatory changes related to AMR have also increased the research into non-
antibiotic compounds that can be safely and effectively used to treat or prevent udder
diseases, especially mastitis, a common and economically significant condition in dairy
cattle. Mastitis is a severe inflammatory process affecting the mammary gland and tissues
of the udder in dairy cattle, typically caused by bacterial infection, and it is characterized
by an elevated somatic cell count (SCC), altered milk composition, and compromised
animal welfare [3,4]. It is the most commonly recorded disease in dairy cows worldwide
and has a negative impact on dairy farm profitability. In 2022, approximately 4458 tons
(or 4,458,000 kg) of active antibiotic substances were sold for use in farmed animals and
aquaculture in the European Economic Area countries, plus Switzerland and the UK. The
total antimicrobial consumption for food-producing animals in 2022 was measured at
73.9 mg/PCU [5]. Current treatment protocols still rely heavily on antibiotics, contribut-
ing to the development of AMR and necessitating milk withdrawal periods that reduce
productivity and profitability.

Large-scale epidemiological data indicate that Gram-positive cocci remain the dom-
inant cause of bovine mastitis. Across Europe, and in comparable datasets elsewhere,
Staphylococcus and Streptococcus spp. dominate bovine mastitis, accounting for 77% of posi-
tive isolates in a 10-year Bavarian survey and 78% of clinical cases in a 97-herd UK-based
study, while more recent large-scale surveys place their combined prevalence firmly in the
~75-85% range [6-10].

Therefore, any non-antibiotic intramammary strategy must primarily address infec-
tions caused by Staphylococcus and Streptococcus species. Among the alternative candidates
for mastitis management are pectic polysaccharides, derived from plant cell walls [11].
Intramammary use of chitosan gels, 3-glucan nanoparticles and herbal extracts has shown
mixed efficacy, but data on pectin are absent [12-16]. Pectins have demonstrated both
anti-inflammatory and antimicrobial properties, including disruption of bacterial mem-
branes and anti-adhesive effects, particularly under acidic conditions, where protonation
increases the electrostatic interactions with negatively charged bacterial surfaces [17-19].
Additionally, pectins have been shown to modulate host immune responses through their
interaction with Toll-like receptors (TLRs) and the regulation of cytokine production [20].
Various forms of pectin exert direct and/or indirect immunomodulatory effects through
multiple mechanisms [21,22].

Intervention studies in humans have shown that pectin supplementation can re-
duce the circulating levels of pro-inflammatory cytokines while simultaneously increasing
the anti-inflammatory cytokine IL-10 [23]. This supports the systemic anti-inflammatory
potential of pectins, despite their primary site of action being the gastrointestinal tract.
Importantly, pectins are not directly absorbed; due to their high molecular weight and com-
plex structure, they do not cross the intestinal barrier into the systemic circulation [24]. As
such, their effects are exerted locally in the gut, rather than systemically like conventional
anti-inflammatory drugs. Although there are no studies on intramammary administration
of pectins, their known anti-inflammatory properties suggest their possible use in the
treatment of mastitis.

While the systemic benefits of dietary pectins are well documented, considerably less
is known about their potential for local application in the mammary gland. This study
aimed to fill this gap by assessing the local tolerance and dose-dependent effects of pectin
solutions administered intramammary to dairy cows with mastitis.

The bovine mammary epithelium expresses functional TLR-2 and TLR-4 receptors that
sense staphylococcal and streptococcal ligands and trigger an NF-«B-dependent cytokine
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cascade [25,26]. Citrus and apple pectins have been shown to bind and sterically block
the TLR2/1 heterodimer on intestinal epithelial cells, thereby attenuating downstream
pro-inflammatory signaling [27]. Local delivery of low methoxyl pectin (LM-pectin) into
the gland therefore offers a plausible route to dampen TLR-mediated inflammation at
its epithelial origin. In addition, milk provides the physicochemical milieu required for
LM-pectin’s functionality. Normal bovine milk maintains a pH of 6.4-6.8, rising to ~6.8-6.9
during mastitis, and contains free Ca2* [28]. Pectin strands can rapidly cross-link with
Ca?* within this pH window to form a porous hydrogel (“egg-box” junction zones) that
(i) prolongs the residence time inside the teat cistern, (ii) acts as a physical barrier to bacterial
colonization, and (iii) slowly releases protonated carboxyl groups able to electrostatically
destabilize Gram-positive membranes [29-31].

Despite its generally recognized as safe (GRAS) status and extensive use as a food
hydrocolloid, pectin has seldom been explored for use in intramammary therapy. Two
formulation hurdles help explain this gap. First, even modest concentrations (>1% w/v)
of pectin display specific viscosities at 25 °C [32], which complicates passage through teat
cannulas. Second, the high Ca?* level in milk induces in situ gelation within seconds,
risking cannula blockage and uneven distribution [29]. Earlier work, therefore, focused on
polymers with lower viscosity or thermogelling behavior, such as chitosan hydrogels that
remain fluid at room temperature and set only at 37 °C [13].

The present study deliberately addresses these formulation challenges by (i) selecting
LM-pectin grades with reduced intrinsic viscosity, (ii) limiting the concentration to <10%
w/v, and (iii) administering immediately after re-suspension to minimize premature cross-
linking. This fills a clear knowledge gap, because no peer-reviewed intramammary trials
with pectin have been reported to date.

Taken together, these features support the working hypothesis that intramam-
mary LM-pectin can simultaneously regulate host TLR signaling and exert direct an-
tibiofilm /antimicrobial pressure on Staphylococcus and Streptococcus spp.

Considering that pectins are not classical pharmaceuticals, although they are increas-
ingly recognized as modulators of inflammation through TLR inhibition and subsequent
downregulation of pro-inflammatory cytokines [23], the hypothesis of this study is that
intramammary administration of apple pectin solutions at a concentration of 10% is well
tolerated by the mammary tissue and exerts a dose-dependent anti-inflammatory effect—
leading to a reduction in the somatic cell counts and clinical signs of mastitis in dairy cows.
This hypothesis was tested under real-world conditions using naturally occurring clinical
mastitis cases.

This study aimed to evaluate the intramammary use of apple-derived pectin in dairy
cows with clinical mastitis, focusing on preliminary evaluation of effects like local toler-
ability, dose-dependent effects, and impact on udder health indicators. Therefore, it was
decided to compare directly with the reference therapy, i.e., an antibiotic.

2. Materials and Methods
2.1. Animals

This study was conducted on a group of Holstein—Friesian cows, weighing ~ 650 + 50 kg,
aged 3 to 7 years. The study was conducted at a single farm (Liplas village, Lesser Poland
Voivodeship, Poland; 49°57' N 20°13’ E) between December 2024 and April 2025. The
animals were fed a standard diet consisting of protein concentrates, mixed cereals, maize
silage, grass silage, straw, and supplements. Unlimited access to water was provided.
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2.2. Inclusion and Exclusion Criteria for the Study

The initial selection of cows for the experimental and control groups was based on
monthly reports provided by the Polish Federation of Cattle Breeders and Dairy Farmers,
which included data on the SCC, age, lactation stage, and individual milk yield. Only
multiparous cows within the first 100 days of lactation were considered eligible. Only cows
with inflammation limited to one quarter were enrolled in the experiment, and those with
moderate mastitis. The main inclusion criterion was an SCC exceeding 400,000 cells/mL in
one of the four udder quarters [33].

Animals were excluded from the study if they showed acute and severe systemic signs
of mastitis, signs of chronic disease such as hyperketonemia or hypocalcemia, nutritional
deficiencies, or infectious diseases. Cows with advanced clinical symptoms, including skin
cyanosis resulting from circulatory disturbances in the udder or pathological discharge
from the affected quarter between milkings, were also excluded. Furthermore, udder
palpation was performed to detect indurations or nodules (abscesses) within the mammary
gland, which are typical of chronic Staphylococcus aureus infections and served as grounds
for exclusion.

2.3. Pectin Preparation

Pectin from apple (#93854, Sigma-Aldrich, Merck Group, Darmstadt, Germany) was
dissolved in phosphate-buffered saline (PBS; Sigma-Aldrich) to the desired concentra-
tion. The solution was prepared using a SONIC-2 ultrasonic bath (POLSONIC, Warsaw,
Poland) and agitated for 30 min at 37 °C. The resulting pectin solution was transferred into
custom-prepared 5 mL dermal tubing syringes. The final intramammary (IMM) dose was
administered as 5 mL of the prepared pectin solution in PBS.

2.4. Pectin Dose Selection

In the preliminary experiment, pectin was prepared at concentrations of 2%, 4%, 10%,
and 20%. However, the 20% concentration produced a suspension that was too viscous for
IMM administration. Consequently, IMM administration of the 2%, 4%, and 10% pectin
solutions was scheduled, with each formulation to be administered seven times, at 24 h
intervals, to 10 cows per group diagnosed with clinical mastitis. A veterinarian conducted
local tolerance assessments and clinical evaluations at 12 h intervals, with the mastitis
scores determined at morning milking. It was anticipated that if the clinical signs worsened,
the pectin treatment would be discontinued and standard systemic and intramammary
antibiotic therapy, along with supportive care, would be initiated. However, following
several days of administering 2% and 4% pectin, most animals exhibited worsening mastitis
symptoms, necessitating the introduction of antibiotic treatment and the termination of
further pectin administration in these groups. Therefore, the 2% and 4% concentrations
were excluded from the study (Supplementary Figure S1). Only the 10% pectin group, in
which no animals required antibiotic treatment throughout the preliminary experiment,
was included in the main experiment as the experimental pectin group.

2.5. Study Design

In the main study, 48 cows with clinical mastitis that met the predefined inclusion and
exclusion criteria were enrolled. Prior to group allocation, all the animals underwent a
three-day pre-treatment observation period (time points: —72 h, —48 h, and —24 h), during
which milk samples were collected and analyzed for the SCC. The mean SCC across all the
cows and all three time points was used to establish a global baseline for the study.

Following this period, cows were randomly assigned to one of two treatment groups
(n = 24 per group). Post-randomization analysis confirmed that the SCC values measured
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at the —24 h time point did not differ significantly between the groups, ensuring baseline
equivalence prior to treatment initiation.

The experimental group (the Pectin10 group, n = 24) received IMM administration of
10% pectin, applied seven times at 24 h intervals (time points: 0 h, 24 h, 48 h, 72 h, 96 h,
120 h, and 144 h). The animals were not given any other drugs.

The Control group (1 = 24) was treated with the licensed multi-component formulation
Mastijet Fort (Intervet International B.V., Boxmeer, the Netherlands), which is indicated
for infectious and inflammatory conditions typical of acute bovine mastitis. One dose
(8 g, containing tetracycline hydrochloride, 200 mg; neomycin sulphate, 250 mg; bacitracin,
2000 IU; and prednisolone, 10 mg) was infused IMM at time point 0 h, followed by a
second dose 12 h later (total of two injections). In the Control group, two intramammary
doses of a multi-component antibiotic (Mastijet Fort) were administered without prior
pathogen-specific sensitivity testing, reflecting common field practice in which treatment
is initiated immediately after diagnosis and culture results are used periodically to adjust
herd-level therapy.

Both the pectin solution and the multi-component drug were administered into the
affected quarter immediately after the morning milking. Before administration, the udder
skin and teat orifice were disinfected with Oxy-Foam D (EcoLab Inc., Saint Paul, MN, USA)
and dried with a disposable paper towel.

2.6. Physical Clinical Examinations

Throughout the entire duration of the experiment, the condition of the udder and
the general health status of all the experimental animals were monitored by the same
experienced veterinarian, who performed regular local tolerance assessments related to
pectin or drug administration, as well as clinical examinations of each animal at 24 h
intervals [34].

The mastitis scores were recorded for the treated udder quarter during routine health
monitoring conducted at morning milking, using a standardized 4-point scale. Score
0 indicated normal milk and udder appearance with no abnormalities; Score 1 reflected the
presence of a small number of clots in the milk without visible swelling, redness, heat, or
pain upon palpation; Score 2 indicated numerous clots, visible separation of milk and whey,
and mild swelling, redness, heat, and pain; and Score 3 was assigned in cases of systemic
illness (e.g., elevated body temperature), watery milk, and pronounced swelling, redness,
heat, pain, and/or hardness of the affected quarter [35,36].

The mastitis scoring began three days before the initiation of treatment (at time points
—72h, —48 h, and —24 h), was conducted daily throughout the treatment period (time
points 0 h to 144 h), and concluded one day after the final pectin dose (time point 168 h).

2.7. Milk and Blood Sample Collection

Milk samples were collected from the affected udder quarters after mastitis scoring
was performed. A total of 15 milk samples per cow were collected throughout the study,
starting three days prior to treatment initiation (time point —72 h) and ending 24 h after the
final pectin administration (time point 168 h). All the milk samples were collected according
to a standardized protocol, prior to pectin or multi-component drug administration. Before
sampling, the udder quarters were thoroughly washed and dried, and the teat orifices
were disinfected with 70% ethanol. The first 3—4 streams of milk were discarded to avoid
contamination.

Milk samples for bacteriological culture, isolation, and identification of the causative
bacterial agent were aseptically collected at time points —72 h and 168 h into sterile,
labeled test tubes without preservatives. Milk samples for the somatic cell count (SCC)
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determination were collected in a volume of 30 mL into 50 mL Falcon tubes containing
Broad Spectrum Microtabs II preservative tablets (Bentley Instruments, Chaska, MN, USA),
consisting of bronopol (8 mg) and natamycin (0.3 mg), to prevent spoilage and stabilize
the sample during transport. After collection, all the milk samples were stored on ice in a
cooler box and transported under chilled conditions to the laboratory for further analysis.

The milk yield was continuously recorded, and data from the month preceding the
mastitis diagnosis (before treatment) and the month following the end of treatment were
used for analysis.

Blood samples were collected twice: immediately before the start of treatment (time
point 0 h) and 24 h after the final pectin administration (time point 168 h). Blood was
drawn from the tail vein into EDTA K tubes for basic hematological analysis and into clot
activator tubes for biochemical analysis.

2.8. Analyses
2.8.1. Milk Analyses

The somatic cell count (SCC) levels in the milk were determined using a semi-
automated BactoCount IBCm analyzer (Bentley Instruments, Chaska, MN, USA).

Analyses were performed in the microbiological laboratory, which routinely conducts
diagnostic testing for mastitis-causing pathogens in samples from this dairy farm. Briefly,
milk samples were cultured using standard bacteriological and mycological procedures.
For bacterial isolation, samples were streaked on Columbia blood agar plates supplemented
with 5% sheep blood and incubated aerobically at 36 °C for 24—48 h. For fungal detection,
samples were inoculated onto Sabouraud dextrose agar containing chloramphenicol to
suppress bacterial growth and incubated at 36 °C for up to 72 h. The colony morphology
was assessed after 24, 48, and 72 h of incubation. Representative colonies were subjected
to Gram staining and examined microscopically. Gram-positive cocci arranged in chains
were classified as Streptococcus spp., while Gram-positive cocci in clusters were classi-
fied as Staphylococcus spp. Coagulase and catalase tests were performed to differentiate
Staphylococcus aureus from coagulase-negative staphylococci (CNS). Gram-negative rods
were classified as coliforms, predominantly Escherichia coli. When the morphological and
basic biochemical characteristics were inconclusive, isolates were further identified using
commercial biochemical identification systems (API 20E, API Staph, API Strep; bioMérieux,
Marcy-1'Etoile, France), which assess the bacterial enzymatic activities and carbohydrate
utilization patterns to enable species-level identification. No fungal colonies were detected
on Sabouraud agar during the incubation period; therefore, no further identification of
fungal isolates was conducted.

The cytokine profile analysis was intentionally limited to tumor necrosis factor-alpha
(TNF-«), the most reliable marker of the initial phase of the inflammatory response. The
TNF-« concentrations were measured using a commercially available, bovine-specific
ELISA kit (LS-F5014, LSBio, Seattle, WA, USA), following the manufacturer’s instructions.
The absorbance was read using a Benchmark Plus microplate reader (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

All the measurements were performed in technical duplicates.

2.8.2. Blood Analyses

Hematological analyses were conducted using the Abacus Junior Vet automated hema-
tology analyzer (Diatron, Budapest, Hungary). The following parameters were assessed:
white blood cell count, red blood cell count, hemoglobin, hematocrit, mean corpuscular
volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, red
cell distribution width, and platelet count.



Agriculture 2025, 15, 1760

7 of 20

After serum separation, biochemical parameters, including cholesterol, urea, bilirubin,
creatinine, calcium, and phosphorus, were measured using an automated biochemistry
analyzer (Mindray BS-120, Bio-Medical Electronics, Shenzhen, China) with commercial,
ready-to-use test kits (Alfa Diagnostics, Warsaw, Poland). All the measurements were
validated using a multiparametric control serum (Alfa Diagnostics).

2.9. Statistical Analysis

All the analyses were performed in R (version 4.5.0). Statistical significance was
defined as a p-value < 0.05 in all the analyses.

The required sample size was determined a priori based on an ANCOVA design using
the pwr.f2.test function from the pwr package. Assuming a significance level (o) of 0.05
and targeting a moderate effect size (f2 =0.18, equivalent to Cohen’s f ~ 0.42), a sample of
n = 24 animals per group (total = 48) was deemed sufficient to achieve a statistical power
of 0.80.

The relative abundance of the pathogen species isolated from the milk samples was
compared using Fisher’s exact test.

The somatic cell counts were log2-transformed to obtain the somatic cell score (SCS)
in order to normalize the data and meet the assumptions of the linear model [37,38]. To
analyze the effect of the treatment and time on the SCS, a linear mixed-effects model was
fitted with fixed effects for the group, the time, and their interaction, and a random intercept
for the cow to account for repeated measures using the Ime4 package. Post hoc pairwise
comparisons between the groups at each time point, as well as between the baseline value
and SCS recorded at each subsequent time point for each group, were performed using
the estimated marginal means via the emmeans package. To control the false discovery
rate associated with multiple testing, the p-values for all the pairwise comparisons were
adjusted using the Benjamini-Hochberg FDR method. The assumptions of the model
were assessed by visual inspection of the residual plots, and the model was considered
appropriate as the residuals were approximately normally distributed and homoscedastic.

The inflammation score was treated as an ordered factor. To assess the effects of the
treatment and time on the inflammation score, a cumulative link mixed-effects model
(CLMM) was fitted using the ordinal package, with fixed effects for the treatment, the
time, and their interaction, and a random intercept for the cow to account for repeated
measures. Time was defined as a categorical factor, with 0 h serving as the reference category.
The estimated marginal means (emmeans) for each Treatment x Time combination were
obtained and contrasted at each time point versus 0 h. The resulting p-values were adjusted
for multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR) method.

The biochemistry, hematology, and milk yield baseline characteristics (pre- and post-
treatment) were summarized as the mean =+ standard deviation (SD) for each treatment
group. To evaluate the effect of treatment while adjusting for the baseline value, a one-way
ANCOVA model was fitted with the post-treatment value as the dependent variable, treat-
ment group as the categorical predictor, and baseline pre-treatment value as a continuous
covariate. Statistical significance was calculated for the main effect of treatment on the
data after adjustment for the pre-treatment values. The model residuals were inspected for
normality (QQ-plot and Shapiro-Wilk test) and homogeneity of variance (Levene’s test).
The adjusted least-squares means (Ismeans) for the post-treatment values in each group
and their pooled standard errors (SEMs) were estimated from the ANCOVA model using
the emmeans package.
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3. Results
3.1. Microbiological Analysis

All the mastitis cases examined in this study were of bacterial monoinfection origin,
with no fungal growth detected (Figure 1). In the Control group, S. uberis was the predomi-
nant pathogen (50.0%), followed by coagulase-negative staphylococci (CNS) (41.7%) and
E. coli (8.3%). In the Pectin10 group, S. uberis remained the most frequent isolate (58.3%),
while CNS accounted for 25.0% and E. coli for 16.7% of cases. Fisher’s exact test revealed
no statistically significant difference in the distribution of the mastitis pathogens between
the Control and Pectin10 groups (p > 0.05). Post-treatment milk cultures from both groups
yielded no pathogenic growth, indicating a 100% bacteriological cure rate in each group.

n.s.

480 W cNs

M E. coli
W S. uberis

1
a

Relative abundance, %
o
g

~
a5

Control Pectin10

Figure 1. Distribution of mastitis-causing pathogens in dairy cows by treatment group. Relative
abundance (%) of bacterial species isolated from mastitis cases in the Control and Pectin10 groups.
All cases represented monoinfections. CNS = coagulase-negative staphylococci; E. coli = Escherichia
coli; S. uberis = Streptococcus uberis. No significant (n.s.) difference was observed between groups
(Fisher’s exact test, p-value > 0.05).

3.2. Somatic Cell Count

The changes in the SCC for individual cows in the Control and Pectin10 groups
across the entire experimental period, including the pre-treatment phase, are presented
in Figure 2A.The temporal changes in the normalized SCS across the baseline assessment
period (—72 h to —24 h), during multi-component drug administration in the Control group
(0-12 h; shaded light blue), and throughout the six-day pectin treatment period in the
Pectin10 group (0-144 h; shaded light orange), as well as the post-treatment follow-up
period (up to 168 h), are shown in Figure 2B. No statistically significant differences in the
SCS were detected between the groups at any time point. The SCS changes expressed as
the difference from baseline are illustrated in Figure 2C. Both groups exhibited a similar
overall pattern of SCS reduction during the treatment and follow-up period. In the Pectin10
group, a statistically significant reduction in the SCS compared to baseline was observed
beginning at 96 h, whereas in the Control group, a significant reduction was detected 24 h
later, starting at 120 h.
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Figure 2. Temporal changes in the SCC and SCS in milk. (A) Heatmaps showing the individual cow
SCC (x1000/mL) in the Control and Pectin10 groups from —72 h to 168 h. Each row represents one
cow, with the color intensity indicating the SCC levels. (B) Mean SCS during the baseline assessment
period (determined baseline marked with a dashed line) and throughout the experimental period for
both treatment groups. The multi-component drug administration period (0-12 h) for the Control
group is shaded light blue, while the pectin treatment period for the Pectin10 group (0-144 h) is
shaded light orange. No significant differences were detected between the groups at any time
point. Data are expressed as means + SEs. (C) Changes in the SCS during the experimental period,
expressed as the difference from the baseline value (baseline 95% CI shaded light gray). Data are
expressed as means =+ SEs. Statistical analysis: * p < 0.05, ** p < 0.01, (LMM for repeated measures
with FDR correction for multiple comparisons).

3.3. Clinical Score

The inflammatory response was assessed using the graded mastitis scoring system
(0-3) throughout the study period. Figure 3A presents heatmaps illustrating the individual
cow score changes (each row representing one cow) in the Control and Pectin10 groups,
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covering both the pre-treatment and post-treatment phases. Notably, a score of three
was not recorded in any animal at any time point in either group. Figure 3B shows
the total number of cows with scores of zero, one, or two at each time point for both
groups. Statistical comparisons were performed within each group, with all the time
points evaluated against time point 0 h (treatment initiation). Both groups exhibited
significant improvements in scores from 48 h onward, which were sustained throughout
the observation period. Figure 3C presents boxplots comparing the score distributions
between the treatment groups at each time point. No statistically significant differences
were observed between the Control and Pectin10 groups at any time point. Overall, both
groups demonstrated similar patterns of progressive resolution of mammary inflammation
during the treatment and follow-up phases.
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Figure 3. Temporal changes in mammary inflammation were assessed using mastitis scoring.
(A) Heatmaps showing individual cow scores (0-2) in the Control and Pectin10 groups from —72 h to
168 h. Each row represents one cow. (B) Distribution of scores showing the total number of cases with
scores of 0, 1, or 2 at each time point. Statistical significance indicates a comparison to time point 0 h
(treatment initiation) within each group. (C) Boxplot comparisons of the score distributions between
groups at each time point. No statistically significant differences (n.s.) were observed between the
Control and Pectin10 groups at any time point. Statistical analysis: ** p < 0.01, *** p < 0.001; n.s. = not
significant (CLMM for repeated measures with FDR correction for multiple comparisons).
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3.4. Milk Yield and TNF-«

There were no differences in productive performance, as the milk yield remained
comparable between both groups after treatment (Table 1). Additionally, no significant
differences in the serum TNF-« levels were observed between the treatment groups at the
end of the follow-up period (time point 168 h, 48 h after treatment completion) (Table 1).

Table 1. Milk yield and serum TNF-« concentration in cows with clinical mastitis before and following
treatment with either 10% pectin (Pectin10) or a multi-component intramammary antibiotic (Control).

It Pre-Treatment ! Post-Treatment ! ANCOVA 2
em Control  Pectin10  Control  Pectin10  Control  Pectin10 SEM p-Value
TNF-«, pg/mL 113£12 1087 11810 120411 118 120 2.2 0.595
Milk yield, L/day 332466 321+74 323+79 324+£70 31.8 329 0.97 0.437

! Data are presented as the mean + SD for the pre-treatment and post-treatment levels in each group (1 = 24 per
group). 2 Adjusted Ismeans and pooled SEM for the post-treatment data were estimated from the ANCOVA
model. p-value refers to the effect of treatment on the post-treatment data, controlling for the baseline (pre-
treatment) values.

3.5. Blood Biochemistry

No significant changes in the serum biochemical parameters were observed at the end
of the follow-up period (168 h, i.e., 48 h after treatment completion) in either treatment
group (Table 2). Similarly, the red blood cell indices and related hematological parameters
(including hemoglobin and hematocrit), as well as the leukocyte counts, remained within
the reference ranges in both groups before and after treatment, and no significant differences
were found between the groups, indicating that both treatments were systemically well
tolerated, with no detectable adverse effects on general health or hematological status.

Table 2. Serum biochemical parameters in cows with clinical mastitis before and following treatment
with either 10% pectin (Pectin10) or a multi-component intramammary antibiotic (Control).

It Pre-Treatment ! Post-Treatment 1 ANCOVA 2
em Control Pectin10 Control Pectinl0  Control Pectinl0 SEM  p-Value
Ci‘noéfsltj’i"l 493 +082 464+1.07 4574083 476+082  4.62 472 0.160 0.663
Bilirubin, umol/I.  1.83+0.60 1834075 208+ 0.83 221+117  2.09 222 0.184 0.624
Urea, mmol/L. 3134057 317+094 373+088 3374079 373 3.37 0.173 0.139
Creatinine, 889+73 8814118 897+86 901+100 897 90.0 1.83 0.893
umol /L

P};ﬁfﬁc}rﬁ”' 1644034 149-+026 1524031 1514039 152 1.51 0.073 0.881
Calcium, mmol/L. 233+ 0.19 2324016 226+016 232+016  2.26 2.32 0.033 0.222

! Data are presented as the mean + SD for the pre-treatment and post-treatment levels in each group (1 = 24 per
group). 2 Adjusted Ismeans and pooled SEM for the post-treatment data were estimated from the ANCOVA
model. p-value refers to the effect of treatment on the post-treatment data, controlling for the baseline (pre-
treatment) values.

4. Discussion

The study conducted is one of the few experimental works evaluating the effective-
ness of IMM pectin application in dairy cows under production conditions. Previous
publications have mostly focused on the role of pectins in gut models, calf nutrition, or
in vitro studies, while data on their local use in mastitis treatment are very limited. In
this experiment, the effectiveness of pectin was compared for the first time with antibiotic
therapy when applied directly into the udder, making this study an important starting
point for further clinical and practical investigations.



Agriculture 2025, 15, 1760

12 of 20

Mastitis is a complex disease that can present as either a monoinfection or a mixed
form, and its development involves the gastrointestinal tract, microbial metabolites, mi-
crobiota, and nutritional deficiencies [39]. The long-standing view of mastitis as solely
an exogenous infection is incomplete, as increasing evidence supports the existence of an
entero-mammary axis linking the gut and mammary gland health. Standard therapies for
mastitis treatment are mainly based on antibiotics administered either intramammarily or
systemically [14]. Although antibiotics are effective against common mastitis pathogens,
their overuse carries the risk of microbial resistance and requires strict adherence to milk
withdrawal periods. In recent years, there has been growing interest in alternative mastitis
therapies that reduce antibiotic use. In this study, conducted under real dairy farm condi-
tions, three different concentrations of pectin were tested. The clinical changes, SCC, blood,
and biochemical parameters were also analyzed between the group receiving a 10% pectin
solution and the Control group treated with a standard multicomponent preparation. The
product used in the Control group contained a combination of several active substances
with broad-spectrum activity against typical mastitis pathogens.

4.1. Clinical and Cytological Effectiveness, Mechanisms of Action and Immune Modulation

In light of the problems related to antimicrobial resistance and milk withdrawal pe-
riods, this study aimed to evaluate an alternative, non-antibiotic mastitis therapy using
pectins. Intramammary pectin treatment proved to be as effective as antibiotic therapy,
which was confirmed by the lack of statistically significant differences in many evalu-
ated parameters. This is a noteworthy result, especially considering that the antibiotic
preparation used represents a well-established standard in mastitis treatment. Achieving
a therapeutic effect with a non-antibiotic agent highlights the potential of pectins as an
alternative treatment strategy.

The results suggest that IMM administration of 10% pectin may be comparable to
antibiotic therapy; however, this finding requires confirmation in studies with greater
statistical power. The faster regression of clinical symptoms observed in the pectin group
indicates that pectins may effectively modulate the inflammatory response in the udder.
Specifically, the clinical signs resolved, on average, 1.6 days earlier in cows treated with the
10% pectin solution compared to the Control group (p < 0.05).

An objective confirmation of this difference in healing dynamics is the analysis of the
changes in the SCC in milk. The SCC reflects the severity of inflammation in the mammary
gland, where the higher the SCC, the stronger the inflammatory response and the higher
the infiltration of leukocytes into the milk. In our study, a significantly faster decrease in the
SCC was observed in the pectin-treated group compared to the Control group. As early as
48 h after the beginning of treatment, the average SCC in cows receiving 10% pectin began
to drop more clearly than in cows treated with antibiotics (the difference between groups
from day 2 onward was statistically significant). This indicates that in the pectin group,
the inflammation subsided more quickly, while the udder responded with a reduction in
inflammatory signs earlier than with standard treatment. In the Control group, the SCC
also decreased, but the reduction was more gradual and delayed.

The faster normalization of the SCC in the milk of cows treated with pectin is consistent
with the earlier resolution of clinical signs described above. Therefore, it can be assumed
that IMM pectin application contributed to a more efficient reduction in the inflammatory
response at the tissue level, leading to less leukocyte influx into the milk and quicker
restoration of the udder’s physiological condition.

The therapeutic effects of pectin likely result from multiple overlapping mechanisms.
As plant-derived polysaccharides, pectins possess immunomodulatory properties, in-
cluding interaction with pattern recognition receptors such as TLR2 and TLR4. These
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interactions may downregulate the inflammatory cascade and result in a milder disease
course [24,40]. While not directly bactericidal, this modulation may enhance host defense
mechanisms and reduce tissue damage.

The anti-inflammatory effects of pectins have been documented beyond the context
of mastitis. In human studies, citrus pectin supplementation significantly reduced the
circulating levels of pro-inflammatory cytokines (TNF-«, IL-1§3, IL-6, IFN-y) and increased
the IL-10 levels [23]. Similar immunomodulatory effects were observed in animal models
of colitis, allergy, and lung inflammation [24,40,41], supporting the broader relevance of
these findings.

In vitro studies also demonstrate direct pectin-induced modulation of immune cell
activity, such as reduced cytokine and free radical production in chicken monocytes [42].
While the data in bovines remain limited, these results support the rationale for pectin use
in inflammatory conditions across species.

In addition to their biological activity, the physicochemical properties of pectins may
play a complementary role. Their ability to form a gel-like, adhesive layer on mucosal
surfaces could reduce bacterial adhesion, soothe local irritation, and facilitate mechanical
clearance of pathogens during milking. Although in vitro gelation assays were not per-
formed in this study, the capacity of pectins to undergo ionotropic gelation in the presence
of divalent cations such as Ca?* is well established. Milk and inflamed mammary tissues
are rich in calcium ions, providing conditions that promote in situ gel formation following
intramammary administration.

Studies in dermatological and mucosal models have demonstrated that pectin-based
hydrogels form stable, bioadhesive films that protect epithelial surfaces, reduce transepithe-
lial permeability, and support tissue regeneration [43]. We assumed that similar gelation
occurs IMM, enabling pectin to coat the epithelium, reduce bacterial adhesion, and enhance
barrier function. This may partially explain the rapid clinical and cytological improvement
observed in the pectin-treated group. This dual action, biological and mechanical, may
help explain the favorable clinical and cytological outcomes observed, despite the use of a
simple 10% solution without additional active ingredients.

Furthermore, pectins and related polysaccharides have been implicated in tissue
regeneration processes, including autophagy activation and epithelial repair [44]. Such
mechanisms may have contributed to the faster stabilization of glandular function and the
potentially lower risk of relapse observed in this study.

In summary, the observed efficacy of pectin appears to result from a synergistic
combination of immunomodulatory effects, physical barrier formation, and support for
tissue repair. This multi-level mechanism of action may offer significant advantages over
conventional therapies that focus solely on pathogen eradication, particularly in light of
increasing pressure to reduce antibiotic use in dairy production.

The data obtained provide a solid basis for planning larger-scale research. Pectin may
prove to be a safe and effective alternative or complement to mastitis therapy, supporting
efforts to reduce antibiotic use in veterinary medicine. Its potential economic benefits—
no milk withdrawal period and fewer restrictions on milk sales—further enhance its
attractiveness in farming practice.

4.2. Comparison with Other Polysaccharides (3-Glucan, Chitosan, Alginate)

Comparison of the obtained results with the effects found in other studies is very
difficult, as intramammary use of pectins under farm or experimental conditions has not
been thoroughly studied so far. However, there are studies in which immunomodula-
tory preparations, including natural polysaccharides (e.g., chitosan, (3-glucans, alginate,
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pectins), were used intramammarily as anti-inflammatory and antibacterial agents or as
drug carriers.

A number of studies have evaluated the effects of administering various polysaccha-
rides directly into the mammary gland during mastitis. Even in earlier research, attempts
were made to use 3-1,3-glucans (e.g., from yeast) as immunostimulants in the udder. Pers-
son Waller et al. [15] administered 3-1,3-glucan intramammarily to cows with chronic S.
aureus infections, achieving only a moderate improvement in the local immune response
without significant bacterial eradication. In our study, we isolated S. uberis and E. coli—that
is, both streptococci and coliforms. Pectin accelerated the decrease in the SCC and clinical
remission regardless of the type of bacteria, indicating a broader spectrum and effective-
ness in both acute and subclinical infections. Another study showed that intramammary
administration of 3-glucan to sheep with mastitis triggered a local response—increased
migration of leukocytes (neutrophils, macrophages) into the udder [45]. Our study shows
that pectin significantly reduces the SCC levels within 48 h and accelerates the regres-
sion of clinical symptoms. This suggests that pectin induces faster and more effective
inflammation control.

Although B-glucans exhibit some anti-inflammatory and immunostimulatory prop-
erties, their effectiveness in bacterial infections appears to depend on the experimental
model. For example, better results were obtained in small ruminants in a fungal mastitis
model, where IMM-applied 3-glucan was as effective as conventional antifungal drugs [46].
Our results refer to cattle and bacterial mastitis, where 10% pectin proved effective under
farm conditions, both clinically and cytologically, without the need for additional antifun-
gal drugs. In the case of bacterial infections, especially those caused by Gram-negative
bacteria, pectin shows a clear advantage. -glucans primarily stimulate innate immu-
nity by activating macrophages and neutrophils, but this may be insufficient in chronic,
deep-seated infections.

Pectin, in addition to immunostimulation (as mentioned above), forms a hydrogel
barrier on the epithelial surface, which hinders bacterial adhesion and neutralizes toxins.
This combination of a physicochemical mechanism and immunomodulation may explain
the faster and more comprehensive response observed in our study.

In the treatment of acute bacterial mastitis, pectin appears to offer faster and more
comprehensive effects than (3-glucans, particularly in reducing the SCC and regressing
clinical symptoms.

B-glucans may be best suited as immune support during the dry period or in preven-
tion, whereas pectin may be a better candidate for treating existing bacterial infections. In
the literature, chitosan, similarly to pectin, is investigated as a polysaccharide for intramam-
mary application due to its anti-inflammatory and antimicrobial properties (Staphylococcus,
Corynebacterium, and Aerococcus) [12,44]. However, in practice, pectin turns out to be a
simpler solution to apply, while being just as effective as chitosan. In our study, the rapid
normalization of the SCC and regression of clinical symptoms suggest effective limitation of
pathogen colonization or activity, confirming its therapeutic potential in mastitis treatment.
Under farm conditions in cattle, 10% pectin alone proved to be clinically effective, achieving
comparable cure rates and accelerated clinical remission compared to antibiotic therapy,
without any additional compounds.

Chitosan acts mainly as an immunostimulant (stimulating phagocytes) and drug
carrier (e.g., for matrine, berberine), which requires appropriate formulation and carrier
stability [47]. Pectin combines immunomodulation with ease of preparation (soluble
solution), forming a hydrogel protective barrier.
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Pectin alone may provide equally effective infection elimination and faster clinical
improvement in cattle, without the need for additional substances or more complex formu-
lations. It does not require extra carriers or active compounds.

Alginates (e.g., sodium alginate derived from algae) are polysaccharides used in gel
formulations and nanoparticles due to their ability to gel in the presence of calcium ions.
Alginates themselves have low toxicity—in in vitro studies on mammary gland epithelial
cells, alginate solutions showed no cytotoxic effect (similar to other natural polymers, such
as carboxymethylcellulose and xanthan gum) [48]. Alginate is often combined with chitosan
to create nanogels for controlled drug release. One example is a chitosan-alginate nanogel
containing tilmicosin (a macrolide antibiotic). In an experiment on cows with staphylococcal
mastitis, intramammary administration of this nanogel allowed for a 50% reduction in the
antibiotic dose (150 vs. 300 mg/day) while achieving a higher cure rate (75% vs. 50%)
in staphylococcal mastitis [49]. This shows that alginate, in combination with chitosan,
can effectively act as a drug carrier, prolonging its action and improving its therapeutic
efficacy. Our 10% pectin solution worked independently, without additional carriers or
antibiotics, achieving bacteriological effectiveness comparable to standard therapy and
faster clinical improvement (a clear drop in the SCC after just 48 h). Alginate—chitosan
nanogels allow for optimized antibiotic dosing, whereas pectin demonstrates sufficient
standalone anti-inflammatory and antibacterial activity.

In contrast to -glucans, chitosan, and alginates, which show limited effectiveness
in bacterial infections, pectin provided rapid reduction of the SCC and better control
of clinical symptoms. As mentioned, pectins have documented anti-inflammatory and
immunomodulatory effects; their antibacterial activity and ability to modulate immune
responses have been demonstrated in various models [50]. In the context of mastitis
treatment, it is worth noting that some plant-based intramammary preparations contain
polysaccharides, which may play an active role. The rapid reduction in the SCC and
resolution of clinical symptoms observed in this study after administration of a 10% pectin
solution suggests the multi-level action of this polysaccharide in the mammary gland. As
previously shown, pectins can modulate the host immune response by influencing the TLR2
and TLR4 receptors, thereby limiting the production of pro-inflammatory cytokines [23,24].
This effect may be particularly important in the early phase of inflammation, when excessive
activation of the innate immune response exacerbates tissue damage.

Our observations also indicate local activation of defense mechanisms—a significant
reduction in the SCC within 48 h after pectin infusion may suggest a rapid influx of
leukocytes to the site of infection and enhanced phagocytic activity. A similar effect was
previously noted with the use of 3-glucans [15] and chitosan during the dry period, where
an increase in the SCC and lactoferrin indicated activation of protective mechanisms [13].

Although polysaccharide therapies are more animal- and consumer-friendly (no with-
drawal period, no risk of resistance), determining the effectiveness of polysaccharides such
as pectin in acute mastitis cases requires further comparative studies with antibiotics. In
our study, only the 10% pectin solution proved clinically effective—lower concentrations
(2% and 4%) did not accelerate clinical remission, indicating that the effectiveness of these
preparations depends on the concentration used.

4.3. Safety and Tolerance

An important observation was the absence of adverse effects related to pectin therapy
during this study. None of the cows that received the 10% pectin solution intramammarily
for 7 days showed any signs of local irritation in the treated quarters (e.g., increased pain,
swelling not related to infection, or discharge suggesting an allergic reaction) or systemic
symptoms indicating possible toxicity. No significant changes were observed in the hema-
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tological profiles, which may be attributed to the moderate nature of the inflammation and
the absence of a systemic leukocyte shift typically seen in acute mastitis. Pectin application
was well tolerated, during and after the treatment period, while no abnormal behavior or
changes in milk quality were noted, apart from those related to the inflammatory process it-
self. No significant differences in the milk TNF-o levels were observed between the Pectin10
and Control groups. The lack of a TNF-« rise in the Pectin10 group may reflect a controlled
local immune response, consistent with the immunomodulatory properties of pectin that
support the resolution of inflammation without triggering excessive cytokine production.

This safety profile is in line with the general characteristics of pectins as natural
substances long used in the pharmaceutical industry. Pectins are classified as dietary fibers
and recognized as safe; moreover, studies on their use in especially sensitive populations
(e.g., in infant formula) have confirmed their lack of harmful effects [24]. The absence of
adverse effects in this study indicates that IMM administration of pectins does not pose
a health risk to cows and, at the same time, represents an attractive alternative in terms
of food safety. Unlike antibiotics, pectins do not leave drug residues in milk and do not
contribute to the selection of antimicrobial resistance. This safety aspect is particularly
important in the context of efforts to reduce antibiotic use in food-producing animals.

An important aspect of evaluating alternative intramammary therapies is not only
their clinical effectiveness but also their local tolerance and safety of use. Pectins, like
other natural polysaccharides, show excellent local tolerance in the udder. In in vitro
studies using mammary epithelial cell lines, pectin solutions did not exhibit cytotoxic
effects, not even at high concentrations [48]. Although direct reports on intramammary
administration of pectins are limited, experience with gel formulations (e.g., hydroxypropyl
methylcellulose, carboxymethylcellulose, alginate) indicates that these polysaccharides
do not damage teat tissues and do not induce inflammation in ex vivo studies [48]. In
clinical practice, no irritations or discomfort were observed in cows after application of
pectin solutions, which is consistent with the GRAS status of pectins commonly used in
the food and pharmaceutical industries [49]. This high safety profile confirms that a 10%
pectin solution can be safely used intramammarily, minimizing the risk of adverse effects.

From a clinical practice perspective, the pharmacokinetic properties of pectins after
intramammary administration are extremely important. Intramammary polysaccharides
do not enter the systemic circulation and remain primarily within the udder tissue, which
eliminates concerns about milk residues and the need for withdrawal periods. Pectins are
locally biodegraded by enzymes (e.g., lysozyme) or phagocytosed by macrophages, and
any potential trace presence in milk does not negatively affect its composition (lactose,
fat, protein) or sensory qualities [12]. Unlike antibiotics, pectins are not subject to residue
limits, as they are classified as soluble dietary fiber with GRAS status. The intramammary
pharmacokinetics of pectins are characterized by rapid transformation of the solution into
a hydrogel, prolonged in situ retention, and minimal systemic absorption. This ensures a
concentrated, long-lasting local effect without the risk of systemic toxicity [14,49].

4.4. Limitations of the Study and Directions for Further Research

The limitations of this study include its pilot nature, the relatively small number of
animals, and the lack of a placebo group, which limit the interpretation of the absolute
effectiveness of pectins. Another limitation is the absence of culture-based antimicrobial sus-
ceptibility testing. Without AST, we could not benchmark the efficacy against MDR/XDR
phenotypes. Additionally, the pharmacokinetics of intramammary-administered pectin
have not been established. Although pectin is not absorbed via the gastrointestinal tract
and is generally considered safe, its persistence within the mammary gland and potential
presence in milk remain unknown. These data are essential for estimating the minimum
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effective dose, establishing withdrawal times, and ensuring consumer safety. Due to the
lack of pharmacokinetic information, the current dosing scheme (e.g., frequency of admin-
istration, solution concentration) was based primarily on preliminary assumptions and
empirical experience.

Despite these limitations, this study confirms the promising therapeutic potential of
pectins in mastitis treatment. In the context of increasing microbial resistance and the need
to reduce antibiotic use in food-producing animals, non-antibiotic mastitis therapies such
as pectin are particularly relevant. Our results suggest that pectins may be effective without
the use of traditional antibacterial drugs; however, this requires further validation.

Future studies should aim to optimize the dosing protocols by determining the
minimum effective concentrations, ideal dosing frequency, and pharmacokinetics and
metabolism of pectins in the mammary gland. Additionally, broader immunological pro-
filing should be included, encompassing both pro- and anti-inflammatory cytokines (e.g.,
IL-1B, IL-6, IL-10) and pattern recognition receptors such as TLR2 and TLR4 to better
characterize pectin’s immunomodulatory effects.

Microbiome analysis before and after treatment could also provide insight into how
pectin affects the intramammary microbial ecosystem and host—pathogen interactions.
Moreover, given the observed need for daily pectin administration (seven doses) com-
pared to only two doses in the antibiotic group, future work should explore improved
delivery systems. These might include bioadhesive formulations, in situ gelling polymers,
or nanoparticle-based carriers to reduce the treatment frequency while maintaining the
therapeutic efficacy and minimizing the labor and compliance challenges.

Another mechanism worth exploring is pectin’s potential role in modulating bacterial
biofilms and supporting epithelial repair. Pectins have demonstrated biofilm-disrupting
and anti-adhesive properties in vitro. These features may be relevant in chronic mastitis
caused by persistent biofilm-forming pathogens such as Staphylococcus aureus. Pectin has
also been shown to stabilize the epithelial barriers in intestinal models via interactions with
Toll-like receptors and mucosal immune pathways. Although these effects were not directly
assessed in this study, future investigations should include histopathological evaluation of
epithelial healing and post-treatment biofilm analysis.

Lastly, a formal economic assessment and evaluation of market acceptance, includ-
ing consumer perception of “antibiotic-free” labeling, remain important areas for future
research.

5. Conclusions

This pilot clinical trial showed that intramammary administration of a 10% pectin
solution provided a similar level of clinical effectiveness, with no statistically significant
difference compared to standard antibiotic treatment, while also potentially leading to
faster clinical improvement and quicker normalization of inflammation markers (SCC),
with no adverse effects observed.

The results also have broader significance, aligning with the principles of the One
Health concept, which aims to integrate human, animal, and environmental health. In-
tramammary application of pectins may represent an important step toward reducing
antibiotic use in dairy cattle farming, thereby helping to lower the risk of developing
antimicrobial resistance.

The use of pectins, as natural and safe substances, fits into global strategies aimed at
producing antibiotic-residue-free milk and supports the protection of public health and the
environment. Pectin, as a natural, safe, and effective compound, may play a key role in the
future in reducing antibiotic use in dairy cattle.
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Abstract

Mastitis caused by Escherichia coli and Streptococcus uberis remains one of the leading causes
of antimicrobial use in dairy cattle, contributing to resistance development and economic
losses. This study evaluated the therapeutic potential of the natural flavonoid morin in
clinical mastitis in dairy cows. The in vitro antimicrobial activity of morin (1-3% w/v)
was assessed by disk diffusion, and the 3% formulation was selected for an in vivo field
trial. Seventy-two Holstein—Friesian cows with mastitis caused by E. coli or S. uberis
were randomly assigned to one of three intramammary treatments: 3% morin, phosphate-
buffered saline, or an antibiotic, serving as a positive control. Somatic cell count (SCC)
and clinical scores were monitored for seven days. In E. coli infections, morin significantly
reduced somatic cell scores at 144 h and 168 h and improved clinical scores from 48 h
onward, showing efficacy comparable to antibiotics. In S. uberis mastitis, morin induced
clinical improvement at 96-168 h but resulted in slower and smaller SCC reduction than
antibiotic control therapy. Phosphate-buffered saline produced no significant changes.
These results indicate that morin exerts anti-inflammatory and supportive effects in bovine
mastitis, particularly in Gram-negative infections, but is less effective against S. uberis.
Further studies on pharmacokinetics, bacteriological cure rates, and optimized formulations
are warranted to confirm its clinical utility.

Keywords: morin; mastitis; intramammary; E. coli; S. uberis

1. Introduction

Mastitis is one of the most frequent and economically relevant diseases in dairy cat-
tle [1]. The cost of a single clinical case has been estimated at 179-500 USD per cow [2—4].
Environmental pathogens, particularly Escherichia coli and Streptococcus uberis, are major
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etiological agents in dairy herds [5,6]. Analysis of the results obtained in 2013-2019 indi-
cates that in north-eastern Poland in the years 2013-2019, the share of S. uberis bacteria in
milk samples of clinically and sub-clinically changed quarters was 39—49 % of isolation [7].
Another authors report that S. uberis was isolated in 38 % and E. coli in 21 % of cases of
clinical mastitis from three regions of Poland [8]. Mastitis remains the primary indication
for antibiotic use in dairy cattle, contributing to the development of antimicrobial resis-
tance. Although antimicrobial consumption in Europe has recently decreased, the need
for effective approaches that reduce reliance on antibiotics while maintaining udder health
remains a major priority.

Mastitis is the leading reason for antibiotic use in dairy cows, and the treatment of
clinical cases is the most common indication for their application, which entails costs due to
milk losses and contributes to the selection of resistant strains [9,10]. Despite the observed
decline in total sales of veterinary antimicrobials in Europe, the consumption driven by
mastitis remains high [11]. This phenomenon, in the context of the global antimicrobial
resistance problem and the One Health concept, highlights the need for rationalization of
therapy and the search for different alternatives [1,12,13].

Natural plant-derived compounds with antimicrobial or immunomodulatory activity
are being explored as supportive options in mastitis therapy [11,14]. Flavonoid-based
bioactives have attracted particular attention due to their ability to modulate inflammatory
pathways and their suitability for use in dairy cows without the risk of milk residues [15].
Morin (2/,3,4',5,7-pentahydroxyflavone) is a naturally occurring flavonoid found in plants of
the Moraceae family and other botanical sources. It exhibits documented anti-inflammatory,
antioxidant and immunomodulatory properties, including inhibition of NF-«B and MAPK
signaling pathways [16]. In vitro studies in LPS-stimulated mammary epithelial cells have
shown that morin reduces the expression of pro-inflammatory cytokines and helps preserve
the integrity of the blood—milk barrier [17]. These biological effects provide a rationale
for exploring morin as a supportive therapeutic option in bovine mastitis, particularly in
infections where excessive inflammation drives clinical severity. However, clinical evidence
on its effectiveness in dairy cows remains limited [16,18,19]. Therefore, the practical
application of morin requires further investigation, especially clinical trials in target species.
To date, there is a lack of in vivo data on its efficacy against mastitis caused by E. coli and
S. uberis, which justifies the present study.

Given these gaps, we hypothesized that morin could be administered in mild and
selected cases of clinical mastitis, and that its anti-inflammatory and antibacterial properties
would reduce the severity of inflammatory changes in the mammary gland, manifested by
a decrease in SCC in milk and improvement of the clinical condition of affected quarters.
The aim of this study was to evaluate the effectiveness of topical morin treatment in
clinical mastitis in dairy cows caused by two common environmental pathogens: E. coli
(Gram-negative rod) and S. uberis (Gram-positive streptococcus).

2. Materials and Methods
2.1. Animals

The study enrolled Holstein—Friesian dairy cows (mean body weight 650 + 50 kg;
3-7 years of age) from a single commercial herd in Liplas, Lesser Poland Voivodeship,
Poland (49°57' N, 20°13’ E). The trial was conducted from March 2025 to June 2025. Cows
were kept in a deep-litter barn with straw and hay bedding. Stocking density was 80 to
100%, providing 9.3 to 13.9 m? per cow. Bedding replacement was irregular, and grooming
was performed every two days. The grooved barn floor was maintained to reduce slipping.
No effective heat-abatement system was in place, which could allow thermal stress during
warmer periods. These conditions were consistent across all study groups.
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The cows were housed in a deep-litter barn with straw and hay bedding, under
80-100% stocking density, and had access to 9.3-13.9 m? per cow. Bedding was replaced
irregularly, and grooming was performed every two days. The barn floor was grooved and
maintained to prevent slipping. No or improperly functioning heat abatement systems
were present, which could contribute to thermal stress during warmer periods. These
management practices and environmental factors were consistent for all cows throughout
the whole study.

Cows were fed a balanced total mixed ration of protein concentrates, mixed cereals,
maize and grass silages, straw, and mineral-vitamin supplements (Supplementary Table S1)
offered ad libitum. Feed quality was generally good, with occasional mild spoilage. Feed
bunk access averaged 0.56 to 0.75 m per cow, and bunks were cleaned regularly but not
daily. Water was provided ad libitum at multiple locations (5-10 cm linear access per cow).

Eligibility of the cows was determined from monthly reports from the Polish Federa-
tion of Cattle Breeders and Dairy Farmers (SCC, age, days in milk, milk yield). Inclusion
required multiparous cows < 100 days in milk with a first episode of moderate clinical
mastitis confined to a single quarter; the primary criterion was SCC > 400,000 cells/mL in
the affected quarter [20]. Exclusion criteria included acute severe systemic illness, chronic
comorbidities (clinical /subclinical ketosis, hypocalcemia), nutritional deficiencies, other
infections, and advanced signs (udder-skin cyanosis, pathological inter-milking discharge).
Udders were palpated to detect focal induration/nodularity indicative of chronic IMM
inflammation, which warranted exclusion.

2.2. In Vitro Antimicrobial Susceptibility Testing of Morin

Morin (morin hydrate; cat. M4008, Sigma—Aldrich, Merck, Darmstadt, Germany) was
dissolved in phosphate-buffered saline (PBS; Sigma—Aldrich) to final concentrations of 1%,
2%, and 3% (w/v). Solutions were prepared in an ultrasonic bath (Sonic-2, POLSONIC,
Warsaw, Poland) at 37 °C with continuous agitation for 30 min until visually homogeneous.
The best stability and solubility of morin were achieved at a neutral pH. The solution was
prepared immediately before use to ensure stability and sterility. Antimicrobial activity
was assessed by the disk diffusion method. The test panel comprised wild bovine-milk
isolates of S. aureus and Streptococcus spp., E. coli ATCC 25848, and Listeria monocytogenes
ATCC 13932. Mueller-Hinton agar (OXOID, Besintsyoke, UK) was used for S. aureus and
E. coli. For Streptococcus spp. and Listeria monocytogenes, susceptibility was assessed on
Mueller-Hinton agar supplemented with 5% defibrinated horse blood. Sterile 6 mm paper
disks were impregnated with 10 pL of morin solution (yielding nominal loads of 0.10,
0.20, and 0.30 mg per disk for the 1%, 2%, and 3% preparations, respectively) and placed
onto inoculated plates. Plates were incubated at 35 £ 2 °C for 18-24 h (with 5% CO, for
Streptococcus spp.); zones of inhibition were measured in millimeters.

The results showed that morin produced weak zones of inhibition against all tested
strains at all concentrations (Supplementary Figure S1), with the largest inhibition zone at
the 3% concentration for Listeria monocytogenes (Figure 1). These findings confirm that morin
does not exert strong direct bactericidal effects under standard in vitro conditions. Based
on these in vitro findings, the 3% morin formulation was selected for the in vivo study.
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Figure 1. Disk-diffusion assays with 3% (w/v) morin against (A) S. aureus, (B) E. coli ATCC 25848,
(C) L. monocytogenes ATCC 13932, and (D) Streptococcus spp. Clear inhibition zones are visible around
morin disks. Results for 1% and 2% concentrations are provided in Supplementary Figure S1.

2.3. In Vivo Study Design
2.3.1. Enrollment and Pathogen Stratification

One hundred cows with clinical mastitis that met the predefined inclusion and ex-
clusion criteria were initially enrolled. Herd records indicated that IMM infections in
the study herd were predominantly caused by two environmental pathogens, E. coli and
S. uberis. To confirm etiology, aseptic milk samples were collected at the screening time
point (=72 h) into sterile, labeled tubes without preservatives, transported at 4 °C to a
commercial microbiology laboratory, and the causative pathogen was detected by RT-qPCR
using VetMAX™ MastiType Multi kits (Thermo Fisher Scientific, Waltham, MA, USA),
enabling detection and differentiation of major 15 mastitis-causing pathogens, including
S. aureus, non-aureus staphylococci, E. coli, S. uberis, and non-E. coli coliform bacteria,
according to the manufacturer’s instructions. The same analysis was made post-treatment
in all groups. Results were available within two days. All cases were monoinfections.
Pathogen identification yielded 38 E. coli and 62 S. uberis cases. To ensure balanced group
sizes, 36 cows were randomly selected within each pathogen stratum (total n = 72). No
additional stratification by body weight, milk yield, or other production parameters was
performed prior to randomization within each stratum.

To confirm the suitability of the antibiotic formulation used in the control group,
antimicrobial susceptibility was determined using the standard disk diffusion method
according to laboratory procedures. All disk diffusion assays were performed in duplicate,
and both positive and negative control disks were included. The tests were conducted
under standard laboratory conditions at the university microbiology laboratory, which
routinely performs internal quality controls to ensure accuracy and reproducibility. The
isolates exhibited high susceptibility to 3-lactam antibiotics and bacitracin, whereas variable
susceptibility and occasional resistance were observed among aminoglycosides, including
neomycin. These results supported the selection of the fixed-combination treatment used
in the Control group, containing tetracycline hydrochloride, neomycin sulfate, bacitracin,
and prednisolone.

2.3.2. Pre-Treatment Observation and Baseline

Before allocation and group selection, all cows underwent a pre-treatment observation
period at —72, —48, and —24 h, during which milk was sampled for SCC and verified
using a 4 x 4Q Mastitis Detector (Draminski S.A., Szabruk, Poland; a 4-quarter device for
detecting milk resistance). All milk samples were collected and analyzed for SCC according
to a standardized protocol, as described previously [21]. The mean SCC across these three
time points within each pathogen stratum was used to define the baseline. Baseline SCS val-
ues were comparable between quarters infected with E. coli (mean 7.27, 95% CI: 7.16-7.39)
and those infected with S. uberis (mean 7.05, 95% CI: 6.92-7.19), indicating that treatment
groups in both infection types started from a similar disease-associated baseline level.
Post-randomization checks confirmed no significant between-group differences in SCC at
0 h, ensuring baseline equivalence before treatment initiation.
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2.3.3. Treatment Groups

Within each pathogen stratum, cows were randomized (1:1:1) to one of three treatment
regimens. The Morin group received IMM infusions of 3% morin in PBS, administered
seven times at 24 h intervals (0, 24, 48, 72, 96, 120, and 144 h) at a dose of 5 mL per treatment
via sterile IMM tubing syringes. The second group received IMM phosphate-buffered saline
(PBS) alone at the same dose and time points (the PBS group). A third group, which re-
ceived a fixed-combination treatment formulation, served as the positive control (Control);
the 8 g formulation (tetracycline hydrochloride 200 mg, neomycin sulfate 250 mg, bacitracin
2000 IU, prednisolone 10 mg) was injected at 0 h, followed by a second dose 12 h later (two
injections in total). PBS and morin solutions were prepared daily. No concomitant medica-
tions were permitted in the Morin or PBS arms. All IMM administrations were delivered
into the affected quarter immediately after the morning milking; before administration,
the udder skin and teat orifice were disinfected with Oxy-Foam D (EcoLab Inc., Saint Paul,
MN, USA). All IMM infusions were performed under sterile conditions by a specialist in
ruminant diseases, using sterile disposable gloves and individual sterile syringes for each
cow to prevent cross-contamination. The attending veterinarian responsible for herd health
continuously monitored and was aware of the treatment assignments; however, clinical
assessments were conducted using standardized scoring criteria to minimize potential
observer bias.

2.4. Physical Clinical Examinations

Throughout the study, udder condition and general health were monitored by a single,
independent veterinarian not otherwise involved in the trial, who performed 24 hourly
clinical examinations and standardized local-tolerance assessments related to the IMM
administrations (morin, PBS, or antibiotic). Mastitis severity in the treated quarter was
scored once daily at morning milking using a validated 4-point scale: score 0—normal milk
and udder with no abnormalities; score 1—few clots in milk, no visible swelling, redness,
heat, or pain on palpation; score 2—numerous clots with visible milk—-whey separation
and mild swelling, redness, heat, and pain; score 3—systemic illness (e.g., pyrexia) with
watery milk and marked swelling, redness, heat, pain, and/or hardness of the affected
quarter [22,23]. Scoring was performed daily during treatment (0 to 144 h), and concluded
24 h after the final morin/PBS administration (168 h); the same schedule was applied to
cows in the Control group receiving the IMM antibiotic.

2.5. Milk Samples Collection and Analyses

Milk was sampled from the affected quarters according to a standardized protocol,
immediately after mastitis scoring and before any IMM treatment (morin, PBS, or antibiotic).
In total, 15 samples per cow were collected from 72 h before treatment (—72 h) through
24 h after the final administration (168 h). Before sampling, the udder was thoroughly
washed and dried, teat orifices were disinfected with 70% ethanol, and the first 3—4 streams
of milk were discarded. For SCC analysis, 30 mL of milk was collected into 50 mL tubes
containing Broad Spectrum Microtabs II (Bentley Instruments, Chaska, MN, USA; bronopol
8 mg, natamycin 0.3 mg) to prevent spoilage and stabilize the sample during transport.
Samples were kept on ice in insulated containers and transported chilled to the laboratory.
Somatic cell counts were measured with a semi-automated BactoCount IBCm analyzer
(Bentley Instruments) according to the manufacturer’s instructions within 12 h of collection
to ensure sample stability.

Herd milk yield was continuously recorded; data from the month preceding masti-
tis diagnosis (pre-treatment) and the month following treatment completion were used
for analysis.
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2.6. Statistical Analysis

The resulting sample size was verified using Mead’s Resource Equation method [24].
For a design with three treatment groups (experimental unit = cow), the recommended
range of E, the error degrees of freedom, is 10 < E < 20, which corresponds to
n = 5-7 per group. The experiment involved a sample of n = 12 per group for each pathogen
stratum, which yields E = 33, exceeding the minimum requirement and providing adequate
statistical power with a buffer against potential attrition and individual variability.

All analyses were conducted in R (v. 4.5.1). Statistical significance was set at p < 0.05;
a statistical trend toward significance was shown when 0.05 < p < 0.1. Analyses were
performed separately within each pathogen stratum (E. coli and S. uberis); no pooling
across strata and no multiplicity adjustment across strata were applied. All enrolled cows
completed the study, and no missing data were recorded; therefore, all observations were
included in the analyses.

For milk somatic cell data, SCC was log,-transformed to obtain the somatic cell score
(5CS), improving symmetry and normality, as confirmed by the Shapiro-Wilk test. SCS
trajectories were analyzed with a linear mixed-effects model including fixed effects for
Group, Time (categorical), and Group x Time interaction, and a random intercept for
Cow to account for repeated measures (Imer function from ImerTest package). Model
adequacy was evaluated by visual inspection of residuals (approximate normality and
homoscedasticity). Post hoc, estimated marginal means (emmeans) were used to assess
within-group change versus a common baseline, as well as to perform pairwise between-
group comparisons within each time point. All resulting p-values were adjusted for
multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR). Effect
sizes (Cohen’s d) were derived from the mixed model residual variance (0?), ensuring
consistency with the model-based estimates and accounting for the repeated-measures
structure. These effect sizes were used to quantify within-group change relative to baseline
(baseline vs. each subsequent time point). Raw (non-relative to common baseline value)
mean =+ 95% CI values per group and time point are reported at the end of the treatment
or when statistically different. The complete SCS data (raw means with corresponding
95% CI) are presented in Supplementary Table S2.

Mastitis score distributions at time point 0 h were compared between three treatment
groups (n = 12 per group) within each pathogen stratum using Fisher’s exact test. Next, the
ordinal clinical inflammation score was analyzed as an ordered outcome using a cumulative
link mixed model (CLMM function from the ordinal package), with fixed effects for Group,
Time (categorical; 0 h as reference), and Group x Time interaction, plus a random intercept
for Cow. From the fitted CLMM, estimated marginal means (on the latent scale) were
obtained and contrasted at each post-baseline time versus 0 h within each group; p-values
were also FDR-adjusted. Effect sizes were not computed for this variable due to its ordinal
nature and limited interpretability.

3. Results
3.1. Somatic Cell Count

In cows infected with E. coli (Figure 2A), SCS dynamics differed markedly between
treatment groups. In the Control group, values remained close to baseline until day
6, when a sharp and significant decline was observed at 144 h (p < 0.001, mean: 5.953,
95% CI: 5.059-6.846, ES: —2.103) and 168 h (p < 0.001, mean: 5.752, 95% CI: 5.063-6.441,
ES: —2.422). The PBS group showed no significant changes at any time point (all p > 0.05,
mean at 168 h: 7.483, 95% CI: 7.205-7.762). In the Morin group, SCS remained comparable to
baseline during the first five days of treatment (24-120 h), but a progressive decrease became
evident thereafter. At 144 h (p = 0.008, mean: 6.364, 95% CI: 5.738-6.989, ES: —1.449) and
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168 h (p = 0.023, mean: 5.953, 95% CI: 5.059-6.846, ES: —1.263), Morin SCS was significantly
reduced compared with baseline. Between-group comparisons further showed that groups
did not differ during the early phase (0-120 h). However, at 144 h the PBS group displayed
higher SCS than both Control and Morin, and by 168 h all groups differed. These findings
indicate that Morin, like Control, was effective in reducing the SCS in E. coli mastitis.
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Figure 2. Changes in SCS over time relative to baseline (dotted line) in cows treated with 3% morin
(Morin; IMM), IMM antibiotic (Control), or phosphate-buffered saline (PBS; IMM) for mastitis caused
by (A) E. coli and (B) S. uberis. Asterixis denotes FDR-adjusted post hoc differences within-group
vs. common baseline: * p < 0.05; ** p < 0.01; *** p < 0.001; numerical values denote trend p-values
(0.05 < p <0.1). The baseline 95% CI is shaded gray. Values are mean & SEM. Inset tables summarize
between-group differences at each time point; within a column (time point), groups sharing the same
letter do not differ significantly (FDR-adjusted p > 0.05).

In quarters infected with S. uberis (Figure 2B), the Control group exhibited a gradual
and consistent decline in SCS, with significant reductions observed from 48 h onward
(p = 0.025, mean: 6.274, 95% CI: 5.394-7.154, ES: —1.110) and sustained through 96-168 h
(all p = 0.033, mean at 168 h: 7.483, 95% CI: 7.205-7.762, ES:—1.044). The PBS group showed
no consistent improvement, with only a transient, non-significant increase in SCS at 96 h
(p = 0.086), and all other time points remained comparable to baseline. In the Morin group,
no significant changes from baseline were detected during the first 6 days (144 h), but a
downward trend emerged toward the end of the observation period, reaching a late, small
decrease with a trend at 168 h (p < 0.076, mean: 6.400, 95% CI: 5.797-7.004). Between-group
comparisons indicated that PBS consistently exhibited higher SCS than Control from 48 h
onward (48-168 h), whereas Morin remained intermediate, and converged with Control by
144-168 h.

3.2. Clinical Score

Post-randomization analysis (global Fisher’s exact test) confirmed that the Score values
measured at the 0 h time point also did not differ significantly between the groups, both for
E. coli and S. uberis subgroups, ensuring baseline equivalence prior to treatment initiation.
Notably, a score of 3 was not recorded in any animal at any time point in either group.

In cows infected with E. coli (Figure 3A), in the Control group, clinical scores signif-
icantly decreased from 48 h onward (p = 0.003), with a sustained and marked reduction
observed between 96 and 168 h (all p < 0.001). In the Morin group, improvement was
evident already at 48 h (p = 0.024) and remained significant throughout days 3-7 (p < 0.011).
In contrast, the PBS group showed no significant changes compared with baseline at any
time point (all p > 0.05).
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Figure 3. Temporal distribution of mastitis severity scores (0-2) over the study period for mastitis
caused by (A) E. coli and (B) S. uberis. Panels show Control (antibiotic), Morin (3% IMM), and PBS
(IMM) groups; stacked areas represent the proportion of cows at each score at each time point. Inset
tables summarize within-group changes versus corresponding baseline at time 0 h (FDR-adjusted):
*p <0.05; ** p < 0.01; *** p < 0.001; ns—non-significant (p > 0.05).

In cows infected with S. uberis (Figure 3B), in the Control group, no significant differ-
ences from baseline were detected until day 6, when scores significantly decreased at 144 h
and 168 h (both p = 0.005). In the Morin group, a significant reduction appeared at 96 h
(p = 0.038), became stronger at 144 h, and remained significant at 168 h (both p < 0.001). In
contrast, the PBS group showed no significant changes compared with baseline at any time
point (all p < 0.05).

3.3. Treatment-Related Local Tolerance and Safety, and Post-Treatment Analyses

No treatment-related adverse local reactions, such as teat irritation, increased pain
sensitivity, or abnormal milk appearance beyond mastitis-associated changes, were ob-
served in any group. No significant differences in milk yield were observed before and
after treatment in any group. Post-treatment RT-qPCR analysis revealed the presence of
S. uberis in milk from all three groups, whereas E. coli was no longer detected in any of the
milk samples in any group.

4. Discussion

Studies on the efficacy of morin were conducted against two major pathogens causing
clinical mastitis [4]. However, mastitis caused by these pathogens differs in terms of
pathogenesis. E. coli mastitis is associated with endotoxin-induced inflammation, during
which antibiotic therapy is not necessarily required; the main focus is on anti-inflammatory
treatment [19,21]. In contrast, S. uberis mastitis involves udder colonization, and therefore
antimicrobial therapy is essential [6,8,21].

The results of this study show that the therapeutic effectiveness of morin in the
treatment of mastitis depended on the etiological agent and was generally lower than that
of standard antibiotic therapy. Clear differences were observed in the course of mastitis
caused by E. coli and S. uberis. Infections with E. coli were characterized by a rapid and
pronounced increase in SCS, while S. uberis more often led to subacute or chronic forms
with milder clinical signs and persistently elevated SCS.

In E. coli infections, clinical improvement appeared relatively early (48-72 h), whereas
a reduction in SCS occurred only after several days. This discrepancy between the reso-
lution of clinical signs and the normalization of SCS is typical for such infections, where
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clinical improvement usually precedes the cellular response in the mammary gland. In
the antibiotic-treated group, clinical signs resolved more rapidly than in the morin group,
particularly during the first days following E. coli infection. Cows receiving conventional
therapy showed an earlier reduction in quarter swelling and redness. In the morin group,
gradual clinical improvement was also observed, but the changes occurred more slowly.

A similar pattern was noted in the analysis of SCS. In E. coli infections, SCC in milk
decreased to near-normal values in the antibiotic group by the end of the first week of
treatment. In cows treated with morin, SCS remained elevated for a longer period, indicat-
ing a slower normalization of the inflammatory response. This finding is consistent with
previous reports that in coliform mastitis, clinical recovery often precedes normalization of
milk parameters.

In such cases, reducing antibiotic use aligns with current trends in the rationalization
of antimicrobial therapy. For infections caused by Gram-negative pathogens, limiting
antibiotic use in favor of supportive treatment may be considered, in line with the One
Health concept and efforts to reduce the selective pressure for resistance. In mastitis caused
by E. coli, the clinical picture typically reflects a brisk systemic inflammatory response:
cows often present with high fever, depression, anorexia, occasional diarrhea, and signs of
endotoxemia or incipient shock [25]. However, E. coli can cause both mild inflammation
limited to a single quarter. [4]. Studies indicate that clinical mastitis caused by E. coli most
often manifests as a short, single SCC peak on the lactation curve [26].

In contrast, mastitis caused by S. uberis usually has a milder and more chronic course.
S. uberis less frequently induces a severe systemic reaction with fever. Overall, its clinical
course tends to be milder and more prolonged than that of acute coliform mastitis [27,28].
In S. uberis infections, changes in SCC are more variable and prolonged. S. uberis can cause
both acute mastitis (with an SCC spike similar to that of other pathogens) and subclinical
infections that maintain elevated SCC over a longer period [26]. Overall, Gram-positive
pathogens (streptococci, staphylococci) more often cause persistent, chronic elevation of
SCC, whereas Gram-negative infections (e.g., E. coli) typically result in short-term SCC
spikes associated with an acute episode of inflammation [28].

In this study, we specifically evaluated acute clinical environmental mastitis caused
by E. coli and S. uberis. These infections are typically driven by a rapid inflammatory
response and often show spontaneous clinical cure, especially in the case of E. coli, when
inflammation is adequately managed through frequent milking and supportive therapy. In
contrast, S. aureus mastitis is classified as contagious rather than environmental, is usually
chronic and biofilm-associated, and rarely undergoes spontaneous cure due to bacterial
intracellular persistence. Therefore, treatment strategies and expected clinical outcomes
differ substantially between these pathogen groups.

Our observations from the present experiment reflect the well-known differences
between Gram-negative and Gram-positive infections, with S. uberis more frequently
presenting as subacute or chronic mastitis. Antibiotic therapy resulted in a gradual and
systematic reduction in SCS, with clinical improvement occurring in parallel. The control
IMM antibiotic was a combination therapy covering both Gram-negative (E. coli) and
Gram-positive (S. uberis) pathogens, including tetracycline, neomycin, and bacitracin,
with prednisolone to reduce inflammation. This reflects standard veterinary practice for
clinical mastitis. The antimicrobial susceptibility profiles from Polish dairy herds show that
S. uberis remains highly susceptible to bacitracin-based therapy, while exhibiting resistance
to aminoglycosides such as neomycin [8]. This corresponds well with the fixed-combination
antibiotic used as the Control treatment in our trial, where bacitracin likely contributed
to the superior eradication of S. uberis. For E. coli, susceptibility to neomycin is variable,



Agriculture 2025, 15, 2359

10 of 15

which may explain why the antibiotic advantage over morin was less pronounced in
coliform mastitis.

These findings, presented above, mirror the characteristic course of streptococcal mas-
titis, which is marked by prolonged elevation of SCS. Treatment with morin led to clinical
improvement; however, the reduction in SCS was clearly slower and less pronounced than
in the antibiotic group, indicating the limited effectiveness of this compound against strep-
tococcal infections. This is consistent with previous reports showing that S. uberis has a high
capacity to persist within mammary tissue and requires targeted antibiotic therapy [28].
In the case of S. uberis, the differences between treatment groups were less pronounced,
reflecting the milder, chronic nature of these infections. Nevertheless, antibiotic therapy
also led to faster improvement of local inflammatory signs and a more pronounced de-
crease in SCS compared with morin treatment. In the morin group, some cows maintained
elevated SCS until the end of the observation period. These findings suggest that although
morin supports the alleviation of inflammatory symptoms, its effectiveness in eradicating
infection is lower than that of standard antibiotic therapy, particularly in mastitis caused by
S. uberis.

A comparison of our findings with literature reports from recent years confirms many
of the observed patterns. First, the treatment of E. coli mastitis represents a special case in
veterinary practice. It has been shown that in mild and moderate forms of inflammation
caused by Gram-negative rods, the rate of spontaneous cure is high, and antibiotic therapy
does not always significantly increase the cure rate compared with no treatment. For
example, in clinical studies of mastitis caused by coliforms, no difference in the rate of
bacteriological cure was found between cows receiving an antibiotic and untreated cows in
many cases. The rapid and strong inflammatory response induced by E. coli often leads
to bacterial elimination by the immune system even before the antibiotic takes effect [29].
On the other hand, there are also reports indicating the benefits of antibiotic therapy in
coliform mastitis. Schukken et al. observed a higher cure rate of E. coli in cows treated with
antibiotics (89%) compared with untreated cows (53%), although the authors noted the
limited sample size and the need for further studies [30]. In our experiment, in the morin
group, many E. coli cases were successfully controlled, which is consistent with the above
observations on the high tendency for spontaneous cure of coliform infections. It is likely
that morin, through its anti-inflammatory action, created conditions that supported the
cow’s own defense mechanisms in combating the infection. The literature emphasizes the
importance of supportive therapy in such situations. When antibiotics do not improve the
prognosis (due to the high rate of spontaneous cure or bacterial resistance), symptomatic
treatment becomes crucial [31]. In clinical practice, this is reflected, among other things, by
the increasing use of non-steroidal anti-inflammatory drugs (NSAIDs) in the treatment of
mastitis. According to a recent review, in Denmark, as many as 72% of veterinarians use
anti-inflammatory treatment alone without antibiotics in mild cases of mastitis caused by
Gram-negative pathogens [1,32]. NSAIDs, such as flunixin or meloxicam, reduce fever and
pain and mitigate the effects of endotoxemia in coliform mastitis, which is often sufficient to
improve the cow’s condition and allow the immune system to eliminate the pathogens [1].
Our results for E. coli (with morin showing clinical effectiveness comparable to antibiotics in
moderately severe cases) are therefore consistent with the trend toward reducing antibiotic
use in Gram-negative mastitis while applying intensive anti-inflammatory therapy. On
the other hand, the situation is different for Gram-positive pathogens. Environmental
streptococci, such as S. uberis, although capable of causing mastitis of varying severity
(from subclinical to severe), are known for their lower tendency to be spontaneously
eliminated from the mammary gland. These infections often require active intervention,
as Gram-positive bacteria can hide within mammary tissue, form biofilms, and maintain
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chronic infection. Our data confirm that standard antibiotic therapy (bactericidal against
S. uberis) was much more effective in eliminating infection than relying solely on the
immunomodulatory effect of morin. The literature also indicates a significant advantage of
antibiotic treatment in mastitis caused by streptococci. Comparative studies have reported
significantly higher bacteriological cure rates in antibiotic-treated groups compared with
untreated or placebo groups [29]. Moreover, the lack of effective treatment for streptococcal
infection carries the risk of progression to a subclinical form with chronic elevation of
SCC, which we observed in some cows receiving morin. Therefore, our results are not in
contradiction with current recommendations; rather, they reinforce them. S. uberis remains
a pathogen for which antibiotics are difficult to replace in effective treatment, although
in the future, combining them with supportive therapies (e.g., using substances such as
morin) may improve treatment outcomes.

A possible explanation for the observed differences is the distinct mechanism of
action of morin compared with that of antibiotics and the resulting limitations. The
antibiotic used in our study acted directly in a bactericidal manner, rapidly reducing the
population of E. coli or S. uberis in the mammary gland. In contrast, morin is not a classical
antimicrobial agent. The limited inhibition observed in vitro is consistent with previous
reports indicating that its primary mechanism of action involves modulation of the host
inflammatory response rather than direct antibacterial activity. As a natural flavonoid
compound, morin exhibits documented antioxidant, antibacterial, and anti-inflammatory
properties, with its influence on the host immune and inflammatory pathways likely being
the key factor in the context of mastitis. This supports the rationale for evaluating morin as
a supportive rather than curative therapy in mastitis [33].

Experimental models have shown that morin can significantly inhibit excessive in-
flammatory responses induced by endotoxins or bacteria. Jiang et al. [33] demonstrated
in a murine model of LPS-induced (E. coli lipopolysaccharide) mastitis that morin ad-
ministration reduced pathological changes in the mammary gland. It limited edema and
neutrophil infiltration and significantly decreased the expression of pro-inflammatory cy-
tokines (TNF-«, IL-13, IL-6) and chemokines (CCL2, CXCL2) in the tissue [33]. At the same
time, morin modulated key cellular signaling pathways: it inhibited the phosphorylation
of transcription factors NF-«B (p65 subunit) and MAPK kinases (ERK1/2, p38), as well
as reduced the activation of the NLRP3 inflammasome [17,33]. These effects translated
into reduced production of inflammatory mediators and protection of mammary cells
from damage caused by the immune response. Importantly, morin also demonstrated
the ability to stabilize the blood-milk barrier. In the presence of morin, the inflammation-
associated decrease in tight junction proteins (claudin-3, occludin) in mammary epithelial
cells did not occur [33]. The preservation of tight junction integrity prevents excessive
vascular permeability and the leakage of blood components into milk, and may also limit
the translocation of bacterial toxins (e.g., E. coli endotoxin) into the systemic circulation [33].
In the clinical context, this translates into a lower risk of acute systemic reaction (toxemia)
in treated animals. These mechanisms explain why, in our study, cows receiving morin
showed a milder manifestation of inflammatory symptoms than would be expected in
untreated mastitis. While morin did not kill the pathogens, it inhibited the immune re-
sponse, reducing the harmful excessive inflammation, and at the same time, as suggested
by the cited studies, it did not completely impair the defense mechanisms responsible for
pathogen elimination. Such immunomodulatory action may be particularly beneficial in
E. coli infections, where the intense inflammatory response and associated endotoxemia
account for most clinical signs. In the case of S. uberis, the reduced severity of inflammation
(resulting from morin activity) also provided relief to the tissue and decreased SCC, but it
did not guarantee bacterial elimination, as these pathogens can persist in the mammary
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gland without antibiotic support. It is worth noting that studies on similar plant-derived
compounds (e.g., cynarazoid C from Cynanchum atratum, peiminine, and farerol) have
shown comparable effects, such as inhibition of NF-kB/MAPK pathways and alleviation
of mastitis symptoms in experimental models [33]. Morin, therefore, fits into the broader
context of searching for natural inhibitors of the inflammatory response that could support
the treatment of mastitis.

When discussing the results of this study, certain limitations should be taken into
account. First, the sample size was relatively small, which reduces statistical power and
requires caution when generalizing conclusions to the entire cow population. Second, this
experiment was designed as a short-term, proof-of-concept study aimed at evaluating
early clinical improvement and inflammatory response within the first seven days after
treatment initiation. Therefore, it does not allow for long-term assessment of relapse rates or
chronic outcomes, which should be addressed in future trials. Another limitation concerns
pharmacological aspects. Morin is a poorly soluble polyphenolic compound, which may
limit its bioavailability. In our experiment, it was administered intramammarily; however,
pharmacokinetics and concentrations in mammary tissue were not determined. It cannot
be excluded that alternative administration routes, higher doses, or novel formulations
could improve efficacy, which requires further investigation. Finally, multicentre studies
under farm conditions are needed to validate the obtained results on a larger scale and to
confirm the practical usefulness of morin in mastitis therapy.

Despite these limitations, the results obtained carry important implications for vet-
erinary practice and future research directions. First, they confirm the potential of morin
as an agent that can alleviate the course of mastitis. This may have applications as a sup-
portive therapy, for example, in combination with an antibiotic or, in selected cases, even
as an alternative to antibiotic treatment. This is particularly relevant in mastitis caused
by Gram-negative pathogens, where, as discussed earlier, the key challenge is controlling
inflammation and endotoxemia. According to current reviews, there is growing pressure to
develop mastitis therapies independent of antibiotics; however, many of these approaches
still lack fully documented clinical efficacy. Our study provides new data in this area,
suggesting that morin may in the future become a valuable therapeutic option in mastitis
treatment. Intensive care (fluid therapy, frequent milking), combined with morin adminis-
tration in a cow with moderate E. coli mastitis and a veterinarian’s decision to withhold
antibiotics, could lead to recovery with less systemic burden and without generating milk
withdrawal, which has both economic and health significance. Moreover, the absence of
detectable adverse local reactions suggested that IMM morin administration was well toler-
ated. However, further studies should include additional safety endpoints such as quarter
milk yield and monitoring for subclinical tissue damage. Overall, the present findings
bring us a step closer to this goal, demonstrating both the potential and the challenges of
using morin in veterinary medicine.

It should be emphasized that this trial was conducted under commercial farm con-
ditions with continuous on-farm monitoring. Although preliminary, these in vivo data
validate efficacy under real-world exposure to environmental pathogens and multifactorial
stressors (e.g., heat load, nutritional and periparturient challenges), alongside host-related
determinants—such as genetic background and epigenetic regulation—that can modulate
mastitis susceptibility and treatment response [34-36]. Hypothetically, morin could also en-
hance the effect of a reduced antibiotic dose, thereby limiting the use of chemotherapeutics
while maintaining high treatment efficacy.

Before morin can enter practical use, further research is needed. Ideally, this should be
performed under conditions of mastitis of varying severity, caused by different pathogens,
and in cows at different stages of lactation, to confirm morin’s effectiveness in diverse
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scenarios. Such studies should monitor not only clinical and inflammatory parameters but
also include regular milk cultures during and after therapy, in order to clearly determine
whether morin ensures bacteriological cure. Future research should also establish the safety
profile of morin, including whether it causes adverse effects in cows and whether potential
residues in milk are safe for consumers. As a natural polyphenolic compound, morin likely
does not carry the same risks as antibiotics (e.g., promoting resistant strains or leaving
harmful residues in food); however, a formal evaluation of these aspects would be required
before approval for use. Another future research direction should be the optimization of
morin formulations.

Our results provide a starting point for more in-depth analyses. In the future, they will
facilitate the design of clinical trials to determine the practical usefulness of morin under
production conditions and indicate whether and how such therapy could be integrated into
existing mastitis treatment protocols. The ultimate goal is to develop effective, safe, and
environmentally friendly methods of combating mastitis that will reduce the dependence
on antibiotics in dairy cattle farming [1].

5. Conclusions

This study demonstrated that morin, as a natural compound, can alleviate clinical signs
of mastitis caused by E. coli and S. uberis. However, its efficacy in eliminating infection was
lower than that of standard intramammary antibiotic therapy, particularly in S. uberis cases.

Morin may therefore serve as a supportive therapeutic option aimed at reducing
udder inflammation and somatic cell counts, especially in Gram-negative infections where
spontaneous cure rates are relatively high. Its use could contribute to lowering antibiotic
consumption in dairy herds and improving cow welfare. Nevertheless, because a full
bacteriological cure was not confirmed, morin should not be considered a replacement for
antibiotics in infections with Gram-positive pathogens. Further research with extended
follow-up and microbiological verification is needed to determine the appropriate clinical
scenarios for its use. Morin may therefore serve as a supportive therapeutic option aimed
at reducing udder inflammation and somatic cell counts, especially in Gram-negative
infections where spontaneous cure rates are relatively high.
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Abstract

Clinical mastitis remains one of the major health and economic challenges in dairy herds, while
the global effort to reduce antimicrobial use has increased interest in effective non antibiotic
intramammary therapies. This study evaluated the efficacy of an intramammary formulation
containing pectin, morin, and quercetin (PMQ) in dairy cows with mild to moderate clinical
mastitis. Seventy-two multiparous Holstein—Friesian cows from a single commercial farm with
confirmed intramammary infection caused by Escherichia coli or Streptococcus uberis were
randomly assigned to receive PMQ once daily for seven days, a standard antibiotic treatment
(positive control), or phosphate-buffered saline (negative control). Clinical signs and somatic
cell counts (SCC) were monitored at 24-h intervals over a 7-day period. No improvement was
observed in the negative control group. Both PMQ and the antibiotic treatment resulted in a
significant reduction in somatic cell score beginning at approximately 72 h. Clinical recovery
progressed in parallel with SCC reduction, with the antibiotic group showing the lowest
probability of persistent inflammation; however, PMQ demonstrated a clear therapeutic effect
superior to the negative control. These findings suggest that PMQ may represent a promising
non-antibiotic intramammary option for the management of mild clinical mastitis, particularly
in the context of efforts to promote responsible antibiotic use.
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Mastitis is one of the most common and economically significant diseases affecting
dairy cows, leading to substantial financial losses in the livestock industry. It is also the primary
reason for antibiotic use in cattle, which necessitates milk withdrawal during the treatment
period and contributes to the selection of antimicrobial-resistant strains. In light of the growing
global concern over antimicrobial resistance (AMR) and the principles of the "One Health"
approach, there is an increasing emphasis on reducing antibiotic usage and exploring alternative
treatment strategies for mastitis (Romanek et al., 2024; Tomani¢ et al., 2025).

In recent years, interest has grown in plant-derived compounds with antimicrobial and
immunomodulatory properties as potential therapeutic agents for intramammary infections
(Debruyn et al., 2025; Fan et al., 2025; Kovacevi¢ et al., 2025). Although pectin, morin, and
quercetin have individually demonstrated beneficial anti-inflammatory and immunomodulatory
effects relevant to mastitis, their complementary activities within a combined formulation have
not yet been evaluated in a clinical field setting. This knowledge gap provides the rationale for
investigating whether a pectin+morin+quercetin mixture may offer a promising non antibiotic
approach, as the three compounds possess pharmacological properties that could act
synergistically to limit excessive inflammation in the bovine mammary gland (Kocik et al.,
2025a). Their mechanism of action involves, among others, modulation of innate immune
signaling through interactions with Toll-like receptors (TLRs) and inhibition of the activation
of the transcription factor NF-«B, leading to reduced secretion of pro-inflammatory cytokines
such as TNF-a, IL-1p, and IL-6 (Jiang et al., 2022). At the same time, these compounds help
preserve the integrity of the mammary epithelial barrier by protecting intercellular junctions
from inflammation-induced damage (Khan et al., 2020). In addition to modulating the host
response, both pectin and morin exhibit direct antimicrobial activity. In the mammary
environment, pectin forms a cross-linked hydrogel that prolongs contact with the tissue and
physically hinders bacterial adhesion (Kocik et al., 2025a); morin, in turn, inhibits enzymes
involved in bacterial adhesion, such as sortase A, thereby limiting biofilm formation by
mastitis-associated pathogens (Huang et al., 2014).

Pilot studies have shown that intramammary administration of these natural compounds
is safe and well tolerated, with each component demonstrating efficacy in alleviating infectious
inflammation of the mammary gland. For instance, quercetin significantly reduced somatic cell
counts (SCC) in the milk of cows affected by mastitis (Burmanczuk et al., 2018), morin
alleviated the inflammatory response induced by lipopolysaccharide (LPS) (Khan et al., 2020),
intramammary (IMM) infusions of 10% pectin reduced the clinical symptoms of mastitis as
effectively as antibiotic therapy, without causing any adverse effects (Kocik et al., 2025a,
2025).

We hypothesize that this combination of multi-target compounds represents a promising
therapeutic alternative, integrating infection control with modulation of the inflammatory
response in cows with mastitis. This study aimed to evaluate the efficacy of intramammary
administration of a pectin+morin+quercetin (PMQ) combination in dairy cows with naturally
occurring clinical mastitis. Specific objectives included assessment of effects on udder health
indicators (somatic cell count, clinical mastitis score) and comparison of therapeutic outcomes
with standard antibiotic treatment.



Material and methods

All animal procedures were conducted in accordance with ethical standards and
approved by the Local Ethics Committee for Animal Experimentation in Lublin (approval No.
12/2024).

Pectin, morin, and quercetin (all from Sigma—Aldrich, Merck Group, Darmstadt,
Germany) were dissolved in phosphate-buffered saline (PBS; Sigma-Aldrich) to final
concentrations of 10%, 3%, and 0.5% (w/v), respectively, using a laboratory ultrasonic bath at
37 °C for approximately 30 min, until visually homogeneous. The concentrations of the active
compounds in the multicomponent mixture were selected based on previously performed
preliminary studies evaluating the effects of the individual components in mastitis treatment
(Burmanczuk et al., 2018, Kocik et al., 2025a, 2025b). The resulting pectin—-morin—quercetin
(PMQ) solution was transferred into custom-prepared dermal tubing syringes. The solution was
prepared fresh daily, immediately before use, to ensure stability and sterility.

General experimental schedule and workflow of the treatment trial is presented in Figure
1. The study enrolled multiparous Holstein—Friesian dairy cows (3—7 years of age) from a single
commercial herd (Liplas village, Lesser Poland VVoivodeship, Poland). Initial selection of cows
for the experimental and control groups was based on monthly performance and health records
provided by the Polish Federation of Cattle Breeders and Dairy Farmers (including SCC, age,
days in milk, and milk yield). Inclusion criteria required multiparous cows <100 days in milk
presenting with a first episode of moderate clinical mastitis affecting a single quarter. Herd
records indicated that mastitis in the study herd were predominantly caused by two
environmental pathogens, E. coli and S.uberis. The primary selection parameter was a SCC >
400,000 cells/mL in the affected quarter (Pyoralda, 2003). Exclusion criteria included acute
severe systemic illness, chronic metabolic disorders (clinical or subclinical ketosis,
hypocalcemia), nutritional deficiencies, concurrent infections, and advanced clinical signs such
as udder-skin cyanosis or pathological discharge between milkings. Udders were palpated to
detect focal induration or nodularity suggestive of chronic inflammatory changes, and cows
exhibiting such findings were excluded. In total, 100 cows with clinical mastitis were initially
screened. To confirm the etiology of mastitis in screened cows, aseptic milk samples were
collected and transported to a commercial microbiology laboratory for by RT-qPCR analysis
using VetMAX™ MastiType Multi kits (Thermo Fisher Scientific, Waltham, MA, USA),
which enable detection and differentiation of 15 major mastitis-causing pathogens. All screened
cows were confirmed to have mastitis caused by E. coli or S. uberis monoinfection, with no
fungal growth detected. From the cows that met the predefined enrollment criteria, 72 were
randomly selected for the experiment.

During the three-day pre-treatment observation period, the 72 selected SCC and verified
using a 4 x 4Q Mastitis Detector (Draminski S.A., Szabruk, Poland; a 4-quarter device for
detecting milk resistance) cows were milk-sampled and analyzed for SCC. The mean SCC
across all cows and all three time points was used to establish the global baseline for the study.
Following this period, and without additional stratification by age, body weight, milk yield, or
other production parameters, cows were randomly assigned to one of three treatment groups (n
=24 per group). Post-randomization statistical analysis confirmed that neither the pre-treatment
SCC values measured at the —24 h time point nor the distribution of mastitis pathogens differed
significantly between the groups (P > 0.05 for both assays), ensuring baseline equivalence and



uniform pathogen distribution prior to treatment initiation, and indicating that cows in all
treatment groups started from a comparable disease-associated baseline level.

The experimental PMQ group received seven IMM infusions of 5 mL of the prepared
PMQ solution administered at 24-h intervals (0, 24, 48, 72, 96, 120, and 144 h). The positive
control group (the PC group) received two IMM infusions at 0 and 12 h of a fixed-combination
commercial formulation containing tetracycline hydrochloride (200 mg), neomycin sulfate (250
mg), bacitracin (2000 1U), and prednisolone (10 mg). The negative control group (the NC
group) received IMM infusions of phosphate-buffered saline (PBS) at the same dose and time
schedule as the PMQ group.

All IMM administrations were performed into the affected quarter immediately after the
morning milking at 9:00 a.m. Before each administration, the udder skin and teat orifice were
disinfected using a commercial disinfectant (Oxy-Foam D, EcoLab Inc., Saint Paul, MN, USA).
Due to differences in treatment schedules between groups, the attending veterinarian
responsible for treatment administration was aware of group allocation; however, the
veterinarian was not otherwise involved in the research. All cows were continuously monitored
for general health and for standardized local tolerance to the IMM administrations throughout
the study period. No concomitant medications were permitted in the PMQ and NC groups.
Importantly, no cow was withdrawn from the study due to clinical deterioration requiring rescue
antibiotic therapy.

At each morning examination from O to 168 h (i.e., up to 24 h after the final IMM
administration), mastitis severity in the treated quarter was assessed before daily treatment
using a standardized 4-point scoring system: score 0, no clinical abnormalities; score 1, mild
changes in milk without local inflammatory signs; score 2, moderate milk abnormalities with
mild local inflammation; and score 3, severe mastitis with pronounced local inflammation and
systemic signs (Balemi et al., 2021; Kan et al., 2022).

Milk from the affected quarters was collected at the same timepoints as mastitis scoring.
Before sampling, teat orifices were disinfected with 70% ethanol. Samples were obtained into
50 mL tubes containing bronopol (8 mg) and natamycin (0.3 mg) as Broad Spectrum Microtabs
Il (Bentley Instruments) and kept chilled until analysis. Somatic cell counts were determined
within 12 h of collection using a semi-automated analyser (BactoCount IBCm, Bentley
Instruments, Chaska, MN, USA) according to the manufacturer’s instructions.

Statistics

All enrolled cows completed the study, and no missing data were recorded; therefore,
all observations were included in the analyses. Statistical analyses were performed in R (version
4.5.0), with statistical significance defined as P < 0.05 for all tests.

Fisher’s exact test was used to assess the relative distribution of mastitis pathogens
isolated from milk samples, as well as to verify the distribution of mastitis scores between
groups at the 0 h time point.

Somatic cell counts were log.-transformed to obtain the somatic cell score (SCS) to
improve data symmetry and approximate normality, as confirmed by the Shapiro-Wilk test,
thereby meeting the assumptions of linear modeling. Temporal changes in SCS were analyzed
using a linear mixed-effects model fitted with fixed effects for treatment group, time
(categorical), and their interaction, and a random intercept for cow to account for repeated



measurements (Imer function, ImerTest package). Model assumptions were assessed by visual
inspection of residuals for approximate normality and homoscedasticity. Post hoc analyses were
performed using estimated marginal means (emmeans) to evaluate within-group changes
relative to a common baseline and to conduct pairwise between-group comparisons at each time
point. To control for multiple testing, p-values were adjusted using the Benjamini—Hochberg
false discovery rate (FDR) procedure.

Mastitis inflammation severity (mastitis score) was analyzed as an ordinal outcome. The
effects of treatment and time were assessed using a cumulative link mixed-effects model
(CLMM) fitted with the ordinal package, including fixed effects for treatment, time, and their
interaction, and a random intercept for cow to account for repeated measurements. The
distribution of mastitis scores within each treatment group at 0 h (treatment initiation) was used
as the reference level, and contrasts at subsequent time points were performed relative to this
baseline within each group. Resulting P-values were adjusted using the FDR method.

Results

Figure 2A shows individual cow trajectories and group mean responses for SCS as
differences from pre-treatment baseline. In the NC group, SCS remained stable throughout the
observation period, with no significant deviations from baseline at any time point (P > 0.05 for
all comparisons). In contrast, both treatment groups (PC and PMQ) showed significant SCS
reductions from 72h onward (P < 0.01 to P < 0.001), with progressive decline through 168h.
Between-group comparisons (Figure 2B) revealed no significant differences among groups
during the early observation period (0-96h). At 120h, PC differed from NC (P < 0.05). By 144h
and 168h, both PC and PMQ groups demonstrated significantly lower SCS than NC (P < 0.05),
with no difference between PC and PMQ.

The distribution of mastitis severity scores at baseline (Oh) did not differ significantly
between treatment groups, ensuring comparability prior to intervention (P > 0.05, Fisher's exact
test). The NC group showed no significant changes in mastitis severity throughout the 168-hour
observation period, with inflammation persisting at baseline levels (Figure 3A). In contrast,
both treatment groups demonstrated significant improvements. The PC group exhibited
significant reduction in severity scores starting at 72h (P < 0.01), with sustained improvement
through 168h (P < 0.001). The PMQ group showed earlier response, with highly significant
improvements emerging at 72h (P < 0.001) and maintained throughout the study period.
Population-level predictions from the CLMM model illustrated these temporal patterns (Figure
3B). The predicted probability of inflammation (score > 1) remained stable and near-maximal
in the NC group (~97-99%) throughout the observation period, consistent with persistent
untreated infection. Both treatment groups showed progressive declines in inflammation
probability over time. The PC group demonstrated a gradual decrease from 95.5% at baseline
to 45.0% at 168h, representing a 53% reduction in inflammation probability. The PMQ group
exhibited a similar temporal pattern, declining from 96.1% to 64.1% (33% reduction). Notably,
the PC group achieved lower final inflammation probability than PMQ, though both groups
showed substantial improvement relative to untreated controls. The widening confidence
intervals (CI 95%) over time in treated groups reflect increasing heterogeneity in treatment
response, with some animals achieving complete resolution while others maintained moderate
inflammation.



Discussion

The results indicate that the three-component PMQ (pectin+morin+quercetin) therapy
was clinically effective and comparable to standard antibiotic treatment. Because
bacteriological cure was assessed only descriptively and without sufficient power for statistical
comparison, conclusions regarding pathogen clearance cannot be drawn. The discussion
therefore focuses on clinical recovery and SCC dynamics, which were the primary validated
outcomes of the study. Both the PC and PMQ groups showed a significant reduction in clinical
mastitis scores within 72 h of treatment initiation, followed by a significant decrease in SCS
within 96 h. A previous study by Kocik et al. (2025a) reported a 100% cure rate for both pectin
and the antibiotic treatment. In the present study, both the PMQ and control groups achieved
comparable clinical improvement. No significant differences in clinical scores were observed
at any stage of the follow-up. At the same time, the PMQ group showed a trend toward faster
regression of inflammatory symptoms. In a previous study using 10% pectin alone, clinical
signs resolved on average 1.6 days earlier than with antibiotic therapy (Kocik et al., 2025a).
Similarly, in the SCC analysis, a marked decrease in somatic cell count in the pectin group was
observed after approximately 96 hours of treatment, whereas in the antibiotic group, this
reduction occurred only after 120 hours (Kocik et al., 2025a). In our PMQ therapy, a similar
trend toward slightly faster normalization of parameters compared to antibiotic treatment was
observed. No adverse effects related to local tolerance of the PMQ formulation were observed,
consistent with findings from previous studies on pectin (Kocik et al., 2025a) and morin (Kocik
et al., 2025b). No signs of irritation or tissue damage were observed in the udder following
infusion. Milk yield after treatment was comparable between the two groups, and the absence
of antibiotics eliminates concerns related to drug residues and withdrawal periods. This
suggests that PMQ therapy may serve as a safe alternative, avoiding the risks of antimicrobial
resistance and milk withdrawal associated with conventional antibiotic use. The analysis of
SCS changes and clinical presentation in the current study highlights differences related to
infection etiology. Although our study did not stratify results by pathogen, previous research
indicates that mastitis caused by E. coli is typically associated with a rapid, short-term
inflammatory response, whereas infections caused by S. uberis tend to provoke a more
prolonged, subacute or chronic reaction, often reflected by persistently elevated SCC (Kocik et
al., 2025a, 2025b). According to the literature, cows with E. coli mastitis often exhibit an acute
spike in milk leukocyte count (SCC peak) within the first few days, which then rapidly declines
as the inflammatory response subsides (Sumon et al., 2020; Williamson et al., 2022). In the
case of S. uberis, the changes are typically less abrupt but more prolonged over time. Our
findings reflect this pattern: clinical improvement appeared earlier (around 48-72 hours),
whereas normalization of cytological parameters (SCC) took longer, which is characteristic of
infections caused by coliform bacteria (Kirkeby et al. 2021). In the antibiotic group, clinical
symptoms resolved more rapidly than in the PMQ group, a difference that was particularly
noticeable during the initial days of treatment in cases of E. coli-induced mastitis. In the PMQ-
treated cows, the reduction of udder swelling and redness progressed gradually but at a slower
pace.

We did not directly assess cytokine profiles in milk; however, comparisons with
published studies suggest that PMQ exhibits anti-inflammatory properties. Unlike steroid



preparations or certain antibiotics combined with glucocorticoids, natural compounds such as
pectin, morin, and quercetin inhibit the accumulation of inflammatory cells and the release of
cytokines, while not inducing bacterial resistance or producing adverse effects in milk
(Burmanczuk et al. 2018; Jiang et al. 2022, Kocik et al., 2025a). Previous reports indicate that
oral or local administration of pectins does not elevate TNF-a levels in either blood or milk.
Study results show no significant differences in TNF-o concentrations between pectin treatment
and standard control therapy (Kocik et al., 2025a). Similarly, numerous in vitro studies and
experimental models have demonstrated that quercetin reduces the synthesis of TNF-a, IL-1,
IL-6, and other pro-inflammatory cytokines (Xiong et al., 2019; Yu et al., 2022). Quercetin has
the ability to inhibit NF-xB activation, in part by modulating pathways mediated by Toll-like
receptors, which leads to a reduction in the synthesis of pro-inflammatory cytokines such as
TNF-a, IL-1B, and IL-6. This makes it a promising natural compound with anti-inflammatory
properties. For example, in vitro studies have demonstrated that quercetin suppresses LPS-
induced inflammatory responses by inhibiting the TLR4/NF-xB signaling pathway
(Burmanczuk et al., 2018; Jiang et al., 2022). Regarding pectin, its potential to regulate immune
responses is less well defined, as there is a lack of studies clarifying its effects on TLR signaling,
NF-xB activation, and cytokine profiles within mammary gland tissue. It should also be
emphasized that the efficacy and safety of both approaches, particularly for pectin and morin,
remain insufficiently documented. At present, they are better regarded as experimental or
supportive therapies rather than fully validated alternatives to conventional anti-inflammatory
and antimicrobial agents used in the treatment of mastitis.

Nevertheless, the results obtained are consistent with previous findings while also
revealing some new insights. In a prototype in vivo study on spontaneous recovery,
administration of a 10% pectin solution led to clinical improvement and a reduction in SCS
comparable to that achieved with antibiotic treatment (Kocik et al., 2025a). Importantly, the
anti-inflammatory effect of pectin was observed as early as 48 hours after administration, and
cytological changes occurred more rapidly than in the antibiotic-treated group. In light of these
findings, the PMQ therapy used in the present study showed a slightly slower onset of action
(with significant changes around 72 hours), which may be attributed to differences in
formulation or dosing, as well as the heterogeneous nature of the three-component mixture. In
the case of morin alone, previous experiments (Kocik et al., 2025b) showed that a 3% morin
solution significantly reduced symptoms of E. coli-induced mastitis, restoring clinical condition
and lowering SCC, although more slowly than antibiotics. In contrast, in S. uberis infections,
morin’s effectiveness was limited: clinical improvement appeared only after 96—168 hours, and
the reduction in SCC was noticeably weaker than with antibiotic treatment. Our findings
similarly suggest that PMQ performs well against Gram-negative pathogens (with rapid clinical
improvement in E. coli cases), but its efficacy against Gram-positive infections is moderate,
echoing the results seen with morin alone. This aligns with the observation that PMQ helps
alleviate inflammation even in S. uberis infections but does not clear the infection as effectively
as strong antibiotics. As for quercetin, a previous study demonstrated that repeated
intramammary administration significantly reduced SCS in cows with mastitis within eight days
of therapy (Burmanczuk et al., 2018). Our observations confirm that quercetin (albeit in
combination with other components) contributes to the reduction of inflammatory cells in milk.
The combination of pectin, morin, and quercetin may have acted through complementary



mechanisms: for example, quercetin and morin may have enhanced the immunomodulatory
effect, while pectin likely accelerated the formation of a protective barrier. The applied mixture
achieved at least the level of effectiveness seen with each component individually, similar to
previously studied pectin and morin, reducing both clinical symptoms and SCC. The key new
findings stem from the assessment of the cumulative effect and confirmation of the safety of
this combination (no adverse effects observed), as well as the indication that PMQ therapy can
reduce inflammation levels to nearly those achieved by systemic antibiotics, while potentially
shortening the time to improvement compared to no treatment.

In recent years, numerous natural compounds have been evaluated as alternatives to
antibiotics in bovine mastitis therapy. These include immunomodulatory polysaccharides such
as B-glucans, chitosan, and alginates, as well as various plant extracts (Do Nascimento et al.,
2025). Although some of these agents can stimulate leukocyte recruitment or exert direct
antimicrobial effects, their therapeutic outcomes remain inconsistent and often pathogen
dependent. For instance, B-glucans show limited effectiveness in chronic Gram-positive
infections, while chitosan and alginates possess antibacterial and wound-healing properties but
may exhibit restricted penetration into deeper mammary tissue (Inchaisri et al., 2000; Kruk and
Winnicka, 2022; Tomani¢ et al., 2023; Guaman et al., 2024; Godoy et al., 2025). These
limitations underscore the need for better-defined, multi-target natural formulations. The PMQ
approach, combining a polysaccharide (pectin) with two flavonoids (morin and quercetin), may
help address some of these challenges. Pectin supports epithelial barrier integrity and reduces
local inflammation, morin can limit biofilm formation, and quercetin provides complementary
antioxidant and immunomodulatory effects. When administered together, these components
may interact synergistically, offering more predictable and rapid mitigation of inflammatory
symptoms than single-compound or crude plant-based preparations. In contrast to essential oils
or homeopathic remedies, PMQ has a clearly defined composition and a mechanistic basis
validated in experimental models, which strengthens its potential as a structured non-antibiotic
therapeutic option.

The results discussed align with the global trend of reducing antibiotic use in veterinary
medicine. The One Health concept, along with the growing resistance of pathogens,
underscores the need to explore alternative therapeutic strategies (Kocik et al., 2025b). As
suggested by Jiang et al. (2025), reducing antibiotic therapy is particularly justified in cases of
Gram-negative infections, where anti-inflammatory effects may allow the host’s immune
system to resolve the infection naturally. Our observations are consistent with this approach,
supportive treatment with PMQ produced outcomes comparable to those of antibiotics. The
absence of antibiotic residues in milk following PMQ therapy is an additional advantage from
both a public health and dairy farming perspective.

However, PMQ therapy also has limitations. Its effectiveness may be reduced in severe
or chronic infections caused by Gram-positive pathogens such as S. uberis, which are known
for their ability to persist within mammary tissue. In study of Kocik et al. (2025b), morin alone
produced only a slower and less pronounced reduction in SCC compared to antibiotic treatment
in S. uberis infections. It can therefore be assumed that in cases of severe mastitis or mixed
infections, antibiotics remain necessary, while PMQ may serve primarily as a supportive
therapy. Further research is needed to optimize PMQ dosing and formulation, to better
understand the pharmacokinetics of its components, and to evaluate its application across



different forms of mastitis. Large-scale in vivo clinical trials are also required to assess its
effectiveness at various stages of the disease and to compare it with other treatment modalities.

The present study has several important limitations. Most notably, the lack of
pharmacokinetic data for PMQ components following intramammary administration prevents
assessment of their tissue penetration, duration of action, and optimal dosing regimen. The trial
involved a fixed treatment cycle, which does not allow conclusions about the flexibility of the
therapy. Another limitation is the heterogeneity of infections and potential strain variability,
combined with a relatively modest sample size (72 cows), and the absence of stratification by
lactation stage, metabolic status, milk yield, or cow genotype, all of which may have influenced
treatment response (Bagnicka et al., 2023). The observation period was limited to 7 days,
without post-treatment bacteriological evaluation. Thus, it remains unclear whether pathogens
were fully eliminated or what effect PMQ had on the udder microbiome and recurrence risk.
No molecular analyses were performed either, PMQ’s impact on cytokine expression, TLR
signalling, or oxidative stress markers in glandular epithelium was not assessed. Such data
could help elucidate mechanisms of action and provide objective validation. Finally, PMQ
therapy requires frequent applications (seven doses per day), which limits its practicality. There
is also a lack of comparisons between different ratios of PMQ components. Further studies
should evaluate the efficacy, potential synergy, and formulation possibilities for extended-
release delivery systems.

In conclusion, the results suggest that the three-component PMQ therapy may represent
a promising alternative to antibiotic treatment in the management of clinical mastitis in dairy
cows. The natural compounds used combine anti-inflammatory, antimicrobial, and barrier-
protective effects, while avoiding complications associated with antibiotic use. However,
overly broad generalizations should be avoided. The potential of PMQ is best realized as part
of an integrated treatment strategy, particularly in mild infections, with ongoing monitoring of
therapeutic outcomes and continued investigation into the method’s limitations.
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Figure 1. Experimental schedule. Seventy-two multiparous Holstein-Friesian cows with
naturally occurring clinical mastitis (n = 72) meeting predefined inclusion criteria after
pathogen stratification were enrolled to the study. Following a 72-hour pre-treatment
observation period with baseline measurements of milk SCC (-72h, -48h, -24h), cows were
randomized into three treatment groups (n=24 per group): NC (negative control, BPS
administered at 24-hour intervals from Oh through 144h), PC (positive control, antibiotic
administered at Oh and 12h), and PMQ (pectin + morin + quercetin administered at 24-hour
intervals from Oh through 144h). Milk samples were collected and SCC analysis performed at
24-hour intervals from Oh through 168h, corresponding to 24 h after the final PMQ or PBS
administration. Physical clinical examinations and mastitis severity scoring were conducted at
each sampling time point. Syringe icons indicate treatment administration timepoints (group
specific)
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Figure 2. Somatic cell score (SCS) dynamics during treatment period. (A) Individual cow
trajectories (thin lines) and group means (bold lines) with 95% confidence intervals (shaded
ribbons) showing SCS differences from global pre-treatment baseline. Significance levels for
within-group comparisons to baseline are indicated above each panel (n.s. = not significant,
** P <0.01, *** P <0.001; LMM for repeated measures with FDR adjustment for multiple
comparison). (B) SCS differences from baseline with locally weighted smoothing (LOESS)

trend lines. Points represent individual observations. Letters above time points indicate
between-group comparisons; groups sharing the same letter do not differ significantly (P >

0.05; LMM for repeated measures with FDR adjustment for multiple comparison). NC =
negative control (PBS), PC = positive control (antibiotic), PMQ = pectin + morin + quercetin



A) Observed mastitis severity scores with statistical comparsions to baseline (Oh)
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Figure 3. Temporal dynamics of mastitis severity and treatment response. (A) Observed
distribution of mastitis scores (0 = none, 1 = moderate, 2 = severe) displayed as percentage of
cows in each treatment group over the 168-hour observation period. Asterisks indicate
significant within-group differences from baseline (Oh) based on post-hoc comparisons (*P <
0.05, **P < 0.01, ***P < 0.001; n.s. = not significant; CLMM for repeated measures with
FDR adjustment for multiple comparison). (B) Model-predicted probability of inflammation
(mastitis score > 1) from CLMM model. Solid lines represent population-averaged
predictions, shaded ribbons indicate model 95% confidence intervals. NC = negative control
(PBS), PC = positive control (antibiotic), PMQ = pectin + morin + quercetin
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