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La malaltia d’Alzheimer (AD) és el tipus de demeéencia més comu durant I'envelliment i una
de les malalties neurodegeneratives més severes. L’AD es caracteritza per una péerdua de
memoria, la deposicié de péptids beta-amiloides (AB) i I'agregacié de la proteina Tau
hiperfosforilada (p-tau), que promouen la formacié de les plaques amiloides i els cabdells
neurofibrilars, respectivament; aixi com la neuroinflamacié i I'activacié de la microglia.
D’altra banda, durant I'envelliment, hi ha disbacterosi, i s’indueix un increment dels
bacteris patogenics, la permeabilitat intestinal i I’estat pro-inflamatori. Conseqlientment,
la disbacteriosi pot contribuir al desenvolupament de I’AD a través de diferents elements
de leix intesti-cervell. La suplementacié dietetica amb plasma porci assecat per
atomitzacié (SDP) redueix el deteriorament cognitiu dels ratolins SAMP8 envellits, té
efectes anti-inflamatoris a la mucosa intestinal en diferents models murins d’inflamacio; i
efectes prebiotics en animals joves. Atesos aquests antecedents, la hipotesi que es
planteja en aquesta tesi és que els efectes prebiotics del plasma assecat poden estar
implicats en els seus efectes neuroprotectors. Es van utilitzar ratolins SAMP8 de 2 mesos
d’edat (grup de referéncia) i de 6 mesos d’edat, que es van dividir en dos grups segons el
pinso experimental que van rebre durant 4 mesos, pinso control o pinso suplementat amb
I’'SDP al 8%. Els ratolins envellits presentaven un empitjorament de la funcié cognitiva amb
una reduccid de la memoria a curt i llarg termini, a més d’'una menor abundancia cortical
d’una neurotrofina relacionada amb la plasticitat sinaptica, com és el BDNF. La
suplementacié amb I’'SDP va prevenir aquests efectes. La senescéncia va promoure
I'augment del fragment beta soluble de la proteina precursora amiloide (sAPP-B) i la
generacié de peéptids neurotoxics AB. La suplementacié amb I'SDP va disminuir
I’abundancia d’aquests marcadors, aixi com també va reduir I'expressio de la B-secretasa
1 (Bacel), essencial en aquesta via amiloidogenica. L’envelliment va incrementar
I'abundancia de la proteina p-tau i de les proteines quinases encarregades de la seva
hiperfosforilacio, la qual cosa es va prevenir amb la suplementacié amb I’SDP. La microglia,
les cel-lules immunitaries especifiques del sistema nervids central, estava més activada al
cortex dels ratolins senescents, i aquest procés va anar acompanyat d’'una major
neuroinflamacid. La suplementacié amb I’'SDP va atenuar la neuroinflamacié i I'activacid
de la microglia posant de manifest els seus efectes anti-inflamatoris. Aixi doncs, la
suplementaciéo amb I’'SDP redueix els marcadors neuropatologics de I’AD. Paral-lelament,
es va demostrar que els ratolins SAMPS8 envellits mostraven un major grau d’inflamacio
sistémica i a la mucosa de colon. Aquest procés inflamatori anava acompanyat d’una
disminucio de I'expressié de les proteines relacionades amb la produccié de moc (Muc2,

Tff3) i del complex d’unié (Ocludina). La suplementacié amb I’'SDP va atenuar la inflamacié
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sistémica i del colon, i va millorar l'estructura de la barrera. Aquests efectes de
I’envelliment es van relacionar amb la reduccié de I'abundancia de bacteris promotors de
la salut, com per exemple, els generes Lactobacillus i Pediococcus, i en va incrementar
d’altres associats amb la inflamacio, com els géneres Johnsonella i Erysipelothrix. En canvi,
la suplementacié amb I'SDP va exercir efectes prebiotics, i va induir el creixement dels
bacteris probiotics i en va disminuir els patogenics. En conclusid, els efectes anti-
inflamatoris de la suplementacié amb I’SDP redueixen la inflamacié sistemica, a la mucosa
de colon, a més presenta propietats neuroprotectores en els ratolins envellits; aquests
efectes es correlacionen amb la promocié d’espécies probiotiques, la qual cosa
suggereixen que l'eix intesti cervell pot estar involucrat en I'efecte de I’'SDP sobre la

progressié de I’AD.
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Alzheimer's disease (AD) is the most common type of dementia during aging and one of
the most severe neurodegenerative diseases. AD is characterized by memory loss,
amyloid-beta (AB) deposition, aggregation of hyperphosphorylated Tau protein (p-tau),
leading to neuroinflammation and activation of microglia. Aging is also accompanied by
dysbiosis, which is an alteration of the microbiota, where increases pathogenic bacteria;
as well as increased intestinal permeability and inflammation. Consequently, dysbiosis
may contribute to the development of AD via the gut-brain axis. Supplementation with
spray-dried porcine plasma (SDP) attenuates cognitive decline in aged SAMP8 mice,
reduces inflammatory response of the intestinal mucosa in different murine models and
shows prebiotic effects in weaned animals. Therefore, the hypothesis proposed is that the
prebiotic effects of SDP may be involved in its neuroprotective effects. Experiments were
performed in 2-month-old SAMP8 mice fed a standard diet and in 6-month-old SAMP8
mice fed a control or an 8% SDP supplemented diet for 4 months. Aging impaired short-
and long-term memory, reduced cortical BDNF abundance, and increased soluble beta
amyloid precursor protein (SAPP-B) and AB peptides. SDP supplementation prevented all
these aging effects, and reduced the expression of B-secretasel (Bacel), which is essential
in the amyloidogenic pathway. Aging increased the abundance of p-tau and the kinases
responsible for its hyperphosphorylation, which was also prevented by SDP
supplementation. Senescence activated microglia, the immune cells specific to the central
nervous system, increasing neuroinflammation. These effects were attenuated by SDP
supplementation. Thus, SDP supplementation reduces neuropathological markers of AD.
In parallel, aged SAMP8 mice showed increased systemic and colonic inflammation, as well
as, reduced Muc2, Tff3 and Occludin expression. SDP supplementation attenuated
systemic and colonic inflammation, and improved barrier structure. Aging reduced the
abundance of health-promoting bacteria, such as Lactobacillus and Pediococcus, and
increased inflammation-associated bacteria, such as Johnsonella and Erysipelothrix. In
contrast, SDP supplementation induced the growth of probiotic bacteria and decreased
the pathogenic ones. In conclusion, SDP supplementation has anti-inflammatory and
neuroprotective effects, as well as prebiotic properties in aged mice, suggesting that the

gut-brain axis may be involved in the effect of SDP on AD progression.
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1. MALALTIA D’ALZHEIMER

La malaltia de I’Alzheimer (AD, Alzheimer’s disease) és una malaltia neurodegenerativa
que afecta sobretot a les arees cerebrals del cortex i de I’hipocamp. Es el tipus més comu
de demeéncia en les persones d’edat avancada. Actualment, hi ha una prevalenca mundial
d’uns 50 milions de persones amb deméncia, la qual augmenta cada any, juntament amb
I'increment de I'esperanca de vida (Soria Lopez et al., 2019). L'augment de la prevalenca
té un gran impacte sobre la familia i 'entorn de la persona afectada, aixi com un elevat
cost economic per la societat. Es calcula que a I’'any 2050, la prevalenca de la demencia
s’haura triplicat i que la despesa anual a Estats Units podria excedir els 600 bilions de
dolars (d’Estats Units) (Lane et al., 2018). En l'actualitat, no hi ha cap tractament
farmacologic que pugui curar I’AD. Per aquest motiu, hi ha un interés creixent en la
prevencid per aconseguir enrederir el desenvolupament i la incidencia de la malaltia (Soria
Lopez et al., 2019).

Clinicament, I’AD es caracteritza per una péerdua progressiva de la memoria episodica i de
la funcid cognitiva, com per exemple I'aprenentatge i I'Us del llenguatge. Les persones amb
AD acostumen a tenir alteracions del comportament com |'apatia, I'agressivitat i/o la
depressid. Molecularment, els signes distintius de I’AD sén la deposicié de péptids B-
amiloides (AB, amyloid beta), I'agregacié de la proteina tau hiperfosforilada (p-tau,
hyperphosphorylated tau), que promouen la formacio de les plaques amiloides i dels
cabdells neurofibril-lars (NFT, neurofibrillary tangles), respectivament, aixi com

neuroinflamacio, microgliosi i astrogliosi (Masters et al., 2015).
1.1. PERDUA DE MEMORIA | PLASTICITAT SINAPTICA

Una de les caracteristiques principals de I’AD és la perdua de la funcionalitat cognitiva, la
memoria, I'aprenentatge. La neurotoxicitat causada pels deposits d’AB, els NFT i la
neuroinflamaciod subjacent a I’AD produeixen una alteracid de I'estructura neuronal, de la
plasticitat sinaptica i la mort neuronal, la qual cosa implica la pérdua progressiva de la

memoria (Ferreira i Klein, 2011; Peineau et al., 2018; Tracy i Gan, 2017).

La plasticitat sinaptica és el procés neuronal necessari pel desenvolupament i Ia
consolidacié de la memoria i I'aprenentatge i I'homeostasi dels circuits neurals. La
plasticitat sinaptica consisteix en la modificacié estructural de les connexions sinaptiques
modulant-ne la seva eficacia i activitat (Amtul i Atta-Ur-Rahman, 2015). Aquestes

modificacions funcionals es poden potenciar o afeblir gracies als processos de potenciacio

3



a llarg termini (LTP, long-term potentiation) i depressié a llarg termini (LTD, long-term
depression), respectivament (Peineau et al.,, 2018). En el procés de LTP hi ha un
engrandiment de les espines dendritiques, un augment de neurotransmissors presinaptics
i de la forca i densitat postsinaptica, la qual cosa, fa augmentar I'activitat neuronal. En
aquest procés tenen gran rellevancia I'activitat de neurotrofines com el factor neurotrofic
derivat del cervell (BDNF, brain-derived neurotrophic factor), aixi com dels receptors de N-
metil-d-aspartat (NMDAR, N-methyl-d-aspartate receptor) i a-amino-3-hidroxi-5-metil-4-
isoazolepropionic (AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
receptor) (Lu et al., 2014; Wang i Reddy, 2017).

El BDNF és la neurotrofina més abundant del cervell, indueix la LTP, afavoreix I'increment
de la densitat de les espines dendritiques i, per tant, té una gran importancia sobre la
plasticitat sinaptica, la diferenciacié neuronal i el manteniment de les neurones (Lu et al.,
2014). L’abundancia de BDNF esta disminuida en pacients de I’AD, i de fet, els peptids AB

poden inhibir directament la seva maduracié (Tanila, 2017).

El NMDAR sinaptic és un receptor de glutamat que quan s’activa indueix la LTP, a través
de I'activacié de la Ca?*/calmodulina proteina quinasa Il i la LTD, per 'activacié d’enzims
fosfatases, la qual cosa inicia la plasticitat sinaptica. A més, suprimeix les senyals pro-
apoptotiques i de les caspases, entre d’altres, i per tant, estimula la supervivencia
neuronal. D’altra banda, durant I’AD, els péptids AB indueixen I'estimulacié de NMDAR

extrasinaptic, el qual promou la mort cel-lular (Wang i Reddy, 2017).

1.2. PROCESSAMENT DE LA PROTEINA PRECURSORA AMILOIDE

La proteina precursora amiloide (APP, amyloid precursor protein) és una glicoproteina que
participa en diferents activitats biologiques implicades en I'homeostasi, i el
desenvolupament neuronal. L'APP forma part de la familia que també conté la proteina
similar a APP (APLP, APP-like protein) 1i APLPL2. Totes son proteines transmembrana tipus
| i sOn processades de forma semblant. L'APP és la Unica que conté el domini AB i és
processada per unes proteases que fan dues escissions seqliencials. Aquest processament
pot ser seguint la via no amiloidogénica o la via amiloiddgénica. Quan se segueix la via
amiloidogeénica s’alliberen els peptids AB que es poden depositar per formar les plagues
amiloides (Zhang Y et al., 2011).



1.2.1. Via no amiloidogenica

La via no amiloidogenica del processament de I’APP es representa a la Figura 1 i consisteix,
primerament, en una escissio de la proteina per un enzim a-secretasa, la proteina 10 que
conté dominis de desintegrina i metaloproteinasa (ADAM10, disintegrin and
metalloproteinase domain-containing protein 10). ADAM10 talla I’APP per l'interior del
domini AB, i allibera un fragment soluble de I’APP (sAPPa, soluble amyloid precursor
protein) i un fragment C-terminal de 83 aminoacids (C83). Posteriorment, es produeix
I’escissio de C83 per un enzim y-secretasa, amb la qual s’allibera el domini intracel-lular de
I’APP (AICD, amyloid precursor protein intracellular domain) i el péptid p3 (Yuan et al.,
2017).
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Figura 1. Via no amiloidogénica del processament de la proteina precursora amiloide (APP). La via
no amiloidogénica consisteix en les escissions consecutives realitzades per I'a-secretasa (ADAM10)
i la y-secretasa, on s’allibera sAPP-a i el fragment p3, respectivament. AICD: domini intracel-lular de
I’APP, amyloid precursor protein intracellular domain; C83 fragment C-terminal de 83 aminoacids.

1.2.2. Via amiloidogenica

El processament aberrant de I'APP o via amiloidogénica consisteix en les accions
sequiencials de les secretases B iy, tali com es representa a la Figura 2. Primerament, beta-
secretasa 1 (BACE1, beta-secretase 1) talla I’APP i es forma la proteina soluble sAPP-B i el
fragment C99 (Zhang Y et al., 2011). Hi ha estudis que mostren que sAPP-B pot participar
en 'apoptosi neuronal i la degeneracié de I'axd a través de la seva unié al receptor DR6
(death receptor 6) (Nikolaev et al., 2009). A més, I'acumulacié de C99 pot induir alteracions

en la plasticitat sinaptica, independentment de la deposicié d’AB (Bourgeois et al., 2018).

Aixi doncs, BACE1 té un paper essencial en la via amiloidogenica i és el pas determinant
per a la generacié d’AB i dels altres fragments neurotoxics. Per aixd, actualment, s’esta

estudiant la inhibicid d’aquesta proteasa com a possible tractament de I’AD. De fet, la



inhibicié de BACE1 prevé la formacié d’AB, i millora la funcié cognitiva tant en pacients
gue pateixen I’AD, com models d’AD en ratolins transgenics (Moussa-Pacha et al., 2020).
La inhibicié de BACE1 redueix la produccié d’aquests péptids i, tal com s’ha descrit
anteriorment, augmenta |’activitat neuronal i la memoria en un model d’AD familiar en

ratolins (Das i Yan, 2017).

A continuacié del tall de BACE1, hi ha una escissioé per part de la y-secretasa que allibera
els peptids AB i I'AICD. L’AB pot formar agregats insolubles que constitueixen les plaques
amiloides o plaques senils (Zhang Y et al., 2011). Hi ha dos tipus d’AB, I'ABaoi I’ABa42. L’ABao
és la més abundant en la forma soluble, I’AB42 és la més neurotoxica, la qual es troba de

forma majoritaria a les plaques senils (Reiss et al., 2018).

L'agregacio d’AB és neurotoxica i produeix radicals lliures com per exemple especies
reactives d’oxigen (ROS, reactives oxygen species) que oxiden les proteines i lipids, les
guals deterioren la integritat de la membrana, modifiquen enzims com la glicogen sintasa
(GS, glycogen synthase) i alteren |'activitat cel-lular, fins a produir I'apoptosi neuronal
(Chen GF et al., 2017; Reiss et al., 2018). A més, I'increment de I'abundancia d’AB estimula
el sistema immunitari innat i activa diferents receptors similars a toll (TLR, toll-like
receptor), la microglia, i, finalment, indueix una resposta inflamatoria (Heneka et al.,
2015a).

Extracel-lular

SAPP-B
BACE1 g . @ @w

3¢ ‘___ B-amiloide

y-secretasa

APP C39 Aicp .

Intracel-lular

[\

Via amiloidogeénica

Figura 2. Via amiloidogénica del processament de la proteina precursora amiloide (APP). La via
amiloidogéenica consisteix en I'escissié d’APP per part de la B-secretasa (BACE1) i la y-secretasa, on
s’allibera sAPP-B i AB, respectivament. AICD: domini intracel-lular de I'’APP, amyloid precursor protein
intracellular domain; C99 fragment C-terminal de 99 aminoacids.

1.2.3. Eliminacié dels péptids A

Els nivells d’AB varien en funcié de la seva sintesi i eliminacié. La sobreproduccié d’Ap és
caracteristica de I’AD precog, en canvi la disminucio de la seva degradacio és més tipica de

I’AD tardana (Mawuenyega et al., 2010).



Els péptids AB es poden eliminar a través de la barrera hematoencefalica (BBB, blood-brain
barrier) cap al liquid cefalorraquidi o al liquid intersticial, on els astrocits i la microglia
participaran en la seva eliminacid, o bé, poden ser degradats per hidrolisi de manera
enzimatica (Tarasoff-Conway et al., 2015). La hidrolisi d’AB és realitzada principalment per
dues proteases: la neprilisina (NEP, neprylisin) i I'enzim degradant d’insulina (IDE, insulin-
degrading enzyme). NEP és una glicoproteina de la familia de les metaloendopeptidases,
la qual s’expressa a les membranes pre- i post-sinaptiques i es pot trobar també al liquid
cefalorraquidi. La NEP participa en la regulacié de neuropéptids, tot i que la seva funcié
principal és la degradacié d’AB (Miners et al., 2008). D’altra banda, I'IDE es troba
majoritariament al citosol, tot i que també es pot trobar als mitocondris i als peroxisomes.
Tot i que la seva funcid principal és en el metabolisme de la insulina, també pot actuar
sobre altres substrats, com sén els AB, promovent la seva eliminacié (Nalivaeva i Turner,
2019). Tant, NEP com IDE tenen una regulacid de realimentacié positiva, en la qual
I’expressio dels dos enzims augmenta a mesura que augmenta I'abundancia d’AICD (Lauer
et al., 2020).

1.3. HIPERFOSFORILACIO PROTEINA TAU

Un altre signe distintiu de I’AD és la hiperfosforilacié de la proteina tau. Tau és una
fosfoproteina que és abundant al somaiaI’axo de les neurones del sistema nervids central
(CNS, central nervous system), tot i que també es pot localitzar en altres compartiments i
altres tipus cel-lulars, com sén oligodendrocits i astrocits. La proteina tau conté molts
residus serina/treonina que poden ser fosforilats (Higuchi et al., 2002). La proteina tau
promou l'estabilitzacié dels microtubuls, els quals sén estructures formades per dues
proteines globulars, la tubulina alfa i la beta, que s’encarreguen del transport intracel-lular
d’organuls, com per exemple, mitocondris, vesicules o lisosomes, entre d’altres. La
proteina tau, a més, participa en el manteniment de I'estructura cel-lular, el correcte
funcionament de I'ax6 i de I'activitat sinaptica (Chong et al., 2018). L'activitat de la
proteina tau es regula per fosforilacid, la qual cosa produeix un canvi conformacional de
la proteina que redueix I'afinitat cap als microtubuls i dificulta la seva estabilitzacio, tal
com mostra la Figura 3. Les quinases principals que regulen i fosforilen la tau sén la quinasa
dependent de ciclina 5 (CDK5, cyclin dependent kinase 5) i la quinasa glicogen sintasa 33
(GSK3B, glycogen synthase kinase 3B) (Lee S et al., 2011).



1.3.1. Quinasa dependent de ciclina 5 (CDK5)

La CDKS5 és una quinasa que fosforila els residus serina-treonina de la proteina tau i d’altres
proteines relacionades amb el desenvolupament del CNS. La CDK5 es troba inactivada i
I’activa els activadors localitzats a la membrana p35i p39 (o per les seves formes truncades
P25 i p29). Quan hi ha un increment de la concentracié intracel-lular de calci, la calpaina
escindeix p35 i p39 per formar p25 i p29 que sén les que activen CDK5. L’associacid
CDK5/p25 és la més estable, pero hiperactiva la quinasa, formant un complex neurotoxic.
CDK5/p25 promou la hiperfosforilacié incontrolada dels substrats de la quinasa, com per
exemple la proteina tau. Aquesta hiperfosforilacié de tau altera la funcid sinaptica,
produeix I'apoptosi neuronal, I'estrés oxidatiu, la disfuncié mitocondrial i accelera la
neurodegeneracio de I’AD (Liu SL et al., 2016). A més, CDK5 pot fosforilar també I’APP, la
qgual cosa indueix la via amiloidogenica del processament de la proteina i augmenta
I'alliberacio de peptids AB (Liu F et al., 2003).

1.3.2. Glicogen sintasa quinasa 3B (GSK3B)

La GSK3p és una altra quinasa que fosforila especificament residus serina-treonina que
s’associa a la resisténcia a la insulina, a la inflamacié sistemica i a I’AD. La GSK3p es troba
de forma abundant al cervell i s’ha associat amb la neuroinflamacio, ja que activa la via del
factor nuclear potenciador de les cadenes lleugeres kappa de les cél-lules B activades (NF-
kB, nuclear factor kappa-light-chain-enhancer of activated B cells); a més dels receptors
TLR i, per tant, indueix la produccié de citocines pro-inflamatories. A més, també
contribueix a I'apoptosi neuronal i al déficit de memoria i de I'aprenentatge (Souder i
Anderson, 2019). La GSK3p es regula per fosforilacio, ja que depenent de la posicié on es
produeixi la fosforilacid, la quinasa s’activara o s’inactivara. Per exemple, GSK3pB s’inactiva
guan és fosforilada a la posicid serina 9, pero en canvi s’activa quan es fosforila la tirosina-
216 (Beurel et al., 2015). A més, GSK3p contribueix a la fosforilacié anormal de la proteina
tau i, per tant, participa en la formacié d’aquestes estructures neuropatologiques (Lee S
et al., 2011).

1.3.3. Cabdells neurofibril-lars

La hiperfosforilacid de la proteina tau (p-tau) provoca un canvi conformacional, el qual
produeix la formacié d’oligobmers que finalment s’agregaran i formaran uns filaments
helicoidals, els NFT. Els NFT sén una de les caracteristiques principals que es poden

observar en pacients amb I’AD (Chong et al., 2018).



El canvi conformacional de la proteina tau i la formacid d’oligdmers sén senyals prematurs
de la degeneracid neuronal, prévies a la formacid dels NFT. Aquestes formacions
promouen sinaptotoxicitat i deteriorament sinaptic, la qual cosa es tradueix en

neurodegeneracié (Tai HC et al., 2014).

El despreniment de la proteina tau dels microtubuls produeix els NFT, la qual cosa causa
una disrupcié del transport axonal dels mitocondris. A més, |'abundancia de Ia
sinaptofisina, una proteina que participa en la transmissié sinaptica, es redueix quan hi ha
aquestes formacions, desregulant les sinapsis de forma independent a la formacié d’AB
(Callahan et al., 2002).
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Figura 3. Hiperfosforilacio de la proteina tau. La quinasa CDK5 s’activa principalment per p25,
mentre que la quinasa GSK3-B esta inactivada quan esta fosforilada en la posicié Ser9 i, per tant,
s’activa quan perd aquesta fosforilacié. Una vegada activades, ambdues quinases activades seran
les principals responsables de fosforilar la proteina tau. Quan la proteina tau és fosforilada, perd la
seva funcié i la seva afinitat cap als microtubuls i aquests es desestabilitzen. Seguidament, la
proteina tau hiperfosforilada pateix un canvi conformacional que indueix la formacié d’oligomers i
la posterior agregacié en filaments helicoidals anomenats cabdells neurofibril-lars. CDK5: Quinasa
dependent de ciclina 5 (Cyclin dependent kinase 5); GSK3pB: Quinasa glicogen sintasa 3B (Glycogen
synthase kinase 3pB).



1.4. NEUROINFLAMACIO

La neuroinflamacié es produeix per la secrecid de mediadors inflamatoris com citocines
pro-inflamatories, quimocines, components del sistema del complement, i radicals Iliures
que afecten al funcionament del cervell i, conseqiientment, tenen un paper essencial en
el progrés de I’AD (Dansokho i Heneka, 2018). De fet, aquests mediadors inflamatoris
estan augmentats en les primeres etapes del desenvolupament de I’AD i s’"han proposat

com a biomarcadors per al diagnostic de la malaltia (Shen et al., 2019).
1.4.1. Citocines pro-inflamatories

L'augment de citocines pro-inflamatories s’han relacionat amb un increment de la
deposicio d’AB en ratolins senescents i en models transgenics de I’AD (Patel et al., 2005) i
també en pacients que pateixen aquesta malaltia (Park et al., 2020). L’agregacié de la
proteina tau també indueix una resposta inflamatoria via NF-kB que causa la secrecié de
citocines inflamatories al cervell (Srinivasan et al., 2015). Aquest procés present en les NFT
participa en el deteriorament sinaptica, la inflamacié cronica present a I'AD, i, finalment la

neurodegeneracio (Chong et al., 2018).

Les citocines pro-inflamatories com les interleucines (IL, interleukin) IL-1B, I1L-6, IL-18, o el
factor de necrosi tumoral-alfa (TNF-a, tumor necrosis factor-alpha) poden deteriorar la
funcié neuronal i suprimir la transmissié sinaptica. A més, en resposta dels deposits de AP,
la microglia i els astrocits s’activa i produeix un increment de la neuroinflamacié (Heneka
et al., 2015b; Sugama et al., 2004). A més, la citocina pro-inflamatoria IL-17 promou el
reclutament de les cél-lules immunitaries, com per exemple de la microglia activada (Chen
Jetal., 2020).

1.4.2. Quimocines

Les quimocines sén peptids de la familia de les citocines que atrauen les céel-lules
immunitaries cap a la zona danyada i, per tant, induir, la quimiotaxi. A I’AD, les quimocines
participen en la migracid de la microglia cap a les arees de neuroinflamacié, com les
plaques senils, i en la seva activacid. També modulen la funcié dels astrocits, incrementant
I'expressido de mediadors d’inflamacid (Savarin-Vuaillat i Ransohoff, 2007). Aixi mateix,
s’han relacionat amb I"'augment de la deposicidé neurotoxica d’A, i I'alteracio de la funcié

cognitiva i la memoria (Sungho Lee et al., 2010; Lee YK et al., 2009).
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1.4.3. Caspases

Les caspases son una familia de proteases especifiques de cisteinil-aspartat que indueixen
I"apoptosi cel-lular. S’ha descrit que les caspases poden modular el sistema immunitari i
activar la secrecio de citocines proinflamatories com la IL1- o la IL-18 (Keller et al., 2008).
L’activacio de les caspases esta incrementada al cervell de pacients que pateixen I’AD i co-
localitzen amb els deposits d’AB i els NFT (Rohn et al., 2001; Su et al., 2001).

1.4.4. Sistema del complement

El sistema del complement forma part del sistema immunitari innat i participa en la
defensa contra patogens. A I'AD, la formacié de depdsits d’AB s’associa a l'activacio
d’aquest sistema (Veerhuis et al., 2011). A més, el sistema del complement podria
potenciar la pérdua de sinapsis, la qual cosa acceleraria la progressid de la malaltia
(Stephan et al., 2012).

1.4.5. Estrés oxidatiu

L’estres oxidatiu es caracteritza per I'alliberacié de radicals Iliures que es relacionen amb
un dany al DNA mitocondrial, I'oxidacié de proteines i lipids i una major permeabilitzacio
de les membranes cel-lulars, factors que contribueixen a la neurodegeneracié (Simpson i
Oliver, 2020). La neuroinflamacio cronica present a I’AD pot alterar el funcionament dels
mitocondris i incrementar els nivells de radicals lliures, com per exemple, les ROS i les
especies reactives de nitrogen (RNS, reactive nitrogen species) (White et al., 2017). També
s’ha descrit que les citocines pro-inflamatories IL-1B i TNF-a produeixen un increment de
I’expressio de I'0xid nitric sintasa induible (iNOS, inducible nitric oxide synthase), enzim
que produeix RNS (Akama i Van Eldik, 2000).

1.5. ACTIVACIO DE LA MICROGLIA O MICROGLIOSI

La microglia sén cél-lules glials mieloides que formen part del sistema immunitari innat del
CNS. Les seves funcions son: la deteccié de canvis en I'ambient; la defensa contra estimuls
nocius, inclosos patrons moleculars associats a patogens (PAMP, pathogen-associated
molecular patterns) i patrons moleculars associats a danys (DAMP, damage-associated
molecular patterns); i la reparacié de sinapsis i el manteniment de ’"homeostasi de la
mielina. La microglia detecta els estimuls a través de diferents sensors i receptors, com

per exemple els TLR i els receptors similars als dominis d’oligomeritzacié d’unid als
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nucleotids (NLR, nucleotide-binding oligomerization domains-like receptors) (Kwon i Koh,
2020). A més, la microglia pot alliberar BDNF, neurotrofina que promou la formacio de
sinapsi i, per tant, millora les funcions cognitives de memoria i aprenentatge (Parkhurst et
al., 2013).

La microglia al cervell madur es troba majoritariament inactiva. En resposta a certs
estimuls immunologics o danys cerebrals, la microglia s’activa, canviant la seva estructura
cel-lular, i presentant una serie de marcadors de membrana. Quan s’activa, la microglia
participa en el manteniment homeostatic, en la regulacié del desenvolupament cerebral i
en la immunitat innata. A més, pot tenir un paper anti-inflamatori secretant citocines com
IL-10 o factor de creixement transformant-beta (TGF-B, transforming growth factor-beta)
a la zona afectada (Block et al., 2007).

Quan hi ha una exposicid prolongada a I'estimul, la microglia s’hiperactiva i produeix
neurotoxicitat, amb la secrecid en excés de citocines pro-inflamatories, oxid nitric (NO,
nitric oxide) i ROS, entre d’altres. Seguidament, augmenta la seva proliferacid, la qual cosa,
incrementa encara més la resposta inflamatoria, que finalment produeix
neurodegeneracio (Sarlus i Heneka, 2017). La microglia hiperactivada o microgliosi també
pot produir la mort neuronal i la fagocitosi descontrolada d’espines dendritiques i axons

terminals que malmeten les sinapsis (Bisht et al., 2016).

La microglia s’activa en presencia de deposits d’AB i agregats de la proteina tau. En un
primer pas, la microglia elimina aquests components, perd a mida que progressa la
malaltia, s’altera la resposta immunitaria microglial i pot contribuir a la neurotoxicitat
(Vogels et al., 2019). De fet, al voltant de les plaques senils i dels NFT en pacients que
pateixen I’AD i models d’AD de ratolins transgenics es troba microglia activada (Akama i
Van Eldik, 2000; Nilson et al., 2017).

D’altra banda, segons la seva funcionalitat es pot classificar en microglia de tipus M1 o
pro-inflamatoria i M2 o anti-inflamatoria. Tot i que actualment existeix controveérsia, ja
gue s’ha observat que en una situacié de neurodegeneracié la microglia expressa tant els

marcadors neurotoxics com els neuroprotectors (Ransohoff, 2016).
1.5.1. Microglia M1

La microglia tipus M1 o activacié classica actua com a primera linia de defensa, induint una
resposta pro-inflamatoria via NF-kB i iINOS. A més, aquest tipus de microglia esta associada
amb la produccié de citocines pro-inflamatories i quimocines, com per exemple, la IL-1p,

la IL-6, la IL-12, el TNF-a i la proteina quimiotactica de monocits 1 (MCP-1, monocyte
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chemoattractant protein-1). A més, genera estrés oxidatiu, ja que secreta superoxid, NO i
ROS. Aquests mediadors poden ser neurotoxics si se secreten de forma cronica. El fenotip
de la microglia M1 es caracteritza per marcadors cel-lulars com el cluster de diferenciacié
(CD, cluster of differentiation) 86 (CD86), el complex d'histocompatibilitat principal Il
(MHCII, major histocompatibility complex 11) i 'expressié d’iNOS i de les diferents citocines

pro-inflamatories (Tang i Le, 2016).
1.5.2. Microglia M2

La microglia tipus M2 o activacié alternativa té un paper neuroprotector, ja que participa
en la restauracié de processos, aixi com la fagocitosi de restes cel-lulars, la neurogénesi o
la remielinitzacid, entre d’altres. Aquest tipus de microglia es caracteritza per la induccié
d’una resposta anti-inflamatoria amb la secrecié d’IL-4 i IL-13, IL-10 i TGF-B, aixi com
factors de creixement i factors neurotrofics que participen a la reparacio del teixit i la

reconstruccié de la matriu extracel-lular (Hu et al., 2015).

Arginasa 1 (ARG1, arginase 1) i la proteina similar a la quitinasa 3 (YM1, chitinase-like
protein 3 (Chil3) sén alguns dels marcadors caracteristics de la microglia M2 i que
s’associen amb la produccio de citocines anti-inflamatories. ARG1 suprimeix la produccié
de NO, ja que competeix amb iNOS pel mateix substrat, I'arginina. D’altra banda, els
antagonistes de YM1, proteina que protegeix la matriu extracel-lular, sén I'endotoxina
lipopolisacarid (LPS, lypopolysaccharide) i I'interfer6-gamma (IFN-y, interferon gamma)
(Cherry et al., 2014).

El receptor desencadenant expressat a les cel-lules mieloides 2 (TREM2, Triggering
receptor expressed on myeloid cells 2) és un marcador d’activacié de la microglia que té un
efecte neuroprotector, ja que redueix la perdua neuronal i promou la supervivéncia de la
microglia. Aquest receptor esta relacionat amb les respostes inflamatories induides per
TLR i la participacid de la fagocitosi d’AB (Ruganzu et al., 2021). Tot i aixi, mutacions en
aquesta proteina s’han relacionat amb un elevat risc de patir AD i s’ha descrit un augment
de I'abundancia d’aquest receptor en cortex de pacients que pateixen I’AD (Lue et al.,
2015).

1.6. ACTIVACIO DELS ASTROCITS O ASTROGLIOSI

Els astrocits sén el tipus de cel-lula glial més abundant del CNS. Fisiologicament els

astrocits tenen una funcid neuroprotectora, ja que participen en l'organitzacié i
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manteniment estructural i funcional del cervell, el processament de la informacio i la

transmissio sinaptica i el transport trofic cap a les neurones (Sofroniew i Vinters, 2010).

Els astrocits es caracteritzen per I'expressié de la proteina acida fibril-lar glial (GFAP, glial
fibrillary acid protein). Durant I’AD hi ha una alteracid de la funcio dels astrocits, els quals
s’activen. Aquest procés s’anomena astrogliosi i pot participar a la neurodegeneracié. Els
astrocits poden ser activats pels deposits d’AB, la qual cosa resulta en una activacié de la
via NF-kB i de mediadors pro-inflamatoris com TNF-a, IL-1B i la ciclooxeginasa-2 (COX-2)
(Carrero et al., 2012).

1.7. TIPUS D’ALZHEIMER

Tot i que les manifestacions cliniques sén similars, I’AD es pot dividir segons I'edat on
apareix la simptomatologia. Aixi doncs, existeixen dos tipus d’AD segons aquesta

classificacié: Alzheimer d’inici precog o Alzheimer d’inici tarda.
1.7.1. Alzheimer tipus precog

L’AD de tipus precocg es defineix quan l'inici dels simptomes comenca abans dels 65 anys.
Aquest tipus de malaltia afecta d’un 1 a un 5 % dels pacients que pateixen I’AD. Aquest
tipus d’AD precog¢ s’associa amb una progressid més rapida de la malaltia i, en I'AD
autosomic dominant o familiar, a un patré hereditari on I’AD es transmet d’una generacid
a la seglient (Lane et al., 2018). Aquesta malaltia apareix quan hi ha una mutacié almenys
a un dels tres gens: presenilina (Psen, presenilin) 1 (Psenl), 2 (Psen2) o App. La mutacio
d’aquests gens promou el processament aberrant de I’APP i les seves mutacions resulten
en un augment dels deposits d’AB, aixi com una major agregacio de tau fosforilada (Karch
et al.,, 2014).

1.7.2. Alzheimer tipus tarda

L’AD de tipus tarda es defineix quan I'aparicid de la simptomatologia és després dels 65
anys. Es el tipus més comu i afecta a un 95 % dels casos de I’AD. L’etiologia de la malaltia
segueix sense estar clara, i de fet, actualment, 'AD es considera una malaltia
multifactorial, ja que hi ha diferents factors que poden influir en la seva aparicid i
progressid. L'envelliment és el factor de risc principal, tot i que hi ha d’altres que també hi
influeixen, com factors genétics, comorbiditats, factors ambientals i d’estil de vida (Hou et
al., 2019).
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1.8. FACTORS DE RISC DE LA MALALTIA D’ALZHEIMER

1.8.1. Envelliment

L’envelliment és el factor de risc principal de I’AD. Durant I’envelliment hi ha una alteracié
gradual del sistema immunitari anomenat immunosenescéncia (Aiello et al., 2019), i una
inflamacid cronica de baix grau que s’anomena inflammaging, |la qual activa de forma
cronica el sistema immunitari innat, i més concretament a nivell cerebral, de la microglia
(Franceschi et al., 2018). Diferents alteracions relacionades amb I’envelliment s’hi troben
implicades, com sén la senescéncia cel-lular, la disfuncié mitocondrial, I'alteracié de
I"autofagia, I'activacié dels inflamasomes, la desregulacié del sistema d’ubiqiitinacid, el
dany del material genetic i I'alteracié de la composicié microbiana, les quals produeixen
també un augment de l'estrés oxidatiu (Vitale et al., 2013). Tots aquests processos
acceleren la progressié de I’AD i augmenten els signes distintius neuropatologics de la
malaltia (Hou et al., 2019).

1.8.2. Factors geneétics

A I’AD de tipus tarda també existeixen factors genétics que poden augmentar el risc de
desenvolupar la malaltia. El gen que porta associat un major risc a patir la malaltia és el
transportador de lipids apolipoproteina E (APOE, apolipoprotein), més concretament
I'al-lel €4. APOE €4 s’associa a un increment de I'agregacié d’AB i a una reduccié de la
seva degradacio; a més, augmenta la p-tau, redueix el metabolisme glicosidic i la funcié
mitocondrial (Tai LM et al., 2015). L’al-lel €4 té una menor capacitat de transportar acids
grassos poliinsaturats, que es requereixen pel manteniment de I'estructura, funcio i
integritat vascular del cervell (Bazinet i Layé, 2014; Tai LM et al., 2015). Tot i aixi, estudis
d’associacioé genomica (GWAS, genome-wide association studies) han relacionat I’AD amb
més de 20 gens diferents, entre ells variacions en el marcador de microglia TREM2
(Gratuze et al., 2018).

1.8.3. Malalties cerebrovascular

Les malalties cerebrovasculars com l'ictus, vasculopaties, hemorragies cerebrals, entre
d’altres estan associades a un augment del risc a patir deméncia. Aquestes malalties
afecten a la integritat de la BBB, la qual cosa produeix un increment del processament

aberrant d’APP i un augment dels nivells d’AB, a més d’una disminucié de la seva
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degradacié. També s’ha descrit que hi ha un augment de la disfuncié neuronal, i una

acceleracio de la neurodegeneracié (Zlokovic, 2011).
1.8.4. Hipertensid i dislipemia

De la mateixa manera que les malalties cerebrovasculars, la hipertensié pot deteriorar la
BBB. De fet la hipertensié és una de les possibles causes que apareguin les malalties
cerebrovasculars. Diferents estudis revelen que pacients que pateixen I’AD tenen una
pressié arterial elevada. A més la hipertensid s’associa a un increment dels NFT (Skoog i
Gustafson, 2006).

Una elevada concentracid de colesterol en sang pot augmentar el risc de patir I’AD, ja que
també poden afectar la integritat de la BBB. De fet, estudis experimentals realitzats en
ratolins han demostrat que la hipercolesterolémia esta associada a un increment de
I"acumulacié dels nivells dels péptids AB, de la formacié de NFT, del deteriorament cognitiu

i la neuroinflamacio (Ricciarelli et al., 2012; Ullrich et al., 2010).
1.8.5. Obesitat

L'obesitat és un altre factor de risc a patir I’AD i, de fet, en les dues malalties s’estableix
una inflamacié cronica de baixa intensitat sistemica. Anstey et al., (2011) conclou de
diferents estudis realitzats en persones de mitjana edat que hi ha una associacio entre
I'index de massa corporal i 'AD. A més, en persones obeses s’han trobat una concentracio
més elevada de proteines amiloides a plasma (Jahangiri et al., 2013) i una permeabilitat
major de la BBB en persones adultes obeses o amb sobrepés (Gustafson et al., 2007).
D’altra banda, l'obesitat es relaciona amb altres comorbiditats com aterosclerosi,
hipertensid, dislipémia i T2DM, les quals son al mateix temps factors de risc de I’AD (De la
Torre, 2013).

1.8.6. Sedentarisme

La manca d’activitat fisica o sedentarisme és un altre dels factors de risc a patir I'AD. La
realitzacid d’activitat fisica es relaciona amb la reduccié de la pressié, I'obesitat, amb la
modificaciéd del perfil lipidic i conseqlientment, dels mecanismes promotors de la
inflamacié que hi ha subdjacents a aquestes situacions. A més, I'activitat fisica millora la
funcid cognitiva, i augmenta el factor neurotrofic de plasticitat sinaptica BDNF, el qual

participa a la neurogenesi (Paillard et al., 2015).
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1.9. MODELS MURINS D’ESTUDI DE LA MALALTIA D’ALZHEIMER

Un model d’AD en condicions optimes ha de complir les seglients premisses: en primer
lloc, reproduir els canvis bioquimics i cognitius que succeeixen durant el desenvolupament
de la malaltia; i en segon lloc, manifestar la malaltia en un periode adequat per poder dur

a terme una intervencid o tractament (Gotz et al., 2018).

Per una banda, hi ha models de rossegadors transgénics que es basen en I'expressio de
mutacions que es troben a I’AD de tipus precog¢ familiar (APP, PSEN1, PSEN2). Es tracta
d’afegir el gen amb la mutacié d’interes combinat amb un promotor especific. Altres
models es basen en la recombinacid homologa directa, en els quals se’ls hi elimina (KO,
knock-out) o insereix (knock-in) un gen concret. Alguns exemples més comuns sén amb
I'eliminacié d’App, Bacel, Psenl, Psen2 o la insercié de P301L tau per reproduir la

patologia de la proteina tau (Gotz et al., 2018).

D’altra banda, hi ha els ratolins propensos a la senescéncia accelerada 8 (SAMPS,
senescence-prone accelerated mice 8), un model de ratolins ampliament utilitzat per
I’estudi de I’AD. Els SAMP8 provenen dels animals consanguinis SAM originats a partir dels
ratolins AKR/J (Takeda et al., 1994), que després de varies generacions es va observar que
tenien signes distintius d’envelliment accelerat, com pérdua de l'activitat, menys
esperanca de vida, lordocifosi o perdua de pél (Pallas, 2012). Els SAMPS8 presenten un
increment de la formacio d’AB des dels 4 fins als 12 mesos (Del Valle et al., 2010), aixi com
I"acumulacié de p-tau, un increment de I'estrés oxidatiu i neuroinflamacié (Garcia-Just et
al.,, 2020). A més, tenen un deteriorament cognitiu associat a I'envelliment, com per
exemple, dificultats en I'aprenentatge, la memoria i alteracions del comportament (Gotz
et al., 2018).

2. MICROBIOTA INTESTINAL

La microbiota és el conjunt de microorganismes (bacteris, arqueus, fongs, virus i
microeucariotes) que resideixen a diferents mucoses de I'organisme, com per exemple la
mucosa pulmonar, la genitourinaria, la pell, la cavitat bucal i al llarg del tracte
gastrointestinal (GIT, gastrointestinal tract) (Thursby i Juge, 2017). Respecte la microbiota
gastrointestinal, aquesta presenta un gradient de concentracié al llarg del GIT, aixi com
diferent composicid en funcié de la zona (Biedermann i Rogler, 2015), tal i com es
representa a la Figura 4. A les zones on hi ha elevats nivells d’acids, d’oxigen o d’agents

antimicrobians, la densitat disminueix, ja que dificulta el seu creixement i adhesio a
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I'’epiteli. En canvi, la densitat augmenta notablement a colon on les condicions sén Optimes
pel seu desenvolupament i tenen una gran disponibilitat de carbohidrats no digeribles que

poden fer servir de substrat energétic (Thursby i Juge, 2017).

La microbiota intestinal comprén uns 10* microorganismes que generen una massa total
de 1,5 kg. De fet, hi ha 10 cops més cel-lules microbianes que cél-lules humanes, les quals
tenen funcions vitals pel nostre organisme (Adak i Mojibur, 2019). Fisiologicament, la
microbiota ajuda al manteniment de la integritat de la barrera intestinal i de la produccid
de moc, dificulta I'adhesid de patogens, de la sintesi de vitamines, d’activitats
metaboliques i de la regulacié i maduracié del teixit limfatic i del sistema immunitari
adaptatiu. A més, la microbiota promou la produccié de immunoglobulina (lg,
immunoglobulin) A (I1gA), que és secretada a la lumen i s’associa a la funcié mucosal de
I'intesti. També produeix acids grassos de cadena curta (SCFA, short-chain fatty acids)
(Thursby i Juge, 2017).

Estomac:
10%-10° bactéries/mL

Intesti prim (duode, jeju):
103-10% bacteéries/mL

Intesti prim (ili):
107-10° bactéries/mL

Intesti gros (cec, colon):
1012-10* bacteries/mL

Figura 4. Densitat de poblacions microbianes al llarg del tracte gastrointestinal. La concentracié de
bacteris augmenta a mesura que s’avanca pel tracte gastrointestinal, ja que hi ha condicions més
optimes per al desenvolupament de la microbiota.

2.1. MICROBIOTA INTESTINAL EN LES DIFERENTS ETAPES DE LA
VIDA

La colonitzacié de la microbiota es creu que comenca al moment del naixement, tot i que
hi ha estudis que afirmen que la microbiota és present a la placenta, al liquid amniotic o al
meconi (DiGiulio et al., 2010). El tipus de part modifica la composicié de la microbiota al
néixer. En els parts naturals, la microbiota dels infants s’assembla a la microbiota vaginal i

fecal de la mare i conté un elevat percentatge de Lactobacillus. En canvi, en els parts per
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cesaria la microbiota del infant s’assimila més a la microbiota de la pell de la mare i hi
abunda el génere Staphylococcus, Corynebacterium, Propionibacterium spp. i les espécies
facultatives anaerobiques Clostridium spp. (Dominguez-Bello et al., 2010). Tot i aixi, en
aquesta primera etapa de desenvolupament, la diversitat de la microbiota és baixa i

predominen els filums Actinobacteria i Proteobacteria.

Durant el primer any la diversitat augmenta i entre els 2-5 anys ja es té una microbiota
molt similar a la d’adult (Rodriguez et al., 2015). Aixi doncs, aquests 3 primers anys de vida
son essencials per la formacié de la microbiota i el desenvolupament sa de l'infant,

sobretot pel que fa el seu neurodesenvolupament (Borre et al., 2014).

Durant I'etapa adulta la composicié de la microbiota es manté forca estable, tot i aixi,
diferents factors com la localitzacié geografica, viure a una zona urbana o rural, I'Gs
d’antibiotics de forma recurrent, I'estil de vida i la dieta la poden influenciar (Thursby i
Juge, 2017). La microbiota intestinal es compon principalment dels filums Firmicutes (60-
80%, que son bacteris gram positius) i Bacteroidetes (20-30%, que son bacteris gram
negatius). En menor proporcio, es troben el filum Actinobacteria (<10%, que sén gram
negatius), Proteobacteria (<1%, que sén gram negatius) i Verrucomicrobia (Szablewski,
2018).

L’envelliment modifica la composicid de la microbiota, i altera la seva funcionalitat, la qual
cosa pot produir diferents malalties. La immunosenescéncia, canvis en I'estil de vida,
menys mobilitat, infeccions recurrents, funcionalitat intestinal disminuida sén situacions
gue es produeixen a I’envelliment, que poden alterar la composicié microbiana i que es
poden associar amb un increment de I'estat inflamatori o Vinflammaging (Nagpal et al.,
2018). Generalment, I'envelliment redueix la diversitat de la microbiota, de la seva
capacitat metabolica i de |'abundancia de géneres beneficiosos com Prevotella,
Bifidobacterium, i Lactobacillus, juntament amb un augment de bacteris oportunistes com
Enterobacteries, Clostridium perfringens o Clostridium difficile (O’Toole i Jeffery, 2015).
D’altra banda, en les persones centenaries s’ha descrit que hi ha un increment d’alguns
dels bacteris productors d’SCFA, com especies del génere Eubacterium. A més,
s’incrementa l'abundancia dels bacteris anaerobics facultatius, com Fusobacterium,
Bacillus, Staphylococcus, Corynebacterium, Micrococcaceae, i d’altres dins del filum
Proteobacteria, o del génere Akkermansia, la qual cosa s’associa amb la longevitat (Biagi
et al., 2010). La microbiota intestinal alterada a més de repercutir el sistema immunitari
intestinal, també poden afectar a diferents drgans extra-intestinals, com per exemple, al

fetge, al pulmé i al cervell (Zheng et al., 2020).
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2.2. EIX INTESTI-CERVELL

L’eix intesti-cervell és una xarxa de comunicacions bidireccional que permet que la
microbiota intestinal i els seus metabolits tinguin una ruta de comunicacié al cervell. La
microbiota i I'intesti es poden comunicar amb el cervell per diferents vies: vies neurals,
immunologiques, endocrines i metaboliques (Collins et al., 2012), tal i com es mostra a la
Figura 5. Actualment, arrel del gran paper que té la microbiota en la comunicacié entre
I'intesti i el cervell s’ha establert un concepte més especific anomenat eix microbiota-

intesti-cervell.
2.2.1. Vianeural

El sistema nervidés autonom (ANS, autonomic nervous system) és una xarxa neural
localitzada al sistema central i periféric que controla les funcions autonomes, que es
produeixen sense acte de consciéncia, com per exemple, respirar, el batec cardiac o la
digestid. L'ANS es compon del sistema nervids simpatic i parasimpatic i regulen la motilitat
de l'intesti, la permeabilitat de la barrera, el manteniment del fluid epitelial, I'osmolaritat
del lumen, la secrecié de bilis, el nivell de carbohidrats, la produccié de moc i bicarbonat i

la resposta immunitaria mucosal, entre d’altres (Gibbons, 2019).

El nervi vague forma part de I’ANS, més concretament del sistema nervids parasimpatic.
El nervi vague intervé en el manteniment de I’'homeostasi intestinal i del cervell i és el
responsable de I'alliberament de neurotransmissors i la regulacié de la immunitat local i
la permeabilitat intestinal (Ma et al., 2019). La propia microbiota també pot sintetitzar
neurotransmissors, com per exemple, noradrenalina, I'acid y-aminobutiric (GABA,
gamma-aminobutyric acid), la histamina i la serotonina que poden participar en la

interaccid entre l'intesti i el cervell (Morais et al., 2021).

L'intesti té un sistema nervids propi anomenat sistema nervids enteric (ENS, enteric
nervous system). L'ENS és una xarxa de neurones sensorials, motores i interneurones que
son capaces de regular les funcions basiques del GIT, com sén la motilitat, la secrecié de
moc, la funcid endocrina o el flux sanguini. L'ENS es comunica amb I’ANS a través de
neurones aferents i eferents que innerven lintesti i de neurotransmissors, com per
exemple, I'adrenalina, la noradrenalina i I'acetilcolina (Borre et al.,, 2014). També pot
interaccionar amb les cél-lules de la barrera intestinal, com per exemple, les cél-lules
neuroendocrines i les cél-lules immunitaries presents a la mucosa. Les neurones

entériques expressen receptors de reconeixement de patrons, com sén els TLR, que
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reconeixen components microbians i participen en la funcié i desenvolupament de I'ENS
(Hyland i Cryan, 2016).

2.2.2. Viaimmunologica

L'intesti té un sistema immunitari propi anomenat teixit limfoide associat a I'intesti (GALT,
gut-associated lymphoid tissue) que representa una barrera defensiva enfront de
patogens i es generen mecanismes de tolerancia cap a antigens innocus (Cieza et al.,
2012). El GALT conté diferents tipus cel-lulars, com per exemple limfocits T i cél-lules
dendritiques. La comunicacié immunologica entre l'intesti i el cervell es pot donar a terme
per tres vies. En primer lloc, les cel-lules immunitaries poden alliberar citocines pro-
inflamatories, com sén el IFN-y i el TNF-a o anti-inflamatories, com el TGF-B i I'lL-10, entre
d’altres que poden actuar sobre nervis enterics o fibres sensorials, o bé, ser transportades
en sangiarribar fins al CNS. En segon lloc, les cél-lules immunitaries per si mateixes activin
fibres sensorials aferents o nervis entérics. Finalment, les cel-lules immunitaries
intestinals, principalment limfocits T, també poden migrar a altres arees limfatiques i, fins

i tot, al CNS, on poden promoure la neuroinflamacié (Powell et al., 2017).

Els enterocits sén cel-lules epitelials que tenen funcid d’absorcié i sén un dels components
de la barrera intestinal. Quan hi ha una disrupcié de la barrera intestinal, s’alliberen
citocines inflamatories produides pels enterocits o les cél-lules immunitaries. Tanmateix,
aquest procés també s’esdevé en sentit invers, ja que en una desregulacid del sistema
immunitari, com per exemple a la immunosenescencia, se secreten citocines i es pot

provocar un augment de la permeabilitat intestinal (Turner, 2019).

La microbiota o els seus metabolits poden actuar directament amb les cél-lules
immunitaries del GALT, com amb els enterocits I'epiteli intestinal, ja que ambdds
expressen els receptors immunitaris innats TLR que reconeixen bacteris o antigens
bacterians. L’'activacié dels TLR dels enterocits promou l'alliberacié de mediadors
inflamatoris, com citocines o quimocines. La microbiota també pot translocar-se a altres
teixits a través de la circulacid sistémica i modular la resposta immunitaria (Zheng et al.,
2020).

2.2.3. Viaendocrina

Les cel-lules enteroendocrines sén cél-lules epitelials que es troben distribuides per les
vellositats i les criptes del GIT. Aquestes cel-lules sén de gran importancia pel manteniment

de I'homeostasi intestinal, ja que modulen canvis metabolics i, a més, poden secretar
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péptids que activen els receptors de neurones enteriques, aferents vagals i del CNS
(Latorre et al., 2016). També poden produir serotonina, un neurotransmissor que activa
fibres nervioses aferents del GIT i regula les funcions peristaltiques intestinals, la secrecio

d’electrolits, la percepciod del dolor i respostes inflamatories (Mawe i Hoffman, 2013).

D’altra banda, I'eix hipotalamic-hipofisiari-suprarenal (HPA, hypothalamic-pituitary-
adrenal) és un sistema neuroendocri i una de les vies de comunicacié de I'eix intesti-
cervell. Quan s’activa I'eix HPA, les neurones neuroendocrines de I'hipotalem alliberen
hormones o neuropeéptids que promouen la produccié hormonal a la glandula pituitaria
gue, seguidament, estimula la secrecid de glucocorticoides al cortex adrenal. L'eix HPA
participa en la resposta a l'estres, la consolidacié de la memoria i I'aprenentatge, també
afecta la integritat de la barrera intestinal (Latorre et al., 2016). En la disbacteriosi hi ha un
estat inflamatori cronic que pot activar I'eix HPA. De fet, existeixen desordres
gastrointestinals que s’associen amb trastorns neurologics com I'ansietat i depressid, com
és el sindrome de l'intesti irritable, i que evidencien la comunicacié entre la microbiota i

I’eix HPA (Farzi et al., 2018).

2.2.4. Via metabolica

La microbiota produeix una serie de metabolits, péptids i proteines a partir de la dieta,
com son els SCFA, o conjugats lipidics, entre d’altres, que poden interactuar indirectament

a través de I'eix intesti-cervell (Nicholson et al., 2012).

Els SCFA predominants son tres: I'acetat, el propinat i el butirat i es produeixen a través
d’un procés metabolic fermentatiu de les fibres indigeribles o d’aminoacids. Els SCFA
poden participar en la regulacido de diferents processos cel-lulars com per exemple
I’expressio de gens, la quimiotaxi, I'apoptosi o la proliferacié i diferenciacié cel-lular. Els
SCFA, principalment el butirat, sn una font d’energia important per les cél-lules epitelials,
modulen I'activitat de les cel-lules del sistema immunitari innat i adaptatiu, aixi com
I’expressio de citocines i quimocines (Oliveira Corréa et al., 2016). Aquests SCFA poden
activar receptors que es troben a la membrana de cél-lules epitelials, immunitaries i
enteroendocrines; i inhibir deacetilases d’histones (HDACs, histone deacetylases) o bé,
estimular I'activitat de les acetiltransferases d’histones, entre d’altres. A més, poden induir
la senyalitzacié enteroendocrina, modular el sistema immunitari, estimular el nervi vague
i/o arribar a través del torrent sanguini al CNS i actuar-hi activant diferents vies de

senyalitzacié (Cryan et al., 2019).
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La microbiota pot produir diferents conjugats lipidics, com per exemple I'LPS, que es troba
a la superficie dels bacteris gram negatius, i els peptidoglicans, que constitueixen la paret
cel-lular dels bacteris. L'LPS és reconegut per receptors especifics, els TLR4, i, promouen
I’expressio de citocines pro-inflamatories i la inflamacié sistémica cronica (Walrath et al.,
2021). Els peptidoglicans son reconeguts pel receptor de reconeixement de patrons d’unié
a nucleotids 1 (Nod1, pattern recognition receptor nucleotide-binding) i indueixen una
resposta immunitaria innata, mort cel-lular, estrés oxidatiu i inflamacidé (Clarke et al.,
2010).
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Figura 5. Eix microbiota-intesti-cervell. La microbiota intestinal es comunica amb el sistema nervids
central a través de l'eix intesti-cervell a través de vies neurals, immunologiques, endocrines i
metaboliques. La microbiota i els seus metabolits poden interactuar amb les cel-lules endocrines,
activar el sistema nervids enteéric, el nervi vague i les cél-lules immunitaries a través dels TLR o actuar
directament amb el cervell. Les cél-lules immunitaries alliberaran un seguit de mediadors
inflamatoris que poden travessar la barrera hematoencefalica i induir una resposta immunitaria.
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2.3. MICROBIOTA, PLASTICITAT SINAPTICA | MEMORIA

Al llarg dels ultims anys diversos estudis han relacionat la composicid de la microbiota amb
la funcié cognitiva. De fet, bacteris gram positius com Lactobacillus i Bifidobacterium
produeixen GABA, el qual és el major neurotransmissor inhibitori del CNS. Les sinapsis
inhibitories gabaeérgiques sén imprescindibles per una bona sincronitzacio de les neurones
i la consolidacio de la memoria (Nava-Mesa et al., 2014). A més, una menor produccié de
GABA esta associada a una davallada cognitiva en humans, i és el que s’observa en pacient
d’AD (Rissman et al., 2007). D’altra banda, la concentracié de GABA al CNS és directament
proporcional a la seva concentracid al GIT i a l'abundancia de Lactobacillus i

Bifidobacterium a la microbiota intestinal (Jiang C et al., 2017).

L'efecte positiu sobre la funcionalitat sinaptica també s’ha associat a la produccid
microbiana d’SCFA. S’ha observat que els SCFA produeixen un increment de la fosforilacié
de la proteina CREB (Shah et al., 2006), via relacionada amb un augment de la neurogénesi
(Hattiangady et al., 2005), i amb la millora de la funcionalitat cognitiva en models d’animals
amb neurodegeneracié (Leung i Thuret, 2015). Aixi, I’administracio de butirat sodic millora
la plasticitat sinaptica, a través de la inhibicid de la histona desacetilasa, la qual cosa

promou I'expressié d’/-10 a cervell i, redueix la neuroinflamacio (Jiang Y et al., 2021).

La microbiota també pot contribuir a reduir la funcionalitat sinaptica ja que determinats
bacteris del filum Cyanobacteria produeixen |'aminoacid BMAA (BMAA, beta-N-
methylamino-L-alanine), una neurotoxina que interacciona amb NMDAR i deteriora la
funcionalitat de la plasticitat sinaptica i, en conseqiiéncia, a la consolidacié de la memoria
(Pablo et al., 2009). A més, I'expressié de NMDAR esta reduida a I"hipocamp de ratolins

lliures de microorganismes (GF, germ-free) (Szablewski, 2018).

3. DISBACTERIOSI | MALALTIA D’ALZHEIMER

La disbacteriosi és una alteracié de la composicié de la microbiota intestinal que es pot
produir per diferents causes, entre elles I’envelliment, modificacions de la dieta i/o Iestil
de vida, tractaments perllongats amb medicaments o amb antibiotics (Weiss i Hennet,
2017). A la disbacteriosi hi ha un augment de la secrecié d’LPS i una reduccié de metabolits
bacterians beneficiosos, com els SCFA o vitamines essencials, que comporta un estat pro-
inflamatori i un increment de la permeabilitat intestinal (Walrath et al.,, 2021).
Conseqlientment, la disbacteriosi contribueix al desenvolupament i progressid de diverses

malalties, com per exemple, malalties cardiovasculars, I’obesitat, o la malaltia inflamatoria
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intestinal (IBD, inflammatory bowel disease), entre d’altres. A més, hi ha una gran
evidencia que la disbacteriosi esta implicada en trastorns neurologics i malalties
neurodegeneratives, com la malaltia de Parkinson o I'AD, a través de I'eix intesti-cervell

(Biedermann i Rogler, 2015).

A la disbacteriosi hi ha un augment dels bacteris patogeénics i oportunistes, la qual cosa
activa el sistema immunitari i altera la barrera intestinal. Aquesta consta d’una monocapa
de cél-lules epitelials unides entre elles per proteines del complex d’'unid, a més d’'una capa
de moc, que consisteix en una xarxa de mucines i que conté agents antibacterians, com
defensines, péeptids antimicrobioans i IgA (Biedermann i Rogler, 2015). A I’AD, hi ha una
alteracié de la produccié de moc, una reduccié i/o deslocalitzacié de les proteines del
complex d’unié que condueix a un increment de la permeabilitat intestinal (Sochocka et
al.,, 2019). Conseqiientment, els metabolits secretats per la microbiota poden travessar
facilment aquesta barrera més permeable i estimular el nervi vague, o bé arribar fins al
cervell a través de la circulacié sistémica. La microbiota intestinal pot produir diferents
compostos i metabolits perjudicials per exemple, LPS, proteines amiloides bacterianes o
BMAA, entre d’altres, els quals promouen el desenvolupament i la progressié de diferents
caracteristiques distintives de I’AD, com la produccié d’ApB, I'activacié de la microgliai la
neuroinflamacio (Marizzoni et al., 2020; Zhao Y et al., 2015). Paral-lelament, 'augment de
la permeabilitat intestinal promou una major inflamacio local, perd també sistémica, que

acaba comportant una disfuncié d’arees especifiques del cervell (Pistollato et al., 2016b).

3.1. MICROBIOTA, VIA AMILOIDOGENICA | HIPERFOSFORILACIO
DE LA PROTEINA TAU

Tal com he comentat anteriorment, la microbiota esta implicada en el desenvolupament i
la progressio de 'amiloidogenesi i de la formacioé dels NFT. Recentment, s’ha observat que
ratolins transgenics amb AD presenten disbacteriosi i I'eliminacié de la microbiota
disminueix I'acumulacio d’AB en aquests ratolins. El trasplantament fecal de la microbiota
a animals GF transgénics per I’APP produeix un augment de I'abundancia d’AB major si la
microbiota prové d’animals que pateixen I’AD que no si prové d’animals sans (Harach et
al., 2017).

L'administracié cronica de LPS en rates indueix el processament de I’APP per via
amiloidogeénica, ja que incrementa I'expressido de BACE1 (Deng et al., 2014). A més, tant
en aquests animals com en pacients amb AD, I'LPS co-localitza amb els péptids AB de les

plagues senils i al voltant dels vasos sanguinis cerebrals (Deng et al., 2014; Zhan et al.,
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2016). L'LPS interacciona amb el TLR4 i el complex proteic CD14 per dur a terme aquesta
activacié de la via amiloidogénica, de fet animals transgénics que pateixen I’AD tenen
incrementada I'expressié de TLR4 (Walter et al.,, 2007). En canvi, la inhibicid6 de TLR4
redueix la deposicié d’AB (Kumar, 2019).

A més de I'LPS, els enterobacteris gram negatius secreten proteines amiloides que, tot i
gue normalment sén solubles, poden formar agregats. Si hi ha un augment de la
permeabilitat de la barrera intestinal i de la BBB, aquestes proteines poden arribar al
cervell, acumular-se i induir una resposta inflamatoria. Aquesta neuroinflamacié inhibeix
la fagocitosi dels péptids AB cerebrals i, per tant, en promou la seva acumulacio (Pistollato
et al,, 2016a).

3.2. MICROBIOTA, NEUROINFLAMACIO | ACTIVACIO MICROGLIA

La microbiota i els seus metabolits poden induir la neuroinflamacié i I'activacié de la
microglia. De fet, una disminucié dels bacteris productors de SCFA s’ha relacionat amb un
augment de la inflamacié i de la via NF-kB i de I'activacié de la microglia (Jiang C et al.,
2017). A més, I'administracio oral d’SCFA pot revertir |’efecte de la manca de microbiota
sobre la maduracio de la microglia en ratolins GF (Erny et al., 2015). Aquests SCFA també
incrementen I'abundancia de proteines del complex d’unié dels vasos sanguinis cerebrals,
reforgant la integritat de la BBB, el que produeix una menor neuroinflamacié (Braniste et
al., 2014).

L’administracid d’LPS produeix una disfuncié cognitiva a ratolins, associada a una activacio
de la microglia i neuroinflamacié (Zhao J et al., 2019). Aixi doncs, indueix la resposta
immunitaria innata, amb un augment de la produccié de citocines, la inflamacié i la
fagocitosi. Ratolins transgénics amb deficit de TLR4 també tenen una menor activacié de

la microglia (Kumar, 2019).

L'acumulacié de proteines amiloides genera una cascada pro-inflamatoria a través de la
via NF-kB i I'activacié de la microglia a través del complex TLR2/1 (Zhao Y et al., 2015). Aixo
produeix la sintesi de citocines pro-inflamatories, com per exemple, IL-17, la qual activa al
mateix temps la via NF-kB i IL-22, associada amb la neuroinflamacid cronica de I’AD, a més
de quimocines, ROS, RNS, etc (Kumar, 2019).
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4. DIETA, MALALTIA D’ALZHEIMER | EIX INTESTi-CERVELL

Actualment, hi ha una evidéncia creixent de que modificant elements de la dieta es pot
incidir sobre I’AD a través de I'eix intesti-cervell. De fet, la dieta és un factor essencial per

la modificacié de la microbiota (Kincaid et al., 2021).

La dieta i els complements alimentaris poden modular el sistema immunitari i influir a les
respostes neuroinflamatories (Calder et al., 2017). Diferents estudis confirmen que
mantenir una alimentacid sana i equilibrada pot enrederir el progrés de I’AD, reduir la
neuroinflamacio i millorar el deteriorament cognitiu, mentre que una dieta alta amb
greixos saturats i sucres refinats pot tenir I’efecte contrari (Minihane et al., 2015; Pistollato
et al., 2018). A més, el manteniment d’aquest tipus de dieta durant un llarg periode
s’associa a un increment de Bacteroidetes, especificament Alistipes spp. i Bacteroides spp.
i una reduccié de I'abundancia de Firmicutes (Turnbaugh et al., 2009). Aquest tipus de
dieta s’ha relacionat amb un increment de la concentracié circulant de LPS, una major
inflamacid i estrés oxidatiu al cervell i permeabilitat de la BBB, que finalment indueixen
una acumulacié d’AB i NFT al cervell (Zhang M et al., 2020). D’altra banda, les persones
qgue segueixen una dieta rica en aliments vegetals tenen una major diversitat de la

microbiota i un increment dels bacteris productors de SCFA (Wu et al., 2011).

S’ha descrit que la dieta mediterrania rica en polifenols, greixos insaturats i vitamines té
efectes anti-inflamatoris, inhibint la produccié de radicals lliures i citocines per part de la
microglia i reduint I'apoptosi neuronal (McGrattan et al., 2019). L'oli d’oliva verge extra,
component clau de la dieta, redueix la neuroinflamacio, la agregacié d’AB i I'acumulacio
de proteina p-tau, fet que millora de la integritat sinaptica (Lauretti et al., 2017). A més,
I’adheréncia a la dieta mediterrania promou I'abundancia de Prevotella i disminueix

Lachnospiraceae (Filippis et al., 2016), a més d’incrementar la concentracié de butirat i

d’especies productores d’SCFA (Gutiérrez-Diaz et al., 2016).

El consum d’una dieta rica en peix blau, ric en I'acid gras omega-3, s’ha relacionat amb un
menor risc de patir AD. De fet, la suplementacié amb omega-3 promou la fagocitosi d’Ap,
reduint la neuroinflamacid i I'estres oxidatiu i estimulant la neurogenesi (Bazinet i Layé,
2014; Fiala et al., 2017). A més, el consum de peix blau es correlaciona amb un augment
de la concentracid a sang d’acid docosahexaenoic (DHA, docosahexaenoic acid), un tipus
d’acid omega-3, que s’associa a l'increment de families productores d’SCFA, com

Lachnospiraceae i Ruminococcacae (Gubert et al., 2020).
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Els flavonoides també tenen efectes neuroprotectors i poden disminuir el risc de
desenvolupar I’AD. Els flavonoides redueixen I'expressié de BACE1 i la deposicié d’AB i la
p-tau, portant a una reduccié de I'apoptosi neuronal i una major la neurogénesi (Ayaz et
al.,, 2019). Més concretament, s’ha descrit que les isoflavones de la soja redueixen
I'expressid de TLR-4 i NF-kB, reduint la neuroinflamaciéo i millorant la memoria i
I'aprenentatge en rates a les que se’ls hi ha injectat AP42 a cervell (Ding et al., 2011).
Diferents estudis han relacionat els flavonoides amb una modulacié de la composicid de
la microbiota. Per exemple, in vitro extractes de llavors de raim, rics en flavonoides,
augmenten els nivells de Lactobacillus i Enterococcus i redueixen |'espécie Clostridium

histolyticum (Cueva et al., 2013).

4.1. PROBIOTICS | PREBIOTICS

Els probiotics sén bacteris vius que en quantitats adequades produeixen efectes
beneficiosos per l'organisme (Gareau et al.,, 2010). Els geéneres Lactobacillus i
Bifidobacterium son els microorganismes més utilitzats com a probiotics i els més

estudiats, tot i que n’existeixen d’altres.

L’administracid de probiotics promou una resposta anti-inflamatoria tant sistemica com a
nivell central (Bonfili et al., 2017; Distrutti et al., 2014), millorant I'activitat sinaptica i el
reduint el deteriorament cognitiu en rates diabetiques (Davari et al., 2013) i en ratolins
amb AD (Bonfili et al., 2017).

Els probiotics sén una estrategia terapeutica per millorar la funcid del GIT i prevenir els
trastorns del CNS en humans i rosegadors. Diferents estudis evidencien que els probiodtics
poden reduir el comportament similar a I'ansietat i la depressid i millorar la consolidacid
de la memoria. Aquests efectes es relacionen amb una menor activacié de la microglia i
menys deposits de péptids AB, una reduccié de I'estrés oxidatiu i la inflamacié cerebral,
aixi com una menor inflamacié sistemica (Bonfili et al., 2017; Chunchai et al., 2018;
Dhaliwal et al., 2018). A més, I'administracido de probiotics reverteix el comportament
similar a I'ansietat i a la depressidé que es produeix en models GF (Liu WH et al., 2016), o
davant d’una infeccié que provoca una disfuncié de la memoria associada a |'estres
(Gareau et al., 2011).

Pel que fa als prebiotics, aguests sén ingredients no digeribles que estimulen I'activitat de
la microbiota GIT i el seu creixement, promovent I'abundancia de bacteris beneficiosos per
la salut (Saulnier et al., 2013). Els prebiotics més utilitzats son la inulina, el midé resistent

a la digestid, els fructooligosacarids o els galactooligosacarids, entre d’altres.
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L'administracié de prebiotics incrementa I'abundancia de Bifidobacterium en persones
ancianes (Toward et al., 2012; Vulevic et al., 2008), aixi com la concentracié d’SCFA, els
quals tenen un paper essencial en la modulacié de la funcié cerebral a través de I'eix
intesti-cervell (Dalile et al., 2019). Els prebiotics també redueixen les ROS i, per tant,
I’estrés oxidatiu i la inflamacié intestinal (Franco-Robles i Ldopez, 2015), reduint la
permeabilitat intestinal i la concentracid de LPS en sang (Szablewski, 2018), i per tant,

disminuint la inflamacio sistémica.

Aquest efecte dels prebiotics sobre la inflamacié sistemica es tradueix en una modulacié
de les respostes neuroimmunologiques, com per exemple incrementar la fagocitosi,
I'activitat de les cel-lules assassines naturals (NK, natural killer), la produccié de citocines
anti-inflamatories i reduir les pro-inflamatories (Vulevic et al., 2008). Aquesta menor
neuroinflamacid té un impacte sobre diferents elements cerebrals, com un augment
factors de creixement neurals com el BDNF, la sinaptofisina i el NMDAR (Savignac et al.,
2013; Williams et al., 2016) que promouen I’eficiencia sinaptica (Savignac et al., 2013), i la

neurogenesi (de Cossio et al., 2017).

4.2. SUPLEMENTACIO AMB PROTEINES PLASMATIQUES

Les proteines plasmatiques d’origen bovi i porci han estat ampliament utilitzades com a
ingredients alimentaris en als animals de granja i s’utilitzen com a alternativa a I'Us dels
antibiotics (Torrallardona, 2010), ja que promouen el creixement i redueixen la incidencia
d’infeccions després del deslletament, aixi com la seva durada i gravetat (Bosi et al., 2004).
N’és un exemple la suplementacio dietetica amb plasma porci assecat per atomitzacio
(SDP, spray-dried porcine plasma). L'SDP s’obté del fraccionament de la sang de porcs sans
destinats al consum huma. La sang es recull amb un anticoagulant, normalment s’utilitza
el citrat sodic, se centrifuga per separar el plasma de la resta d’elements cel-lulars. Per
convertir-lo en pols, el plasma s’asseca per atomitzacié a alta pressié i temperatura durant
un periode de temps curt (Pérez-Bosque et al., 2016a), el que permet que les proteines no
es desnaturalitzin i preservin la major part de la seva activitat biologica (Borg et al., 2002).
De fet, I'SDP és un producte amb un elevat contingut de proteines, on predominen
I"albumina, globulines, immunoglobulines, de les que destaca la IgG, fibrina i, en una
menor proporcid, transferrina, factors de creixement, entre d’altres (Howell i Lawrie,
1983).

Actualment, la suplementacié amb SDP s’utilitza com a ingredient funcional per als animals

de granja en el periode de deslletament, ja que en promou el creixement (Bosi et al., 2004;
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Van Dijk et al., 2002) i millora de la digestibilitat dels aliments (Bosi et al., 2001), factors
claus per prevenir les complicacions conseqlients d’aquest periode. Aquests efectes sobre
el creixement, digestibilitat dels aliments i modulacié de la funcié immunitaria s’han
observat en altres models d’animals com en peixos, aus de corral i gossos (Campbell et al.,
2019; Gisbert et al., 2015; Quigley Il et al., 2004).

4.2.1. Efectes anti-inflamatoris del plasma porci assecat per atomitzacio

L’SDP té propietats anti-inflamatories, com ho demostren diferents estudis realitzats tant
en animals de laboratori com de granja. La major part d’aquests estudis s’han centrat a
nivell intestinal i en un etapa molt concreta, el periode posterior al deslletament. Aquesta
etapa és un moment molt estressant en la vida dels animals, ja que pateixen canvis socials,
ambientals i nutricionals complexos, que acostumen a anar acompanyats d’un increment
en la prevalenga de les infeccions i alteracions gastrointestinals, sobretot en animals de
granja (Lallés et al.,, 2009). En aquest context, en porquets acabats de deslletar, la
suplementaciéo amb SDP redueix la permeabilitat de la barrera intestinal i en millora la seva
funcié, augmentant I'expressid de proteines del complex d’unié (Peace et al., 2011). A
nivell d’animals de laboratori, I'SDP prevé |'alteracid de la permeabilitat intestinal bé
associada a una inflamacid aguda, com la induida per I'administracié de I’enterotoxina B
d’S. aureus (SEB, S. aureus enterotoxin B); bé associada a la inflamacid cronica que
desenvolupen ratolins transgénics que mimetitzen I'IBD. En ambds casos, I'SDP promou
I’expressio de Muc2 (principal mucina de la capa de moc que protegeix la mucosa
intestinal) i incrementa I'abundancia d’E-cadherina (Pérez-Bosque et al., 2006; Miro et al.,
2020a). Ambdos elements promouen una major barrera intestinal que preserva la
integritat de la mucosa intestinal. A més, en ratolins femella prenyades i en condicions
d’estres, la suplementacié amb SDP també millora la integritat intestinal i la funcié de
barrera (Liu Y et al.,, 2018).

D’altra banda, la suplementaci6 amb SDP també modula la resposta immunitaria
intestinal, modificant tant el tipus de poblacions implicades com el perfil de citocines que
s’expressen durant un procés inflamatori agut. En linies generals, I'SDP redueix la resposta
pro-inflamatoria, ja que disminueix el percentatge de limfocits T, monocits i neutrofils
activats en diferents compartiments intestinals, aixi com |'expressié de citocines pro-
inflamatories com el Tnf-a o la II-1B (Pérez-Bosque et al., 2004; Pérez-Bosque et al., 2008;
Pérez-Bosque et al., 2010). L'SDP, no només redueix la resposta pro-inflamatoria, sind que

també incrementa el percentatge de limfocits T-reguladors (Treg, T regulatory), aixi com
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I’expressio de citocines associades a una resposta anti-inflamatoria, com sén la //-10 o el
Tgf-B (Pérez-Bosque et al., 2016b).

Aguest efecte de I’'SDP sobre la secrecid de citocines pro-inflamatories i anti-inflamatories
també s’observa al colon de porcs acabats de deslletar (Peace et al., 2011), en ratolins
sensenscents (Mird et al., 2017), i davant una inflamacié intestinal cronica (Mird et al.,
2020a). A més, la suplementacié amb I’SDP redueix la fosforilacio de NF-kB i I'expressid de
cél-lules d’adhesid, les quals es veuen incrementades durant un procés inflamatori,

afavorint el reclutament de més leucocits activats (Pérez-Bosque et al., 2016b).

A més dels efectes a nivell intestinal, I'SDP també té efectes beneficiosos sobre altres
mucoses de I'organisme, fet que indica que el sistema immunitari mucosal comu esta
implicat. Aquest esta format pel GALT, perd també hi participa el teixit limfoide associat al
bronqui (BALT, Bronchus-associated lymphoid tissue), el teixit limfoide associat genito-
urinari (GUALT, genito-urinary associated lymphoid tissue). A més, s’ha pogut observar que

la suplementacié amb SDP té un efecte neuroprotector sobre el CNS, tal i com es resumeix

a la Figura 6.
.1‘1‘_ 5"
o V%)
0 ) % Maijé et al,, 2012a
s 2o Maijé et al., 2012b
[lig e e
v .

Pérez-Bosque et al., GA LT

2008; 2015; 2016
Miré et al., 2020

Song et al., 2015

Garcia-Just et al., 2020

Figura 6. Arees on la suplementacié amb plasma porci assecat per atomitzacié (SDP) ha mostrat
efectes antiinflamatoris. La suplementacié amb SDP modula I'activitat del teixit limfoide associat a
I'intesti (GALT, Gut-associated lymphoid tissue), del teixit limfoide associat al bronqui (BALT,
Bronchus-associated lymphoid tissue) i edl teixit limfoide associat genito-urinari (GUALT, genito-
urinary associated lymphoid tissue). A més, la suplementacié amb SDP té un efecte neuroprotector
sobre el sistema nerviods central (CNS, Central nervous system).
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Pel que fa al GUALT, la suplementaci6 amb SDP atenua la inflamacié uterina, fet que
millora de la taxa d’éxit en ratolins femella prenyades i en situacié d’estres (Song et al.,
2015). D’altra banda, la suplementacié amb I’'SDP redueix la resposta inflamatoria del BALT
durant una inflamacié pulmonar aguda. El patré observat és similar al de la mucosa
intestinal, una reduccié del percentatge de poblacions leucocitaries activades amb la
conseqlient menor expressio de citocines pro-inflamatories (Maijé et al., 2012a). Aquest
efecte és acompanyat d’'un augment de limfocits Treg i secrecié d’IL-10 (Maijé et al.,
2012b). A més, en porquets acabats de deslletar, la suplementacié amb SDP redueix
I'expressid génica de citocines pro-inflamatories en diferents teixits com la melsa,
I"hipotalem, la glandula adrenal, la glandula pituitaria i el fetge i, a més, atenua la resposta
inflamatoria sistémica després de I'administracio intraperitoneal de LPS (Touchette et al.,
2002).

A nivell central, la suplementacié amb I’'SDP a animals senescents redueix la permeabilitat
de la BBB i participa en el manteniment de la integritat de I’endoteli vascular cortical, ja
gue redueix les molécules d’adhesid cel-lular que s’incrementen amb la inflamacio,
facilitant el reclutament de cél-lules immunitaries activades. De fet, la suplementacié amb
SDP també prevé la neuroinflamacié, ja que disminueix I'expressié de citocines pro-
inflamatories i I'activacié de la via NF-kB, mentre que augmenta les anti-inflamatories.
L'estrés oxidatiu, caracteristic de la senescéncia, també es veu atenuat per la
suplementacié amb I’'SDP. A més, prevé dels efectes de I'envelliment sobre la sinaptofisina
i aixi millora en I'eficiencia sinaptica i la seva plasticitat. De fet, la suplementacié amb I’'SDP

millora la memoria a curt i llarg termini dels ratolins senescents (Garcia-Just et al., 2020).

4.2.2. Efectes prebiotics del plasma porci assecat per atomitzacio

La suplementacié amb I’'SDP durant 14 dies té un efecte prebidtic en ratolins i porcs
acabats de deslletar. La suplementacié amb I’'SDP estimula especialment I'abundancia del
filum Firmicutes i Bacteroidetes, ambdds productors de SCFA. A més, redueix el filum
Proteobacteria en porquets acabats de deslletar, el qual es relaciona amb la promocio de
la inflamacié intestinal (Che et al., 2019; Moretd et al., 2020).

A nivell de génere, la suplementacié amb SDP incrementa I'abundancia de Lactobacillus,
el qual s’associa a una menor inflamacié intestinal i una millora integritat de la mucosa,
tant en ratolins com a porquets acabats de deslletar (Moret6 et al., 2020; Che et al., 2019).
Aquest efecte també s’observa en porquets acabats de deslletar als que se’ls hi administra

I'especie patogena Escherichia coli K99 (Torrallardona et al., 2003). S’ha descrit que la
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suplementacié amb I’'SDP redueix els géneres Escherichia i Shigella en porcs, generes que
es relacionen amb patologies intestinals per aquests animals (Che et al., 2019) i estimula
I’abundancia del génere Blautia que participa en la millora de la permeabilitat intestinal i
la reduccié de la inflamacié. Més especificament, espécies anti-inflamatories com
Parabacteroides goldsteinii i especies de la familia Porphyromonadaceae també
s'incrementen amb la suplementacié amb SDP en ratolins acabats de deslletar (Moreté et
al., 2020).
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PLANTEJAMENT | OBJECTIUS






L'envelliment és un dels factors de risc principals de la malaltia d’Alzheimer (AD).
L'increment de I'esperanga de vida, juntament amb altres comorbilitats, augmenten la
incidéencia de la malaltia, la qual esta creixent de forma alarmant. Actualment, no hi ha cap
tractament farmacologic que retardi el deteriorament cognitiu associat a I’AD (Soria-Lopez
etal., 2019). Per aquest motiu, hi ha un interes creixent en I'estudi de mesures preventives
per endarrerir la progressi6 de la malaltia. Diferents suplements dietétics amb
caracteristiques anti-inflamatories i anti-oxidants podrien reduir la progressié de I'AD
(Grifian-Ferré et al., 2021). El plasma porci assecat per atomitzacié (SDP) té propietats anti-
inflamatories a diferents mucoses de I'organisme com la intestinal (Pérez-Bosque et al.,
2016), la pulmonar (Maijo et al., 2012) i la genito-urinaria (Song et al., 2015). A més, ates
que estudis previs han demostrat que la suplementaci6 amb [I'SDP redueix la
neuroinflamacio i I'estres oxidatiu al cervell i la pérdua de memoria de ratolins envellits
(Garcia-Just et al., 2020), el primer objectiu que s’ha plantejat és:

- Determinar si I’efecte neuroprotector de la suplementacié dietéetica amb I’'SDP
pot atenuar les caracteristiques neuropatologiques de la malaltia d’Alzheimer
en ratolins SAMPS8 envellits.

L'alteracié de la microbiota o disbacteriosi esta present durant I'envelliment i esta
associada a un increment de I'estat inflamatori que pot promoure la neuroinflamacio i,
finalment la neurodegeneracié (Lin et al., 2019). La suplementacié amb I’'SDP modula la
composicié de la microbiota i promou I'abundancia de bacteris beneficiosos per la salut
en animals acabats de deslletar com porcs i ratolins (Moreté et al., 2020; Che et al., 2019).
Davant d’aquestes propietats prebiotiques de la suplementaci6 amb proteines
plasmatiques s’ha proposat el seglient objectiu:

- Analitzar si la suplementacié dietética amb I’'SDP modifica la composicié de la
microbiota en ratolins senescents.

Hi ha una evidéncia creixent que I’eix microbiota-intesti-cervell és la via per la qual la dieta
i els suplements alimentaris poden tenir un efecte sobre la progressié de I’AD (Kincaid et
al.,, 2021). La microbiota i els seus subproductes poden comunicar-se amb el cervell a
través d’aquest eix i la regulacid i activacié de les vies immunitaries, neurals i/o endocrines.
Atés que I'SDP presenta propietats anti-inflamatories i el paper que juga el sistema
immunitari en I'eix microbiota-intesti-cervell, s’ha proposat:

- Estudiar si I’eix microbiota-intesti-cervell implica canvis en I’activacié de la via
immunitaria que poden estar participant en els efectes neuroprotectors de la
suplementacio dietética amb I’'SDP en ratolins envellits.
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Resum de I’Article 1

Introduccié. La malaltia d’Alzheimer (AD, Alzheimer’s disease) és una malaltia
neurodegenerativa caracteritzada pel processament aberrant de la proteina precursora
amiloide (APP), que provoca les plaques amiloides; i I'agregacié de la proteina tau
hiperfosforilada, que forma els cabdells neurofibril-lars. Aquests fendmens s’"acompanyen
de neuroinflamacié cronica de baixa intensitat i activacio de la microglia. S’ha descrit que
la suplementacié dietética amb plasma porci assecat per atomitzacié (SDP, spray-dried
porcine plasma) produeix efectes anti-inflamatoris en diferents models d’inflamacio
intestinal. A més, la suplementacié amb SDP millora la memoria a curt i llarg termini i
incrementa la integritat sinaptica en ratolins senescents.

Objectius. Determinar si la suplementacié amb SDP redueix els signes neuropatologics
caracteristics de I’AD en ratolins senescents SAMPS.

Material i métodes. Els experiments s’han realitzat amb ratolins SAMP8 de 2 mesos d’edat
(grup de referéncia jove) i de 6 mesos d’edat, que s’han dividit en dos grups segons el
pinso experimental que han rebut durant 4 mesos, pinso control o pinso suplementat amb
SDP al 8%. S’han determinat diferents marcadors moleculars cerebrals caracteristics de
I’AD. Entre aquests, s’"han determinat els marcadors relacionats amb la patologia amiloide
per Western Blot, kit ELISA o PCR en temps real; marcadors associats als cabdells
neurofibrilars, que s’han analitzat per Western Blot; i marcadors relacionats amb la
neuroinflamacié i I'activacié de la microglia que s’han determinat per PCR en temps real.

Resultats. Els animals senescents alimentats amb pinso control van presentar una major
presencia de diferents marcadors caracteristics de I’AD, com I'abundancia de p-CDKS5, p-
tau (Ser396), sAPP-B i ABao i va reduir 'abundancia de la forma inactiva de GSK3-B, p-GSK3p
(Ser9) (tot, p<0,05). La suplementacié amb I’'SDP va prevenir d’aquests efectes i, a més, va
disminuir I'expressio de Bacel (tot, p<0,05). L'envelliment va augmentar I'expressié dels
enzims que participen en el processament aberrant de I’APP (Mmel i ldel) i de citocines
pro-inflamatories, com //-17 i /I-18 (tot, p<0,05). La suplementacido amb SDP va atenuar
d’aquests efectes (tot, p<0,05) i, a més, va incrementar I'expressid de la citocina anti-
inflamatoria Tgf-B (p<0,05). La senescéncia va incrementar I'expressio dels marcadors
d’activacié microglial com Trem2, Arg1 i Ym1 (tot, p<0,05). La suplementacié amb I'SDP va
prevenir d’aquests efectes i va atenuar I'expressié d’/nos (p<0,05).

Conclusions. La suplementaciéo amb SDP redueix els signes distintius neuropatologics de
I’AD en ratolins senescents, que explicaria la seva millora cognitiva.
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Abstract: Alzheimer’s disease (AD) is characterized by the aberrant processing of amyloid precursor
protein (APP) and the accumulation of hyperphosphorylated tau, both of which are accompanied
by neuroinflammation. Dietary supplementation with spray-dried porcine plasma (SDP) has anti-
inflammatory effects in inflammation models. We investigated whether dietary supplementation
with SDP prevents the neuropathological features of AD. The experiments were performed in 2- and
6-month-old SAMPS8 mice fed a control diet, or a diet supplemented with 8% SDP, for 4 months.
AD brain molecular markers were determined by Western blot and real-time PCR. Senescent mice
showed reduced levels of p-GSK3f (Ser9) and an increase in p-CDKS5, p-tau (Ser396), sAPPf3, and
the concentration of ARy, (all p < 0.05). SDP prevented these effects of aging and reduced Bacel
levels (all p < 0.05). Senescence increased the expression of Mmel and Idel and pro-inflammatory
cytokines (II-17 and II-18; all p < 0.05); these changes were prevented by SDP supplementation.
Moreover, SDP increased Tgf-B expression (p < 0.05). Furthermore, in aged mice, the gene expression
levels of the microglial activation markers Trem2, Ym1, and Argl were increased, and SDP prevented
these increases (all p < 0.05). Thus, dietary SDP might delay AD onset by reducing its hallmarks in

senescent mice.

Keywords: neuroinflammation; dietary supplementation; aging; plasma proteins; Alzheimer’s
disease; SAMP8

1. Introduction

The prevalence of Alzheimer’s disease (AD), already the most common type of de-
mentia, is increasing at an alarming rate due to the life expectancy improvements of recent
decades [1]. This neurodegenerative disorder, which leads to cognitive decline, is character-
ized by aberrant amyloid precursor protein (APP) processing, the deposition of 3-amyloid
(Ap) peptides such as AP4p and AR4y, and the aggregation of hyperphosphorylated tau
(p-tau) protein, all processes that are accompanied by neuronal loss [2]. Ap peptides
tend to self-aggregate as oligomers in 3-amyloid or senile plaques, with extracellular Af3
accumulation caused by cleavage of APP by the (3-secretase BACE1 [3].

Tau proteins are microtubule-associated proteins that stabilize microtubules in neu-
ronal axons. Hyperphosphorylation of tau (i.e., p-tau) leads to the accumulation of neu-
rofibrillary tangles (NFTs) and toxic species of soluble tau, which disrupt normal synaptic
and neuronal function [4]. The kinases responsible for tau phosphorylation are glycogen
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synthase kinase 33 (GSK3f3) and cyclin-dependent kinase 5 (CDK5). GSK3, in addition to
its role in the pathogenesis of NFTs, also promotes pro-inflammatory pathways through
nuclear factor kappa B (NF-kB) activation. Indeed, it is inhibited when phosphorylated
at Ser9, which stimulates its glucose synthesis-related physiological effects [5]. Under
pathological conditions, CDK5 becomes hyperactive and causes aberrant hyperphospho-
rylation of tau proteins in NFTs [6] and interferes with the proteolytic processing of APP,
modulating A by affecting the secretases, which are critical for the hydrolysis of APP [7].
Therefore, these enzymes play major roles in AD by affecting amyloid processing and
NFTs formation.

Another of the main features of AD pathogenesis is inflammation. During senescence,
there is an increase in the low-intensity inflammatory state known as inflammaging [8].
The role of neuroinflammation in AD has been determined using genome-wide association
studies that identified more than 20 gene variants as risk factors for developing AD [9].
For instance, p-tau can activate the MAPK pathway and the NF-kB transcription factor
pathway, which in turn increase IL-6 levels [10]. Similarly, Ap can activate microglia,
increasing the expression of cytokines [11]. Microglial cells are the immune system of
the central nervous system: they can act as phagocytes, removing A, and they play an
important role in neuronal homeostasis and synaptic plasticity [12]. Indeed, activated
microglia represent a noteworthy feature in AD [13].

Dietary supplementation with spray-dried porcine plasma (SDP) is widely used in
farming as an alternative to antibiotics [14]. SDP promotes growth performance, feed
efficiency, and animal survival [15,16]. Furthermore, SDP exerts anti-inflammatory effects
in different models of inflammation, such as in the intestinal [17-20], pulmonary [21], and
genitourinary mucosae in a mouse model, inducing low pregnancy rates by stress [22]. It
also stimulates the growth of probiotic species in the gut microbiota and the expression of
mucosal regulators of anti-inflammatory pathways [23]. Moreover, SDP supplementation
prevents cognitive decline in senescent mice [24].

This study aimed to determine whether SDP supplementation could exert a neuropro-
tective effect against AD hallmarks in SAMP8 mice, a model of age-related cognitive decline
and AD. These mice present several neuropathological features of AD, such as aberrant
APP processing [25], oxidative stress damage [26], and neuroinflammation [27-29]. Thus,
we used this rodent model to study some of the most important molecular mechanisms
associated with AD.

2. Materials and Methods
2.1. Animals, Experimental Design and Diets

Experiments were conducted using mice prone to senescence (SAMPS strain) obtained
from Envigo (Bresso, Italy). The colony generated was kept at the animal facility of the
Faculty of Pharmacy and Food Sciences of the Universitat de Barcelona under stable
temperature and humidity conditions, with a 12 h:12 h light/dark cycle. All animal
experiments were performed following the Guide for the Care and Use of Laboratory
Animals, and the protocols used in this study were approved by the Ethics Committee for
Animal Experimentation of the Universitat de Barcelona and the Catalan government (ref.
484/16 and 9272, respectively). Animals were housed individually and fed experimental
diets (Control or SDP) for 4 months.

SDP is a protein-rich ingredient obtained from industrial fractionation of blood from
healthy pigs. Once the cellular fraction is separated, plasma is then concentrated and
spray-dried, thus obtaining the so-called “spray-dried plasma” (SDP). During this process,
plasma proteins are exposed to high temperatures for a very short period, and this has the
advantage over conventional drying in that the proteins are not denaturalised and preserve
their biological activity [30]. The SDP is considered a safe product, and its manufacturing
process includes several biosafety steps [31]. Diets were balanced for energy and total
N, and lysine and methionine were formulated to meet the National Research Council
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requirements [32] for laboratory animals. The composition of the experimental diets has
been published previously [24] and is detailed in Table 1.

The experimental design of this study included 3 groups of 6-8 animals/group: 2M,
2-month-old mice fed commercial standard feed; 6M-CTL, 6-month-old mice fed with
control diet for 4 months; and 6M-SDP, 6-month-old mice fed with SDP diet for 4 months.

Table 1. The composition of experimental diets.

Control Diet SDP ! Diet
Ingredients
g/kg

SDP - 80

Dried skim milk 530.7 340.5

Corn starch 199.3 308.8

Sucrose 94.5 94.5
Soybean oil 70 70
Cellulose 50 50
AIN-93-G-MX (94046) 2 35 35
AIN-93 VX (94047) 2 15 15

Choline bitartrate 3 3

Methionine 2.5 3.2

1spp (spray-dried plasma) was provided by APC-Europe (Granollers, Spain). 2 AIN-93 MX, mineral mix AIN-93
VX, vitamin mix; both were provided by Envigo (Breso, Italy).

2.2. Sample Collection

At the end of the experimental period, mice were anaesthetized with ketamine: xy-
lazine (100 mg/kg:10mg/kg); blood was obtained by cardiac puncture and the animal was
euthanized during the experimental intervention. The brain was collected, quickly frozen
in liquid nitrogen, and stored at —80 °C until further analysis.

2.3. Sample Homogenization

Samples of brain tissue were homogenized using a Polytron (PRO Scientific Inc,
Oxford, CT, USA) at 20,000 rpm in a lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl,
2mM EDTA, 1% Triton, 1 mM PMSE, 1 mM DTT, and 2% (v/v) inhibitor protease cocktail.
The homogenate was centrifuged at 4 °C at 955x g for 20 min. All reagents were provided
by Sigma-Aldrich (St. Louis, MI, USA).

2.4. Western Blot

Western blot procedure was performed, as described previously by Moret6 et al. [23].
Briefly, samples of homogenized brain tissue were quantified for protein concentration
using the Bradford method (Bio-Rad, Munich, Germany). Equal amounts of protein
(50 ng) were separated on 5-18% SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Bio-Rad, Munich, Germany). Membranes were blocked by incubation for
90 min at room temperature in Tris-buffered saline containing 0.1% Tween 20 (TBST) and
5% dry milk. Afterwards, membranes were incubated overnight at 4 °C with primary
antibodies: -amyloid (1/500, Abcam, Cambridge, UK); tau (1/1000, Millipore, Billerica,
MA, USA); p-tau (Ser396, 1/1000, Invitrogen, Carlsbad, CA, USA); CDKS5 (1/1000, Santa
Cruz Biotech, Dallas, TX, USA); p-CDK5 (1/1000, Abcam, Cambridge, UK); GSK3 (1/1000,
Cell Signaling, Danvers, MA, USA); p-GSK3 (Ser9, Abcam, Cambridge, UK); sAPPx
(1/1000, Covance, Princeton, NJ, USA); sAPPf (1/1000, Covance, Princeton, NJ, USA); 3-
actin (1/30000, Sigma Aldrich, St. Louis, MI, USA). Membranes were washed and incubated
with HRP-conjugated secondary antibodies (Sigma-Aldrich, St. Louis, MI, USA) for 2 h at
room temperature. Protein bands were visualized using a chemiluminescence detection kit
Clarity and ChemiDoc XRS+ instrument (both from Bio-Rad, Munich, Germany). After
their detection, hybridization bands were quantified using the plug-in Gel Lanes fit from
Image]J software.
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2.5. ELISA Assay

Cortical tissues were homogenized in cold 5 M guanidine-HC1/50 mM Tris buffer con-
taining protease inhibitor cocktail (Sigma Aldrich, St. Louis, MI, USA). The quantification
of amyloid-B49 and amyloid-B4, was performed with the mouse A4 and AR4; ELISA
Kits (both from Invitrogen, Carlsbad, CA, USA), following manufacturer’s instructions.

2.6. Real-Time PCR

RNA extraction of the cortex and reverse transcription were carried out as described
previously [24]. The primers used are shown in Table 2. Product fidelity was confirmed
by melt curve analysis. TagMan gene expression assays (Applied Biosystems, Foster
City, CA, USA) were used for the following genes: Disintegrin and metalloproteinase 10
(Adam10, MmO00545742_m1), B-secretase (Bacel, MmO00478664_m1), Insulin-degrading en-
zyme (Ide, Mm00473077_m1), and Neprilysin (also known as Membrane metallo-endopeptidase
Mme, Mm00485028_m1), following the manufacturer’s instruction. Each PCR run in-
cluded duplicates of reverse transcription for each sample and negative controls (reverse
transcription-free samples, RNA-free sample). Quantification of the target gene transcripts
was performed using hypoxanthine phosphoribosyltransferase 1 (Hprtl, Mm00446968_m1)
gene expression as reference, and was carried out with the 22T method [33].

Table 2. Primers used for real-time PCR.

Primer Forward (5'-3') Reverse (5'-3) Size (bp)
Argl GACAGGGCTCCTTTCAGGAC GCCAAGGTTAAAGCCACTGC 108
1-17 AGCAGCGATCATCCCTCAA TTGCGCCAAGGGAGTTAAA 104
II-18 GTTTACAAGCATCCAGGCACAG GAAGGTTTGAGGCGGCTTTC 151
Inos CCCAACAATACAAGATGACCCT AGGGATTCTGGAACATTCTGTG 87
Tgf-b CAGGGTGAAGGGGAAAACTC AGTTCGGTCATTAGTCTCGC 204
Trem?2 CCTGAAGAAGCGGAATGGGA CTTGATTCCTGGAGGTGCTGT 269
Ym1 GTGGAGAAAGACATTCCAAGGC CAGTTCAGGGATCTTGTACCCA 90

Argl: arginasel; II: interleukin; Inos: inducible nitric oxide synthase; Tgf-b: transforming growth factor beta; Trem-2: triggering receptor
expressed on myeloid cells 2; Ym1: chitinase-like protein 3 (Chil3).

2.7. Statistical Analysis

Results are presented as means £ SEM. A test was performed to detect outliers (Grubb
test) and check the homogeneity of variance (Levene’s test) and data normality (Shapiro—
Wilk test) for all groups. To compare the different groups, one-way ANOVA followed
by the Fisher’s post hoc test was used when data were normally distributed; otherwise,
the non-parametric Kruskal-Wallis test was carried out. When normally distributed data
showed no sphericity, we applied an ANOVA with the Geisser-Greenhouse correction. All
data were analyzed using GraphPad Prism® software Version 8 (GraphPad Software Inc.).
Differences in tests were considered statistically significant when p < 0.05.

3. Results
3.1. Amyloid Pathology

Neither aging nor SDP supplementation modified sAPPx abundance (Figure 1A).
Aging increased the abundance of sSAPPf3 in the brain tissue compared to young mice
(p = 0.030; Figure 1B). SDP supplementation reduced the abundance of this protein (p = 0.003).
Levels of AP0 and Ap4, were augmented in the cortex of 6-month-old mice (both, p < 0.001,
Figure 1C,D, respectively), and SDP supplementation prevented A4 increase (p = 0.032).
Relative abundance of 3-amyloid (Af3) was not altered by senescence nor by SDP supple-
mentation (Figure 1E).
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Figure 1. Effects of SDP supplementation on amyloid pathology markers. Panels (A-E) show the
abundance of sAPPwx, sAPP3, AB40, AB4p, and B-amyloid in brain tissue. Results are expressed as
mean + SEM (n = 5-6 mice). Statistics: ANOVA (Fisher’s multiple comparison test). Ap: 3-amyloid;
APP: amyloid protein precursor.

Aging did not modify Adam10 and Bacel gene expression (Figure 2A,B, respectively).
Both genes were decreased in mice that were fed the SDP-supplemented diet (p = 0.003
for both enzymes). Gene expression of the A3 degrading enzymes, Idel and Mmel, was
higher in the cortex of 6-month-old SAMPS8 mice than in young mice (both p = 0.005,
Figure 2C,D), and these effects were prevented by SDP supplementation (p = 0.030 and
p = 0.024, respectively).

A Adam10 expression B Bacel expression C Idel expression D Mimel expression
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Figure 2. Effects of SDP supplementation on gene expression of enzymes related to aberrant APP processing. Panels (A-D)
show the expression of Adam10, Bacel, Idel, and Mmel, respectively, in cortex tissue. Results are expressed as mean + SEM
(n = 5-6 mice). Statistics: ANOVA (Fisher’s multiple comparison test). Adam10: disintegrin and metalloproteinase
domain-containing protein 10; Bacel: beta-secretase 1; Idel: insulin-degrading enzyme; Mmel: neprilysin.

3.2. Neurofibrillary Tangles

The total abundance of GSK3{3 and CDK5 proteins was not altered by aging nor
by SDP supplementation. Nevertheless, the abundance of phosphorylated GSK3f was
reduced in aged mice compared with the younger mice (p = 0.017, Figure 3A), and dietary
supplementation with SDP prevented this change (p = 0.041). Moreover, aging augmented
the abundance of phosphorylated CDKS5 (p-CDKS5; p = 0.008, Figure 3B), and this increase
was completely prevented by SDP supplementation (p = 0.035). Relative abundance of
total tau was not changed, neither by aging nor by SDP supplementation. However, 6M-
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CTL mice showed increased abundance of phosphorylated tau on Ser196 (p-tau (Ser396);
p = 0.009; Figure 3C), and SDP supplementation prevented this increase (p = 0.032).
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Figure 3. Effect of SDP supplementation on neurofibrillary tangles. Panels (A—C) show the abundance
of p-GSK3p (Ser9), p-CDK5, and p-tau (Ser396) in the brain tissue, respectively. Results are expressed
as mean + SEM (n = 5-6 mice). Statistics: one-way ANOVA followed by Fisher’s multiple comparison
test. GSK3p3: glycogen synthase kinase 3[3; CDK5: cyclin dependent kinase 5.

3.3. Neuroinflammatory Markers

The gene expression of the pro-inflammatory cytokines [/-17 and IL-18 was increased
in 6M-CTL mice compared to 2M mice (p = 0.012 and p = 0.033, respectively, Figure 4A,B),
whereas the SDP supplementation prevented it (p = 0.005 and p = 0.004, respectively).
Furthermore, 6M-CTL mice showed a similar gene expression of the anti-inflammatory
cytokines Tgf-B in the cortex compared to the 2M group, while SDP supplementation
increased the gene expression of this anti-inflammatory cytokine in respect to 6M-CTL mice
(p = 0.029) and young mice (p = 0.008, Figure 4C). SDP supplementation reduced the ratio
11-17/ Tgf-p compared to 6M-CTL mice (p = 0.008, Figure 4D) and the ratio of 1I-18/Tgf-B in
respect to senescent control mice (p = 0.004, Figure 4E) and young mice (p = 0.014).
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Figure 4. Effect of SDP supplementation on cytokine gene expression. Panels (A—C) show the gene expression of II-17, II-18,
and Tgf-B in cortex tissue, respectively. Panels (D,E) show the gene expression ratio II-17/Tgf-p and II-18/Tgf-B in cortex
tissue, respectively. Results are expressed as mean + SEM (n = 5-6 mice). Statistics: one-way ANOVA followed by Fisher’s
multiple comparison test. II: interleukin; Tgf-B: transforming growth factor beta.

3.4. Microglia Markers

Gene expression of Inos was not altered by aging (Figure 5A), but SDP supplementation
diminished it (p = 0.009). Gene expression of Trem?2 in cortex of 6M-CTL mice was higher
than in young mice (p = 0.004 Figure 5B), and SDP supplementation prevented it (p = 0.040).
Moreover, the gene expression of Argl and Ym1 was also increased in aged mice (p = 0.016
and p = 0.049, Figure 5C,D, respectively), and SDP supplementation reduced these effects

(p = 0.030 and p = 0.025, respectively).
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Figure 5. Effect of SDP supplementation on markers of microglia. Panels (A-D) show the gene expression of Inos, Trem2,
Argl, and Ym1 in cortex tissue, respectively. Results are expressed as mean = SEM (n = 5-6 mice). Statistics: one-way
ANOVA followed by Fisher’s multiple comparison test. Inos: inducible nitric oxide synthase; Trem2: triggering receptor
expressed on myeloid cells 2; Arg1: arginase 1; Ym1: chitinase-like protein 3 (Chil3).

4. Discussion

The recent approval of aducanumab, albeit with weak scientific evidence, has created
a new drug for AD, as well as an anti-amyloid therapy [34]. However, no pharmacolog-
ical therapy can effectively halt the decline in cognitive function associated with AD [1].
Therefore, there is growing interest in the study of protective measures to reduce disease
incidence. Recent work shows that antioxidants and anti-inflammatory supplements may
help decrease AD risk [35,36]. Accordingly, in this study, we examined the effects of dietary
supplementation with SDP, a supplement with well-known anti-inflammatory properties.
Previous studies have shown that SDP supplementation improves short- and long-term
memory and increases synaptic integrity. These effects have been associated with reduced
pro-inflammatory cytokine expression and increased IL-10 abundance in brain tissue [24].
Our current results show that SDP can reduce the main hallmarks of AD, such as aberrant
APP processing and NFTs formation, which are substantial contributors to the disease [37].

As shown here, 6-month-old SAMP8 mice exhibited an increased amyloid and tau
pathologies, as evaluated by several markers such as sAPPB, Af4y, ABsp, and p-tau,
indicating that they already had early molecular and clinical features of AD. These early
events are consistent with cognitive impairment because 6-month-old SAMPS8 mice already
have both short- and long-term memory loss, as indicated by previous work conducted in
our laboratory [24]. Activation of the amyloidogenic pathway of APP processing results in
the production of sAPPf3 and the generation of neurotoxic Af3. Activation of this pathway
involves the sequential cleavage of APP by [3-secretase (BACE1) and y-secretase, which
results in the production of SAPPf3 and the generation of neurotoxic A3 peptides [38].
Furthermore, cleavage of APP by BACE1 is an essential first step in the production of A
that has been well recognized as an initial causal event of the disease [39]. Our results
suggest that SDP supplementation reduces the levels of SAPP(3, as well as A349 abundance,
by decreasing the level of the amyloidogenic secretase BACE1, suggesting a reduction in
the amyloidogenic pathway. These effects might explain the improved memory retention,
in both the short- and the long-term, previously observed in 6-month-old SAMP8 mice
supplemented with SDP [24]. Moreover, this effect of SDP is comparable to that of other
nutritional interventions, which include supplementation with vitamin D, resveratrol, and
lycopene, compounds, that also reduce the levels of AB-related biomarkers, such as APP,
sAPPf, and BACE]L, in both mice and patients with AD [40-42].

Hyperphosphorylated tau is a neuropathological hallmark of AD that disrupts ax-
onal transport and leads to NFTs accumulation [4]. In addition, tau phosphorylation is
modulated by several protein kinases and phosphatases, such as GSK3 and CDK5 [43].
Of these kinases, CDKS5 is particularly interesting because it may play a crucial role in the
pathogenesis of the disease by potentially regulating the activity of other critical kinases,
including GSK3p [6]. In addition, CDKS5 and its potent activator p25 have been linked
to the reduced synaptic density observed in early stages of AD [44]. In our hands, SDP
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reduced the abundance of p-tau and p-CDKS5 while increasing that of p-GSK3f3. Unlike
CDKS5, GSK38 is inactivated when phosphorylated in Ser9 [5]. Thus, GSK3f phosphory-
lation in Ser9 improves cell function and reduces NFTs levels [45]. Moreover, the effect
of SDP associated with reduced abundance of activated CDK5 and p-tau is consistent
with previous results showing that 6-month-old SAMP8 mice supplemented with SDP
show a higher abundance of synaptophysin [24], which is indicative of higher synaptic
density [46].

Although the two cardinal pathological features of AD and neuroinflammation were
traditionally considered independent pathways, recent studies show an interaction between
these processes, indicating that neuroinflammation might significantly affect the onset
of AD [47]. Several studies indicate increased levels of pro-inflammatory cytokines in
AD [48,49]. Moreover, pro-inflammatory cytokines and NF-«B signaling upregulate the
BACE1 pathway, resulting in elevated A production [50], and this correlates with the NF-
kB increase found in aged SAMPS8 mice [24]. For instance, IL-17 can activate glial cells [51],
and IL-18 upregulates components of the y-secretase complex, accelerating A3 production,
as well as GSK3[3 and CDKS5 kinases, which promote the hyperphosphorylation of tau [52].
Moreover, reductions in microglial activation and neuronal loss are seen in IL-18 knockout
mice [53]. In this study, we observed an increase in the gene expression of pro-inflammatory
cytokines such as II-17 (and to a lesser degree II-18) with age, and SDP supplementation not
only prevented this effect but also increased the expression of the anti-inflammatory factor
Tgf-B. Consequently, SDP supplementation promoted the anti-inflammatory pathway, as
shown by the reduction in the II-17/Tgf-p and 1I-18/Tgf-p ratios. This might be associated
with the neuroprotective effects of SDP found in the aberrant amyloid processing pathway
and in NFTs. These anti-inflammatory effects of SDP correlate well with previous results
showing that the SDP diet reduced the levels of NF-«kB and pro-inflammatory cytokines,
such as IL-6, IL-1f and TNF-«, and increased IL-10 in 6-month-old SAMPS8 mice [24].
Similarly, recent studies have reported that anti-inflammatory drugs play a significant role
in the AD reduction strategy [54,55].

Activated microglial cells surrounding amyloid plaques and the presence of T-cells
promote neuroinflammation in AD. Indeed, there is growing interest in analyzing the role of
microglia in AD because activated microglia are another key hallmark of the pathology [9].
Activated microglia are localized around senile plaques [56] and NFTs in the brain tissue of
AD patients and transgenic mouse models [57]. In our hands, 6-month-old SAMP8 mice
have increased hallmarks of AD and neuroinflammation, which might elevate the levels of
activated M2-type microglia. Indeed, recent studies confirm that, in early stage AD, M2
phenotype microglia are activated to prevent the overproduction of Ap and further patho-
logical damage [58,59]. Specifically, TREM2, which is dominantly expressed by microglia in
the central nervous system, is also increased in 7-month-old SAMP8 mice from [60]. More-
over, Argl* microglia have been observed to increase during IL-1 neuroinflammation in
a negative feedback mechanism [61], and this cytokine is increased in 6M-SAMP8 mice,
as shown in previous work [24]. These facts correlate well with our findings of increased
expression of the M2 microglial markers Trem2, Argl, and Ym1 in aged mice. In a similar
manner to our results, previous studies have shown that SDP supplementation reduces
Inos gene expression in a mouse model of acute lung injury [21], and other natural products
such as curcumin can inhibit this gene expression in microglia [62]. This relationship be-
tween neuroinflammation and activated microglia might explain the reduction in microglia
markers by SDP supplementation, as SDP supplementation reduces both neuronal and
systemic inflammation [19,20].

SDP is a complex mixture of functional proteins (albumin, transferrin, immunoglobu-
lins, and other globulins), growth factors, bioactive peptides, and other biological compo-
nents. Its mechanism of action may involve several of its functional components, rather
than just one, which may act directly on the intestinal immune response [18], or it may
promote the growth of a microbiota with anti-inflammatory effects, as demonstrated by
Moreto et al. [23]. Recently, plasma protein-derived supplements have been observed to
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inhibit TNF secretion in rat T lymphocytes and monocytes in vitro, and to regulate the
immune response of intestinal enterocytes through MyD88 and NFkB [63]. Stimulation of
MyD88 and NF-kB-related receptors on enterocytes involves the activation of immunomod-
ulatory complexes, including not only cytokine/chemokine secretion [64] but also the
secretion of antibacterial peptides [65]. Conversely, there is growing evidence regarding the
relationship between the gut microbiota, the digestive system, and the brain, as well as their
association with inflammation [66-68]. Changes in the composition of the gut microbiota
coextensive with aging likely contribute to immunosenescence and to the development of
a pro-inflammatory phenotype [69]. In fact, SAMP8 mice at 6 months of age, showed a re-
duction in probiotic species, while the proinflammatory species of the intestinal microbiota
increased [70]; these are able to secrete bacterial amyloids and lipopolysaccharides that are
considered neurotoxic [71]. Moreover, SDP increases the presence of bacterial families that
enhance the intestinal barrier function, as well as the growth of species that are well-known
mediators of anti-inflammatory and tolerogenic responses [23,72]. These results suggest
that some components in SDP may be effective in changing the profile of the microbiota,
with potential implications for reducing intestinal and peripheral inflammation [19], and
eventually communicating with to distant areas such as the brain [73].

5. Conclusions

In conclusion, SDP supplementation increases brain resilience against the key features
of AD in SAMP8 mice, reducing the neuroinflammation and attenuating the microglial
activation (Figure 6).
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Figure 6. Representative scheme of the effects of SDP on AD hallmarks. SDP supplementation
decreases the aberrant APP processing pathway and the hyperphosphorylation of tau. These pre-
ventive effects are accompanied by a reduction in the neuroinflammation and an attenuation in
the activated microglia. APP: amyloid precursor protein, Argl: arginasel, AB40: 3-Amyloid 1-40,
BACE1: B-secretase, CDK5: cyclin-dependent kinase 5, GSK3f3: glycogen synthase kinase 33, NFT:
neurofibrillary tangles, P: phosphorylation, Trem2: triggering receptor expressed on myeloid cells 2,
Ym1: chitinase-like protein 3 (Chil3).
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Introduccié. La malaltia d’Alzheimer (AD) és el tipus de demencia més comu durant
I’envelliment i es caracteritza per pérdua de memoria, neuroinflamacié, una acumulacié
de peéptids AB i la hiperfosforilaci6 de la proteina tau. Durant I’envelliment hi ha
disbacteriosi, que és acompanyada per un augment de la permeabilitat intestinal i un estat
pro-inflamatori. La suplementacid dietetica amb plasma porci assecat per atomitzacid
(SDP, spray-dried porcine plasma) pot prevenir la neuroinflamacid i I’estres oxidatiu, aixi
com reduir els marcadors neuropatologics de I’AD en ratolins SAMP8 envellits. A més,
I’SDP té efectes prebidtics en ratolins joves.

Objectius. Determinar si els efectes neuroprotectors de I’'SDP implica canvis en la
composicidé de la microbiota de ratolins envellits SAMPS.

Material i métodes. Els experiments s’han realitzat amb ratolins SAMP8 de 2 mesos d’edat
(grup de referéncia jove) i de 6 mesos d’edat, que s’han dividit en dos grups segons el
pinso experimental que han rebut durant 4 mesos, pinso control o pinso suplementat amb
SDP al 8%. S’han determinat els efectes de I'SDP al sistema nervids central, a serum i a
colon. Per dur-ho a terme, s’han realitzat tests de comportaments i cognitius; s’han
determinat marcadors de neuroinflamacido per real-time PCR i Western Blot; s’han
guantificat marcadors d’inflamacié sistémica per kits comercials; s’ha analitzat la
composicié de la microbiota per la plataforma Illlumina MiSeq; i s’han determinat els
marcadors d’inflamacié de colon i de I'estructura de la barrera epitelial per real-time PCR.

Resultats. L'envelliment va reduir la memoria a curt i llarg termini, a més de I'abundancia
de BDNF madur a cortex de ratoli (tot, p<0,05). La suplementacié dietetica amb I’'SDP va
prevenir els efectes de I'edat tant sobre la memoria com sobre la neurotrofina (tot,
p<0,05). L’envelliment va incrementar I'expressio d’/l-1b, 1I-6, i TIr2 i I’'abundancia de p65-
NFkB (tot, p<0,05). A més, durant la senescencia es va reduir I'expressié de la citocina anti-
inflamatoria Tgf-b i la concentracid d’IL-10 a cortex (ambdds, p<0,05). La suplementacid
amb I’'SDP va atenuar tots aquests efectes neuroinflamatoris i va incrementar les citocines
anti-inflamatories (tot, p<0.05). D’altra banda, I’envelliment va incrementar la
concentracio de LPS i de citocines pro-inflamatories (IL-1B i TNF-a) a serum (tot, p<0,05).
La suplementacié amb SDP va prevenir l'increment de la concentracid de citocines
circulants pro-inflamatories (ambdods, p<0,05), tot i que no va modificar la concentracio
serica d’'LPS. A colon, I’envelliment va augmentar |'expressid de citocines pro-inflamatories
(1-1b, 1I-6, Tnf-a), de marcadors de cel-lules immunitaries (Cd25, F4/80, Itgae), aixi com
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dels receptors TIr2 i Tir4 (tot, p<0.05). A més, en els animals envellits hi havia una reduccio
de I'expressio de Muc2, Tff3 i de Ocludina (tot, p<0.05). La suplementacié amb SDP va
atenuar aquests efectes (tot, p<0.05). Per ultim, I'envelliment va reduir I'abundancia de
bacteris probiotics com Lactobacillus, Pediococcus, entre d’altres, i en va incrementar la
d’altres relacionats amb la inflamacié com I’ Erysipelhotrix (tot, p<0.05). La suplementacié
amb I’'SDP va induir creixement la proliferacio dels bacteris promotors de la salut, com per
exemple Lactobacillus, Pediococcus, i Odoribacter, mentre que va disminuir I'abundancia
de bacteris relacionats amb la inflamacié com Johnsonella i Erysipelhotrix (tot, q<0.1).

Conclusions. Els efectes neuroprotectors de I'SDP podrien ser mediats per canvis a la
composicié de la microbiota.

62



el nutrients

Article

The Neuroprotective Effects of Spray-Dried Porcine Plasma
Supplementation Involve the Microbiota—Gut—Brain Axis

Cristina Rosell-Cardona !, Concepcié Amat 10, Christian Grifian-Ferré 2
, Miquel Moreté ! and Lluisa Miré 1-*

Anna Pérez-Bosque !

check for
updates

Citation: Rosell-Cardona, C.;

Amat, C.; Grifdn-Ferré, C.; Polo, J.;

Pallas, M.; Pérez-Bosque, A.;
Moret6, M.; Mir6, L. The
Neuroprotective Effects of
Spray-Dried Porcine Plasma
Supplementation Involve the
Microbiota—Gut—Brain Axis.
Nutrients 2022, 14, 2211. https://
doi.org/10.3390/nu14112211

Academic Editor: Serguei O. Fetissov

Received: 7 March 2022
Accepted: 24 May 2022
Published: 26 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /

4.0/).

, Javier Polo 3©, Merce Pallas 209,

Department of Biochemistry and Physiology, Faculty of Pharmacy and Food Sciences, Institute for Nutrition
and Food Safety, Universitat de Barcelona (UB), 08028 Barcelona, Spain; cristina.rosell@ub.edu (C.R.-C.);
camat@ub.edu (C.A.); anna.perez@ub.edu (A.P.-B.); mmoreto@ub.edu (M.M.)

Department of Pharmacology, Toxicology, and Medicinal Chemistry, Faculty of Pharmacy and Food Sciences,
Institute of Neurosciences, Universitat de Barcelona (UB), 08028 Barcelona, Spain;

christian.grinan@ub.edu (C.G.-F.); pallas@ub.edu (M.P.)

APC-Europe S.L.U., 08403 Granollers, Spain; javier.polo@apc-europe.com

*  Correspondence: lluisa.miro@ub.edu; Tel.: +34-93-4024505

Abstract: Dietary supplementation with spray-dried porcine plasma (SDP) reduces the Alzheimer’s
disease (AD) hallmarks in SAMPS8 mice. Since gut microbiota can play a critical role in the AD
progression, we have studied if the neuroprotective effects of SDP involve the microbiota—gut—brain
axis. Experiments were performed on two-month-old SAMP8 mice fed a standard diet and on
six-month-old SAMP8 mice fed a control diet or an 8% SDP supplemented diet for four months.
Senescence impaired short- and long-term memory, reduced cortical brain-derived neurotrophic
factor (BDNF) abundance, increased interleukin (II)-1p, II-6, and Toll-like receptor 2 (TIr2) expression,
and reduced transforming growth factor B (Tgf-B) expression and IL-10 concentration (all p < 0.05) and
these effects were mitigated by SDP (all p < 0.05). Aging also increased pro-inflammatory cytokines in
serum and colon (all p < 0.05). SDP attenuated both colonic and systemic inflammation in aged mice
(all p < 0.05). SDP induced the proliferation of health-promoting bacteria, such as Lactobacillus and
Pediococcus, while reducing the abundance of inflammation-associated bacteria, such as Johnsonella
and Erysipelothrix (both g < 0.1). In conclusion, SDP has mucosal and systemic anti-inflammatory
effects as well as neuroprotective properties in senescent mice; these effects are well correlated with
SDP promotion of the abundance of probiotic species, which indicates that the gut-brain axis could
be involved in the peripheral effects of SDP supplementation.

Keywords: microbiota; Alzheimer’s disease; aging; dietary supplementation; spray-dried porcine plasma

1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia in elderly people. It is
characterized by memory loss, the extracellular deposition of 3-amyloid (A) peptides and
the aggregation of hyperphosphorylated tau (p-tau) protein, which is the main component
of neurofibrillary tangles [1]. Neuroinflammation plays a critical role in AD because it can
promote the accumulation of A and p-tau [2]. There is currently no cure for this disease
and the etiology underlying its progression remains unclear [3]. Although aging is the
major risk factor for AD [4], many factors can influence its development, such as family
history, susceptibility genes, and diet [5].

The gut microbiota, which comprises bacteria, archaea, fungi, and viruses that reside
in the gastrointestinal tract, plays a key role in health and disease. In a healthy state, the
microbiota is involved in the maintenance of the intestinal barrier, inhibition of pathogen
adhesion to the epithelial surface, production of short-chain fatty acids (SCFAs), and regu-
lation and maturation of the mucosal immune system [6]. During aging, the microbiota
composition is altered, resulting in an increase in the abundance of pathogenic bacteria
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and a more pro-inflammatory microbiota profile. This type of microbial alteration, which
is called dysbiosis, is associated with many intestinal diseases, such as inflammatory
bowel disease and irritable bowel syndrome, but is also linked to extraintestinal inflam-
matory diseases such as asthma and obesity [7], as well as neurodegenerative diseases
such as Parkinson’s disease and AD [8]. Furthermore, an altered microbiota composition
and increase in pathogenic bacteria are associated with a disruption of the intestinal bar-
rier [9]. Consequently, microbiota and their by-products can cross the intestinal barrier
and activate toll-like receptors (TLR) and the immune system. This induces the release of
pro-inflammatory cytokines and leads to an inflammatory state, which can promote neu-
roinflammatory responses and neurodegeneration in the central nervous system through
the gut—brain axis [10].

The gut—brain axis is a network of connections involving neural, immune, endocrine,
and metabolic pathways that enables communication between the gut and the brain. The
concept of the microbiota—gut—brain axis has emerged because there is growing evidence
of the role played by the microbiota in many neurological diseases [11]. Specifically, age-
associated changes in the gut microbiota may play an important role in AD progression [12].
This interplay between the microbiota and the brain and their effects on AD are based on
studies on germ-free animals or animals treated with antibiotics. Both models exhibit a
reduction in working memory, cognitive function, synaptic plasticity, and an immaturity
of microglia. Interestingly, behavioral and molecular changes in the brain and alterations
in the gut microbiota have been reported in several AD mice models at different ages [13].
Notably, the use of probiotics, prebiotics, and fecal microbiota transplant alleviate neu-
roinflammation and improve memory [8]. Diet and dietary supplements are essential
factors that can modulate the gut microbiota by increasing or decreasing the levels of some
bacterial species and thereby modify the abundance of certain metabolites of microbial
origin. In addition, they can play a vital role in protecting against AD via the gut—brain
axis [14].

Spray-dried porcine plasma (SDP) is a functional protein source that contents many
functional components such as albumin, immunoglobulins, transferrin, fibrinogen, growth
factors and many other peptides that not only promote intestinal function but also have
systemic effects beyond the intestine, such as on the respiratory and reproductive sys-
tems [15-18]. Using aged senescence-accelerated prone (SAMPS8) mice, we have previously
shown that dietary supplementation with SDP prevents cognitive decline and reduces
neuroinflammation and oxidative stress in the central nervous system [19] and decreases
the neuropathological hallmarks of AD [20]. Moreover, SDP has been widely studied for its
anti-inflammatory properties in gut-associated lymphoid tissue and in several experimental
models of chronic and acute inflammation [21,22]. SDP also exerts prebiotic effects by en-
hancing the levels of beneficial species that induce anti-inflammatory pathways in weaned
mice [23]. Therefore, the present study aimed to elucidate if the microbiota—gut—brain
axis is involved in the neuroprotective effects of SDP in aged SAMP8 mice, which is a
well-established model of AD [24].

2. Materials and Methods
2.1. Animals, Experimental Design, and Diets

Male SAMP8 mice were obtained from Envigo (Bresso, Italy) and were kept at the
animal facility of the Faculty of Pharmacy and Food Sciences of the Universitat de Barcelona
under stable temperature and humidity conditions and a 12 h:12 h light/dark cycle. All
animal experiments were performed following the Guide for the Care and Use of Laboratory
Animals, and the protocols used in this study were approved by the Ethics Committee for
Animal Experimentation of the Universitat de Barcelona and the Catalan government (ref.
337/19 and 11,128, respectively). Animals were housed individually and fed experimental
diets (control (CTL) or SDP) for 4 months. SDP is a functional protein source obtained
from the blood of healthy pigs intended for human consumption [25]. The diets were
balanced for energy, lysine, methionine, and total nitrogen and were formulated to meet
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National Research Council requirements [26] for laboratory animals. The composition of
the experimental diets is detailed in Rosell-Cardona et al. [20]. Mice were divided into
three groups: 2M, 2-month-old mice fed standard commercial feed; 6M-CTL, 6-month-old
mice fed Control diet for 4 months; and 6M-SDP, 6-month-old mice fed with SDP diet for
4 months.

2.2. Sample Collection

The day before animals were euthanized, their feces were collected under clean
conditions and immediately frozen in liquid nitrogen. At the end of the experimental
period, the mice were anesthetized by an intraperitoneal injection of ketamine:xylazine
(100:10 mg/kg). Blood was obtained directly from cardiac puncture and tissue samples
were taken from the brain cortex and colonic mucosa. All samples were quickly frozen at
—80 °C until their use.

2.3. Open Field Test

The open field test (OFT) evaluates the locomotor activity and anxiety-like behavior of
mice, based on their aversion to luminous and open spaces. It was performed as described
by Puigoriol-Illamola et al. [27]. Briefly, mice were placed in the center of a white wooden
box (50 x 50 x 25 cm) divided into central and peripheral zones (15 cm between the central
zone and the wall). Mice explored the box for 5 min and each trial was recorded using a
camera placed on the top of the box. The locomotor activity of the mice calculated as the
sum of total distance travelled, the number of rearings, and the border stay duration were
analyzed with SMART®v3.0 software (Harvard Bioscience, Holliston, MA, USA). Between
each trial, the box was carefully cleaned with 70% ethanol.

2.4. Novel Object Recognition Test

The novel object recognition test (NORT) allows the evaluation of short- and long-term
memory. It was carried out as described by Garcia-Just et al. [19]. Briefly, mice were
placed in a 90-degree two-arm (25-cm long, 20-cm high, 5-cm wide) black maze. Mice were
habituated to the maze for 10 min on three consecutive days. On the fourth day, the animals
underwent a 10 min acquisition trial, in which they were placed in the maze in the presence
of two identical objects situated at the end of each arm. During this trial, side preference
and explorative index were measured. The first retention trial was performed two hours
later to evaluate short-term memory. During this trial, one of the objects was replaced by a
new one and the behavior of the mice was recorded for 10 min. The second retention trial,
which measures long-term memory, was conducted 24 h after the acquisition trial. Another
new object replaced the other new object in the previous trial. The mice were recorded for
10 min. The time that mice spent exploring the new object (NO) and the time that mice
spent exploring the old object (OO) were measured from video recordings of each trial. To
evaluate the cognitive performance, the discrimination index (DI) was calculated, which is
defined as (NO — OO)/(NO + OO). A lower DI indicates less memory capacity.

2.5. Western Blot

Western blot was performed as described by Mir6 et al. [21]. Briefly, brain cortex
samples were homogenized using a Polytron homogenizer (PRO Scientific Inc., Oxford,
CT, USA) at 20,000 rpm in a lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 2 mM
ethylene-diamine-tetra-acetic acid (EDTA), 1% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 mM dithiothreitol (DTT) and 2% (v/v) protease inhibitor cocktail (all
from Sigma-Aldrich, St. Louis, MI, USA). Equal amounts of protein (50 ug) were separated
on 10%-15% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Bio-
Rad, Hercules, CA, USA). The membranes were then blocked and incubated overnight at
4 °C with specific primary antibodies against nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«kB) p65 (ser536), total NF-«B (both obtained from rabbit and used at
1/1000, Cell Signaling Technology Inc., Danvers, MA, USA), brain-derived neurotrophic



Nutrients 2022, 14, 2211

40f21

factor (BDNF, from rabbit and used at 1/500, Santa Cruz Biotechnology Inc., Dallas, TX,
USA) and actin (from mouse and used at 1/10,000, Sigma-Aldrich). Next, the membranes
were incubated with HRP-conjugated secondary antibodies (Sigma-Aldrich). Protein bands
were visualized using the Clarity chemiluminescence detection kit and ChemiDoc XRS+
instrument (both from Bio-Rad) and quantified using the gel analyzer plug-in Gel Lanes Fit
from Image] software [28].

2.6. Real-Time PCR

RNA was extracted from the brain cortex and colonic mucosa as described previ-
ously [20]. Total RNA was reverse-transcribed using the High-capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). Real-time PCR was per-
formed on a MiniOpticon Real-Time PCR System (Bio-Rad). The primers used are shown
in Supplementary Table S1. TagMan gene expression assays (Applied Biosystems, Foster
City, CA, USA) were used for Occludin (Mm0128968_m1) according to the manufacturer’s
instructions. Product fidelity was confirmed by melting-curve analysis. Each PCR run
included duplicates of reverse transcription for each sample and negative controls (reverse
transcription-free samples, RN Afree sample). Target gene transcripts were quantified using
Hprtl gene expression as reference and with the 24T method [29].

2.7. Quantification of Cytokines

Cytokine concentrations in serum and cortex samples were quantified using Bio-Plex
Pro™ Cytokine, Chemokine and Growth Factor Assay kit (Bio-Rad), according to the
manufacturer’s instructions.

2.8. Lipopolysaccharide Determination

Serum and cortical lipopolysaccharide (LPS) levels were determined using the Com-
petition ELISA kit for LPS (Antibodies-online Inc., Atlanta, GA, USA), according to the
manufacturer’s instructions.

2.9. Extraction and Purification of Total Genomic DNA

DNA was extracted as described previously by Moreto et al. [23]. Briefly, fecal samples
were suspended in 4 M guanidine thiocyanate, 10% N-lauroyl sarcosine and 5% N-lauroyl
sarcosine (all from Sigma-Aldrich). DNA was extracted by mechanical disruption of the
microbial cell wall using Zirconia/silica beads (BioSpec Products, Bartlesville, OK, USA).
The disruption was performed by shaking the mixture using the FastPrep®—24 instrument
(MP Biomedicals, Solon, OH, USA). Then, polyvinylpolypyrrolidone was added (Sigma-
Aldrich) and tubes were vortexed and centrifuged for 3 min at 12,000x g. The pellet was
washed with TENP (50 mM Tris (pH 8), 20 mM EDTA (pH 8), 1% polyvinylpolypyrroli-
done, 100 mM NaCl). DNA was precipitated by isopropanol and incubated with RNase
(Qiagen, Venlo, The Netherlands). To precipitate nucleic acids, 3 M sodium acetate (Sigma-
Aldrich) and absolute ethanol (JT Baker, Deventer, The Netherlands) were added. DNA
was quantified using a NanoDrop ND-100 Spectrophotometer (Thermo Fisher Scientific).

2.10. 165 rDNA Gene Analysis

Extracted genomic DNA was processed and the variable V3 and V4 regions of the 165
rRNA gene were amplified. The primers to detect 165 rRNA were: 5'-TCGTCGGCAGCGTC
AGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3' (forward) and reverse 5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3
(reverse). High-throughput sequencing was performed using the Illumina MiSeq platform
(IIIumina, San Diego, CA, USA) at the Genomics and Bioinformatics Service, Universitat
Autonoma de Barcelona (Bellaterra, Spain).
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2.11. Statistical Analysis

Results are presented as means =+ standard error of the mean (SEM). All results were
analyzed using GraphPad Prism®software v8 (GraphPad Software Inc., La Jolla, CA, USA).
First, Grubb’s test was performed to detect outliers, in addition to Levene’s test to check the
homogeneity of variance and the Shapiro-Wilk test to verify data normality for all groups.
To compare groups, one-way ANOVA followed by the Fisher posthoc test was used for
normally distributed data. In contrast, the Kruskal-Wallis test was used for non-normally
distributed data. To analyze the evolution of body weight and feed consumption of the
aged animals, the area under the curve was calculated for each animal and these values
were compared using the t-student test. Differences were considered statistically significant
when p < 0.05. Microbial data were analyzed with ANOVA test, followed by the Benjamini
and Hochberg method that corrected p values (or g values) for the false discovery rate
(FDR) for normally distributed data. In contrast, the Kruskal-Wallis test was used for
non-normally distributed data. Differences were considered statistically significant when
g <0.1[30].

3. Results
3.1. Body Weight and Food Intake

Aged animals fed the SDP feed showed a higher rate of body weight gain than control
(CTL) mice (p < 0.001; Figure 1A). At the end of the experimental period, body weight gain
was greater in SDP mice than in CTL mice (p = 0.008; Figure 1B). Both groups of animals
had similar food intake (Figure 1C).

B - .
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15 + 6 -
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Figure 1. Body weight evolution (A), body weight increase (B) and food intake evolution
(C) of SAMP8 mice during the experimental period. Results are expressed as mean + SEM
(n = 11-12 mice/group). Statistics: t-Student test.

3.2. Behavioral and Cognitive Tests

AD is associated with behavioral and cognitive abnormalities, so we evaluated
whether SDP could mitigate these alterations in aged SAMPS8 mice. Representative tracking
maps of the OFT of all groups are shown in Figure 1A. Aging reduced the locomotor activ-
ity of the mice (6M-CTL vs. 2M; p < 0.001; Figure 2B) and SDP attenuated this reduction
(6M-SDP vs. 6M-CTL; p = 0.027). Furthermore, we showed reduced exploratory activity
(6M-CTL and 6M-SDP, p < 0.001 and p = 0.008; Figure 2C), and increased anxiety-like
behavior (6M-CTL and 6M-SDP, p = 0.019 and p < 0.001; Figure 2D) in both groups of aged
mice, without differences due to SDP supplementation.

To assess the working memory of mice, they were evaluated using the NORT. During
the familiarization phase, all groups had a similar explorative index and object preference
(Figure 3A,B, respectively). Regarding short-term memory, aged mice had lower values
of DI than younger mice (6M-CTL vs. 2M; p = 0.008; Figure 3C). SDP supplementation
prevented this reduction (6M-SDP vs. 6M-CTL; p = 0.039), showing similar DI values to
those of young mice. Regarding long-term memory, aged mice had a lower DI than the
young group (6M-CTL vs. 2M; p < 0.001; Figure 3D). SDP supplementation prevented this
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reduction, as these mice showed higher DI values than aged mice (6M-SDP vs. 6M-CTL;
p = 0.040).
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Figure 2. Open field test (OFT). Representative tracking maps of 2M, 6M-CTL, and 6M-SDP groups
(A), locomotor activity (B), exploratory activity (C) and percentage of time in the border zone (D).
Results are expressed as mean = SEM (n = 11-12 mice/group). Statistics: ANOVA (Fisher multiple
comparison test), and Kruskal-Wallis test.
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Figure 3. Novel object recognition test (NORT). Explorative index (A), object preference
(B), short-term memory (C), long-term memory (D). Results are expressed as mean + SEM
(n = 11-12 mice/group). Statistics: ANOVA (Fisher multiple comparison test).

3.3. Effects on the CNS

Molecularly, it has been well-established that SAMP8 presents changes in brain-
derived neurotrophic factor (BDNF) pathway. Neither aging nor SDP supplementation
changed the relative abundance of the precursor form of BDNF (pro-BDNF; Figure 4A) in
the cortex. However, senescence reduced the abundance of mature form of BDNF (m-BDNF;
6M-CTL vs. 2M; p = 0.049; Figure 4B), which was prevented by SDP supplementation
(6M-SDP vs. 6M-CTL; p = 0.030).
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Figure 4. Abundance of BDNF precursor (pro-BDNF) (A) and mature BDNF (m-BDNF) (B). Results
are expressed as mean & SEM (1 = 5—6 mice/group). Statistics: ANOVA (Fisher multiple comparison
test), and chi-square test.

Gene expression of the pro-inflammatory cytokines Il-13 and Il-6 was increased in the
cortex of aged mice (6M-CTL vs. 2M; p = 0.002 and p < 0.001, respectively; Figure 5A,B), as
was the abundance of p65-NF-«B (6M-CTL vs. 2M; p = 0.023; Figure 5C). Supplementation
with SDP reduced the gene expression of the pro-inflammatory cytokines (both p = 0.014)
and attenuated the effect of aging on the abundance of p65-NF-«B (6M-SDP vs. 6M-
CTL; p = 0.043). In addition, aged mice showed decreased gene expression of the anti-
inflammatory cytokine Tgf-f3 compared with young mice (6M-SDP vs. 6M-CTL; p = 0.037;
Figure 5D). SDP supplementation prevented this decrease (6M-SDP vs. 6M-CTL; p = 0.041)
and also increased the concentration of IL-10 in the cortex of senescent mice (6M-SDP vs.
6M-CTL; p = 0.022; Figure 5E).
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Figure 5. Neuroinflammation in cortical tissue. Gene expression of II-18 (A) and II-6 (B), protein
abundance of p65-NF-kB respect to total NF-kB (C), gene expression of Tgf-f (D), and concentration
of IL-10 (E). Results are expressed as mean & SEM (n = 8-9 mice/group). Statistics: ANOVA (Fisher
multiple comparison test). Il, interleukin; NF-«B, nuclear factor kappa-light-chain-enhancer of
activated B cells; Tgf-f3, transforming growth factor-beta.
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Moreover, the gene expression of toll-like receptor 2 (TIr2) was higher in senescent
mice (6M-CTL vs. 2M; p = 0.012; Figure 6A), and SDP supplementation prevented this
age-associated increase (6M-SDP vs. 6M-CTL; p = 0.030). On the other hand, no effects
of aging or diet were observed for Tir4, Cd14, and Myd88 gene expression (Figure 6B-D,
respectively). The gene expression of TIR-domain-containing adapter-inducing interferon-
B (Trif) was increased in the cortex by senescence (6M-CTL vs. 2M; p = 0.018; Figure 6E).
Conversely, the concentration of LPS in the cortex was not modified by aging or diet

(Figure 6F).
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Figure 6. TLR signaling pathway in cortical tissue. Gene expression of TIr2 (A), Tlr4 (B), Cd14
(C), Myd88 (D), Trif (E), and concentration of LPS (F). Results are expressed as mean + SEM
(n = 6-9 mice/group). Statistics: ANOVA (Fisher multiple comparison test). Cd14, cluster of differen-
tiation 14; LPS, lipopolysaccharide; Myd88, myeloid differentiation factor 88; Tlr, toll-like receptor;
Trif, toll-like receptor adaptor molecule 1.

3.4. Systemic Effects

Aging has been previously described to increase systemic inflammation in SAMP8
mice [29]. Of note, senescence increased systemic inflammation by augmenting the con-
centration of LPS (6M-CTL vs. 2M; p = 0.032; Figure 7A), and of the pro-inflammatory
cytokines IL-13 and TNF-« in the serum of aged mice (6M-CTL vs. 2M; p = 0.021 and
p < 0.001; Figure 7B,C, respectively), and SDP supplementation reduced the concentration
of both cytokines in senescent mice (6M-SDP vs. 6M-CTL; p = 0.004 and p = 0.011, respec-
tively). Furthermore, SDP supplementation tended to increase the serum concentration of
the anti-inflammatory cytokine IL-10 (6M-SDP vs. 6M-CTL; p = 0.066; Figure 7D).
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Figure 7. Systemic inflammation. Concentrations of LPS (A), IL-1p (B), TNF-« (C), and IL-10 (D).
Results are expressed as mean + SEM (n = 8-9 mice/group). Statistics: ANOVA (Fisher multiple
comparison test). IL, interleukin; LPS, lipopolysaccharide; TNF-«, tumor necrosis factor-alpha.

3.5. Gut Microbiota

The Shannon’s index, used as a reflection of the diversity of species in a community,
was similar in the different groups (Figure 8A). The number of species in feces (species
richness) was not modified by age or SDP supplementation (Figure 8B). The gut microbiota
of these mice predominantly comprised Bacteroidetes (42.4%—44.3%; Figure 8D-F) and
Firmicutes (30.7%-38.0%), which constituted the dominant phyla, and their ratio (F/B) was not
modified by age or SDP supplementation (Figure 7C). They were followed by Proteobacteria
(14.2%-15.5%), Verrucomicrobia (0.5%—6.7%), Actinobacteria (0.4%—0.8%), Tenericutes (0.6%—1.0%),
Deferribacteres (0.2%—-0.5%), and others. No significant differences could be attributed to age
or SDP supplementation.
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Figure 8. Microbial Shannon’s index (A), species richness (B), ratio between Firmicutes/Bacteroidetes
(E/B) (C), and bacterial composition at the phylum level in the 2M group (D), 6M-CTL group (E), and
6M-SDP group (F). Results are expressed as mean £ SEM and as percentages (1 = 10-11 mice/group).
Statistics: ANOVA (Benjamini and Hochberg multiple comparison test).
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The effects of age and SDP supplementation at the family level are shown in Table 1.
Senescence reduced the abundance of the families Lactobacillaceae and Clostridiaceae, from
the Firmicutes phylum; Sphingobacteriaceae, Flavobacteriaceae, and Prevotellaceae, from Bac-
teroidetes phylum; and Helicobacteraceae, from the Proteobacteria phylum (6M-CTL vs. 2M;
all g < 0.05); whereas increased Erysipelotrichaceae, from the Firmicutes phylum (6M-CTL vs.
2M; q < 0.05); and Bacteroidaceae and Porphyromonadaceae, from the Bacteroidetes phylum
(6M-CTL vs. 2M; both, g < 0.1). On the other hand, SDP supplementation prevented the
effect of aging on the Lactobacillaceae family and increased the relative abundance of the
Eubacteriaceae family (6M-SDP vs. 6M-CTL; both g < 0.05).

At the genus level and within the Firmicutes phylum, senescence reduced the relative
abundance of the anti-inflammatory genera Lactobacillus and Pediococcus (6M-CTL vs. 2M;
g =0.009 and g < 0.001, respectively; Figure 9A,B) and SDP supplementation prevented
these reductions (6M-SDP vs. 6M-CTL; g = 0.040 and g = 0.006, respectively). Furthermore,
SDP supplementation increased the abundance of the acetyl-CoA producer Acetobacterium
(6M-SDP vs. 6M-CTL; g = 0.063; Figure 9C). The abundance of the pathogenic bacteria
Erysipelothrix was increased in aged mice compared with young mice (6M-CTL vs. 2M;
g = 0.038; Figure 9D). SDP supplementation reduced it (6M-SDP vs. 6M-CTL; g = 0.084)
and also reduced the relative abundance of the pathogenic bacteria Johnsonella (6M-SDP vs.
6M-CTL; g = 0.039, Figure 9E). Besides, aging reduced Clostridium abundance (6M-CTL vs.
2M; g = 0.007, Figure 9F), but SDP had no effects on its abundance.

Table 1. Bacterial composition at family level.

q
. 2M 2M 6M-CTL
Phylum Family 2M 6M-CTL 6M-SDP 6M-CTL 6M-SDP 6M-SDP
Lactobacillaceae 10.1 £2.2 1.34+0.3 6.6 £2.0 0.003 NS 0.019
Eubacteriaceae 0.8+0.2 044+0.1 204+ 0.6 NS NS 0.033
Firmi Erysipelotrichaceae 0.1 +0.01 39+19 0.5+0.2 0.029 NS NS
irmicutes Lachnospiraceae 201 +22 232422 17.6 + 1.7 NS NS NS
Clostridiaceae 6.7 + 0.6 4.0+04 4.7 +0.7 0.008 0.030 NS
Ruminococcaceae 46 +05 3.6 05 3.8+0.6 NS NS NS
Bacteroidaceae 102+1.9 21.24+19 21.8 +2.0 <0.001 <0.001 NS
Porphyromonadaceae 8.0+13 11.3£1.0 121+£12 0.082 0.060 NS
Sphingobacteriaceae 554+ 0.6 3.8+03 434+0.3 0.036 NS NS
Bacteroidetes Flexibacteraceae 0.3+£0.1 05+0.1 04 +0.1 NS NS NS
Flavobacteriaceae 424+ 0.6 22403 21+04 0.005 0.005 NS
Odoribacteriaceae 32+07 19+£03 244+05 NS NS NS
Prevotellaceae 92+22 1.6 +0.4 0.6 £0.2 0.018 0.017 NS
Desulfovibrionaceae 19+04 26+04 31+04 NS NS NS
Proteobacteria Enterobacteriaceae 0.6 0.1 0.54+0.1 0.6 0.1 NS NS NS
Helicobacteriaceae 3.6 £0.7 1.4+ 0.3 0.8+0.3 0.004 <0.001 NS
Verrucomicrobia ~ Verrucomicrobiaceae 0.03 +0.01 32416 81+£1.9 NS 0.016 NS
Actinobacteria Bifidobacteriaceae 0.05 £ 0.01 05+03 0.05 £ 0.01 NS NS 0.069

Results are expressed as percent of the total population at family level (mean + SEM; n = 10-11 mice). Statistics:

ANOVA (False discovery rate, Benjamini and Hochberg multiple comparison test). NS: non-significant.
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Figure 9. Fecal microbial composition at the genus level of the Firmicutes phylum. Relative abun-
dance of Lactobacillus (A), Pediococcus (B), Acetobacterium (C), Erysipelothrix (D), Johnsonella (E), and
Clostridium (F). Results are expressed as mean & SEM (n = 10-11 mice/group). Statistics: ANOVA
(False discovery rate, Benjamini and Hochberg multiple comparison test).

At the genus level and considering the Bacteroidetes phylum, senescence increased
Bacteroides abundance (6M-CTL vs. 2M; g < 0.001; Figure 10A), although no effect of SDP
supplementation was observed. Aging reduced the relative abundance of Prevotella and SDP
supplementation has no effect (6M-CTL vs. 2M; q = 0.013; Figure 10B). Senescence reduced
levels of Odoribacter (6M-CTL vs. 2M; q < 0.001; Figure 10C) and SDP supplementation
attenuated this effect (6M-SDP vs. 6M-CTL; g = 0.071). The Parabacteroides genus was
increased in aged mice (6M-CTL vs. 2M; q = 0.022, Figure 10D) and there was no effect of
SDP supplementation.
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Figure 10. Fecal microbial composition at the genus level of the Bacteroidetes phylum. Relative abun-
dance of Bacteroides (A), Prevotella (B) Odoribacter (C), and Parabacteroides (D). Results are expressed
as mean £ SEM (n = 10-11 mice/group). Statistics: ANOVA (False discovery rate, Benjamini and
Hochberg multiple comparison test).

At the species level, aging reduced the abundance of several species of the Lacto-
bacillus genus such as L. taiwanensis, L. siliginis, L. antri and L. intermedius as well as
Pediococcus argentinicus (6M-CTL vs. 2M; all g < 0.05; Table 2), and SDP supplementation
prevented this effect on L. siliginis levels (6M-SDP vs. 6M-CTL; g = 0.047). Aged mice
showed an increase in some species of Bacteroides spp., along with Erysipelothrix muris and
Parabacteroides gordonii (6M-CTL vs. 2M; all g < 0.05), and a reduction in Helicobacter mastomyrinus
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and Prevotella dentasini (6M-CTL vs. 2M; both g < 0.05). SDP supplementation reduced
the abundance of Erysipelohtrix muris, Helicobacter mastomyrinus, Bacteroides denticanum,
and Bifidobacterium choerinum (6M-SDP vs. 6M-CTL; all g < 0.05) as well as
Parabacteroides gordonii (6M-SDP vs. 6M-CTL; q < 0.1) and increased Parabacteroides goldsteinii
(6M-SDP vs. 6M-CTL; q < 0.05).

Table 2. Effects of age and SDP on bacterial composition at species level.

q
. . 2M 2M 6M-CTL
Family Species 2M 6M-CTL 6M-SDP 6M-CTL 6M-SDP 6M-SDP
Lactobacillus hayakitensis 51£17 09+02 2.0£0.6 NS NS NS
Lactobacillus taiwanensis 19+0.7 02+0.1 05+03 0.003 0.070 NS
Lactobacill Lactobacillus siliginis 1.8 £05 0.3 +0.06 0.8+0.2 0.035 0.075 0.047
actobacillaceae Lactobacillus antri 11403 014002 03+02 0.018 0.016 NS
Lactobacillus intermedius 0.5+0.2 0.1 £0.03 0.3+£0.1 NS NS NS
Pediococcus argentinicus 05+01 0.08 £0.04 0.2£0.05 0.009 NS NS
Erysipelotrichaceae Erysipelhotrix muris 0.1 £0.02 89 £338 02=+01 0.020 NS 0.046
Prevotellaceae Prevotella dentasini 16.0 £ 3.7 1.6 +04 0.7£0.2 0.005 0.005 0.044
Bacteroides xylanisolvens 29+04 6.6 £1.2 8.7+ 1.3 0.031 0.002 NS
Bacteroides rodentium 2.7+06 3.2+09 56 +13 NS NS NS
Bacteroidaceae Bacteroides acidifaciens 05+0.1 41+0.7 46+£09 0.001 0.001 NS
Bacteroides sartorii 03+£0.1 1.1+03 1.3+0.1 0.011 0.002 NS
Bacteroides denticanum 09+0.1 6.5+ 1.1 3.1+£06 0.001 0.009 0.015
Porphyromonadaceae Parabacteroides goldsteinii 4.9 + 0.6 6.0+£0.7 10.6 =13 NS 0.005 0.013
Parabacteroides gordonii 0.0+ 0.0 3.6 0.8 1.7 £0.7 <0.001 0.014 0.070

Results are expressed as percent of the total population at species level (mean 4= SEM; n = 10-11 mice). Statistics:
ANOVA (False discovery rate, Benjamini and Hochberg multiple comparison test). NS: non-significant.

3.6. Effects on Colon Tissue

Gene expression analysis revealed that senescence increased the colonic expression of
TlIr2 and TIr4 (6M-CTL vs. 2M; p = 0.005 and p = 0.029; Figure 11A,B, respectively) and SDP
supplementation prevented both increases (6M-SDP vs. 6M-CTL; p = 0.025, and p = 0.018,
respectively). In addition, aging augmented the gene expression of Cd14 in the colonic
mucosa (6M-CTL vs. 2M; p = 0.015; Figure 11C), whereas SDP supplementation attenuated
this increase (6M-SDP vs. 6M-CTL; p = 0.019). Likewise, Myd88 gene expression was also
increased in the colonic mucosa of aged mice compared with the young group (6M-CTL vs.
2M; p = 0.007; Figure 11D). No effect was observed of aging or SDP supplementation on
Trif gene expression (Figure 11E).

Gene expression of Ffar2 (which encodes GPR43) and Ffar3 (which encodes GPR41)
was reduced in the colon tissue of aged mice (6M-CTL vs. 2M; p = 0.023 and p = 0.001;
Figure 11FG, respectively), whereas SDP supplementation increased the expression of both
genes (6M-SDP vs. 6M-CTL; p = 0.033 and p = 0.032, respectively).

In aged mice, the gene expression of pro-inflammatory cytokines (II-1p, II-6, Tnf-x)
was augmented in the colonic mucosa (6M-CTL vs. 2M; p = 0.001, p = 0.005 and p = 0.002;
Figure 12A-C, respectively), and SDP supplementation prevented the effects of aging on
11-6, and Tnf-a (6M-SDP vs. 6M-CTL; p = 0.045 and p = 0.015, respectively). Aging increased
the gene expression of Cd25 and F4/80 (6M-CTL vs. 2M; both p = 0.005; Figure 12D,E,
respectively), whereas SDP supplementation prevented these increases (6M-SDP vs. 6M-
CTL; p = 0.031 and p = 0.008, respectively). Itgne was increased in control and SDP-treated
senescent mice (p = 0.038 and p = 0.023, respectively; Figure 12F).

Senescence also impaired the intestinal barrier by reducing the gene expression of Tff3,
Muc2, and Occludin (6M-CTL vs. 2M; p = 0.011, p = 0.016, and p = 0.039; Figure 13A-C,
respectively). SDP supplementation prevented all of these aging-associated changes (6M-
SDP vs. 6M-CTL; p = 0.014, p = 0.022, and p = 0.045, respectively).
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Figure 11. Gene expression of the TLR signaling pathway and SCFA receptors in colon mucosa.
TIr2 (A), Tir4 (B), Cd14 (C), Myd88 (D), Trif (E), Ffar2 (F), and Ffar3 (G). Results are expressed as
mean & SEM (n = 9-11 mice/group). Statistics: ANOVA (Fisher multiple comparison test). Cd14,
cluster of differentiation 14; Ffar2, free fatty acid receptor 2 (GPR43); Ffar3, free fatty acid receptor
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Figure 12. Inflammation in colon tissue. Gene expression of II-18 (A), II-6 (B), Tnf-« (C), Cd25 (D),
F4/80 (E), and Itgae (F). Results are expressed as mean 4+ SEM (n = 9—11 mice/group). Statistics:
ANOVA (Fisher multiple comparison test) and Kruskal-Wallis test. Cd25, cluster of differentiation
25; Itgae, integrin alpha e; Il, interleukin; Tnf-«, tumor necrosis factor alpha.
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Figure 13. Intestinal barrier. Gene expression of Tff3 (A), Muc2 (B), and Occludin (C). Results are
expressed as mean = SEM (n = 9—11 mice/group). Statistics: ANOVA (Fisher multiple comparison
test). Muc2, mucin 2; Tff3, trefoil factor 3.

4. Discussion

There is consistent evidence supporting the ability of diet and dietary supplements to
influence the progression of Alzheimer’s disease (AD) through the microbiota—gut—brain
axis [14]. Mechanisms of communication between the gut microbiota and brain primarily
involve the regulation of the immune system and the activation of neural and endocrine
pathways by the gut microbiota or its by-products [31]. Dietary supplementation with SDP
improves brain resilience against the neuropathological hallmarks of AD [15] and prevents
the cognitive decline in SAMP8 mice [19]. Previous studies have shown that SDP supple-
mentation has anti-inflammatory properties because it can modulate the mucosal immune
response. Indeed, it can mitigate the harmful effects of Staphylococcus aureus enterotoxin B
challenge in rodents [22] or E. coli infection in pigs [32]. Furthermore, SDP supplementa-
tion has prebiotic effects, raising the abundance of health-promoting bacteria in weaned
mice [23], and weaned pigs [33]. Accordingly, in this study, we hypothesized that SDP
promotes changes in the microbiota profile that could be involved in the neuroprotective
effects of SDP.

As aforementioned, memory loss is one of the earliest reported symptoms in AD [1]. In
our study, we observed age-associated short- and long-term memory deterioration, which is
widely seen in SAMPS8 mice [34]. We also found that SDP supplementation was protective
against age-related cognitive decline [19]. The beneficial effect of SDP on cognition is
related to a lower loss of synaptophysin in the brain [19], consistent with the fact that
cognitive impairment can be due to synaptic dysfunction rather than neuronal loss [35].
Cognitive decline is also associated with reduced locomotor activity [36]. This age-related
motor dysfunction is typically observed in SAMP8 mice [37], as we corroborated in aged
SAMPS. For the first time, we have shown that SDP attenuated motor dysfunction in
aged SAMPS8 mice, similar to the increase in locomotor activity found in LPS-challenged
C57BL/6 mice [38].

BDNF plays an essential role in synaptic plasticity, brain neuroprotection, and mem-
ory [39]. Of note, BDNF levels decreased in AD patients because A3 peptides inhibit its
maturation [40], leading to neurodegeneration and synaptic loss [41]. In our study, aged
mice showed a lower abundance of mature form of BDNF, which correlates well with
memory loss. SDP supplementation increased m-BDNF levels that could be responsible
for the beneficial effect observed on memory retention. In addition, SDP supplementation
reduced sAPPf accumulation and A4 concentration in the brain. In fact, SDP supple-
mentation also reduced the expression of Bace-1, an essential enzyme in the amyloidogenic
pathway [20], correlating the reduced activation of the amyloidogenic pathway with an
increased abundance of the mature form of this neurotrophin. These results also agree with
studies showing that dietary supplements and prebiotics can increase BDNF abundance in
the brain and improve memory retention in adult rats [42].

Neuroinflammation and oxidative stress can worsen neurodegeneration and is con-
sidered a pathological hallmark of AD [2]. We have shown that SDP supplementation
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prevented neuroinflammation by diminishing the gene expression of the pro-inflammatory
cytokines Tnf-« and II-6 and increasing the levels of the anti-inflammatory cytokines Tgf-f3
and IL-10 in the cortex of aged mice. Moreover, in previous work, SDP supplementation
also decreased the concentration of hydrogen peroxide in the cortex, reducing oxidative
stress [19]. In addition, in this study, SDP supplementation also reduced gene expression
of Tlr2 as well as NF-«B activation. The expression of Tlr2 is upregulated in brains of AD
patients and in a mouse model of neurodegeneration [43]. Activation of TLR is not only
essential for generating neuroinflammation, but this pathway also plays an essential role
in promoting the amyloidogenic processing of Af3 [44]. Specifically, TLR2 and TLR4 are
binding sites for A3, and the signaling of both receptors can activate microglia and induce
the release of proinflammatory mediators [45]. The pathway activated through TLRs can be
either Myd88-dependent or -independent pathways, both of which induce inflammatory
cascades via activation of the transcription factor NF-«B [46]. Here, we observed that TLRs
were activated in a Myd88-independent pathway because the Trif adaptor was increased
in aged mice, while Myd88 was not modified. Activation of NF-kB is associated with
inflammatory responses and neurodegenerative diseases, such as in AD patients, where
it induces the amyloidogenic pathway and tau phosphorylation [47]. The reduction in
this signaling pathway observed in SDP-supplemented mice could be associated with the
ability of SDP to decrease the amyloidogenic pathway and tau phosphorylation, as well as
microglial activation [20].

Increasing evidence confirms the relationship between the microbiota and AD. The
microbiota can modulate microglia maturation, regulate blood —brain barrier permeability
and synaptic plasticity, or induce the formation of A} and neurofibrillary tangles [48].
Moreover, during aging, there is an alteration of the microbiota composition that con-
tributes to the increase in the low-intensity inflammatory state present during senescence
known as inflammaging. Dysbiosis also promotes LPS release and reduces the amount
of beneficial bacterial metabolites such as SCFA [49]. In this study, the senescent mice
exhibited a reduced abundance of beneficial species and an increase in pro-inflammatory
bacteria. For instance, aging increased the abundance of the Erysipelotrichaceae family,
and of the Johnsonella and Erysipelothrix genera, which are involved in inflammatory pro-
cesses [50]. These pathogenic bacteria are more abundant in an AD mouse model [51] and
may contribute to the cognitive decline in AD [52].

The SDP supplement mainly comprises peptides and proteins, which differentiates
it from other conventional prebiotics [23]. Some of its compounds can resist digestion in
the small intestine and reach the colonic lumen [53], where they can modify the colonic
microbiota. SDP supplementation enhanced the abundance of probiotic genera with well-
known anti-inflammatory properties at mucosal interfaces and reduced the abundance of
pathogenic bacteria, such as the Johnsonella and Erysipelothrix genera. More specifically, at
the species level, SDP prevented the effects of aging on the abundance of Erysipelhotrix muris
and Prevotella dentasini. Furthermore, an SDP diet also enhanced the abundance of Eubacte-
riaceae family, which has health-promoting effects for the host, and is negatively correlated
with dementia [54].

SDP supplementation promotes the abundance of the Lactobacillaceae family, as well as
different health-promoting genera within it, such as Lactobacillus and Pediococcus. These
effects of SDP on Lactobacillus have been also observed in other mice strains [23] and in
pigs [33]. Furthermore, oral administration of Lactobacillus bacteria prevents cognitive
decline in both humans and rats [55] and improves memory retention in aged SAMPS8
mice [56], in addition to increasing BDNF levels in the rodent brain [57]. These observations
are consistent with our findings regarding augmented BDNF abundance and prevention of
cognitive decline. Furthermore, Lactobacillus exerts anti-inflammatory effects by increasing
plasma IL-10 levels [57], which is also increased in SDP-supplemented senescent mice.

SDP supplementation also augmented the abundance of other bacterial genera of the
Firmicutes phylum, such as Acetobacterium, which is an acetyl-CoA producer [58]. Increased
acetyl-CoA levels improve cognitive function during aging [59] and acetyl-CoA is the main
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precursor of butyrate [60]. SCFAs, especially butyric acid, can inhibit the expression of the
cytokines II-6, II-16, and Tnf-a, thereby exerting anti-inflammatory effects [61]. SCFAs can
mediate cellular functions by activating cell surface G protein-coupled receptors (GPCR),
such as Ffar2 and Ffar3, which are expressed on epithelial and immune cells [31]. Here,
SDP supplementation increased the gene expression of Ffar2 and Ffar3, which would
suggest that some of the anti-inflammatory and neuroprotective effects of SDP may be
mediated through SCFA. These byproducts produced by the microbiota may circulate to
the brain, modulating the degree of immune system activation and regulating microglia
maturation [31], and could therefore be a link between the gut microbiota and the reduction
in neuroinflammation.

Aging-related dysbiosis promotes the production of LPS and the increase of the intesti-
nal barrier permeability, which allows the translocation of bacteria and their by-products
into the bloodstream [62]. Recent studies have revealed that increased intestinal permeabil-
ity induces systemic inflammation, impairing the blood —brain barrier function, triggering
neuroinflammation and cognitive dysfunction [8,63]. In the present study, it was observed
that aged mice showed a lower expression of genes related to the production and mainte-
nance of the mucus layer (Tff3 and Muc2) and to the epithelial barrier tightness (Occludin)
and, as consequence of the impaired intestinal barrier, the serum LPS concentration was
elevated in aged mice. Indeed, AD patients show higher plasma LPS concentration, which
may promote the development of the amyloid pathology [64]. In contrast, dietary sup-
plementation with SDP prevented the age-associated changes in the gene expression of
Occludin, Muc2 and Tff3. These effects of SDP may be related to the effects observed on
the microbiota, since Lactobacillus bacteria enhance the intestinal barrier, and reduce colon
permeability [65], promoting mucus secretion, providing antimicrobial protection and
preventing the translocation of pathogenic bacteria [66]. Indeed, this ability of SDP to
improve intestinal barrier tightness has been observed in different experimental models of
intestinal inflammation, both acute [67] and chronic [21] inflammation.

These effects of aging on intestinal barrier function are accompanied by colonic mu-
cosal inflammation, and a recruitment of activated T cells (Cd25) and macrophages (F4/80).
Bacteria can activate immune cells through TLR receptors. This is consistent with increased
expression of Tlr2 and Tlr4 in the colonic mucosa. Activation of the immune response
results in systemic inflammation which is also common along aging [68]. In this work, the
systemic concentration of pro-inflammatory cytokines (e.g., IL-1 and TNF-«), increased
with aging. Patients with AD show elevated concentrations of circulating IL-13 and TNF-
o [69], which are considered as peripheral biomarkers for AD [70]. Indeed, chronic systemic
inflammation induces AD-like neuropathology in mice [63]. Various factors of the inflam-
matory cascade can circulate to the brain, cross the altered blood—brain barrier [10], and
activate microglia, thereby altering cognitive function [48]. Dietary supplementation with
SDP showed immunomodulatory effects by reducing the intensity of the immune response
in the colon. The SDP diet decreased the gene expression of the innate receptors Tlr2 and
Tlr4 and the recruitment of activated T cells and macrophages, as well as the expression of
the pro-inflammatory cytokine Tnf-a and II-6. This effect of SDP is relevant because immune
activation and the release of pro-inflammatory cytokines can disassemble tight-junction
proteins increasing epithelial permeability [71] and promoting and perpetuating intestinal
inflammation [72]. SDP supplementation not only attenuated the immune response in
the colon, but also systemically, by reducing the concentration of pro-inflammatory cy-
tokines (TNF-« and IL-1$3) in the serum as well as by increasing the concentration of the
anti-inflammatory cytokine IL-10. The SDP induced reduction in systemic inflammation is
consistent with previous results in aged mice [73].
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5. Conclusions

In conclusion, dietary supplementation with SDP increases the abundance of probiotic
species in the gut and reduces the local and systemic inflammatory responses. This attenu-
ation of the immune response results in reduced neuroinflammation, improving cognitive
performance in senescent animals (Figure 14). Taken together, this study shows that SDP
supplementation has prebiotic effects and suggests that the microbiota—gut—brain axis
could play a role in the neuroprotective effects of SDP.
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Figure 14. Schematic integrative representation of the effects of SDP supplementation on the
gut—brain axis in an AD mouse model. Dietary supplementation with SDP promotes the growth of
probiotic genera and reduces the levels of pathogenic genera. This is accompanied by a reduction
in the intestinal permeability and local and systemic immune and inflammatory responses. These
effects culminate in a reduction in neuroinflammation and an amelioration of the cognitive decline.
AD, Alzheimer’s disease; GPCR, G protein-coupled receptors; SDP, spray-dried porcine plasma; TLR,
toll-like receptor.
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DISCUSSIO






Actualment, hi ha un increment de I'esperanca de vida, que s’associa a un augment de la
prevalenca de la deméncia. El tipus més comu de demeéncia és I’AD, i el seu factor de risc
principal és I’envelliment (Soria Lopez et al.,, 2019). Durant I'envelliment, hi ha una
inflamacid cronica de baix grau que s’anomena inflammaging, que activa de forma
cronica i desregula el sistema immunitari (Franceschi et al., 2018) i, conseqlientment,
accelera la progressié de I’AD (Hou et al., 2019). L'augment de la prevalenca de la
demencia té un gran impacte economic per la societat, i és una de les principals causes
d’invalidesa i dependéncia de la gent gran (Lane et al., 2018). Actualment, no hi ha cap
tractament eficac que pugui curar I'AD, ni disminuir 'alteracié de la funcidé cognitiva
associada a la malaltia. Per aquest motiu, hi ha un interés creixent en estudiar com
prevenir o com frenar la seva progressio (Soria Lopez et al., 2019), on la nutricié hi pot

exercir un paper rellevant.

La nutricid és un dels factors modificables més importants de la salut. La dieta pot
modular el sistema immunitari (Calder et al., 2017), aixi com modificar la composicié de
la microbiota (Kincaid et al., 2021). Diferents estudis evidencien que el manteniment
d’una alimentacié sana i equilibrada poden prevenir diferents malalties com les
cardiovasculars, la hipertensio, la dislipémia, la T2DM o I'obesitat (Dominguez et al.,
2021), els quals al mateix temps sén factors de risc que influencien en I’AD (Vinicius et
al., 2019). A més, tant la dieta com complements alimentaris poden enrederir el progrés
de I'AD, reduir la neuroinflamacio i millorar el deteriorament cognitiu (Minihane et al.,
2015). Per tant, molts estudis s’han centrat a investigar el paper de la dieta i de
complements alimentaris que ajuden a disminuir el risc de patir la malaltia, com per
exemple, complements anti-inflamatoris i anti-oxidants, com sén l'omega-3 i el

resveratrol (Canhada et al., 2018; Grifian-Ferré et al., 2021).

L'SDP és un producte plasmatic obtingut de sang de porcs sans destinats al consum
huma. La bioseguretat de I’'SDP s’avalua en diferents punts al llarg del seu processat, en
el qual, les proteines plasmatiques s'exposen a temperatures elevades durant un periode
molt curt. Aixd permet que les proteines no es desnaturalitzin i, per tant, preservin la
seva activitat biologica (Gatnau et al., 1989; Borg et al., 2002). L'SDP consta de molts
components funcionals com l'albumina, immunoglobulines, transferrina, fibrinogen,
factors de creixement i molts altres péptids que tenen activitats biologiques intestinals i

sistémiques (Rosell-Cardona et al., 2021; Campbell et al., 2019).

La suplementacié dietética amb I'SDP esta ampliament estudiada per les seves

propietats anti-inflamatories en diferents models experimentals d’inflamacié, tant
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cronics com aguts (Miré et al., 2020a; Pérez-Bosque et al., 2016b), i en diferents organs i
teixits, principalment a la mucosa intestinal (Pérez-Bosque et al., 2010), pero també en
teixits allunyats del sistema digestiu, com la mucosa pulmonar (Maijoé et al., 2012) o la
mucosa genitourinaria (Song et al.,, 2015). En animals vells, s’ha descrit que la
suplementacié amb SDP redueix la inflamacié basal a I'intesti, la concentracid sistémica
de citocines pro-inflamatories (Mird et al., 2017) i prevé del deteriorament cognitiu
associat a I'envelliment (Garcia-Just et al., 2020), la qual cosa es podria associar amb

I'inflammaging (Francheschi et al., 2018).

La pérdua de memoria és un dels primers simptomes descrits a I’AD (Lane et al., 2018).
Tenint en compte aquestes premisses, es va estudiar I'efecte de I'SDP sobre els
marcadors neuropatologics de I’AD. Per fer-ho, s’ha utilitzat el model de ratolins SAMP8
els quals son ampliament utilitzats en estudis de deteriorament cognitiu associat a
I'envelliment (Grifidan-Ferré et al., 2019). A més, aquesta soca de ratolins presenta
diferents caracteristiques associades amb I’AD, com un processament aberrant de I’APP
(Morley et al., 2012), estres oxidatiu (Grinan-Ferré et al., 2016) i neuroinflamacid (Pallas
et al., 2012). Els ratolins SAMP8 envellits emprats en la present tesi presentaven un
deteriorament cognitiu associat a I'edat amb la pérdua de memoria a curt i llarg termini.
D’altra banda, la suplementacié amb I'SDP millorava aquest rendiment cognitiu tant a
curt com llarg termini, la qual cosa confirma els resultats descrits anteriorment (Garcia-
Just et al., 2020). De la mateixa manera, estudis recents han observat que els suplements

dietetics poden millorar la memoria en ratolins SAMPS8 envellits (Iwata et al., 2020).

La perdua de memoria pot ser deguda a una disfuncié sinaptica més que a una péerdua
neuronal (Yang et al., 2018), la qual cosa es pot relacionar amb els resultats de Garcia-
Just et al., (2020) en queé els ratolins senescents presenten una reduccié de sinaptofisina
al cervell, i la suplementacié amb I’'SDP ho prevé. En el present estudi, es va estudiar els
efectes sobre la plasticitat sinaptica a nivell molecular, i es va observar una disminucié de
la forma madura de BDNF en I’envelliment. EI BDNF és un factor neurotrofic que juga un
paper essencial en la plasticitat sinaptica, la neuroproteccié cerebral i la memoria
(Arancio i Chao, 2007). L’abundancia de BDNF disminueixen en pacients amb I’AD, ja que
els péeptids AP poden inhibir la seva maduracié (Tanila, 2017), i induir la
neurodegeneracio i la disfuncio sinaptica (Amidfar et al., 2020). Per contra, el pinso amb
I’'SDP va incrementar l'abundancia d’aquest factor neurotrofic, el qual podria ser
responsable de |'efecte beneficids del suplement envers el deteriorament de la memoria.
Diferents suplements i prebiotics augmenten I'abundancia de BDNF al cervell i milloren la

retencié de memoria en animals (Savignac et al., 2013). A més, els NFT, la deposicié d'AB
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i la neuroinflamacié també poden ser responsables d'aquest deteriorament de la

memoria (Kesika et al., 2021).

Aguest deteriorament cognitiu també s’associa amb una activitat locomotora reduida
(Singhal et al., 2020), la qual s'observa normalment en ratolins SAMP8 (Tsumagari et al.,
2021). Aquesta reduccié motora també es va observar amb els ratolins senescents. Els
nostres resultats suggereixen que la suplementacié dietética amb I’'SDP va prevenir
aquesta disminucié de I'activitat locomotora. EI BDNF regula I'activitat locomotora en
ratolins (Kernie et al., 2000) i aquesta neurotrofina s’ha vist augmentada en els nostres
ratolins SAMP8 que reben la suplementacié amb I'SDP. A més, aquests resultats es
correlacionen bé amb 'augment de I'activitat locomotora en ratolins C57BL/6 desafiats
amb LPS alimentats amb el pinso SDP (Liu et al., 2018). S’ha descrit que els tractaments
farmacologics envers el desenvolupament de I’AD, augmenten l'activitat locomotora i el

rendiment cognitiu en ratolins SAMP8 (Puigoriol-lllamola et al., 2018).

En els ratolins SAMP8 es van observar patologies amiloides i tau augmentades, les quals
van ser avaluades per I'activacié de marcadors de la via amiloidogenica, com ara Bacel,
sAPPB, AB40, AB42, i la p-tau. El processament aberrant de I’APP i la formacié de NFT
contribueixen substancialment a la malaltia (Masters et al., 2015) i, per tant, aquests
ratolins a l'edat de 6 mesos presentaven caracteristiques moleculars i cliniques

primerenques de I’AD.

L’activacio de via amiloidogénica implica la divisié seqiiencial de ’APP per la BACE1 i la y-
secretasa, que produeix la sAPPB i la generacié de péptids AR neurotoxics (Fisher et al.,
2017). A més, la divisio de I’APP per BACE1 és un primer pas essencial en la produccié de
peptids AR que sén reconeguts com un dels marcadors inicials que causen la malaltia (Cai
et al., 2017). Els nostres resultats suggereixen que la suplementacié amb I’'SDP redueix la
concentracid de sAPPPB, aixi com l'abundancia d’AB40, i I'expressid de la secretasa
amiloidogénica BACE1, la qual cosa indica una reduccid de la via amiloidogénica. Aquests
efectes podrien explicar la millora de la retencid de memoria, tant a curt com a llarg
termini, i I'increment de BDNF observat en els ratolins SAMP8 de 6 mesos suplementats
amb I'SDP. A més, aquest efecte de I'SDP és comparable a altres intervencions
nutricionals, que inclouen suplements amb vitamina D, resveratrol, el consum d’oli
d’oliva verge extra, entre d’altres, i que també redueixen els biomarcadors relacionats
amb AB, com ara APP, sAPPB i BACE1, a tant ratolins com pacients amb I’AD (Bazinet &
Layé, 2014; Corpas et al., 2019; Jia et al., 2019; Lauretti et al., 2017).
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La p-tau és un altre signe distintiu neuropatologic de I’AD que altera el transport axonal i
la seva agregacié comporta la formacié de NFTs (Chong et al.,, 2018). A més, la
fosforilacid de tau esta modulada per diverses proteines quinases, com GSK3B i CDK5
(Lee et al., 2011). La CDKS5 juntament amb el seu potent activador p25 és particularment
interessant, ja que té un paper crucial en la patogenesi de I'AD. La CDK5 accelera la
neurodegeneracid de I'AD, indueix estrés oxidatiu, disminueix la densitat sinaptica
observada en les primeres etapes de la malaltia, regula I'activitat d’altres quinases
essencials, inclosa la GSK3B i també pot fosforilar I'APP i augmentar la via amiloidogenica
del processament d’aquesta proteina (Liu F et al., 2003; Liu SL et al., 2016; Sheng et al.,
2016). D’altra banda, la GSK3f activada, a part de fosforilar tau, s’ha relacionat amb la
neuroinflamacid, I'activacié dels receptors TLR i de la via NF-kB, I'apoptosi neuronal i un
major deficit de memoria i aprenentatge (Souder & Anderson, 2019). La suplementacio
amb I’'SDP va reduir I'abundancia de p-tau i p-CDK5 alhora que va augmentar la de p-
GSK3pB (fosforilada en la Ser9). A diferencia de CDK5, GSK3p s’inactiva quan es fosforila
en aquesta posicid (Souder & Anderson, 2019). Per tant, la fosforilaci6 GSK33 a Ser9
millora la funcio cel-lular i redueix I'abundancia de NFTs (Hermida et al., 2017). A més,
I’efecte de I’'SDP associat amb una reduccié de I'abundancia de la CDK5 activada i de la p-
tau és coherent amb els resultats anteriors que mostren que els ratolins SAMP8 de 6
mesos que reben la suplementacié amb I’'SDP tenen una major abundancia de
sinaptofisina (Garcia-Just et al., 2020), indicatiu d’'una densitat sinaptica més elevada
(Del Valle et al., 2012).

Tot i que els diposits d’AB i els NFT tradicionalment es consideraven vies independents a
la neuroinflamacio, estudis recents demostren una interaccidé entre aquests processos, i
indiguen que la neuroinflamacid i I'estrés oxidatiu poden agreujar la neurodegeneracio i
afectar a I'aparicio de I'AD (Korzhevskii & Kirik, 2016). Diversos estudis mostren un
augment de la concentracié de citocines pro-inflamatories en els pacients que pateixen
I’AD (Park et al., 2020; Shen et al., 2019). S’ha descrit que I'IL-17 pot activar les cel-lules
glials (Chen et al., 2020) i I'lL-18 regula els components del complex y-secretasa,
accelerant la produccié d'AB, aixi com les quinases GSK3B i CDK5, que afavoreixen la p-
tau (White et al.,, 2017). En ratolins /L-18-KO, s’observa una reduccié de l'activacio
microglial i la pérdua neuronal (Sugama et al., 2004). L'increment de diposits Ap també
s’associa amb un increment de citocines pro-inflamatories com IL-1B, IL-6 i TNF-q, les
guals poden suprimir la transmissié sinaptica, malmetre la funcié neuronal i activar les
cél-lules glials (Heneka et al., 2015). Els ratolins del present estudi mostren un augment

de I'expressid génica de citocines pro-inflamatories com /I-17, 1I-6, II-1B (i en menor grau
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I'll-18), i la reduccid de I'anti-inflamatoria Tgf-B en el cortex de ratolins senescents. La
suplementacié amb I’'SDP va prevenir la neuroinflamacio, ja que va disminuir I'expressio
génica de les citocines pro-inflamatories i va augmentar I'expressio de Tgf-B i la
concentracid d'IL-10 en el teixit cerebral. Garcia-Just et al., (2020) va descriure que els
ratolins suplementats amb I'SDP presentaven una reduccié de I|'expressié pro-
inflamatoria de citocines (/I-6, Tnf-a) i un augment de la concentracié d’IL-10 en el teixit
cerebral, a més d’una disminucié de la concentracié de peroxid d’hidrogen a cortex,
reduint aixi també I'estrés oxidatiu. Altres compostos dietetics, com els polifenols o els
acids grassos poliinsaturats, s’han descrit que també eviten la neuroinflamacié associada
a I’AD (Sawikr et al., 2017; Bazinet i Layé, 2014).

Els TLR estan expressats per la microglia, els astrocits, els oligodendocits i les neurones
(Kumar et al., 2019). La senyalitzacid d’aquests receptors pot activar la microglia i induir
I'alliberament de factors pro-inflamatoris (Dansokho i Heneka, 2018). De fet, |'activacio
de TLR és essencial per generar neuroinflamacié (Fiebich et al.,, 2018). A més, la via
dependent de TLR té un paper essencial induint el processament amiloidogénic d'Ap
(Leng i Edison, 2021). Concretament, es descriu que TLR2 i TLR4 sén llocs d'unid per a AB,
i la senyalitzacié d'ambdds receptors pot activar la microglia i induir ['alliberament de
factors pro-inflamatoris (Dansokho & Heneka, 2018). A més |'expressio genica de TIr2 es
troba augmentada en els cervells de pacients amb I’AD i en models de ratolins amb
neurodegeneracio (Letiembre et al., 2009). L'activacié de TLR pot ser mitjangant una via
dependent o independent de Myd88. Ambdues vies indueixen una cascada inflamatoria
activant el factor de transcripci6 NF-kB (Kumar et al., 2019). En aquesta tesi es va
observar un augment de I'expressido genica de TIr2 al cortex dels ratolins envellits.
L’activacido d’aquest TLR va promoure una via independent de Myd88, ja que es va
augmentar I'expressio génica de l'adaptador Trif en ratolins envellits, mentre que Myd88
no es va modificar. Aquesta via independent de Myd88 va promoure I'augment de la
forma activa del factor de transcripci6 NF-kB (p65-NF-kB) en ratolins senescents.
L'activaci6 de NF-kB s'associa amb respostes inflamatories i malalties
neurodegeneratives. Per exemple, la citocina IL-17, la qual s'associa amb un
deteriorament cognitiu, activa NF-kB i promou I'expressié d’altres citocines pro-
inflamatories (Cipollini et al., 2019). NF-kB es troba augmentat en pacients amb I'AD i
s’ha descrit que indueix la via amiloidogénica i la fosforilacié de tau (Srinivasan i Lahiri,
2015; Souder & Anderson, 2019). Concretament, l'augment de citocines pro-
inflamatories i la senyalitzacié de NF-kB regulen la via BACE1, cosa que resulta en una

elevada produccié d'AB (Sastre et al., 2003). Per tant, I'activacié de la via de senyalitzacié
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de TLR-NF-kB podria estar associada amb la induccié de la fosforilacié tau i la via
amiloidogénica que es va observar en aquests ratolins SAMP8 envellits. En canvi, la
suplementacié amb I’'SDP va prevenir els canvis associats a l'edat, ja que va reduir
I'expressié genica de TIr2, i I'activacié de NF-kB. Aquesta menor activacié de la via de
senyalitzacidé es podria associar amb els efectes preventius de I'SDP en la reduccié de la

via amiloidogeénica, la fosforilacid de tau i la reduccié de la neuroinflamacio.

Les cél-lules microglials activades que envolten les plagques amiloides i la preséncia de
cel-lules T afavoreixen la neuroinflamacié a I’AD. De fet, hi ha un interés creixent en
analitzar el paper de la microglia en el desenvolupament de I'AD i la microglia activada
s’ha descrit com un altre signe distintiu de la patologia (Dansokho & Heneka, 2018). La
microglia activada es localitza al voltant de les plaques senils (Zotova et al., 2013) i els
NFT al teixit cerebral dels pacients amb I’AD i els models de ratolins transgenics per al
desenvolupament de la malaltia (Nilson et al., 2017). En el present estudi, els ratolins
SAMP8 de 6 mesos presentaven els signes caracteristics de I'AD, com soén la via
amiloidogénica, els NFT i la neuroinflamacid, la qual cosa activar la microglia tipus M2.
De fet, estudis recents confirmen que, en la fase inicial de I'AD, el fenotip de microglia
M2 s’activa per evitar la sobreproducciéo d’ApB i més danys patologics (Li et al., 2020;
Zheng et al., 2018). Concretament, el gen Trem2, que s’expressa dominantment per la
microglia al CNS, també s’incrementa en ratolins SAMP8 de 7 mesos (Jliang et al., 2014).
A més, s'ha observat que la microglia ARG1* augmenta durant la neuroinflamacio per IL-
1B en un mecanisme de retroalimentacié negativa (Cherry et al., 2015), citocina que es
va trobar augmentada en els ratolins envellits de 6 mesos d’edat. A més, una disrupcio
de la BBB també pot activar la microglia (Kumar et al., 2019). Estudis previs realitzats en
aquesta soca de ratolins trobaven un augment de la permeabilitat de la BBB en ratolins
senescents (Garcia-Just et al., 2020). Tot aix0 podria explicar I'expressié augmentada dels
marcadors microglials M2, com sén el Trem2, 'Arg1 i el Ym1, en els ratolins SAMP8
envellits. La suplementacié amb I'SDP va prevenir I'activacié de la microglia. De manera
similar als nostres resultats, estudis previs han demostrat que la suplementacié amb
I’'SDP redueix I'expressid genica d’/nos en un model de ratoli de lesid pulmonar aguda
(Maijé et al., 2012), i altres productes naturals com la curcumina poden inhibir aquesta
expressid genica en microglia (Ghasemi et al., 2019). En conjunt, aquests resultats
suggereixen potencials efectes neuroprotectors de la suplementacié de I'SDP envers

I’envelliment i, més concretament, en I’AD (Figura 7).

El mecanisme d’accié pel qual I’'SDP produeix aquests efectes es desconeix. S’ha

hipotetitzat que poden estar implicats diversos components funcionals que el
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constitueixen en lloc d’un sol, els quals poden actuar directament sobre la resposta
immunitaria intestinal, i per exemple, prevenir els efectes perjudicials del SEB en ratolins
(Pérez-Bosque et al., 2010; 2016b) o de la infeccié amb E. coli en porcs (Bosi et al., 2004).
D’altra banda, I'SDP pot afavorir el creixement d’'una microbiota amb efectes anti-

inflamatoris, com demostra Moreto et al., (2020) en ratolins, o Che et al., (2019) en porcs

acabats de deslletar. °
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Figura 7. Efectes de la suplementacié amb plasma porci assecat per atomitzacié (SDP) sobre els
marcadors neuropatologics de I’AD. La suplementacid dietetica amb I'SDP disminueix la via
amiloidogeénica i la fosforilacié de tau. Aquests efectes preventius estan acompanyats per una
reduccié de la neuroinflamacié i una atenuacié de la microglia activada. APP: Proteina precursora
amiloide; AB4o: Beta-amiloide 1-40; BACE1: B-secretasa 1; CDK5: Quinasa dependent de ciclina 5
(Cyclin dependent kinase 5); GSK3: Glicogen sintasa quinasa 3 beta (Glycogen synthase kinase 3B);
NFT: Cabdells neurofibrilars (Neurofibrillary tangles); P: fosforilacié (phosphorylation).

Recentment, s’ha observat que suplements derivats de proteines plasmatiques que

inhibeixen la secrecié de TNF en limfocits T i monocits de rata in vitro i que regulen la
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resposta immunitaria dels enterocits intestinals a través de NF-kB (Hernandez-Chirlaque
et al.,, 2021). L'estimulacio dels receptors relacionats amb NF-kB en enterocits implica
I'activacié de complexos immunomoduladors, incloent-hi no només la secrecié de
citocines i/o quimocines (Glnther et al., 2014), sind també la secrecié de péptids
antibacterians (Menendez et al., 2013). Per contra, hi ha evidéncies creixents sobre la
relacié entre la microbiota intestinal, el sistema digestiu i el cervell, aixi com la seva
associacio amb la inflamacid (Lin et al., 2019; Cattaneo et al., 2017; X. Liu et al., 2015). De
fet, estudis recents suggereixen que |'efecte de la dieta o els suplements dietetics envers
la patologia de I’AD es dur a terme a través de |'eix intesti-cervell (Kincaid et al., 2021).
Els possibles mecanismes d’aquesta comunicacié se centren en la regulacié del sistema
immunitari i I'activacié de les vies neuronals i endocrines per part de la microbiota
intestinal o els seus subproductes (Dalile et al., 2019). Més concretament, la microbiota
pot modular la maduracié de la microglia (Erny et al.,, 2015), aixi com regular la
permeabilitat de la BBB i la plasticitat sinaptica, i induir la formacio d'AB i NFT (Mancuso i
Santangelo, 2018). Tanmateix, durant l'envelliment es produeix una alteracié de la
composicié de la microbiota anomenada disbacteriosi. Aquesta alteracié contribueix a
augmentar I'inflammaging i la permeabilitat intestinal. La disbacteriosi també estimula la
secrecio de LPS i la reduccido de metabolits beneficiosos com els SCFA (Walrath et al.,
2021). Els canvis en la composicié de la microbiota intestinal associats amb I'envelliment
probablement contribueixen a la immunosenescéncia i al desenvolupament d'un fenotip
pro-inflamatori (Vaiserman et al., 2017). En la present tesi, la senescéencia va reduir
I’'abundancia de bacteris beneficiosos i en va incrementar I'abundancia de pro-
inflamatoris. Per exemple, I'envelliment va augmentar la familia Erysipelotrichaceae, que
esta relacionada amb inflamacid, i I'abundancia dels géneres Johnsonella i Erysipelhotrix.
Aquests bacteris patogens es troben més abundants en el model de ratolins I’AD (Bauerl
et al., 2018) i podrien contribuir al deteriorament cognitiu de I’AD (Shen et al., 2017). A
més, l'envelliment va augmentar la familia Bacteroidaceae, aixi com el génere
Bacteroides i les diferents espécies dins d’aquest genere, el qual s’observa de forma més
abundant en pacients amb I’AD (Vogt et al., 2017). Per contra, la senescéncia va reduir la
familia Prevotellaceae i el génere Prevotella, bacteris comensals que es troben reduits en
models de ratolins amb I’AD (Shen et al.,, 2017). L'envelliment també va disminuir el
génere Odoribacter que s'associa negativament amb la deméncia (Zhou et al., 2021), aixi
com els generes beneficiosos Pediococcus i Lactobacillus. Aquests efectes de
I'envelliment son similars als resultats anteriors analitzats al nostre laboratori (Mird et
al., 2020b).
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La suplementacio dietética amb I’'SDP va prevenir alguns efectes de I'envelliment i va
millorar el creixement de géneres amb efectes anti-inflamatoris, que podrien atenuar la
inflamacid associada a I'edat. Per exemple, pel que fa a genere, la suplementacié amb
I’SDP va reduir bacteris patogens com Johnsonella i Erysipelhotrix. Més concretament, en
guant a espeécies, la suplementacié dietetica amb I'SDP va atenuar els efectes de
I'envelliment i va reduir I'abundancia d'Erysipelhotrix muris i Prevotella dentasini. A més,
la suplementacié amb I’'SDP va induir I'abundancia de la familia Eubacteriaceae, que té
efectes promotors de la salut per a I'hoste (Fijan et al., 2014) i es correlaciona

negativament amb la demeéncia clinica (Zhou et al., 2021).

La suplementacié amb I'SDP promou la familia Lactobacillaceae, aixi com diferents
géneres beneficiosos que es troben dins d’aquesta familia, com ara Lactobacillus i
Pediococcus. L'augment de I'abundancia de Lactobacillus en els ratolins suplementats
amb I'SDP ja s’havia descrit anteriorment amb altres models d’animals acabats de
deslletar com ara ratolins (Moreto et al., 2020), porcs (Che et al., 2019) i porcs després
de rebre d’una infeccid per E. coli (Torrallardona et al., 2003). El génere de Lactobacillus
també participa en la prevencié de malalties neurologiques (Cheng et al 2019).
Concretament, pel que fa a I’AD, s'associa negativament amb la carrega de péptids
amiloides en pacients amb la malaltia (Lin et al., 2019). A més, |'administracié oral de
Lactobacillus prevé el deteriorament cognitiu, tant en humans com en rates (Messaoudi
et al., 2011). També millora els déficits de memoria en ratolins SAMP8 vells (Yang et al.,
2020) i en persones adultes estressades (Lew et al., 2019), aixi com augmenta |'expressid
de Bdnf al cervell dels rosegadors (Liang et al., 2015). Aquestes observacions sén
consistents amb els nostres resultats on la suplementacié amb I’'SDP augmentava
I'abundancia de BDNF i prevenia el deteriorament cognitiu. A més, I'administracié de
Lactobacillus produeix un augment de la concentracié plasmatica d'lL-10 (Liang et al.,
2015), els quals també incrementen en els nostres ratolins envellits que han rebut la
suplementacid amb I'SDP. Aixi doncs, I'increment del génere Lactobacillus podria ser
essencial en els efectes anti-inflamatoris i preventius envers el deteriorament cognitiu i

la pérdua de memoria en els ratolins que han rebut la suplementacié amb I’'SDP.

La suplementacié amb I'SDP també va augmentar altres bacteris del filum Firmicutes,
com son els Acetobacterium. Aquest genere és productor d'acetil-CoA (Ross et al., 2020).
Un augment de l'acetil-CoA produeix una millora en la funcid cognitiva durant
I’envelliment (Currais et al., 2019) i incrementa la concentracié de butirat, ja que I'acetil-
Coa n’és el precursor (Louis & Flint 2017). Els SCFA exerceixen efectes anti-inflamatoris,

ja que inhibeixen I'expressié de les citocines pro-inflamatories /-6, /I-1B, i Tnf-a
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(Nakajima et al., 2017). Els SCFA poden mediar en les funcions cel-lulars a través de
I'activacio dels receptors acoblats a proteines G (GPCR) de la superficie cel-lular, com sén
Ffar2 i Ffar3, que s'expressen a les cél-lules epitelials i immunitaries (Dalile et al., 2019).
La suplementacié amb I’'SDP va augmentar |'expressié génica de Ffar2 i Ffar3, cosa que
va suggerir que alguns dels efectes anti-inflamatoris i neuroprotectors de I’'SDP podrien
estar intervinguts pels SCFA. Aquests subproductes produits per la microbiota intestinal
poden circular cap al cervell, modular el grau d'activacié del sistema immunitari i regular
la maduracié de la microglia (Dalile et al., 2019). Per tant, podrien ser un vincle entre la

microbiota intestinal i la reduccio de la neuroinflamacio.

La disbacteriosi afavoreix la produccié de I'LPS, una endotoxina derivada de la paret
cel-lular dels bacteris gramnegatius i altera la funcid de la barrera intestinal que provoca
la translocacié de bacteris i dels seus subproductes al torrent sanguini, la qual cosa pot
contribuir a la neurodegeneracio (Kowalski i Mulak, 2019). Estudis recents revelen que
l'augment de la permeabilitat intestinal indueix una inflamacié sistémica, que acaba
perjudicant la funcié BBB i, en conseqiiéncia, desencadenant la neuroinflamacié i la
disfuncidé cognitiva (Cryan et al., 2019; Krstic et al., 2012). En el present estudi, es va
observar una disminucid de I'expressié de gens relacionats amb la produccid i
manteniment de la mucosa (Tff3 i Muc2) i de la proteina del complex d’unié (Ocludina). A
consequéncia de l'alteracié de la barrera epitelial, la concentraciéd de LPS seric es va
augmentar en els ratolins envellits. A més, s’ha descrit que pacients amb I’AD tenen una
concentracio elevada de LPS i aix0 pot potenciar la patologia amiloide (Marizzoni et al.,
2020). D’altra banda, la suplementacié dietética amb I’'SDP va millorar la funcié de
barrera intestinal, ja que va prevenir els canvis associats a l'edat en I'expressio genica
d'Ocludina, Muc2 i Tff3. Aquests resultats es poden relacionar amb els efectes de I'SDP
sobre la microbiota, pel fet que el génere Lactobacillus pot prevenir I'alteracié de la
funcié de la barrera intestinal i reduir la permeabilitat del colon causada per una infeccio
(Khailova et al., 2017), aixi com augmentar la secrecid de la mucosa, proporcionar una
proteccid antimicrobiana i prevenir la translocacid de bacteris patogens (Cazorla et al.,
2018). Aixi doncs, la suplementacié amb I’'SDP va millorar la funcié intestinal de la
mucosa, que podria estar mediada per canvis en la microbiota. Resultats similars han
revelat anteriorment els efectes de la suplementacié amb I’'SDP sobre la funcié de la
mucosa (Moretd et al.,, 2020), la reduccido de la permeabilitat intestinal durant una
inflamacié aguda (Pérez-Bosque et al., 2006) o cronica (Mird et al., 2020a) i sobre la

prevencié de malalties infeccioses (Corl et al., 2007).
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Aquests efectes sobre la funcidé de la barrera intestinal en ratolins de 6 mesos d’edat
anaven acompanyats d'un augment de la inflamacié del teixit del colon i d'una induccié
de ceél-lules T activades (Cd25) i macrofags (F4/80) en ratolins envellits. Els bacteris
poden activar les cél-lules immunitaries mitjancant una via TLR (Lin et al., 2019). De la
mateixa manera, en els nostres resultats vam trobar un augment de I'expressié dels gens
Tlr2 i Tir4 a la mucosa del colon. L'activacid de la resposta immunitaria provoca una
inflamacid sistemica que també és freqiient en |'envelliment (Franceschi et al., 2018). En
aquesta tesi, la concentracié en sérum de citocines pro-inflamatories com IL-1B i TNF-a
va incrementar amb I'envelliment. Concentracions circulants elevades d'aquestes
citocines es troben en pacients amb I’AD (Swardfager et al., 2010) i, de fet, es consideren
biomarcadors periférics per la malaltia (Park et al., 2020). La inflamacio sistemica cronica
indueix neuropatologia semblant a I’AD en ratolins (Krstic et al., 2012). Diferents factors
de la cascada inflamatoria poden circular al cervell, inclds travessar la BBB, la qual es
troba més permeable a causa de la malaltia (Lin et al., 2019), activar la microglia i alterar
la funcid cognitiva (Mancuso i Santangelo, 2018). La suplementacié dietética amb I'SDP
va mostrar efectes immunomoduladors, ja que va reduir la intensitat de la resposta
immunitaria a colon. Els animals alimentats amb el pinso SDP van disminuir |'expressio
génica dels receptors innats TIr2 i Tir4, el reclutament de les cél-lules T activades i dels
macrofags, aixi com de les citocines pro-inflamatories Tnf-a i 1l-6. Aquests resultats de
I’'SDP poden ser rellevants perqué |'activacio del sistema immunitari i I'alliberament de
citocines pro-inflamatories poden alterar les proteines del complex d'unid i augmentar la
permeabilitat epitelial (Wang et al., 2005) i, per tant, promoure i perpetuar la inflamacié
intestinal (Laukoetter et al., 2008). La suplementacié amb SDP, no només atenua la
resposta immunitaria a colon, sind que la també ho fa de manera sistémica, ja que va
reduir la concentracid de citocines pro-inflamatories (TNF-a i IL-1B), aixi com va
augmentar la citocina anti-inflamatoria IL-10 a serum. La disminucié de la inflamacid
sistémica pot reduir la neuroinflamacié (Cryan et al., 2019; Krstic et al.,, 2012). Efectes
similars de la suplementacié amb I'SDP sobre la inflamacid sistémica també s’havien

observat amb anterioritat en aquest mateix model de ratolins SAMP8 (Miré et al., 2017).

En resum, la suplementacié dietetica amb I’'SDP indueix el creixement de bacteris
probiotics i redueix bacteris relacionats amb la inflamacié. A més, millora de la funcioé de
barrera del colon i la reduccio de la resposta inflamatoria, tant local com sistémica. A
causa de la comunicacié existent entre l'intesti i el cervell (Caracciolo et al., 2014),
aquests processos poden reduir I'activacio de la microglia i la neuroinflamacié. A més, hi

ha una disminucié de la via amiloidogénica i de la p-tau. Tot aixd comporta una millora
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en el deteriorament cognitiu i, per tant, un increment de la resiliéncia cerebral envers els
neuromarcadors patologics de I’AD (Figura 8). Aquests resultats evidencien que la
suplementacié amb I’'SDP té un efecte prebiotic en ratolins envellits i suggereixen que

I'eix intesti cervell pot estar involucrat en els efectes neuroprotectors del suplement.
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Figura 8. Efectes de la suplementacié amb plasma porci assecat per atomitzacio (SDP) sobre I’eix
microbiota-intesti-cervell. La suplementacid dietética amb I’'SDP augmenta els bacteris probiotics i
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Els resultats del present estudi suggereixen un paper essencial de la microbiota en els
efectes anti-inflamatoris i neuroprotectors de la suplementacié amb I’'SDP. Tot i aixo0, la
suplementacié amb I’'SDP consta de molts components funcionals, essencialment de font
proteica, cosa que el diferencia dels altres prebiotics convencionals rics en hidrats de
carboni no digeribles. Aquest fet insinua que la funcié de I’'SDP podria ser causada per
algun subproducte derivat de la digestid del suplement, o bé, que alguns dels compostos
resistissin a la digestid i a I'absorcio de I'intestinal prim, per absorbir-se o metabolitzar-se
a colon (Van der Wielen, 2017) o excretar-se a les femtes (Rodriguez et al., 2007),
modificant aixi, la composiciéd de la microbiota del colon. Aixi doncs, seria interessant
dilucidar, per una banda, si és algun d’aquests components o la sinergia entre tots ells el
gue produeix I'efecte del suplement, i la metabolomica associada als efectes prebiodtics
del suplement. Per dur-ho a terme, es poden fer estudis dels diferents components per
separat i veure quins efectes exerceixen en ratolins i analitzar els metabolits resultants

després de la ingesta de I’'SDP.

S’ha pogut observar que la via immunologica de I'eix intesti-cervell podria ser la causant
dels efectes de I’'SDP en el teixit cerebral. D’altra banda, es requereixen més estudis per
acabar de confirmar el mecanisme d’accié d’aquest suplement. Receptors com els TLR
podrien ser essencials a 'activacié d’aquesta via i a la interaccié entre la microbiota i
I’hoste. Ratolins KO per aquests receptors podrien evidenciar el si participen en el
mecanisme de I’'SDP. De la mateixa manera, I'analisi de la concentracié d’SCFA en femtes
o sanguini o bé I's de ratolins KO en els seus receptors podria esclarir si els SCFA sén els
mediadors per modular aquesta via, ja que els efectes sobre els seus receptors ho

semblen indicar.

Aquests efectes de la suplementacié dietetica amb I’'SDP tenen gran rellevancia, pel fet
que actualment no hi ha cap tractament farmacologic efica¢ que guareixi I’AD (Soria
Lopez et al., 2019). Per tant, la suplementacio dietética amb I’'SDP podria arribar a ser
una bona estratégia preventiva per tal d’enrederir el desenvolupament de la malaltia. A
més, els efectes prebiotics i anti-inflamatoris de I’'SDP podrien atenuar les patologies
prevalents en aquestes edats avancades. S’ha comprovat la bioseguretat de la
suplementacié amb SDP i, en I'actualitat, s’utilitza en diferents models animals, sobretot,
en animals de granja (Blazquez et al., 2020). Per aquest motiu, una futura possible
aplicacié podria ser I'administracid d’aquest suplement en animals domestics, per
millorar i atenuar les conseqiiencies patologiques que pateixen per I'envelliment. Aixi
doncs, el present estudi evidencia efectes neuroprotectors i prebiotics de la

suplementaciéo amb I’'SDP en ratolins envellits que poden ser prometedors per enrederir
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els marcadors neuropatologics de 'AD i a més, obre noves vies d’investigacions per
esclarir els efectes sobre el mecanisme d’accié de la suplementacié amb I’'SDP en Ia

prevencié de les malalties com I’Alzheimer.
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CONCLUSIONS






De I'estudi dels efectes de la suplementacid dietetica amb proteines plasmatiques d’origen

porci (SDP) en la progressié de la malaltia de I’Alzheimer es pot concloure que:

- Els ratolins SAMP8 presenten un deteriorament cognitiu associat a I’envelliment
gue és acompanyat de neuroinflamacio i activacié microglial amb preséncia de

marcadors primerencs de la malaltia d’Alzheimer.

- La suplementacié dietetica amb I'SDP durant 4 mesos atenua la neuroinflamacié

i incrementa la resiliencia cerebral, preservant la memoria dels ratolins envellits.

- Els ratolins SAMPS8 senescents presenten una activacio de la via amiloidogenica
amb la conseqlient acumulacié de sAPPB i sAB40. i de les vies implicades en el

seu desenvolupament i progressio.

- La suplementacié amb SDP redueix les caracteristiques neuropatologiques de la

malaltia d’Alzheimer.

De I'estudi dels efectes de la suplementacid dietéetica amb proteines plasmatiques d’origen

porci (SDP) i els seus efectes sobre la microbiota es pot concloure que:

- Els ratolins SAMP8 senescents presenten disbacteriosi amb una major
abundancia de bacteris pro-inflamatoris en detriment dels bacteris beneficiosos.
Aquests canvis de les poblacions bacterianes estan associats tant a una inflamacio

local com sistémica.

- Lasuplementacié dietética amb I’'SDP modifica la composicié de la microbiota en
ratolins senescents, ja que promou I'abundancia de bacteris amb propietats anti-

inflamatories i en redueix d’altres associats amb inflamacio.

- La suplementaciéo amb I’'SDP redueix la inflamacié a colon i sistemica en ratolins

envellits, la qual cosa es podria associar amb |’efecte prebiotic del suplement.

En resum, la suplementacié amb I’'SDP exerceix efectes anti-inflamatoris tant mucosals
com sistémics, aixi com propietats neuroprotectores. Aquests efectes es poden
relacionar amb l'increment de I’labundancia de bacteris probiotics, la qual cosa suggereix
una possible implicacié de I'eix microbiota-intesti-cervell en els efectes periférics de la

suplementacié amb I’SDP.
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L'article 1 presentat a la present tesi va rebre un comentari de la Dra. Artemissia-Phoebe
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Thank you for your comments on our recent work of the effects of supplementation
with spray-dried porcine plasma (SDP) on neuropathological markers of Alzheimer’s
disease (AD) [1]. The author widely describes the use of blood and blood containing food
in different countries and its use in different periods of age, but we would like to point
out that SDP is a plasma product, so it does not content the blood cells fraction. Therefore,
despite the fact that, as the author indicates, the consumption of raw blood and the SDP
supplement improve the barrier function in the intestine [2,3] as well as food digestibility
and growth [4], it should be noted that there are large differences between the two products,
both in terms of the compounds they contain and in terms of safety.

At the component level, SDP is a complex mixture of many functional components
such as albumin, immunoglobulins, transferrin, fibrinogen, growth factors and many other
peptides, which can develop a biological activity, not only in the intestine but also at the
systemic level, regardless of its nutritional value [5]. Its mechanism of action may involve
the interaction of several of its functional components with cells in the body, as well as a
prebiotic effect on the intestinal microbiota with anti-inflammatory effects, as observed by
Moret6 et al. [6].

Regarding the concern for security, it is necessary to mention a couple of aspects to
consider. On the one hand, the blood used to produce SDP or serum bovine immunoglobu-
lins (SBI), either from porcine or bovine origin, is obtained from healthy animals declared
fit for human consumption after veterinary inspection by the competent authorities. This
prevents the collection of blood from sick animals or animals coming from areas of OIE
(World Organization for Animal Health) notifiable disease [7].

On the other hand, the manufacturing process of SDP and SBI has been extensively
investigated to inactivate microorganism of concern for either human or animal con-
sumption [8]. In case of African Swine Fever virus (ASFV), recent publications [9,10]
demonstrated that the different steps involved in the manufacturing process of SDP or SBI
(spray-drying and storage at 20 °C for 14 days) can be considered robust inactivation steps
according to World Human Organization (2004) guidelines for human plasma transfusion.
Furthermore, with regard to the risk of bovine spongiform encephalopathy (BSE) of prions
in the collected blood, in the case of blood from pigs there is no risk of prions diseases
because encephalopathies has not been established in natural conditions in commercial
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pigs [11] and, in the case of bovine origin, blood is not considered specific risk material ac-
cording to the OIE and, in fact, blood and blood products, such as SBI or SDP, are included
in the list of safe commodities like milk [12].

Although more studies are needed to understand its mechanism of action, SDP shows
neuroprotective effects in the elderly population, increasing brain resilience and reducing
neuroinflammation.
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Resum

Introduccié. La malaltia inflamatoria intestinal (IBD, inflammatory bowel disease) és un
desordre cronic del tracte gastrointestinal que es classifica en malaltia de Crohn i colitis
ulcerosa. La causa de la malaltia es desconeix, tot i que factors ambientals, la microbiota
intestinal i factors geneétics tenen un paper important. La manca de funcié de MDR1 s’associa
a aquesta patologia humana. A més, hi ha una alteracié de les respostes immunitaries innata
i adaptativa que indueixen una secrecid de citocines pro-inflamatories i un increment de la
permeabilitat de la barrera intestinal. Actualment, no hi ha una cura eficac a llarg termini per
a la IBD, aixi que intervencions nutricionals sén una bona estratégia per tal de atenuar la
simptomatologia. El plasma porci assecat per atomitzacié (SDP, spray-dried porcine plasma)
modula la resposta immunitaria intestinal en diferents models d’inflamacié, tant en una
resposta aguda induida per I'administracio de I'enterotoxina B d’Staphyloccocus aureus (SEB,
S. aureus enterotoxin B), com en una resposta cronica, on redueix la inflamacié intestinal

associada a I'edat.
Objectiu. Determinar si I'SDP pot atenuar la colitis en un model genéetic d’IBD a ratoli.

Material i métodes. Els ratolins salvatges (WT, wild-type) i els ratolins KO per Mdrla (KO) van
rebre un pinso control o un pinso suplementat amb SDP al 8% des del dia 21 (deslletament)
fins al dia 56 d’edat. Es va determinar l'index histopatologic a la mucosa de colon; es va
analitzar la funcié de la barrera epitelial amb la determinacié de la permeabilitat epitelial
utilitzant dextra fluorescent; i es va estudiar el sistema immunitari intestinal a través de

citometria, Western Blot i PCR a temps real.

Resultats. Els ratolins KO van presentar una permeabilitat epitelial incrementada aixi com un
augment de I'expressio de Mucl i Muc4 i una menor abundancia d'E-cadherina i Muc2 (tots,
p<0,001). La suplementacié amb I’'SDP va prevenir aquests efectes (tots, p<0,05). A més, va
disminuir la inflamacié del cdlon observada en els ratolins KO, ja que va reduir la infiltracid i
activacié de neutrofils i monocits i el percentatge de limfocits T col-laboradors activats a la
mucosa del colon (tots, p<0,05). L'SDP també va atenuar l'expressié de citocines pro-
inflamatories (iNos, Ifn-y i Tnf-a) i va augmentar la concentracié de la citocina anti-

inflamatoria IL-10 a la mucosa del colon dels ratolins KO (tots, p<0,05).
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Conclusions. La suplementacid dietética amb I'SDP redueix la inflamacié de la mucosa del

colon i millora la funcié de barrera en un model muri d'IBD.
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Abstract: Dietary supplementation with spray-dried porcine plasma (SDP) can modulate the
immune response of gut-associated lymphoid tissue. SDP supplementation reduces acute mucosal
inflammation, as well as chronic inflammation associated with aging. The aim of this study was to
analyze if SDP supplementation could ameliorate colitis in a genetic mouse model of inflammatory
bowel disease (IBD). Wild-type mice and Mdrla knockout (KO) mice were administered a control
diet or an SDP-supplemented diet from day 21 (weaning) until day 56. The histopathological index,
epithelial barrier, and intestinal immune system were analyzed in the colonic mucosa. KO mice
had higher epithelial permeability, increased Mucl and Muc4 expression, and lower abundance
of E-cadherin and Muc2 (all p < 0.001). SDP prevented these effects (all p < 0.05) and decreased
the colonic inflammation observed in KO mice, reducing neutrophil and monocyte infiltration and
activation and the percentage of activated T helper lymphocytes in the colonic mucosa (all p < 0.05).
SDP also diminished proinflammatory cytokine expression and increased the anti-inflammatory IL-10
concentration in the colonic mucosa (all p < 0.05). In conclusion, dietary supplementation with SDP
enhances colon barrier function and reduces mucosal inflammation in a mouse model of IBD.

Keywords: spray-dried plasma; anti-inflammatory; colitis; barrier function

1. Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory disorder of the gastrointestinal tract
that is classically divided into Crohn disease and ulcerative colitis. In IBD, which is characterized
by alternative recurrence and alleviation periods, patients suffer from abdominal pain, diarrhea,
bloody stools, and weight loss [1]. It is a global disease, with increasing incidence and prevalence
around the world [2].

The etiopathogenesis of IBD has not yet been elucidated, but environmental, gut microbial,
and genetic factors all play important roles [3]. The intestinal inflammatory response in patients with
IBD also involves deregulation of gut-associated lymphoid tissue (GALT) [4]. This tissue is divided
into inductive sites, which include the mesenteric lymph nodes, Peyer’s patches (in the small intestine),
colonic patches, and isolated lymphoid follicles, and into effector sites, which include intraepithelial
lymphocytes and lymphocytes from the lamina propria [5]. Dysfunction of the innate and adaptive
immune responses triggers the release of numerous proinflammatory cytokines, such as tumor necrosis
factor-alpha (TNF-«) and interferon-gamma (IFN-y), which results in epithelial cell damage and
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apoptosis and alteration of the epithelial barrier [4]. The epithelial barrier comprises epithelial cells
(enterocytes), tight junction proteins, and the mucosal layer [6] and constantly interacts with the
underlying immune cells of the GALT [7]. In IBD patients, the integrity of the epithelial barrier is
compromised, as shown by increased paracellular permeability and lower levels of tight junction
proteins [8].

Although some drugs are able to modify the course of the disease and maintain remission,
they are not effective in all patients and their long-term use may have adverse effects [9]. Therefore,
alternative treatment strategies for IBD are necessary. Nutritional interventions may be a good
candidate. Using the Mdrla knockout (KO) mouse model of colitis [10,11], we previously showed
that serum-derived bovine immunoglobulins (SBI) reduce colon permeability and the expression
of oxidative markers and proinflammatory cytokines in the colonic mucosa, as well as leukocyte
infiltration in the lamina propria and mesenteric lymph nodes [12,13]. Moreover, SBIs improve
mucositis symptoms, tissue damage scores, and neutrophil and lymphocyte percentages in a rat model
of mucositis [14].

Another dietary supplement that is widely used in farm animals to enhance growth and reduce both
morbidity and mortality is spray-dried porcine plasma (SDP) [15,16]. This supplement can modulate the
intestinal immune response to inflammatory agents. For example, it reduces T lymphocyte activation,
preventing the release of proinflammatory cytokines, and improves the mucosal barrier function after
staphylococcal enterotoxin B challenge in rodents [17-19]. In senescent mice, SDP supplementation
reduces nonspecific basal immune activation associated with age (inflammaging) by promoting mucosal
regulatory T helper (Th) lymphocytes (Treg lymphocytes) and interleukin (IL)-10 production [18].
Moreover, SDP attenuates cognitive decline and reduces brain capillary permeability, oxidative stress,
and proinflammatory cytokine expression in the brain of senescent mice [20].

Given the ability of SBI effects reducing the severity of colitis in the Mdrla KO mouse model [12,13],
we wanted to study if SDP, a compound with well-documented antioxidant and anti-inflammatory
activities, can also modulate the immune response and ameliorate colitis in this animal model.

2. Results

2.1. Morphological Effects of SDP in Mdrla KO Mice

Colon of Mdrla knockout (KO) mice were shorter and thicker than those of wild-type (WT)
animals (p < 0.001; Figure 1A-C). The differences in colon diameter and wall thickness are clearly
evident in the colon sections shown in Figure 1D. The SDP supplementation reduced colon weight and
the ratio between colon weight and length (both, p < 0.001) while had no effects on colon length.

Histopathological and disease activity indices were increased in colitic mice (both p < 0.001;
Figure 1E F respectively) and SDP supplementation had no significant effects. With the exception of
ulceration, all specific parameters analyzed in the morphological study—mucus depletion, cryptitis,
and lamina propria and transmural inflammation—were augmented in KO mice (all p < 0.05), and SDP
did not modify these effects.



Int. ]. Mol. Sci. 2020, 21, 6760 30f16

A B C
Colon length Colon weight Colon weight/length
12 9 Colitis p<0.001 06 7 colis p <0.001 80 1 cotis p <0001
Dietp <0.001 Dietp <0.001
Int. p=0.004 60 -
04 -
-]
oD {.‘m 40
02 - ]
20 4
4 00 - 0 -
CIL sDP CIL SDP CIL SDP CIL SDP CIL SDP CTIL SDP
WT KO
E F
Histophatological index Disease activity index
s b
4 eee ab
] ¢ 3 a a e =
(485 3 2 . e eeee o
1 e = o 00 seeer
0w -
CIL SDP CTL SDP CTL SDP CTL SDP
WT KO WT KO

Figure 1. Effects of spray-dried porcine plasma (SDP) supplementation on colon morphology in Mdrla
knockout (KO) mice. (A) Colon length. (B) Colon weight. (C) Ratio between colon weight and colon
length. (D) Representative images of hematoxylin and eosin staining from a histopathological study of
the colonic mucosa. Top images were taken at low magnification (X2), whereas bottom images were
taken at high magnification (x20). (E) Histopathological index. (F) Disease activity index. In panels
A to C, results are expressed as mean + SEM (n = 6-9 mice/group). In panels D and E, results are
expressed as median (1 = 5-12 mice/group). Means without a common letter differ, p < 0.05. CTL,
control; Int, indicates the interaction between colitis and diet.

2.2. Effects of SDP on Colon Permeability in Mdrla Knockout Mice

We next analyzed crypt permeability using 4KDa fluorescein isothiocyanate (FITC)-dextran
accumulation (Figure 2A). The KO mice showed increased crypt permeability in the colon (p = 0.001;
Figure 2B), with SDP supplementation preventing this increase (p = 0.001). Moreover, KO mice
exhibited lower levels of 3-catenin (p = 0.003, Figure 2C,D) and E-cadherin (p = 0.001, Figure 2C,E).
E-cadherin abundance has been modified by SDP supplementation (p = 0.010), preventing the reduction
observed in KO mice (p = 0.046).

KO mice showed increased expression of the transmembrane mucin 1 (Mucl) and mucin 4 (Muc4;
both p < 0.001, Table 1). SDP supplementation reduced Mucl expression in KO mice (p = 0.016) and
diminished Muc4 expression in both WT and KO mice (p = 0.005). KO mice showed a substantial
decrease in the expression of the secretory mucin 2 (Muc2; p < 0.001) and SDP supplementation
attenuated this reduction (p = 0.023). Mucin 6 (Muc6) expression was similar in the two mouse groups
and was also not altered by SDP supplementation. The KO animals had a lower expression of trefoil
factor 3 (Tff3) than WT mice (p = 0.036) and SDP supplementation attenuated this effect, resulting in
similar expression to that seen in WT mice (Interaction p = 0.053). Goblet cell number was examined
using periodic acid-Schiff staining (Figure 3A). KO mice also had a lower number of goblet cells
(p < 0.001, Figure 3B).
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Figure 2. Effects of SDP supplementation on crypt permeability in the colonic mucosa of Mdrla KO
mice. (A) Representative images of FITC-dextran accumulation in the pericryptal sheath of the colonic
mucosa after 15 min. All images were taken at the same magnification (x63). (B) Quantification of
FITC-dextran accumulation in the pericryptal sheath of the colonic mucosa. (C) Representative Western
blots of B-catenin (92 kDa), E-cadherin (132 kDa), and GAPDH (36 kDa). (D) -catenin abundance
in the colonic mucosa. (E) E-cadherin abundance in the colonic mucosa. Results are expressed as
mean + SEM (n = 5-7 mice/group). CTL, control; Int., indicates the interaction between colitis and diet;
MW, molecular weight; SDP, spray-dried porcine plasma.

Table 1. Effects of SDP Supplementation on The Expression of Mucin 1 (Muc1), Mucin 2 (Muc2), Mucin 4
(Muc4), Mucin 6 (Muc6), and trefoil factor 3 (Tff3) in The Colonic Mucosa of Mdrla knockout (KO) Mice.

WT KO p Value
CTL SDP CTL SDP Colitis Diet Int.
Mucl  1.00+0.04 198+0.03 590+050 5.00+036 <0.001 ns 0.016
Muc2  1.00+£0.09 0.84+004 021+003 035+0.03 <0.001 ns 0.023
Muc4  1.00+£0.17 059+0.02 286+031 1.85+0.10 <0.001 0.005 ns
Muc6  1.00+£020 096+036 1.17+0.17 0.90+0.15 ns ns ns
T3 1.00+0.16 097+0.09 042+0.08 092+013  0.036 ns 0.053

Results are expressed as mean + SEM (1 = 3-5 mice/group). CTL, control; Int., interaction between colitis and
dietary factors; Mucl, mucin 1; Muc2, mucin 2; Muc4, mucin 4; Muc6, mucin 6; ns, nonsignificant; SDP, spray-dried
porcine plasma; Tff3, trefoil factor 3.
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Figure 3. Effects of SDP supplementation on the levels of goblet cells in the colonic mucosa of Mdrla
KO mice. (A) Representative images periodic acid-Schiff staining of goblet cells in colon tissue. Images
were taken at X10 magnification. (B) Quantification of goblet cells in the colonic mucosa. Results are
expressed as mean + SEM (n = 5-7 mice/group).

2.3. Effects of SDP on the Immune System in the Lamina Propria and Intraepithelial Lymphocytes in Mdrla
KO Mice

KO mice showed considerable immune cell recruitment in the lamina propria (p < 0.001, Table 2).
The SDP supplementation reduced the immune cell infiltration (p = 0.003), but this reduction was
higher in KO mice (p = 0.011). The levels of neutrophils and monocytes, as well as the percentages
of activated neutrophils and monocytes, were higher in KO than WT mice (all p < 0.001) and SDP
reduced these effects (p = 0.034; p = 0.044, p = 0.024, and p = 0.002, respectively). KO mice had a
lower percentage of dendritic cells (p < 0.001) but the percentage of activated cells tended to be higher
(p = 0.063). On the other hand, dietary supplementation with SDP enhanced the abundance of this
subset of cells, as well as their activation in the lamina propria, in both mouse groups (both p < 0.001).
In KO mice, there was an increase in the percentage of activated Th lymphocytes (p < 0.001) and
SDP supplementation reduced this percentage in both animal groups (p = 0.009). On the other hand,
although the percentage of Treg lymphocytes was augmented in KO mice (p < 0.001), SDP increased
this percentage more in KO mice than in WT mice (p = 0.022), resulting in a lower ratio between
activated Th and Treg lymphocytes (p < 0.001).

Table 2. Effects of SDP Supplementation on The Immune Populations of The Lamina Propria of The
Colonic Mucosa of Mdrla KO Mice.

WT KO p Value
CTL SDP CTL SDP Colitis Diet Int.
Cell count (x10°) 155+0.17 1.14+0.19 160+1.07 11.1+097 <0.001  0.003  0.011
Monocytes 810+058 774+079 13.0+049 105+0.83 <0.001 0.044 ns
Act. monocytes 298+272 271+174 603+170 493+189 <0.001 0.002 ns
Neutrophils 19.0+219 175+252 389+139 314+208 <0.001  0.034 ns
Act. neutrophils 311+£278 257+230 57.8+221 51.5+253 <0.001 0.024 ns
Dendritic cells 197 +150 237+138 9.49+041 122+0.60 <0.001 <0.001 ns
Act. dendritic cells 451+0.79 929+129 636+046 107+134  0.063 <0.001 ns
Act. Th lymphocytes 6.80+0.69 532+058 17.0+0.85 13.8+0.60 <0.001 0.009 ns
Treg lymphocytes 326+045 334+053 577+052 881+055 <0.001 0.017  0.022
Act. Th/Treg lym. ratio 251 +0.22 1.66+0.19 3.09+0.27 1.60+0.09 ns <0.001  0.040

Results are expressed as mean + SEM (n = 5-14 mice/group). Cell values are expressed as absolute number for
cell count while monocytes, neutrophils, and dendritic cells are expressed as the percentage of nonlymphocytic
leukocytes. Activated and regulatory cells are expressed as the percentage of the corresponding total subset. Act.,
activated; CTL, control; Int., interaction between colitis and dietary factors; ns, nonsignificant; SDP, spray-dried

porcine plasma; Th, T helper; Treg; regulatory T helper.



Int. ]. Mol. Sci. 2020, 21, 6760 60f16

KO mice had more infiltrated immune cells in the intraepithelial compartment than WT mice,
and the levels of monocytes and neutrophils were increased (all p < 0.001, Table 3). Dietary
supplementation reduced the amount of infiltrated immune cells and the percentage of neutrophils
(both p < 0.001). In addition, KO mice had higher percentages of activated monocytes and activated
neutrophils, and both subsets were reduced by SDP supplementation (p = 0.007 and p = 0.030,
respectively). Dendritic cells and their activation were reduced in KO mice (p = 0.025 and p = 0.003,
respectively), and SDP supplementation did not modify their percentage. Regarding activated Th and
Treg lymphocytes, the former were increased in KO mice (p < 0.001) and were unchanged by SDP
supplementation. In contrast, the abundance of the latter was not different between WT and KO mice
but was increased by SDP supplementation (p < 0.001). Consequently, KO animals showed a higher
ratio of activated Th to Treg lymphocytes than animals supplemented with SDP (both p < 0.001).

Table 3. Effects of SDP Supplementation on The Inmune Population of The Intraepithelial Compartment
In The Colonic Mucosa of Mdrla KO mice.

WT KO p Value
CTL SDP CTL SDP Colitis Diet Int.
Cell count (x10°) 026+0.06 0.19+0.05 1.76+0.22 0.81+0.10 <0.001 <0.001 0.003
Monocytes 939 +£0.60 821 +155 128+0.78 11.1+091 <0.001 ns ns
Act. monocytes 590+1.17 388+049 19.6+1.71 13.1+0.58 <0.001 0.007 ns
Neutrophils 8.09+0.75 561+054 155+094 9.82+054 <0.001 <0.001 ns
Act. neutrophils 443+1.13 631+099 21.7+183 127+0.83 <0.001 0.030 0.002
Denderitic cells 20.1+255 19.1+222 150+142 164+0.76 0.025 ns ns
Act. dendritic cells 209+278 20.0+202 138+0.68 17.7+0.63 0.003 ns ns
Act. Th lymphocytes 6.08+0.18 6.37+0.76 161+094 13.0+0.74 <0.001 ns ns

Treg lymphocytes 310+£043 533+026 339+021 5.27+047 ns <0.001 ns
Act. Th/Treg lym. ratio  2.09+0.31 1.19+0.09 4.83+026 258+0.18 <0.001 <0.001 0.015

Results are expressed as mean + SEM (1 = 5-14 mice/group). Cell values are expressed as absolute number for
cell count while monocytes, neutrophils, and dendritic cells are expressed as the percentage of nonlymphocytic
leukocytes. Activated and regulatory cells are expressed as the percentage of the corresponding total subset. Act,
activated; CTL, control; Int., interaction between colitis and dietary factors; ns, nonsignificant; SDP, spray-dried
porcine plasma; Th, T helper; Treg; regulatory T helper.

2.4. Effects of SDP Suplementation on Inflammation Markers in Mdrla KO Mice

The concentrations of the chemokines MIP-13 and MCP-1 were augmented in the colonic mucosa
in KO mice (both p < 0.001, Figure 4A,B) and SDP supplementation reduced their levels (p = 0.026 and
p = 0.025, respectively). The concentrations of the cytokines IL-17 and I1-2 were also increased in KO
mice (p < 0.001, Figure 4C,D), with SDP supplementation once again blocking the increase (p = 0.026
and p = 0.012, respectively).
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Figure 4. Effects of SDP supplementation on cytokine secretion in the colonic mucosa of Mdrla KO mice.
(A) MIP-1$ concentration; (B) MCP-1 concentration; (C) IL-17 concentration; (D) IL-2 concentration.
Results are expressed as mean + SEM (n = 5-7 mice/group). CTL, control; IL-2, interleukin-2; IL-17,
interleukin-17; Int., interaction between colitis and dietary factors; MCP-1, monocyte chemoattractant
protein 1; MIP-13, macrophage inflammatory protein 1 beta; SDP, spray-dried porcine plasma.
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In KO mice, the expression levels of Inos, Ifn-y, and Tnf-a were increased (all p < 0.001, Figure 5),
and SDP supplementation reduced all these effects (p = 0.041, p < 0.001, and p < 0.001, respectively).
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Figure 5. Effects of SDP supplementation on proinflammatory cytokine expression in the colonic
mucosa of Mdrla KO mice. (A) Inos expression; (B) Ifn-y expression; (C) Tnf-o expression. Results are
expressed as mean + SEM (1 = 4-7 mice/group). CTL, control; Inos, inducible nitric oxide synthase; Ifn-y,
interferon-gamma; Int., indicates the interaction between colitis and dietary factors; SDP, spray-dried

porcine plasma; Tnf-o, tumor necrosis factor-alpha.

SDP supplementation increased the concentration of the anti-inflammatory cytokine IL-10
(p = 0.049, Figure 6A). No changes in the TGF-f3 concentration were observed in the colonic mucosa in
KO mice or after SDP supplementation (Figure 6B).
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Figure 6. Effects of SDP supplementation on anti-inflammatory cytokine secretion in the colonic
mucosa of Mdrla KO mice. (A) IL-10 concentration; (B) TGF-f3 concentration. Results are expressed as
mean + SEM (n = 5-7 mice/group). CTL, control; IL-10, interleukin-10; Int., interaction between colitis
and dietary factors; SDP, spray-dried porcine plasma; TGF-f3, transforming growth factor-beta.

3. Discussion

The pathogenesis of IBD is still unknown. However, it is well-established that patients have a
deregulated immune response involving increases in proinflammatory cytokines, which has been
identified to contribute to disorders of the gastrointestinal tract [21]. In recent years, nutraceutical
compounds, which include bioactive peptides and colostrum, have been reported to have beneficial
effects in IBD patients [22]. Therefore, in the present study, we evaluated the effects of dietary
supplementation with SDP on the evolution of IBD in a mouse model of spontaneous colitis.

The gastrointestinal tract can develop different inflammatory pathologies, with changes in
epithelial permeability leading to altered mucosal functions [23]. Here, Mdrla KO mice showed
an increase in the histopathological index, indicating intestinal deterioration. In addition, KO mice
had higher epithelial permeability and lower abundance of tight junction proteins than WT animals,
which is consistent with the alterations in epithelial permeability and in tight junction structure
observed in patients with ulcerative colitis and Crohn disease [8]. Although SDP supplementation did
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not improve the histopathological index, it prevented the increase in crypt epithelial permeability and
the reduction in E-cadherin abundance observed in Mdrla KO animals. This effect is similar to that
observed in the same model of colitis after supplementation with SBI, which is an immunoglobulin
concentrate [12]. Previous work has also shown that SDP can prevent increases in small intestine
permeability during acute intestinal inflammation induced by an enterotoxin [17].

IBD patients show lower abundance of goblet cells and changes in mucin expression and
secretion [24], which reduce the thickness of the mucus layer [25] and thereby compromise barrier
function. In addition to mucins, goblet cells also synthesize trefoil factors, which are secretory proteins
that stabilize the mucus layer [26] and facilitate intestinal epithelial restitution [27]. Our Mdrla KO
mice showed a reduction in the number of goblet cells in the colon, as well as in the expression of
Muc2 and Tff3, which would contribute to an increase in the epithelial permeability of the colon [28].
Indeed, it has been described that a reduction in goblet cells and Muc2 would be associated with an
increase in pathogenic bacteria in the mucus layer and a greater penetration of these microorganisms
into the mucosa [29]. SDP supplementation did not improve goblet cell abundance in KO mice but
did attenuate the decrease in Muc2 expression and maintained Tff3 expression at similar levels to
those of healthy animals. Therefore, SDP helps to maintain barrier integrity and prevent the entry of
pathogenic microorganisms that could eventually perpetuate inflammation in the colonic mucosa.

Both MUC1 and MUC4 are membrane-bound mucins that are elevated in patients with IBD
during the inactive phase of the disease, suggesting a crucial role of these mucins in the development
of the condition [30]. In addition, aberrant expression of Mucl is involved in intestinal barrier
dysfunction during inflammation, with overexpression of Mucl correlated with increased intestinal
permeability [31]. On the other hand, neutrophil infiltration is associated with increased Muc4
expression [32]. SDP supplementation reduced the overexpression of Mucl and Muc4 observed in
KO mice, suggesting that SDP-supplemented mice had lower immune activity and an enhanced
colon barrier.

Mdrla KO mice showed an increase in immune cell recruitment in the lamina propria and in the
intraepithelial compartment, as observed in IBD patients [33]. This infiltration is triggered by monocytes,
neutrophils, and Th lymphocytes [34]. The infiltration is accompanied by chemokines and cytokines
that promote the recruitment and activation of these cells, leading to unrestrained accumulation of
activated immune cells that impair mucosal homeostasis and perpetuate the inflammatory response [35].
We found that SDP supplementation reduced the accumulation of activated monocytes and neutrophils
in the colonic mucosa, which is consistent with reduced production of MIP-1f3 and MCP-1. This effect
is notable because these chemokines are important mediators for the recruitment and accumulation
of neutrophils and macrophages in colitis models [36]. The SDP diet also reduced the percentage
of activated Th cells in the lamina propria, diminishing an immune subset that plays a main role in
initiating and shaping IBD pathogenesis [37]. The decline in Th cell activation led to a reduction
in proinflammatory cytokines, such as IL-2 and IFN-y. This is noteworthy because activated Th
lymphocytes are also characterized by alterations in cytokine production, which result in a disturbed
balance between pro- and anti-inflammatory cytokines [38,39]. Along this line, similar effects of
SDP supplementation have been observed in other rodent models of jejunum and pulmonary acute
inflammation [40-42].

Th17 cells play an important role in host defense against extracellular pathogens but are also
associated with the development of inflammatory responses such as those seen in IBD [43]. Here,
Mdrla KO mice showed a considerable increase in IL-17 release in the colonic mucosa, indicating a
clear bias toward the Th17 immune response. SDP decreased the concentration of IL-17 in the colonic
mucosa. This effect may be clinically relevant because IL-17 induces the release of chemokines and
other chemoattractants from epithelial and endothelial cells that promote the inflammatory response
through the recruitment of neutrophils [44]. Therefore, the reduced IL-17 release observed in KO
mice supplemented with SDP might explain the lower activation of neutrophils and their reduced
infiltration into the colonic mucosa. Similar effects of SDP supplementation were observed in mice



Int. ]. Mol. Sci. 2020, 21, 6760 90f16

with acute lung inflammation induced by lipopolysaccharide (LPS), with a reduction in the activation
of neutrophils and their infiltration into lung tissue [42,45].

Immune activation and proinflammatory cytokine release can disassemble tight junction proteins,
increasing epithelial permeability [46]. This can trigger and perpetuate local inflammation in IBD [47].
Furthermore, both Tnf-a and Ifn-y induce Inos expression, which also has deleterious effects on intestinal
integrity [48]. In general, our results showed that SDP supplementation reduced the immune response
during colitis development. A similar pattern was also observed with SBI supplementation in Mdrla
KO mice [13].

The intestinal mucosa is normally maintained in a state of controlled inflammation in which
there is a balance between protective immune responses and tolerance to self-antigen and commensal
bacteria [49]. Dendritic cells participate in the preservation of Th intestinal tolerance through the
activation and maintenance of Treg cells [50], which in turn control immune responses in the gut by
inhibiting the proliferation and effector functions of other T cells. Inflammation in IBD may be caused
by an alteration in the balance between Treg and proinflammatory activated Th cells [51]. Our KO
mice showed a reduced proportion of dendritic cells and activated dendritic cells, which correlates
well with the reduction in the Treg population. In our experiments, SDP supplementation increased
the percentage of dendritic cells and their activation in the lamina propria of the KO mice, as well
as the proportion of Treg lymphocytes in the colonic mucosa. SDP supplementation also reduced
the ratio between activated Th lymphocytes and Treg lymphocytes, indicating that SDP restores
the balance between these lymphocyte populations. A similar response pattern has been observed
in the Staphylococcal enterotoxin B model of mild intestinal inflammation [19] and in acute lung
inflammation induced by LPS [45]. In both cases, the challenge increased the activated Th/Treg ratio
while SDP restored the pre-challenge ratio. The importance of these effects lies in the role of Treg in the
suppression of Th effector cells through the secretion of anti-inflammatory cytokines such as IL-10 and
TGEF-p [52].

SDP supplementation did not modify colon TGF-f3 concentration but did promote IL-10 release.
The lack of a TGF-f3 response was unexpected because, in other inflammation models, such as intestinal
and genitourinary acute inflammation models, SDP induces the secretion of TGF-f3 [41,53]. However,
in acute lung inflammation, only mature TGF-f3 (and not total TGF-f) is increased by SDP [42].

On the other hand, SDP supplementation increased the release of IL-10 during chronic
inflammation. These results are consistent with the acute intestinal inflammation induced by
staphylococcal enterotoxin B [19], with the acute lung inflammation provoked by LPS [42], and with the
uterine inflammation induced by stress [53], in which SDP supplementation increases the expression of
this anti-inflammatory cytokine. In a very different condition, such as in a mouse model of senescence,
SDP increases the brain concentration of IL-10, suggesting its participation in the regulation of immune
responses in nonmucosal tissues [20]. All of these effects of SDP on IL-10 are remarkable because this
cytokine plays an important anti-inflammatory role in restricting and suppressing the inflammatory
responses, thus minimizing tissue damage in response to microbial challenges [54].

Besides the effect of SDP on the immune system itself, it can also act through changes in the
intestinal microbiota. In this regard, Moreto et al. [55] showed that supplementation with SDP increases
the proportion of bacterial families that improve intestinal barrier function and are well-known
mediators of anti-inflammatory and tolerogenic responses, such as the Lactobacillaceae family. In fact,
different species of the genus Lactobacillus have been shown to be effective in promoting the expression
of 1I-10 [22] or in reducing the expression of adhesion molecules that promote leukocyte recruitment in
an experimental colitis model [56].
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4. Materials and Methods

4.1. Animals and Experimental Design

Mdrla knockout mice (FVB.129P2-Abcblatm 1BorN7; KO mice) and the corresponding FVB wild
type (WT mice) were purchased from Taconics (Germtown, NY, USA). We created a stable colony for KO
animals in the specific pathogen free (SPF) area of the Animal Experimentation Service of the Barcelona
Science Park (BSP). Animals were kept under stable temperature and humidity conditions, with a
12 h:12 h light/dark cycle. All protocols used in this study were approved by the Ethics Committee for
Animal Experimentation of the BSP (Permit number: P03-R1-08, approved 09/05/2008).

The animals were weaned at day 21 of age and then consumed the experimental diets until the
end of the study. The animals were fed a control diet, or a diet supplemented with 8% of SDP, which is
a protein-rich ingredient obtained from industrial fractionation of blood from healthy pigs intended for
human consumption. Control and SDP diets were designed to provide balanced energy and nutrients.
The experimental diets were prepared by APC-Europe S.L.U (Granollers, Spain) from base ingredients
provided by Envigo (Bresso, Italy), and their composition is detailed in Table 4. The experimental
groups used throughout the study were WT (WT mice fed control diet), KO (KO mice fed control diet),
SDP (WT mice fed SDP diet), and KO-SDP (KO mice fed the SDP diet). Mice were maintained in the
SPF area until day 28 of age, when they were transferred to a conventional housing area. Animals were
killed by anesthesia overdose at 56 days of age.

Table 4. Diet composition.

Ingredients Control Diet Ingredients
spp! - 80
Dried skim milk 530.7 340.5
Corn starch 199.3 308.8
Sucrose 94.5 94.5
Soybean oil 70 70
Cellulose 50 50
AIN-93-G-MX 2 35 35
AIN-93 VX 2 15 15
Choline bitartrate 3 3
Methionine 2.5 3.2

1 spp (spray-dried porcine plasma) was provided by APC-Europe S.L.U (Granollers, Spain); 2 AIN-93 VX,
vitamin mix; AIN-93-G-MX, mineral mix, both provided by Envigo (Bresso, Italy).

The clinical signs of colitis were analyzed using the disease activity index (DAI), which scores
weight loss, stool consistency and bleeding, as described elsewhere [12].

4.2. Morphological Study

This procedure was carried out as described before [13]. Histopathological analysis was
performed by the Pathological Anatomy Department of the Vall d’Hebron Hospital (Barcelona, Spain),
under blind conditions. Analysis of the degree of histological alterations assigned values between 0-3
(absent-slight-moderate-severe). The variables studied were lamina propria and transmural cellular
infiltration, cryptitis, ulcers and mucus depletion.

4.3. Intraepithelial Lymphocytes and Lamina Propria Lymphocytes Isolation

Lymphocytes isolation was carried out as previously described [13,57]. Briefly, the colon was
extracted, washed with PBS and everted. Then, the tissue was incubated in a pre-digestion solution HBSS
with 10% FBS (both Invitrogen, Carlsbad, CA, USA), 5 mM EDTA and 1 mM DTT (both Sigma-Aldrich,
St. Louis, MO, USA) for 25 min at 37 °C in a shaker (Thermomixer Comfort Eppendorf®, 750 rpm).
The cell suspension was filtered in a cell strainer of 75 pm and centrifuged at 500x g for 10 min at 4 °C.
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The pelleted cells were resuspended in PBS-FBS and reserved until do the Percoll gradient. The cell
suspension contains intraepithelial lymphocytes among other cell types.

The remainder colon was finely minced and incubated in digestion solution containing RPMI 1640,
5% FBS, penicillin/streptomycin, 10 nM HEPES, 2 mM L-Glutamine and 1500 U/mL collagenase (all,
Invitrogen, Carlsbad, CA, USA) at 37 °C for 20 min in a shaker (Thermomixer Comfort Eppendorf®,
750 rpm). The cell suspension obtained was separated and the rest of tissue was incubated two
additional times with the digestion solution. The cell suspension obtained was filtered in a 75 um cell
strainer and centrifuged at 500 g for 10 min at 4 °C. The pelleted cells were resuspended in PBS-FBS.
This cell suspension contains the lamina propria lymphocytes among others cell types.

At this point, both types of enriched cell suspensions (from lamina propria and intraepithelial
compartment) were proceed at the same time. Samples were centrifuged at 500x g for 10 min at
4 °C and were submit to gradient Percoll 40-80%. Leukocytes were transferred to a clean tube and
centrifuged at 500x g for 10 min at 4 °C. The pelleted cells were resuspended in PBS-FBS. Cell number
and viability were determined using acridine orange and ethidium bromide markers. In all cases,
cell viability was >90%.

4.4. Cell Staining

Cell staining was performed as described before [13]. Briefly, the staining was carried out on 1.5 X
10* cells in samples of the lamina propria, and on 7 x 10* cells of the intraepithelial subset. To stain
extracellular markers, cells were incubated with the primary antibodies CD45, CD19, CD4, CD25, CD14
and CD11c (all from eBioscience Inc., San Diego, CA, USA) and LY6G and CD86 (BD Pharmingen,
Franklin Lakes, NJ, USA) for 30 min at 4 °C. To stain the intracellular markers, cells were fixed with
paraformaldehyde 4% for 20 min at 4 °C (Sigma-Aldrich, St. Louis, MO, USA), and permeabilized
with Triton-X® for 15 min at 4 °C (Sigma-Aldrich, St. Louis, MO, USA). Cells were incubated with
the primary antibodies FOXP3 (eBioscience Inc. San Diego, CA, USA) and CD68 (Serotec GmbH
Kidlington, UK) for 30 min at 4 °C. Finally, cells were maintained in paraformaldehyde 4% until
further analysis in the Aria cell sorter (Becton Dickinson, Franklin Lakes, NJ, USA) located at the
Cytometry Unit of the Technical Services of the Universitat de Barcelona at the BSP. Results were
analyzed using the Flowjo Software (Treestar Inc., Ashland, OR, USA). Cell markers to quantify each
leukocyte population are detailed in Table 5.

Table 5. Cell Markers to Quantify Leukocyte Populations.

Population Gate
Leukocytes CD45*
B lymphocytes CD19*CD45*
T helper cells CD4*CD45*
Activated Th lymphocytes CD25*FOXP3~CD4*
Regulatory Th lymphocytes CD25*FOXP3*CD4*
Neutrophils CD45* non-lymphocytic leucocytes were separated by forward/side scatter Ly6G*
Monocytes CD45* non-lymphocytic leucocytes were separated by forward/side scatter CD68*
Activated neutrophils CD45* non-lymphocytic leucocytes were separated by forward/side scatter Ly6G+*CD14*
Activated monocytes CD45* non-lymphocytic leucocytes were separated by forward/side scatter CD68*CD14*
Dendritic cells CD11c*CD45*
Activated dendritic cells CD457CD11c*CD86™"

4.5. Epithelial Fluorescent Dextran Permeability

This protocol was performed as previously described [12]. Briefly, the colon mucosa was scrapped
and kept for 15 min in a petri dish which contained carbogenated Earl’s solution at 37 °C to stabilize
the sample. The fluorescent tracer fluorescein isothiocyanate (FITC)-labeled dextran (FITC-dextran;
molecular weight 4000; Sigma-Aldrich, St. Louis, MO, USA) was used to study the crypt permeability.
To carry out the monitoring of the ratio of fluorescence intensity of crypt luminal and pericryptal areas,
tissue samples were incubated for 15 min and confocal images were taken every 3 min with a CLSM
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SPII confocal microscope (Leica Microsystems, Heidelberg, Germany). Two fields were captured per
tissue per animal. The image was quantified with Image]J software.

4.6. Western Blot

This procedure was carried out as described before [55]. Samples of colon mucosa were
homogenized. Equal amounts of protein (100 pg) were separated on 10% SDS-PAGE and transferred
to polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA). Membranes were incubated
overnight at 4 °C with specific primary antibodies against GAPDH (clone GAPDH-71.1; 1:10,000;
Sigma-Aldrich, St. Louis, MO, USA), 3-catenin (1:2000; NeoMarkers, Fremont, CA, USA), E-cadherin
(clone H-108, 1:500; Santa Cruz Biotechnology, Dallas, TX, USA). The blots were developed by using
WesternDot 625 Western blot kits (Life Technologies, Paisley, UK) and quantified with Image] gel
analyser software.

4.7. Real-Time PCR

RNA isolation, reverse transcription was performed as describe previously [20]. Total RNA was
retrotranscribed using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Real-time PCR
was performed using a cDNA template in a 20 pL reaction containing 0.2 umol/L of each primer
and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) and carried out
on a MiniOpticon Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The primers used to detect
the genes of interest were cited elsewhere [18,45]. The target gene transcripts were quantified using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression as a reference, using the 2744t
method [58]. Product fidelity was confirmed by melt-curve analysis.

4.8. Cytokine Concentration

Samples of colon mucosa were homogenized as described before [13]. Cytokines were measured
by Bio-Plex Cytokine Assay™ (Bio-Rad, Hercules, CA, USA).

4.9. Statistical Analysis

Results are presented as means + SEM except for the disease activity index score, histopathological
index and parameters used in the histopathological index, which are expressed as medians. A test was
performed to detect outliers (Grubb test) and check the homogeneity of variance (Shapiro-Wilk test)
and data normality (Shapiro-Wilk test) for all groups. Median values for nonparametric data were
compared by the Kruskal-Wallis test. The effects of diet, colitis as well as their interaction (diet and
colitis factors) were analyzed by two-way ANOVA followed by Fisher’s Least Significant Difference
(LSD) post hoc test (applied between the different diets), using GraphPad Prism® software v 7.01
(GraphPad Software, Inc., La Jolla, CA, USA). Statistical differences were considered significant at
p <0.05. A p value between 0.05 and 0.1 was suggestive of a true effect [59].

5. Conclusions

In conclusion, our findings showed that dietary supplementation with SDP reduces the amount of
activated Th lymphocytes and promotes the presence of Treg cells in mice that spontaneously develop
colitis; in turn, SDP increases the secretion of 11-10, which favored an anti-inflammatory immune
profile. This cascade eventually reduces proinflammatory cytokines in the mucosa and restores the
barrier properties of the colonic epithelium. The beneficial effect of SDP in this model suggests a role
for plasma-derived supplements in preventing and ameliorating IBD.
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Abbreviations

CTL Control

FITC Fluorescein isothiocyanate
GALT Gut-associated lymphoid tissue
IBD Inflammatory bowel disease
IFN-y Interferon-gamma

IL Interleukin

Inos Inducible nitric oxide synthase
KO Knockout

MCP-1 Monocyte chemoattractant protein 1
MIP-13 Macrophage inflammatory protein 1 beta
Mucl Mucin 1

Muc2 Mucin 2

Muc4 Mucin 4

Muc6 Mucin 6

MW Molecular weight

SDP Spray-dried porcine plasma

TIf3 Trefoil factor 3

TGEF-$ Transforming growth factor-beta
Th T helper

Treg Regulatory Th lymphocytes
TNF-« Tumor necrosis factor-alpha

WT Wild type
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