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RESUMO

As mudangas climaticas levantam preocupacdes quanto ao possivel aumento na ocorréncia
de ondas de calor e, consequentemente, a exposi¢do ao estresse térmico. O efeito do estresse
térmico na reproducdo ¢ complexo e pode resultar em modulacdo negativa do sistema
endodcrino, da viabilidade dos gametas e dos desfechos gestacionais em ruminantes. Com
base na hipotese de que o estresse térmico afeta o proteoma epididimario, este estudo teve
como objetivo investigar o perfil protedmico do tecido epididimario de carneiros submetidos
a estresse térmico testicular induzido por insulagao escrotal. Foram utilizados 25 carneiros
(Santa Iné€s x Dorper), divididos em cinco grupos (n = 5): controle (castrados sem insulagdo
escrotal), 24h (isolados por 24 horas e castrados ap6s a insulagao), 48h (isolados por 48 horas
e castrados em seguida), 7d e 14d (isolados por 48 horas e castrados, respectivamente, sete
e quatorze dias apos a insulacdo). A insulag¢do escrotal foi realizada com o uso de fraldas
descartaveis cobrindo o saco escrotal, e a castracdo seguiu a técnica de orquiectomia aberta.
Amostras epididimarias foram submetidas a eletroforese e processadas por digestao in-gel
com tripsina. Apds isso as amostras foram concentradas a vacuo e encaminhadas ao Centro
Nacional de Pesquisa em Energia e Materiais (CNPEM) e analisadas por espectrometria de
massas. A espectrometria de massas identificou 528 proteinas nas diferentes regides
epididimérias analisadas. Na cabeca, foram identificadas 63 proteinas, das quais 50 foram
proteinas diferencialmente abundantes (DAPs) (P < 0,05); no corpo, foram detectadas 46
proteinas, sendo 33 DAPs (P < 0,05); e na cauda, foram identificadas 47 proteinas, com 39
DAPs (P < 0,05). A analise do VIP Score identificou as 15 proteinas diferencialmente
abundantes mais relevantes por segmento, destacando seu comportamento ao longo do
tempo, considerando um limiar de >1,0. As analises de ontologia génica e de interagdo entre
proteinas indicaram que, sob estresse térmico, o 6rgao inicialmente adota mecanismos de
prote¢do nos momentos 24 e 48 horas (agudos) de estresse térmico testicular. Apds o cessar
do estresse, nos momentos 7 € 14 dias (cronicos), as proteinas atuam na reparacao celular e
tecidual, promovendo a recuperagdo dos danos induzidos pelo estresse térmico. Inicialmente,
0 organismo ativa mecanismos de defesa para minimizar danos nos momentos agudos, mas,
quando insuficientes, direciona esforgos para a recuperacgao celular nos momentos cronicos.
Este estudo pioneiro demonstra que o estresse térmico afeta de forma negativa o proteoma
do epididimo em carneiros, evidenciando a importancia de investigar os mecanismos para
mitigar seus impactos na fertilidade masculina.

Palavras chaves: Proteinas, epididimo, carneiros, insulagdo testicular.
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ABSTRACT

Climate change raises concerns about the potential increase in the occurrence of heatwaves
and, consequently, greater exposure to heat stress. The effects of heat stress on reproduction
are complex and may result in negative modulation of the endocrine system, gamete
viability, and pregnancy outcomes in ruminants. Based on the hypothesis that heat stress
affects the epididymal proteome, this study aimed to investigate the proteomic profile of
epididymal tissue in rams subjected to testicular heat stress induced by scrotal insulation.
Twenty-five rams (Santa Inés x Dorper) were used and divided into five groups (n = 5):
control (castrated without scrotal insulation), 24 h (insulated for 24 hours and castrated
afterward), 48 h (insulated for 48 hours and then castrated), 7 d and 14 d (insulated for 48
hours and castrated seven and fourteen days after insulation, respectively). Scrotal insulation
was performed using disposable diapers covering the scrotal sac, and castration followed the
open orchiectomy technique. Epididymal samples were subjected to electrophoresis and
processed by in-gel trypsin digestion. The samples were vacuum-concentrated and sent to
the National Center for Research in Energy and Materials (CNPEM) for mass spectrometry
analysis. Mass spectrometry identified 528 proteins across the different epididymal regions.
In the caput, 63 proteins were identified, of which 50 were differentially abundant proteins
(DAPs) (P < 0.05); in the corpus, 46 proteins were detected, including 33 DAPs (P < 0.05);
and in the cauda, 47 proteins were identified, with 39 DAPs (P < 0.05). VIP Score analysis
identified the 15 most relevant DAPs per segment, highlighting their temporal expression
patterns with a threshold of >1.0. Gene ontology and protein—protein interaction analyses
indicated that, under heat stress, the epididymis initially adopts protective mechanisms
during the acute phases (24 and 48 h) of testicular stress. After the cessation of stress, at the
chronic phases (7 and 14 d), proteins participate in cellular and tissue repair, promoting
recovery from heat-induced damage. Initially, the organism activates defense mechanisms
to minimize acute damage; however, when these are insufficient, it redirects efforts toward
cellular recovery during the chronic stages. This pioneering study demonstrates that heat
stress negatively affects the epididymal proteome in rams, underscoring the importance of
investigating adaptive mechanisms to mitigate its impacts on male fertility.

Keywords: Proteins, epididymis, rams, testicular insulation.
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CAPITULO 1

1. INTRODUCAO E JUSTIFICATIVA

O estresse térmico ocorre quando a temperatura ambiente excede a capacidade do organismo
de dissipar calor, levando a um desequilibrio entre a produgdo e a perda de calor corporal. Essa
condi¢do ¢ particularmente critica em regioes tropicais € subtropicais, onde os animais sao
frequentemente expostos a altas temperaturas associadas a elevada umidade relativa do ar. A
exposicao prolongada a esse tipo de ambiente pode comprometer diversas fungdes biologicas
essenciais, incluindo o metabolismo, a resposta imunologica e, sobretudo, os processos
reprodutivos (BAGATH et al., 2019).

No caso dos ovinos, animais homeotérmicos, a regulagao térmica depende do equilibrio entre
a producado e a dissipagdo de calor. Possuindo como limite critico de termoneutralidade entre
12 °C e 32 °C, com umidade relativa entre 50% e 70% (BAETA E SOUZA, 2010; FURTADO
etal., 2021). Quando essa capacidade de termorregulacdo ¢ excedida, instala-se um desequilibrio
homeostatico que pode afetar funcdes fisioldgicas essenciais, ocasionando o aumento da
temperatura corporal, desidratagdo, alteracdes nas frequéncias respiratéria e cardiaca, falhas
reprodutivas, redu¢cdo da produtividade e, consequentemente, a diminuicdo da rentabilidade e
sustentabilidade da ovinocultura (MIEUSSET et al., 1992; SOLEILHAVOUP et al., 2014;
ROCHA et al., 2015).

Dentre os sistemas fisiologicos afetados pelo estresse térmico, o reprodutivo € um dos mais
sensiveis, com destaque para o comprometimento da funcdo epididimaria. O epididimo ¢ um
orgdo essencial para a maturacdo, armazenamento e transporte dos espermatozoides, sendo
composto por trés regides distintas: cabega (caput), corpo (corpus) e cauda (cauda) (KONIG e
LIEBICH, 2011). Sua funcionalidade plena depende de mecanismos homeostaticos precisos, que
podem ser severamente afetados por condigdes adversas. O aumento da temperatura escrotal
altera a fisiologia epididimaria, prejudicando processos fundamentais como a aquisi¢do de
motilidade e a capacidade de fertilizagdo dos espermatozoides, impactando diretamente a
fertilidade dos animais (TURNER, 1984; ROBAIRE, HINTON ¢ ORGEBIN-CRIST, 2006;
CORNWALL, 2009; SULLIVAN e MIEUSSET, 2016; O’FLAHERTY, 2019).
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As proteinas epididimarias, majoritariamente secretadas pelas c€lulas epiteliais, interagem
com os espermatozoides no limen do epididimo e desempenham papéis essenciais na sua
maturacdo e armazenamento. Alteracdes nesse proteoma podem comprometer a integridade
espermatica e, consequentemente, a fertilidade. A protedmica permite a caracterizagdo ou a
identificacao de alteragdes no perfil proteico em diferentes condicdes fisioldgicas e ambientais,
sendo, portanto, uma excelente abordagem para entender os mecanismos moleculares
subjacentes aos impactos do estresse térmico sobre a fisiologia epididimaria (KOSKIMIES e
KORMANO, 1975).

Apesar da relevancia do tema, ainda ha lacunas significativas no conhecimento sobre as
modificagdes protedmicas no epididimo de ovinos em situacdo de estresse térmico A
investigagdo dos efeitos do estresse térmico sobre o perfil proteico do epididimo ovino pode
fornecer insights importantes sobre os processos bioquimicos afetados pela exposi¢do deste
orgdo a temperaturas supra fisiologicas, permitindo a identificagdo de proteinas diferencialmente
expressas e, consequentemente, assinaturas moleculares caracteristicas.

Considerando que o estresse térmico compromete a funcdo do epididimo e altera seu perfil
protedmico, compreender essas alteracdes ¢ essencial para mitigar os seus efeitos deletérios sobre

a reproducdo ovina.

2. REVISAO DE LITERATURA

2.1 Estresse térmico

No inicio do século XIX, surgiram as primeiras observacdes sobre os efeitos das altas
temperaturas nas respostas fisioldgicas humanas, especialmente entre trabalhadores expostos
constantemente ao calor extremo, como mineiros, ferreiros e operarios industriais. Médicos e
cientistas da época comecaram a relatar casos de exaustdo, desidratacdo e insolagdo,
reconhecendo que a exposi¢do prolongada ao calor intenso poderia provocar sérias alteragdes
fisiologicas e, em alguns casos, a morte (CORNER, SAWYER e LANGLEY, 1904; TALBOTT
etal., 1933). Da mesma forma, médicos veterinarios e produtores rurais observaram que animais
expostos a elevadas temperaturas também apresentavam comprometimento da saude, o que
resultava em queda de produtividade em bovinos, ovinos e aves (BIANCA, 1958; FRANKEL,
HOLLANDS e WEISS, 1962; HOFMAN e RIEGLE, 1977).
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Esses achados sugeriram que humanos e animais respondiam e apresentavam falhas
alostaticas semelhantes quando expostos a temperaturas elevadas. Com base nessas observagdes,
iniciaram-se as investigagdes sobre as respostas fisioldgicas ao calor extremo, tanto em humanos
quanto em animais, com foco na sudorese e na circulacdo sanguinea como mecanismos chave
para a regulacdo térmica (NELSON et al., 1947; DOWLING, 1956; SYMINGTON, 1960;
MCLEAN, STEWART e MCLAUGHLIN, 1983).

O estresse ¢ uma resposta inespecifica do organismo a uma ameaca a homeostase, coordenada
pelos sistemas nervoso, neuroendécrino e imunoldgico (SELYE, 1950). Esses sistemas ativam
um processo de adaptagdao ativa denominado de alostase (MCEWEN, 1998). Quando uma
ameaga homeostatica se mantém por um tempo prolongado, pode ocorrer a sobrecarga dos
mecanismos adaptativos levando a falhas ou até mesmo exaustio alostatica (MCEWEN, 2000).

Embora o termo estresse térmico possa se referir a respostas tanto ao frio quanto ao calor
extremos, na literatura cientifica ¢ mais comumente associado as respostas alostaticas
desencadeadas quando o organismo (FERRAZZA et al.,, 2017) ou um o6rgdo especifico
(KASTELIC et al., 2021; RIZZOTO et al., 2020) sdo expostos a temperaturas acima da faixa de
termoneutralidade.

Durante o século XX, o termo estresse térmico se consolidou e passou a ser uma area de
pesquisa especifica, que foi ganhando importancia de acordo com o desenvolvimento do
conhecimento fisiologico. Atualmente, em virtude do progressivo aumento da temperatura média
global e pelas alteracOes climaticas extremas, o estresse térmico ¢ o tema mais estudado em
animais de producdo (FERNANDEZ et al., 2020; ROTH, 2020; ZHA, 2023) e nos humanos
(HOSSEINI, GHOLAMI e BONYADI, 2024).

Os principais mecanismos envolvidos na regulagdo da temperatura em situagdes de estresse
térmico sdo os nao-evaporativos (sensiveis) e os evaporativos (latentes). Os ndo-evaporativos
dependem da interag@o entre a temperatura do animal e o ambiente em que se encontra, enquanto
0s mecanismos evaporativos ndo dependem dessa interacdo direta, ocorrendo pela sudorese ou a
respiracdo, que promovem a dissipacao do calor (SANTOS et al., 2021).

Os mecanismos ndo-evaporativos envolvem a dissipagdo de calor por condugao, convecgao,
radiagdio e por estratégias comportamentais (HOLLOWAY, 1974; COLLIER e
GEBREMEDHIN, 2015): Na conducao, a dissipacdo ocorre por meio de contato fisico, como
acontece quando o animal se deita colocando seu corpo em contato com uma superficie mais fria

que sua temperatura corporal. Na convec¢ao, a dissipagdo acontece para a agua ou ar, que estejam
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em movimento em torno do corpo do animal. Esse processo pode ocorrer de forma natural, na
exposicao ao vento, ou forcada, quando depende da agdo de ventiladores e aspersores. A
dissipacao do calor por radiacdo, por sua vez, ocorre por meio de ondas eletromagnéticas, sem
necessidade de contato do corpo com superficies ou fluidos intermediarios. Este processo tem
grande importancia para os répteis, mas também ocorre nos demais animais (SANTOS et al.,
2021). As estratégias comportamentais incluem a busca por areas sombreadas, na tentativa de
reduzir a exposi¢do a radiacdo solar, a concentra¢do das atividades didrias nos periodos mais
frescos do dia, a busca ativa por agua para ingestdo e resfriamento, ¢ a diminui¢do da ingestdo
de alimento, uma vez que os processos metabolicos relacionados a digestdo produzem calor
(FERRAZZA et al., 2017; SANTOS et al., 2021).

Por sua vez, os mecanismos evaporativos estdo relacionados a processos que envolvem a
evaporagdo da agua, sendo os principais a sudorese e a ofegacdo. A sudorese, seguida pela
evaporacao do suor, ¢ um mecanismo de resfriamento corporal muito comum nos mamiferos,
pois no processo de evaporacao ocorre o resfriamento do corpo (SANTOS et al., 2021; GUJAR
et al., 2023). Contudo, este mecanismo depende muito da umidade relativa, circulagdo de ar e
numero de glandulas sudoriparas, que variam entre as espécies animais. Um estudo com pele de
bovinos, bufalos, cavalos, cabras, suinos e caes adultos identificou em média, 1,6 glandulas
sudoriparas por mm? em cabras, 1,27 em cavalos, 1,25 em bovinos, 1,07 em caes, 0,98 em bufalos
e 0,44 em suinos, sendo os equinos detentores das glandulas sudoriparas mais funcionais, seguido
de alguns bovinos zebuinos, ovinos, caprinos, suinos, caes e gatos, respectivamente (RAGHAYV,
UPPAL e GUPTA, 2021). Na respira¢do ofegante ou ofegacdo, que ocorre em varias espécies,
como aves, suino, ovinos € bovinos, os animais elevam a frequéncia respiratéria elevando a taxa
de evaporacao de dgua na superficie das vias respiratéria, dissipando o calor corporal. As aves
sdao extremamente dependentes deste processo, uma vez que ndo possuem glandulas sudoriparas
(GUJAR et al., 2023).

Como estratégias complementares, aparecem os banho e lambedura. Os suinos, que possuem
um menor numero de glandulas sudoriparas funcionais, sdo dependentes, principalmente do
banho de lama, enquanto alguns primatas utilizam a lambedura para depositar saliva sobre a pele
e pelos, que ao evaporar atua de forma semelhante ao suor na dissipagdo do calor (WARK,
KUHAR e LUKAS, 2014).

Quando nenhum destes mecanismos for suficiente, ocorre uma falha alostatica e o animal

ndo mantém sua temperatura nos limites fisiologicos, ocorrendo a exacerbacdo do aumento da



14

frequéncia respiratoria, salivagao excessiva, desidratacdo, desequilibrio acido-base (HOFMAN
e RIEGLE, 1977; RIZZOTO e KASTELIC, 2020) e, em casos mais severos, a morte (Roth et al.,
2020).

Com o aumento da temperatura corporal, ocorre a ativacdo do centro termorregulador no
hipotalamo, responsavel pela ativagao das respostas fisiologicas dos diversos sistemas do corpo
(HYDER et al., 2017).

Durante o estresse térmico, no sistema cardiovascular ocorre vasodilatagdo periférica,
podendo ocorrer taquicardia e redugdo da pressao arterial (LI et al., 2021). A taquicardia ocorre
para manter o débito cardiaco (MINSON et al., 1998; NDLOVU e CHUNGAG, 2024), contudo,
caso esse aumento ndo seja suficiente para manter o fluxo sanguineo para oOrgdos vitais,
intensifica o risco de faléncia organica, principalmente em individuos portadores de distirbio
cardiaco (KAISER et al., 2007). A vasodilatagdo periférica excessiva pode levar a queda da
pressdo arterial e, consequentemente, a hipotensdo, prejudicando o fornecimento de oxigénio e a
eliminagdo de compostos toxicos e metabolitos. Em casos mais graves, o coragdo pode entrar em
exaustdo, devido a elevacao excessiva da demanda de oxigénio pelo miocardio, resultando em
colapso cardiovascular (CHASELING et al., 2021).

O aumento da frequéncia respiratdria ¢ um achado comum em varias espécies sob estresse
térmico, (SRIKANDAKUMAR, JOHNSON ¢ MAHGOUB, 2003; FERRAZZA et al., 2017).
Contudo, a taquipneia excessiva ¢ um fator de sobrecarga do sistema respiratorio podendo levar
também a desequilibrios acidobasicos com subsequente alcalose respiratoria e falhas nas trocas
gasosas pulmonares, que em casos mais graves causa hipoxemia e comprometimento dos 6rgaos
vitais (SRIKANDAKUMAR, JOHNSON e MAHGOUB, 2003).

O sistema imunoldgico também pode ser comprometido pelo estresse térmico. O calor
excessivo, ativa os eixos hipotalamo-hipofise-adrenal (HPA) e simpatico-adrenal-medular
(SAM) o que resulta em maior producdo dos hormoénios cortisol e adrenalina e,
consequentemente, alteracdes na resposta imunologica (CHAUHAN et al., 2021). O cortisol,
hormonio esteroide produzido pelas glandulas adrenais, ¢ essencial para as respostas do
organismo a estimulos estressantes. O estresse térmico causa um quadro inflamatorio sistémico,
com elevacdo de citocinas inflamatérias. Estudos com vacas em lactacdo e no periodo de
transicao, expostas a estresse térmico identificaram maiores concentracdes séricas de TNF-a e
interleucina 10 (IL-10) (TAO et al., 2013; ZHANG et al., 2014). Em um outro estudo, vacas

holandesas foram submetidas a estresse térmico e apresentaram uma elevagdo sérica da
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concetragao de IL-4, IL-5, IL-6, TGF-B1 e outros componentes responsaveis pela via de ativagao
do sistema imunolégico (KOCH et al., 2019). Em ovinos, o estresse aumentou a expressao dos
receptores de IL-1, IL-2 e HSPA2 (LU et al., 2019). Curiosamente, em vacas leiteiras de 5 a 7
semanas pos-parto, Safa et al (2019) observaram um efeito contrario, pois o estresse térmico
reduziu as concentragoes séricas de TNF-a, IL-1a e IL-2.

O estresse térmico compromete significativamente a fungao testicular, sendo esse impacto
refletido por alteragdes nos pardmetros seminais que geralmente se manifestam entre 7 e 14 dias
apos o insulto térmico, a depender da intensidade e da duragdo da exposicao ao calor (TEIXEIRA
et al., 2025). As alteragdes mais frequentemente observadas, sao a redugdo na concentracao
espermatica, aumento na propor¢ao de espermatozoides anormais, elevagao do numero de
patologias espermaticas e a diminuicdo da motilidade dos espermatozoides vidveis. Embora o
organismo apresente certa capacidade de recuperagdo apos o fim do estresse térmico, a
restauragdo completa da espermatogénese e da qualidade seminal ocorre somente apds um
periodo aproximado de 60 dias, correspondendo ao ciclo completo de renovagao
espermatogénica (HAMILTON et al., 2016).

Os mecanismos envolvidos na etiopatogenia do estresse térmico ainda ndo estdo bem
elucidados, acreditava-se que uma hipoxia testicular justificaria as alteragcdes seminais, contudo,
um estudo com carneiros avaliou o efeito da hipoxia e do estresse térmico testicular, avaliando
os parametros seminais isoladamente e concluiram que as alteragcdes espermaticas foram gerada
exclusivamente pela hipertermia testicular, onde 30 horas de hipertermia foi suficiente para cair
de 80 para 20 a porcentagem de espermatozoides normais dos animais insulados enquanto a
hipoxia ndo resultou em dados significantes (KASTELIC et al., 2017). Adicionalmente, estudos
em carneiros e touros demonstraram que o aquecimento testicular agudo induz aumento do fluxo
sanguineo na artéria testicular (RIZZOTO et al., 2019, RIZZOTO et al., 2020b). Com base nessa
descoberta, os estudos sobre degeneragdo testicular e estresse térmico passaram a concentrar-se
nas alteracdes decorrentes da exposi¢ao prolongada a altas temperaturas, com énfase nos niveis
celulares e moleculares. Essas investigagdes vém demonstrando que o aumento das
concentragdes das espécies reativas de oxigénio, a diminuicdo da concentragdo de testosterona
no parénquima testicular (RIZZOTO et al., 2020a) e a elevada taxa de apoptose nas células
germinativas dos tibulos seminiferos (LI et al., 2013) estdo intimamente ligados as
consequéncias deletérias do estresse térmico na funcdo testicular e consequente

comprometimento da espermatogénese.
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2.2 O epididimo

O epididimo consiste em um unico ducto longo, revestido por musculatura lisa,
extremamente enrolado, que apresenta trés regides distintas — cabeca, corpo e cauda-, sendo
que cada uma delas possui funcdes diferentes. Nos mamiferos, em cada uma dessas regides, as
diversas voltas do ducto epididimario estdo organizadas em ldbulos, que se encontram
separados por septos de tecido conjuntivo (ARROTIA et al., 2012).

A cabeca ¢ a parte mais volumosa do orgdo. Localizada nos ruminantes aderida na parte
superior do testiculo, tem aspecto liso, ligeiramente ondulado, formato arredondado e conico,
textura firme, devido ao maior volume de seus ductos, e coloragdo variando entre branca e
esbranquigada. Seu ducto se comunica ao testiculo pelos ductos eferentes oriundos da rede
testicular (ARROTIA et al., 2012). O epitélio da cabeca do epididimo ¢é pseudoestratificado e
composto majoritariamente por células principais, seguidas pela basais e de apoio (ARROTIA
et al., 2012). O limen ductal nesta regido € relativamente mais estreito em relacdo ao da cauda,
e seu epitélio possui estereocilios, que sao prolongamentos celulares semelhantes a cilios,
localizados na regido apical das células principais (ROBAIRE, HINTON e ORGEBIN-CRIST,
2006). A principal fungdo deste segmento € atuar na maturacdo espermatica. Seu fluido ¢ rico
em lipocalinas, glicoproteinas, proteases, cisteinas e antioxidantes, que participam de varios
processos moleculares e bioquimicos (SULLIVAN e MIEUSSET, 2016). A cabeca também
desempenha um papel importante na modulacao do pH do fluido, mantendo os espermatozoides
quiescentes por meio da modulacdo de ions de calcio e bicarbonato (YOUNG, 1931). Nesta
regido ocorrem também modificagdes das proteinas da membrana espermatica pela adi¢do de
cisteinas e o inicio da aquisicdo da capacidade de fertilizagdo (DACHEUX, GATTI e
DACHEUX, 2003).

O corpo esta localizado ao longo da parte medial caudal do testiculo,. Apresenta superficie
lisa e formato estreito e alongado e funciona como regido de transi¢do entre a cabega e a cauda
(KONIG e LIEBICH, 2011). A espessura de sua parede e o didmetro do ducto desta regido sao
menores que os da cabeca. As fungdes principais desta regido ¢ realizar a reabsor¢ao de fluido
e continuar a maturagdo dos espermatozoides, promovendo sua preparacdo final para a
capacitagdo e fertilizagdo (ARROTIA et al., 2012). Os ductos desta regido, revestidos por
epitélio pseudocilindrico composto por células principais, basais, ciliadas e de revestimento,

possui peristaltismo que promove o fluxo continuo do fluido epididimario e dos
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espermatozoides em dire¢ao a cauda (ROBAIRE, HINTON e ORGEBIN-CRIST, 2006). Neste
segmento ocorre a secrecao de proteinas ligadoras de cations, como as lactoferrinas, que ajudam
a proteger os espermatozoides contra o estresse oxidativo, (ZHARANI et al., 2024). No corpo
do epididimo, ocorrem importantes interagdes hormonais envolvendo testosterona, estradiol e
prolactina, que desempenham um papel fundamental na regulagdo da maturagdo espermatica.
A medida que os espermatozoides transitam por essa regido, eles sofrem modificagdes
metabolicas, como a capacidade de processamento da glicose e lactato, alteracdes nas suas
membranas celulares, adquirindo motilidade potencial e capacidade de fertilizacdo. Essas
mudangas capacitam os espermatozoides a realizarem a reagao acrossémica, um passo essencial
para a fecundacdo. Além disso, neste segmento, ocorre a remog¢do de substincias toxicas e
radicais livres, garantindo que os espermatozoides mantenham sua integridade e capacidade de
fertilizagao (YOUNG, 1931).

A cauda do epididimo, a regido mais distal do 6rgdo, apresenta formato alongado e estreito.
Nas espécies que produzem grandes quantidades de espermatozoides e/ou ejaculacdes pouco
frequentes, como os bovinos e garanhdes, a cauda tende a ser maior. Essa regido ¢ responsavel
por armazenar os espermatozoides maduros, podendo acumular uma grande quantidade deles
antes da ejaculacio (KONIG; LIEBICH, 2011). A cauda termina conectando-se ao ducto
deferente e apresenta textura mais firme em comparacdo com as demais regides do 6rgdo.
Possui uma aparéncia mais enovelada e espessa, além de apresentar maior didmetro dos ductos
epididimarios, o que esta diretamente relacionado a sua elevada capacidade de armazenamento
de espermatozoides maduros (ARROTIA et al., 2012).

Com um epitélio mais espesso e pouco ciliado, essa regido exibe menor atividade
metabolica em comparacdo com a cabega e o corpo do epididimo. A camada de musculatura
peritubular € mais fina, mas ainda ¢ funcionalmente eficiente na conducdo dos espermatozoides
at¢ o ducto deferente. Além disso, a cauda ¢ responsavel pela concentragdo dos
espermatozoides, processo mediado pela reabsorcdo de fluidos epididimarios por meio de
canais 16nicos, como os de sodio e cloro, que ajudam a manter a osmolaridade do fluido ¢ a
adequada concentragao dos espermatozoides (VELEZ; NIEDERBERGER, 2023). Apesar de
estarem armazenados, os espermatozoides continuam a metabolizar nutrientes, como a glicose,
para gerar energia na forma de ATP, um processo essencial para manter sua viabilidade até a
ejaculacdo. Além disso, a cauda desempenha um papel fundamental na protegao imunologica

dos espermatozoides (HEDGER, 2011). Durante o armazenamento, os espermatozoides
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adquirem proteinas de membrana que poderiam ser reconhecidas como antigenos pelo sistema
imune. No entanto, devido a presenca da barreira imunoldgica epididimaria, esses
espermatozoides sdo protegidos contra respostas imunoldgicas indesejadas, garantindo sua
preservacdo e funcionalidade até o momento da ejaculacio (NASHAN et al., 1989). Embora a
regido da cauda apresente menos processos moleculares em comparagdo com outras partes do
epididimo, ela ainda desempenha um papel crucial na manutencdo da viabilidade e protecao
dos espermatozoides (SULLIVAN e BELLEANNEE, 2018).

A irrigacdo testicular e do epididimo ¢ realizada principalmente pela artéria testicular, que,
ao alcangar o 6rgao, ramifica-se em vasos menores que se dirigem a ambas as estruturas
(MACMILLAN, 1954; MOSTAFA et al., 2008). Além disso, o epididimo também recebe
irrigagdo complementar: sua por¢ao inferior ¢ suprida pela artéria cremastérica, um ramo da
artéria epigastrica inferior que percorre o corddo espermatico, enquanto as porgdes superior €
média (cabeca e corpo) recebem sangue da artéria deferente, derivada da artéria vesical inferior
(KORMANO e REIJONEN, 1976).

Os capilares fenestrados presentes no epididimo desempenham um papel crucial nas trocas
gasosas ¢ de nutrientes entre o sangue ¢ o tecido, especialmente nas areas de alta atividade
metabolica do 6rgdo, como a cabeca e o corpo. O retorno venoso ¢ realizado pelas vénulas e
veias locais que desembocam na veia testicular, que, por sua vez, conecta-se a veia cava inferior,
permitindo que o sangue venoso retorne ao coracao (MACMILLAN, 1954).

O epididimo ¢ inervado pelo sistema simpdatico e parassimpatico, que possuem papéis
fundamentais na modulagao funcional do 6rgao (CLEMENT e GIULIANO, 2015). A inervacao
simpatica, mediada pela noradrenalina proveniente dos ginglios simpaticos da regido lombo-
sacral, chega ao epididimo através do plexo espermatico, que ramifica-se ao longo do testiculo
e epididimo (BAUMGARTEN et al., 1968). Essa inervacao ¢ concentrada principalmente na
cabega e no corpo, onde regulam as secre¢des epididimarias, as contracdes da musculatura lisa,
vasodilatagdo e vasoconstrigdo dos vasos locais, processo importante também para a
termorregulacao tecidual (BAUMGARTEN et al., 1968).

A fungdo epididimaria ¢ regulada por horménios que atuam no orgao desde a fase
embriondria-fetal até a vida adulta. Entre os diversos hormonios que atuam no 6rgdo destacam-
se a testosterona, o estradiol e fatores de crescimento sendo comumente encontrados o fator de
crescimento epidérmico (EGF), os fatores semelhantes a insulina tipos 1 e 2 (IGF-1 e IGF-2) e

o fator de crescimento transformador beta (TGF-) (RAJALAKSHMI, 1985). Durante a fase
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embrionaria, os gametas masculinos iniciam a producdo de testosterona, que modula
essencialmente o desenvolvimento dos ductos de Wolff e a diferenciagdo do epididimo, ducto
deferente e vesiculas seminais. Particularmente no epididimo, a enzima 5-alfa-redutase
converte a testosterona em dihidrotestosterona, um andrégeno mais potentes, que vai coordenar
a morfogénese e organizacdo do epitélio epididimario (CLEMENT e GIULIANO, 2015;
EVANS e GANJAM, 2017). Na puberdade, com a intensificagdo do funcionamento do eixo
hipotadlamo-hipo6fise-gonadal, inicia-se a secre¢do de modo regular dos horménios FSH e LH,
ocorre o aumento exponencial da produgdo de testosterona. Esse aumento provoca o incremento
no numero de receptores de androgenos no epitélio epididimario, permitindo que estes regulem
processos como a produgao e secre¢ao proteica no epididimo, a reabsor¢ao do fluido luminal e
formag¢do da barreira hemato-epididimaria (RAJALAKSHMI, 1985). Apo6s a puberdade,
durante a fase adulta, esses hormoénios continuam a atuar de forma sincronica, mantendo a
homeostase do 6rgdo e garantindo os processos de maturacdo espermdtica (TOMSIG e
TURNER, 2006).

A prolactina sistémica se liga aos seus receptores epididimario nas células epididimarias,
desencadeando uma série de respostas intracelulares relacionadas @ modulagdo da secrecdo de
proteases, proteinas da matriz extracelular e enzimas de fosforilagdo, que participam da
regulacdo da composi¢cdo do fluido epididimario. Essa resposta envolve a ativacdo da
transcricdo de genes relacionados a produgdo de proteinas essenciais para a maturagdo e
funcionalidade dos espermatozoides. Além disso, a prolactina amplifica a expressao dos
receptores de estradiol nas células epididimarias, aumentando a sensibilidade do 6rgao as agdes
deste hormonio (LIU et al., 2024).

No aparelho reprodutor masculino, os andrégenos sao convertidos em estradiol pela acao
da enzima aromatase nas células de Sertoli e nas c€lulas da cabega e corpo do epididimo. O
estradiol por sua vez, liga-se aos seus receptores nucleares do tipo o e B (ERa e ERP) atuando
como fatores transcricionais (JOSEPH, SHUR e HESS, 2011). Essa ligagao esta relacionada a
ativacdo de diversas vias de sinalizacdo intracelular, como a via PI3K (fosfatidilinositol 3-
quinase) (XIA et al., 2019), que desempenha papéis essenciais na regulacdo do metabolismo
celular, na remodelagdo celular e atividade anti-apoptética nos testiculos e epididimo (DUBE
etal., 2012; AL-MAGHREBI ¢ RENNO, 2016). A ativacao da via PI3K/Akt esta envolvida na
modulagdo das metaloproteinases (MMPs), que sdo fundamentais para a remodelagdo do

microambiente epididimario. Nos espermatozoides essa via ¢ importante para o
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desenvolvimento da capacidade dos espermatozoides interagirem com as células epididimarias,
além de modular a permeabilidade das membranas celulares relacionada ao funcionamento dos
canais i6nicos, como os de sodio, potéssio e calcio (MANNING e TOKER, 2017).

Virios fatores de crescimento participam da regulacdo das fungdes epididimarias. Os
fatores de crescimento semelhantes a insulina (IGFs) apresentam uma estrutura semelhante a
da insulina, mediado por testosterona, prolactina e estradiol. O IGF-1 e IGF-2 desempenham
papéis cruciais na modula¢do do fluido epididimario e na sobrevivéncia espermatica, atuando
de forma antiapoptotica (GRIFFETH, RICHARD, BIANDA, 2014; TABECKA-
LONCZYNSKA et al., 2019). Os IGFs participam do processo de aquisi¢cao da motilidade e na
futura capacitagdo espermatica, bem como da manutencao viabilidade das células epiteliais do
epididimo e da sua interacdo com a testosterona (GRIFFETH, RICHARD, BIANDA ¢ NEF,
2014).

Os fatores de crescimento epidérmico (EGF), sintetizados pelas células epiteliais do
epididimo em resposta a agao dos hormonios esteroides, ao ativarem as vias de sinalizagdo
MAPK/ERK, PI3K/Akt e JAK/STAT, influenciam o crescimento celular e o reparo tecidual
das celulas epididimarias, bem como a traducdo proteica necessdria a maturagdo dos
espermatozoides (HO e SUAREZ, 2001; TOMSIG e TURNER, 2006).

Os fatores de crescimento transformadores (TGF-B) possuem atividade imunomoduladora,
especialmente no limen do epididimo, regulando a resposta aos antigenos espermaticos,
principalmente em condigdes autoimunes (CHANG, BROWN e MATZUK, 2002; PIERUCCI-
ALVES et al., 2018; VOISIN et al., 2020). J& os fatores de crescimento fibroblasticos (FGF)
atuam na manuten¢do do epitélio epididimario, regulando seu metabolismo, proliferacao,
remodelagdo e sinalizagdo intracelular (COTTON, O’ BRYAN e HINTON, 2008).

O epididimo sintetiza e libera varias prostaglandinas, incluindo Prostaglandina E2 (PGE-2)
(Gregory e Cyr, 2019), Prostaglandina F2a (PGF:a) (TSO e LACY, 1975), Prostaglandina D2
(PGD2) (GERENA et al., 1998), Tromboxano A2 (TXA:) e Prostaciclina (PGIL2) (ROSSITTO
et al., 2015). Essas prostaglandinas, modulam a contragdo da musculatura lisa, a proliferagao,
a diferenciacdo e a secrecao do epitélio epididimario, bem como ativam vias de metabolismo
espermatico (COSENTINO et al., 1984). A relaxina, um hormoénio peptidico da familia da
insulina, ¢ produzida pelo epididimo, testiculos e prdstata, em resposta aos estimulos de
testosterona, estradiol e fatores de crescimento. Sua principal fun¢do ¢ regular a secregao

epididiméria, estimulando a traducdo proteica e a producdo de fatores antioxidantes
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(KOHSAKA etal., 2020), e o relaxamento da musculatura lisa do 6rgdo, facilitando o transporte
espermatico (IVELL, AGOULNIK e ANAND-IVELL, 2017). Promove o remodelamento da

membrana espermatica e capacitacdo dos espermatozoides (FEUGANG et al., 2015).

2.3 Espermatogénese e transporte dos espermatozoides no epididimo

A espermatogénese € um processo que ocorre no interior dos testiculos responsavel pela
transformagdo das células germinativas masculina em espermatozoides, capazes de fecundarem
0 odcito da fémea, dividida em trés fases principais: Mitose, Meiose e Espermiogénese (EVANS
e GANJAM, 2017).

A espermatogénese tem inicio durante o desenvolvimento embrionario, quando as células
germinativas primordiais migram para os testiculos em formagao, se multiplicam e formam as
espermatogonias, no entanto, essas espermatogonias permanecem em um estado quiescente até
a fase da puberdade. A puberdade marca o inicio da atividade do eixo hipotalamo-hipofise-
gonadal. Nesse periodo, o hipotdlamo passa a liberar o hormoénio liberador de gonadotrofinas
(GnRH), que estimula a hipdfise anterior a secretar as gonadotrofinas, o hormoénio foliculo-
estimulante (FSH) e o hormoénio luteinizante (LH). Esses hormdnios sdo fundamentais para o
inicio da espermatogénese e para a maturacao dos espermatozoides, processos essenciais para o
estabelecimento da fung¢do reprodutiva masculina (CHENOWETH e LORTON, 2014).

A mitose € a primeira fase da espermatogénese € ocorre nas espermatogonias, c€lulas
germinativas diploides (2n), ou seja, que possuem 46 cromossomos. As espermatogonias estao
localizadas na camada basal dos tiibulos seminiferos e se dividem por mitose, resultando em dois
espermatocitos primarios, mantendo o nimero diploide de cromossomos (KHALIMOVA, 2024).

A meiose ¢ a segunda fase da espermatogénese € tem como funcao reduzir o niimero de
cromossomos pela metade, permitindo que as células germinativas se tornem haploides (n) e,
assim, possam se fundir com o 6vulo durante a fecundagdo. Esse processo ¢ dividido em duas
etapas: meiose | (reducional) e meiose II (equacional). Na meiose I, os espermatdcitos primarios
(ainda com 46 cromossomos) sofrem uma divisdo celular na qual ocorre a separagdao dos
cromossomos homologos, resultando em dois espermatocitos secundarios. Cada um deles passa
a conter 23 cromossomos, tornando-se, portanto, células haploides (SALOKHIDDINOVNA,
2024).

Em seguida, ocorre a meiose II. Nessa fase, os espermatocitos secundérios (haploides) se

dividem novamente, mas sem redu¢do no numero de cromossomos, apenas separacdo das
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cromatides irmds. Durante essa divisao, cada espermatocito secundario origina duas
espermatides, totalizando quatro espermatides ao final do processo, todas com 23 cromossomos
simples (KHALIMOVA, 2024).

A ultima fase da espermatogénese ¢ a espermiogénese, responsavel pela diferenciagdo das
espermatides em espermatozoides imaturos. Embora as espermatides resultantes da meiose ja
possuam metade do niimero de cromossomos, elas ainda ndo estdo funcionalmente aptas para a
fertilizacdo. Durante a espermiogénese, ocorrem diversas transformagdes morfologicas e
bioquimicas essenciais para a preparacdo das espermatides para sua funcdo reprodutiva. Entre
essas mudancas, destaca-se a condensacdo do nucleo, que forma a cabega do espermatozoide
contendo o material genético. Ha também a formag¢do do acrossomo, uma estrutura em forma de
capsula na regido anterior da cabega, que armazena enzimas essenciais para a penetragao no
odcito durante a fecundagao (SALOKHIDDINOVNA, 2024).

Durante a espermatogénese, a atividade mitocondrial exerce um papel central no
fornecimento de energia na forma de ATP, para que as células germinativas se transformem em
espermatozoides imaturos. Nos estagios iniciais da espermatogénese, nas espermatogonias e
espermatocitos, a atividade mitocondrial € voltada ao suporte energético associado as divisdes
mitoticas e meidticas. Nessa fase, as mitocondrias apresentam morfologia esférica dispersas no
citoplasma celular (PARK, PANG, 2021). As espermatogdnias e espermatocitos primarios
possuem mitocondrias menores e com baixa atividade metabdlica. A medida que ocorre a
diferenciagdo dos espermatdcitos secundarios em espermatides e espermatozoides, ha uma
remodelag¢do mitocondrial, na forma, densidade e distribui¢do dessas organelas. As mitocondrias
migram e se organizam helicoidalmente ao redor da peca intermediaria do flagelo, formando a
bainha mitocondrial, uma estrutura altamente especializada que garante o suprimento continuo
de ATP (MARTINO et al., 1979, MANNELLA, 2006).

Outras modificagdes incluem o desaparecimento de organelas, como o reticulo
endoplasmatico e o complexo de Golgi, o que torna a célula mais compacta. O desenvolvimento
da cauda, originada a partir do centriolo, fundamental para a motilidade espermatica. Além da
eliminacgdo de parte do citoplasma, conferindo ao espermatozoide sua forma final, especializada
no transporte de material genético. Ao final da espermiogénese, os espermatozoides imaturos sao
liberados para o interior dos tubulos seminiferos, de onde serdo transportados até o epididimo

para sua maturacao final (EVANS e GANJAM, 2017; HOPPER, 2021).
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Os espermatozoides provenientes dos ductos deferentes chegam a cabeca do epididimo ainda
em um estado imaturo, sem capacidade de fertilizacdao. Nesse segmento do epididimo, inicia-se
0 processo de maturagdo espermadtica, onde os espermatozoides passam por uma série de
modifica¢des moleculares e estruturais, fundamentais para adquirirem capacidade de fertilizagdo
(KHALIMOVA, 2024). Uma das primeiras mudangas ocorre na membrana plasmatica do
espermatozoide, que sofre uma reorganizacdo em sua composic¢ao lipidica e proteica. Durante
esse processo, hd uma incorporagdo de glicanos e lipidios, auxiliando no reconhecimento e
adesdo do espermatozoide a zona peltcida, preparando-o para a fusdo com a membrana do odcito
durante a fecundacdo (DACHEUX e DACHEUX, 2014). O processo de maturacdo também
envolve uma reorganizacdo das proteinas dentro do acrossomo, preparando-o para a reagdo
acrossdmica. Durante essa reorganiza¢do, ocorre a ativagdo gradual de enzimas como a
hialuronidase e acrosina, que fazem digestdo da zona pelucida, facilitando a entrada do
espermatozoide (GATTI et al., 1999).

Simultaneamente, hd uma mudanga no metabolismo energético dos espermatozoides.
Inicialmente, esses espermatozoides utilizam glicose como fonte principal de energia, no entanto,
a medida que eles percorrem a cabega e o corpo do epididimo, ocorre uma adaptagao no uso de
glicogénio, otimizado para a manuten¢do de sua motilidade e sustentagdo aos processos de
capacitacdo e reagdo acrossomica. Essa mudanca no metabolismo ¢ uma preparagdo essencial
para o processo de maturagao espermatica que continuara ao longo do epididimo (DACHEUX e
DACHEUX, 2014). Por meio de movimentos peristalticos gerados pela musculatura lisa do
epididimo, aliados a agdo dos cilios e estereocilios presentes no epitélio, os espermatozoides sao
transportados da cabega para o corpo do epididimo, nesse segmento, ocorrem modificagdes
morfologicas e bioquimicas essenciais para a maturagdo dos espermatozoides (SULLIVAN e
BELLEANNEE, 2018). Uma das mudangas mais importantes é a perda da gota citoplasmatica,
um remanescente de citoplasma que acompanha o espermatozoide apds a espermatogénese. Essa
perda € crucial, pois € necessaria para que o espermatozoide atinja um estagio adequado de
maturacao, além da compactacao dos espermatozoides, um processo que envolve a reorganizagao
das suas estruturas internas, resultando em uma configuracdo mais densa e eficiente para o
movimento ¢ interagdo com o oocito durante a fecundagdo (DACHEUX ¢ DACHEUX, 2014).

Outro evento crucial ¢ o desenvolvimento da motilidade progressiva, que permite que os
espermatozoides se movam de forma eficaz para alcancar o odcito durante a fertilizagao, nesta

fase ocorre uma capacitacdo parcial dos espermatozoides (HO e SUAREZ, 2001). A
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capacitacdo parcial envolve uma série de modificagcdes bioquimicas, incluindo o aumento
intracelular nas concentragdes de calcio. Esse aumento ativa diversas proteinas quinases, que
desempenham um papel fundamental na aquisicdo de mobilidade e na organizacdo estrutural
dos espermatozoides, preparando-os para a fase de capacitacdo completa que ocorrerd
posteriormente (LIU, WANG e CHEN, 2012).

Por fim, na cauda do epididimo, ocorre a consolidagdo final da maturacao dos
espermatozoides ¢ seu armazenamento até o momento da ejaculacdo. Nesse segmento, as
proteinas epididimarias desempenham um papel crucial na manutengdo da viabilidade dos
espermatozoides, garantindo que permanegcam aptos a fertilizagdo quando forem liberados
durante a ejaculacdo (DACHEUX e DACHEUX, 2014). Essas proteinas estdo envolvidas na
protecdo, nutricdo e regulagdo do metabolismo dos espermatozoides, mantendo-os em um
estado funcional até a fecundagdo (CORNWALL, 2009; BIORKGREN e SIPILA, 2019). Todo
esse transito do espermatozoide pelo epididimo leva aproximadamente de 13 a 15 dias em

carneiros (MOREIRA, MOURA e ARAUJO, 2001)

2.5 Proteoma epididimario

O proteoma epididimério compreende o conjunto complexo de proteinas presentes no
epididimo, exercendo fungdes essenciais na maturagdo espermatica, na regulagao do ambiente
epididimario, na protecdo dos espermatozoides e na manutencao da fertilidade (SULLIVAN e
MIEUSSET, 2016).

Os primeiros estudos sobre a fun¢do do epididimo datam do inicio do século XX, quando se
reconheceu seu papel no transporte e armazenamento de espermatozoides, com foco na
bioquimica das secre¢des epididimarias (YOUNG, 1931; HENLE e ZITTLE, 1942;
MACMILLAN, 1953; PRASAD e RAJALAKSHMI, 1976). No entanto, apenas a partir da
segunda metade do século XX iniciaram-se investigagdes mais detalhadas sobre a composigao
proteica do epididimo, com a identificacdo individual das proteinas (CAMEO e BLAQUIER,
1976).

Estudos pioneiros em ratos (KOSKIMIES e KORMANO, 1975; KOHANE et al., 1980) e,
posteriormente, em bovinos e carneiros (ALUMOT, LENSKY e SCHINDLER, 1971) revelaram
perfis proteicos distintos entre os segmentos do epididimo, levantando a hipdtese de que cada

regido teria fungdes especificas. Em 1980, a introdugdo da eletroforese bidimensional associada
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a coloragdo por prata e imunoprecipitagao possibilitou uma andlise mais precisa da abundancia
proteica (DEPEIGES e DUFAURE, 1980). Ja em 1990, o uso do Western blotting associado a
imunoprecipitacdo permitiu a quantificacdo de proteinas especificas, muitas delas relacionadas a
protecdo contra o estresse oxidativo e a capacitacdo espermdtica. Com o avango da
espectrometria de massas, por volta dos anos 2000, os estudos protedmicos tornaram-se mais
sensiveis e precisos (KOHANE et al., 1980).

As proteinas epididimdrias sdo fundamentais para a maturagdo dos espermatozoides,
participando de processos como aquisicdo da motilidade, capacidade de fertilizagdo, protegdo
contra estresse oxidativo e interagdo com o odcito (KOHANE et al., 1980). Elas sdo transferidas
aos espermatozoides via fluido epididimario e epididimossomos, que sdo vesiculas extracelulares
liberadas pelo epitélio do epididimo (JAMES et al., 2020).

A composicao proteica do epididimo varia conforme a regido e a espécie, refletindo sua
capacidade de secrecao e absor¢ao. Dentre as proteinas mais comumente encontradas destacam-
se: Clusterina (FRITZ et al., 1983), proteinas ligantes de peptideos (BPS), P3AH, glutationa
peroxidase (GPX), beta-defensinas, CRES, lipocalina 8, anexinas, proteinas do sistema
ubiquitina-proteassoma, GSTs, HE1 e lactoferrina (DACHEUX et al., 2012b).

Estudo comparativo com fluido epididimario de humanos, carneiros, suinos e garanhdes
identificou proteinas recorrentes entre as espécies, como alfa-l-antitripsina, alfa-2-
glicoproteinas, clusterina, glutationa peroxidase, beta-N-acetil-hexosaminidase (Hex), lipocalina
5, lactoferrina, PDGS e prostaglandina D2 sintase. A clusterina destacou-se como a mais comum
(DACHEUX et al., 2012a).

Os epididimossomos, além de proteinas, transportam RNAs mensageiros e microRNAs que
modulam a expressao génica espermatica (DACHEUX et al., 2012a). Suas proteinas variam entre
os segmentos e incluem proacrosina e galactosiltransferase (Galtase), envolvidas na modulacao
da reacdo acrossomica (GUYONNET et al., 2012). Também contém lipocalinas e enzimas
antioxidantes, que protegem contra o estresse oxidativo (KRIZANAC et al., 2024), bem como
integrinas, que regulam a adesdo celular entre o espermatozoide e o epitélio epididimario
(MERC, FROLIKOVA e KOMRSKOVA, 2021).

Apesar da importancia do proteoma epididimario, sua estrutura ¢ altamente sensivel a
elevacao da temperatura. Temperaturas elevadas podem inativar enzimas metabolicas e proteinas
de transporte, comprometendo a fisiologia local (WANG et al., 2016). A desnaturagdo proteica

favorece a formacao de agregados insoluveis, afetando a homeostase celular (LEPOCK, 1997).
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O acumulo de proteinas danificadas causa uma hiperexpressao de ubiquitina e sobrecarga do
sistema proteassomal, formando agregados citotoxicos nas células epididimarias (MARTIN-
VILLANUEVA et al., 2021). Como mecanismo compensatorio, a autofagia ¢ ativada; porém,
sob alta demanda, entram em colapso, especialmente com a disfuncao de proteinas com dominio
Serpina, acarretando uma desregulagao da atividade proteolitica e desequilibrio entre sintese e
degradacao proteica (ZHANG et al., 2012; WILLOT et al., 2023).

Simultaneamente, o estresse térmico intensifica o processo inflamatério e a producao de
espécies reativas de oxigénio (ROS), agravando o estresse oxidativo e prejudicando as fungdes
fisiologicas epididimarias (CHAUHAN et al.,, 2021). Em conjunto, esses processos
comprometem a maturagdo espermatica ¢ reduzem a qualidade do sémen e a fertilidade

(DURAIRAJANAYAGAM, AGARWAL e ONG, 2015).

3. CONSIDERACOES FINAIS

Embora as pesquisas existentes fornecam informagdes valiosas sobre os efeitos do estresse
térmico no proteoma epididimario de carneiros, ainda ha lacunas significativas, especialmente,
em relacdo ao entendimento das alteragdes protedmicas especificas no epididimo de ovinos
expostos a temperaturas extremas. A maioria dos estudos focou em aspectos fisiologicos, sem
explorar detalhadamente os mecanismos moleculares e interagcdes proteicas. Além disso, a
variabilidade nos resultados observados em diferentes estudos pode indicar a necessidade de mais
pesquisas que considerem diferentes condigdes ambientais, racas e estratégias de manejo.

A compreensdo detalhada dos efeitos do estresse térmico no epididimo e na fertilidade de
carneiros pode oferecer novas oportunidades para o desenvolvimento de estratégias de mitigagao
dos efeitos do estresse térmico. As pesquisas futuras devem explorar mais profundamente a
influéncia de fatores como a duracdo e a intensidade do estresse térmico, bem como investigar

abordagens para restaurar o equilibrio protedmico no epididimo.

4. HIPOTESES E OBJETIVOS
Hipoteses

A hipotese levantada neste estudo € que o estresse térmico gerado pela insulagdo testicular

influencia no perfil proteico da cabega, corpo e cauda do epididimo de carneiros.
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Objetivo geral e especifico

O objetivo geral deste estudo foi caracterizar o proteoma do epididimo de carneiros
submetidos a insulagdo testicular por 48 horas. Especificamente, o estudo visou identificar as
proteinas diferencialmente abundantes nos segmentos cabeca, corpo e cauda do epididimo de
ovinos sob estresse térmico testicular; avaliar a dindmica proteica nos diferentes momentos
experimentais (controle, 24 ¢ 48 horas de insulacao escrotal, 7 e 14 dias apds cessar o estresse
térmico); e compreender os possiveis papéis biologicos e as interacdes funcionais dessas

proteinas na resposta epididimdria ao insulto térmico.
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Abstract

Climate change is increasing the frequency and intensity of heatwaves, exposing ruminants
to heat stress (HS), which can cause severe damage to the endocrine system, gamete
viability, and pregnancy outcomes in these species. This study investigated the epididymal
proteome in 25 rams subjected to up to 48 hours of testicular heat stress induced by scrotal
insulation. The animals were divided into five groups (n = 5): control (no heat stress), 24 h,
48 h, 7 days, and 14 days. Scrotal insulation was performed in all groups, except in the
control using disposable diapers covering the scrotal sac, and the animals were castrated at
each time point (day zero = day of start of insulation) using the open orchiectomy technique.
Samples from the caput, corpus, and cauda of the epididymis were analyzed by
electrophoresis and mass spectrometry. A total of 528 proteins were identified across the
caput, corpus, and cauda regions. The differentially abundant proteins (DAPs) included 50
in the caput, 33 in the corpus, and 39 in the cauda (P < 0.05). VIP Score analysis highlighted
the 15 most relevant DAPs per segment and their expression profiles at 24 and 48 hours of
insulation and 7 and 14 days after scrotal insulation. Gene ontology and protein—protein
interaction analyses indicated that the epididymis initially activates protective mechanisms
during the 24 h and 48 h time points. After stress cessation, proteins involved in cellular and
tissue repair increased in abundance at 7 and 14 days, contributing to the recovery of heat-
induced damage. These findings demonstrate that heat stress alters the epididymal proteome,
affecting pathways critical for male fertility. Understanding these epididymal proteomic
changes provides insights into the biological responses to heat stress and highlights the
importance of management strategies to mitigate reproductive losses in ruminants exposed
to high temperatures.

Keywords: Proteins, epididymis, rams, heat stress.
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1.  Introduction

Climate change raises concerns about potential increases in global temperatures and
the occurrence of heatwaves, which trigger heat stress in animals. The effect of heat stress
(HS) on ruminant homeostasis is complex and may result in hyperthermia, endocrine
imbalances, loss of male gamete viability [1-3].

The male gonads in rams are located externally in the scrotum, a pendulous structure
crucial for testicular thermoregulation [4]. To ensure proper spermatogenesis and function,
the testes must be maintained 3—5 °C below body temperature. Any increase beyond this
range can impair spermatogenesis and reduce male fertility [5]. Interestingly, there is clear
evidence that epididymis can also be severely impacted by HS exposure. The epididymis
plays a crucial role in sperm transport, maturation, concentration, and protection [6—8]. In a
recent study of our research group, we observed a significant impairment in the overall
quality of epididymal ovine sperm collected post acute-scrotal insulation (SI) [9].

Unfortunately, there is a lack of information regarding the proteome of the
epididymis and its distinct sections (caput, corpus, and cauda) in rams, not to mention the
effects of HS exposure on the organ. Among the few available reports, it is indicated that
HS alters the epididymal fluid and environment, leading to pH variations and excessive
production of reactive oxygen species (ROS) [10].

This lack of detailed information hinders a deeper understanding of the functional
and molecular differences between these regions of the epididymis in response to HS.
Further understanding is crucial for developing strategies aimed at alleviating the detrimental
effects of HS on the reproduction of sheep, particularly in males. Therefore, our hypothesis
was that HS impairs negatively and distinctively the function of different sections of the
epididymis and leads to proteome modulation, whereas our objective was to study the
proteome of the ovine epididymal sections (caput, corpus, and cauda) subjected to testicular

HS induced by SI.

2. Material and methods

2.1. Ethical statement
This study was approved by the Ethics Committee on the Use of Animals (CEUA) of the

Faculty of Veterinary Medicine and Animal Science, UNESP-Botucatu (permit number
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041/2021) and performed in the Department of Veterinary Surgery and Animal
Reproduction - FMVZ - UNESP.

2.2. Animals
Healthy adult crossbred rams (n = 25; Santa Inés x Dorper ~1.5 years old and ~40 kg

of live weight) were used. Males were selected based on clinical and andrological
evaluations, and only those presenting total sperm motility (TM) > 75%, and normal sperm
morphology > 90% were used.

The animals were kept in stalls, provided with ad libitum water, and fed twice daily
with Tifton 85 grass hay (Cynodon spp.) along with commercial concentrate to meet their

maintenance metabolic needs (NRC, 2007).

2.2 Scrotal insulation

The rams were randomly allocated into five groups (n = 5/group): Control (no
insulation), 24H (24 h of SI followed by immediate castration), 48H (48 h of SI followed by
immediate castration), 7D (48 h of SI followed by castration on day 7 , with DO being the start
of SI), and 14D (48 h of SI followed by castration on D14).To perform SI, two layers of
disposable baby diapers were placed on the scrotal neck and scrotum, as previously described
[10,12]. Immediately after SI, the testicular surface temperature was measured using a
thermographic camera (FLIR Modelo E53 24°, MSX®, Wilsonville, OR, USA) as described
Teixeira et al., [10]; the thermograms were then compared with the images obtained

immediately before SI.

2.3 Surgical procedures and sampling

To obtain epididymal samples, the rams were castrated using a semi-open orchiectomy
technique. Preoperatively, 40,000 IU/kg benzathine penicillin G (i.m., Pentabiotio®
1,200,000 IU, Zoetis, Sdo Paulo, Brazil), 2.2 mg/kg of flunixin meglumine (i.m., Flunixin®,
Chemitec, Sao Paulo, Brazil), and 0.2 mg/kg acepromazine (i.v., Apromazin 1%®, Syntec,
Santana de Parnaiba , Brazil) were administered. After 15 min, local anesthesia was provided
by administering 20 mL of 2% lidocaine with epinephrine (Lidovet®, Bravet, Rio de Janeiro,

Brazil), distributed as 5 mL in each spermatic cord and 10 mL at the site of the scrotal incision.
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Surgical antisepsis of the scrotum was then performed, followed by the orchiectomy
procedure.

Immediately after castration, the epididymides were isolated from the testes and washed
in warm saline (37 °C). Fragments of the caput, corpus, and cauda were collected, placed in

cryogenic tubes, and stored at -80 °C until further processing.

2.4 Analysis of epididymal protein profile

Epididymal samples weighing 0.3 g were measured using a precision balance (Shimadzu®
AUY22) and placed in 2 mL tubes. Subsequently, RIPA buffer solution containing protease
inhibitors was added at a 0.3/500 pL ratio. The buffer consisted of 150 mmol NaCl, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 0.8 mmol EDTA, 1.0 pg/mL aprotinin, 1.0
pug/mL leupeptin, and 35.0 pg/mL PMSF in 50 mmol TRIS-HCI at pH 7.2. The samples were
then stored at —80 °C.

After thawing in an ice bath (0 °C), samples were subjected to three series of sonication
(30 s each; BRANSON - Digital Sonifier®) to solubilize the proteins, using a 3 mm probe at
an amplitude of 20% with 1-min intervals between series. Subsequently, the samples were
centrifuged (Eppendorf® - Centrifuge 5810 R) for 30 min at 10,000 g at 4 °C, and the
supernatant was transferred to a 1.5 mL tube and maintained in an ice bath. The protein
concentration was measured using the NanoDrop (Thermo Scientific - NanoDrop™
One/OneC Microvolume UV-Vis Spectrophotometer — Madison, USA), programmed to
measure proteins at A280.

An aliquot containing 50 pg of protein was prepared for electrophoresis, and the run was
stopped once the sample entered the separating gel. The gel was stained with colloidal
coomassie, and the bands were excised for in-gel digestion. To digest the proteins, the excised
bands were destained three times with a solution of 50% acetonitrile in 25 mmol ammonium
bicarbonate and then dehydrated with 100% acetonitrile for 10 min. After removing the
acetonitrile, the residues were evaporated at room temperature in a fume hood for 15 min.
Disulfide bridges were reduced using 20 mmol dithiothreitol (DTT) in 50 mmol ammonium
bicarbonate at 56°C for 40 min. The DTT was then removed, and the gel fragments were
dehydrated again with 100% acetonitrile.

Following reduction, alkylation of the gel fragments was performed immediately using

55 mmol iodoacetamide in 50 mmol ammonium bicarbonate, incubated in the dark at room
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temperature for 30 min. After removing the iodoacetamide solution, the gel fragments were
washed with 25 mmol ammonium bicarbonate and dehydrated twice with 100% acetonitrile.
The fragments were then left at room temperature in a fume hood for 15-20 min to evaporate
any residual acetonitrile

Digestion was carried out using 15 pL of trypsin solution (20 ng/uL; Sequencing Grade
Modified Trypsin, Promega Biotecnologia do Brasil LTDA). The samples were chilled at 4
°C for 15 min to allow the trypsin to penetrate the gel fragments, followed by the addition of
50 mmol ammonium bicarbonate and incubation at 37 °C for 14 h. After digestion, peptides
were eluted by adding 15 pL of blocking solution (5% formic acid in 50% acetonitrile). Three
rounds of elution were performed: first, with 1% formic acid in 60% methanol at 40 °C for 15
min, followed by 1% formic acid in 50% acetonitrile for the same time and temperature, and
finally, with 100% acetonitrile to dehydrate the gel fragments.

The supernatant from each elution was pooled, and the sample was concentrated under
vacuum (SPD1010 Integrated SpeedVac™ Systems, Thermo Fisher Scientific Inc., Waltham,
MA, USA).

The samples were eluted in 10 pL of 0.1% trifluoroacetic acid (v/v) in water and desalted
using a Reversed-Phase ZipTip C18 (P10, Millipore, cat# ZTC18S960, Millipore Corporation,
Merck KGaA, Darmstadt, Germany). After desalting, the samples were transferred to vials
(Waters Total Recovery Vial, Part No. 186000385¢, Waters Technologies do Brasil Ltda) for
mass spectrometry analysis. The peptide mixture was resuspended in 20 mmol ammonium
formate, pH 10.

The analyses were performed at the National Center for Research in Energy and Materials
(CNPEM - Campinas, SP, Brazil), using a nanoElute nanoflow chromatography system
(Bruker Daltonics, Bremen, Germany) coupled to a timsTOF Pro hybrid mass spectrometer
with ion mobility spectrometry (Bruker Daltonics, Bremen, Germany). A 1 pL aliquot
containing 200 ng of digested peptides was injected into a FIFTEEN C18 column (1.9 pm,
150 mm x 75 pm). A reverse-phase gradient (solvent A: 0.1% formic acid in water; solvent
B: 0.1% formic acid in acetonitrile) was applied to the nanoflow chromatography system at a
flow rate of 500 nL/min, with the column temperature maintained at 50 °C. The
chromatographic run lasted 60 min (2% to 30% of solvent B over 55 min; increased to 95%

at 56 min; held at 95% for an additional 4 min).
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The column was coupled online to a timsTOF-Pro mass spectrometer equipped with a
CaptiveSpray ion source (Bruker Daltonik GmbH, Bremen, Germany). The capillary ion
transfer line was maintained at 180 °C. Ion accumulation lasted 123 ms, and mobility
separation was achieved using an input potential ramp from -160 V to -20 V over 123 s.
During acquisition, the PASEF method was enabled by accumulating precursor ion
fragmentation data along with m/z and mobility information, obtained from a full-scan
timsTOF-MS experiment with an m/z range of 100 to 1,700. Monocharged precursors were
excluded based on their position in the m/z-ion mobility plane, and any precursors reaching
the target value of 20,000 a.u. were dynamically excluded for 0.4 min. The timsTOF-MS and
PASEF® modes were controlled and synchronized using the Bruker Daltonik OtofControl 5.1

instrument control software (Bruker Daltonics, Bremen, Germany).

2.5 Identification and characterization of differentially abundant proteins

Differentially abundant proteins (DAPs) were identified and functionally
characterized using the UniProt database (https://www.uniprot.org/). Accession numbers
corresponding to proteins previously identified by mass spectrometry were used as unique
identifiers to ensure accurate retrieval of protein information. Searches were restricted to the
species Ovis aries (domestic sheep). For each protein, relevant data such as protein name and

associated gene were retrieved.

2.6 Statistical analysis

Proteins that showed a value of zero in more than 50% of the samples of all experimental
experimental groups (Con, 24H, 48H, 7D, and 14D) were excluded from the statistical
analysis to avoid potential distortions in the results. MetaboAnalyst 6.0 software
(www.metaboanalyst.ca) was used for univariate (ANOVA) and multivariate analysis, using
principal component analysis (PLSDA), based on variable importance in the projection (VIP
score). Using hierarchical clustering, PCA was used to describe the protein clusters in the
analyzed fragment. The results found in the VIP score (cutoff o > 1.5) were compared with
the results of ANOVA followed by Fisher's test. Differentially abundant proteins with FDR <

0.05 were considered.
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2.7 Gene ontology

Gene ontology (GO) analysis was performed based on the genes corresponding to the DAPs
identified between the experimental groups. For functional enrichment analysis, the genes were
submitted to the ShinyGO platform (www.bioinformatics.sdstate.edu/go/) with the species Ovis
aries selected. Gene ontology (GO) analysis was performed based on the genes corresponding
to the differentially abundant proteins (DAPs) identified among the experimental groups. For
functional enrichment analysis, the genes were submitted to the ShinyGO platform
(www.bioinformatics.sdstate.edu/go/), selecting the species Ovis aries. Gene ontology (GO)
analysis was performed based on the genes corresponding to the differentially abundant proteins
(DAPs) identified among the experimental groups. For functional enrichment analysis, the
genes were submitted to the ShinyGO platform (www.bioinformatics.sdstate.edu/go/),
selecting the species Ovis aries.

The GO results were displayed using a SANKEY plot, generated through the Srplot
platform (https://www.bioinformatics.com.cn/srplot).

Protein—protein interaction (PPI) networks were generated using the STRING platform
(www.string-db.org), also based on the DAP-associated genes, with Ovis aries specified for the
inference of biological interactions. Interactions with a confidence score > 0.400 were

considered significant.

3 Results

Rams subjected to 24 and 48 h of SI had higher scrotal surface temperatures (~35 °C)
compared to those from the control group at the end of SI (30.23 + 2.3 °C).

Proteomic analysis identified 63, 46, and 47 proteins in the caput, corpus, and cauda
regions, respectively. Of these, 50 (Caput), 33 (Corpus), and 39 (Cauda) were differentially
abundant (DAPs; FDR < 0.05) when each treated group (24H, 48H, 7D, 14D) was compared
with the Control group. The complete list of DAPs in epididymal caput, corpus, and cauda is
shown, respectively, in Supplementary Tables 1-3.

The PLS-DA analysis revealed differences in the proteome among the regions of the
epididymis and between the experimental groups. In the caput, a clear separation of the 14-day
group was observed, while the control, 24 h, 48 h, and 7 day groups showed partial overlap,
indicating progressive biological variations throughout the experimental period. In the corpus

region, an overlap among all groups was observed at every time point; however, at 7 and 14 days,
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four animals exhibited distinct proteomic profiles, without overlapping with the other groups. In

the cauda, the 14 day group displayed a unique proteomic profile, whereas the other groups

showed some degree of proteomic convergence, suggesting a distinct epididymal response during

the late phases following heat stress (Fig. 1).
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299 The VIP score analysis (threshold > 1.0) identified the top 15 differentially abundant
300 proteins (DAPs) across the different epididymal regions (Fig. 2A, B, and C). The full names
301  ofthe proteins identified in each region are provided in Supplementary Tables 1-3.
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Gene ontology (GO) analysis of the caput proteome revealed that, in the Biological
Process (BP) category, the most represented proteins were associated with responses to
chemical and organic substances. In the Cellular Component (CC) category, most proteins
were related to intracellular non-membranous components and organelles. For Molecular
Function (MF), the majority of proteins were involved in identical protein binding and
enzyme binding (Fig. 3).

In the corpus, BP enrichment was observed for pathways related to supramolecular
fiber organization, striated muscle cell development, myofibril assembly, and collagen fiber
organization. The CC category was dominated by proteins associated with complexes,
polymers, and supramolecular fibers, whereas in the MF category, structural molecular
activity and cytoskeleton binding were predominant (Fig. 4).

Finally, in the cauda, the most enriched BP terms were related to cellular organization
and development. The CC category was mainly represented by proteins associated with non-
membranous organelles and the cytoskeleton, while in the MF category, most proteins were

involved in ubiquitin binding (Fig. 5).
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The PPI network of the DAPs. The Caput network presented 36 proteins, with 50

iterations (Fig. 6A), having GAPDH as the central protein. In the Corpus, the network

displayed 21 proteins with 12 interactions (Fig. 6B), with TPM2 and LUM as central

proteins. The Cauda, in a network containing 27 proteins and 51 interactions (Fig. 6C), had

TPM2, VCL, TAGLN, CNNI1, MYHI11, ACTC1, ACTNI, and ACTA2 as central proteins.
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4 Discussion

This study was the first to investigate the individual proteome of each epididymal
segment in rams under scrotal HS. The findings described above provide compelling
evidence of the severity of the impact of HS on the male gonads.

The caput was the region with the highest number of DAPs, being considered the most
active part of the organ in terms of secretion and/or protein abundance [11], followed by the
Cauda and Corpus, respectively.

In the caput region of the epididymis, enrichment was mainly associated with
intracellular adaptive responses to chemical substances and organic compounds,
representing the activation of compensatory mechanisms aimed at restoring cellular
homeostasis and minimizing heat-induced damage. These processes involve increased
expression of proteins related to oxidative stress response, regulation of energy metabolic
pathways, and modulation of binding and transport proteins, which act together to preserve
the structural and functional integrity of epididymal cells. Such responses are essential for
maintaining sperm viability and functionality, reinforcing that, during the initial phases of
heat exposure, the epididymis adopts a predominantly cytoprotective strategy focused on
preserving cellular and metabolic functions before the activation of broader tissue repair
processes observed in chronic conditions [12].

In the corpus, the biological processes were associated with the organization of
supramolecular fibers, including components of the cytoskeleton and extracellular matrix.
These structures provide mechanical support and are fundamental for cell—cell adhesion,
intercellular communication, and tissue stability, especially under stressful conditions.
Proteins related to the formation of actin filaments, microtubules, and collagen fibers
indicate involvement in maintaining epithelial morphology. The enrichment of these
structural pathways reflects an intermediate adaptive response, preparing the epididymal
tissue for subsequent processes of repair and cellular remodeling observed at later stages (7
and 14 days) [13].

In the cauda, the biological processes revealed predominant involvement in pathways
related to the organization of intermediate actin filaments, extracellular matrix assembly,
cell differentiation and development, as well as cellular regeneration and protection
processes. These findings indicate that, in this region, epididymis activates complex

structural and reparative mechanisms aimed at restoring tissue integrity. The strong
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interaction among actin-associated proteins, also evidenced in the protein—protein
interaction network, reinforces the hypothesis of a coordinated tissue effort to
counterbalance the deleterious effects of heat stress, indicating that the cauda plays a crucial
role in cytoskeletal reorganization and preservation of epithelial architecture. Thus, the
response observed in the cauda represents a late adaptive phase, characterized by
regenerative and protective events that ensure the continuity of epididymal function under
heat stress conditions [14].

Each region of the epididymis exhibited a distinct profile of Cellular Components
(CC), reflecting structural and functional adaptations to heat stress.

In the caput, there was significant enrichment in supramolecular complexes,
supramolecular polymers, and supramolecular fibers structural components essential for
cellular organization and stability. These elements play a crucial role in reorganizing the
cellular framework and adapting to adverse physiological conditions, such as pH and
temperature variations. The increased presence of these complexes indicates an acute
adaptive response aimed at maintaining the integrity of organelles and the cytoskeleton,
allowing epididymal cells to preserve their morphology and functionality even under
stressful conditions [15]. In the corpus, non-membranous organelles predominated, followed
by proteins located in extracellular regions, suggesting an important role in supporting the
cytoskeleton and maintaining the components of the extracellular matrix [16]. In the cauda,
the most enriched components included intracellular non-membranous organelles, non-
membranous organelles, the cytoskeleton, and the actin cytoskeleton. Non-membranous
organelles such as ribosomes, nucleoli, stress granules, glycogen, chaperone complexes, and
ribosomal proteins are associated with dynamic and regulatory intracellular processes [16].
These structures play fundamental roles in gene expression, maintenance of cellular
architecture, protein synthesis, and stress response, functioning without the need for lipid
membranes. This specialized organization enables rapid and efficient responses to stressful
challenges [14,17].

The Molecular Functions (MF) category revealed region-specific functional
strategies to cope with heat stress.

In the caput, the most enriched functions were identical protein binding, enzyme
binding, and ubiquitin ligase binding. These activities are crucial for regulating the cell cycle

and stress response: identical protein binding contributes to protein stabilization and
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activation of cellular processes; enzyme binding modulates biochemical pathways that
support adaptation; and ubiquitin ligase binding directs damaged proteins for proteasomal
degradation, preventing harmful accumulation and promoting survival under stress
conditions [18]. In the corpus, structural protein activity and cytoskeletal protein binding
predominated, highlighting their role in mechanical support, cell adhesion, and cytoskeletal
integrity [19]. In the cauda, the most representative functions included cytoskeletal protein
binding, actin filament binding, and actin binding. These processes are essential for
structural adjustments that preserve integrity and functionality under chemical,
environmental, or mechanical stress, thereby sustaining homeostasis [19,20].

In the caput, the PPI network highlighted key proteins involved in glycolysis and
gluconeogenesis, with GAPDH regulating energy metabolism and ATP production [21,22].
Together with LDHB and ATP5F1B, GAPDH supports efficient energy production [23].
PRDX2 neutralizes reactive oxygen species (ROS), HPRT1 regulates purine metabolism,
and ACTGI, COL1A1, and COL1A2 contribute to the reorganization of the cytoskeleton
and extracellular matrix. TPI1 modulates inflammatory responses through signaling
pathways [19,24]. Genes related to glutathione metabolism indicate the activation of
antioxidant defenses. [22], while proteins of the Endoplasmic Reticulum-Associated
Degradation (ERAD) pathway, with HSPAS as the central hub, maintain endoplasmic
reticulum homeostasis [17,25]HSP90B1, HSPAS, and UBAS2 cooperate in protein quality
control, preventing the accumulation of misfolded proteins through the ubiquitin—
proteasome pathway [26,27].

In the corpus, proteins such as ANXAS, ACTGI1, TPM2, HPRT1, and GC acted
together to maintain homeostasis, promote structural repair, regulate immune responses, and
mediate macrophage regeneration and activation [19,28-30]. In addition, interactions
associated with structural maintenance, cell cycle regulation, and protein degradation were
detected processes related to the protection of cells against irreversible damage through
reorganization and apoptosis control. UBAS52 and UBE20 tag damaged proteins for
degradation via ubiquitination, while KRT8 stabilizes cellular structure under stress
[26,31,32]. DCN and LUM, associated with the extracellular matrix, regulate collagen
synthesis through TGF- signaling, thereby modulating structure and inflammation and

preventing fibrosis [33,34].
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Na cauda, a rede de PPI revelou fortes interagcdes que sustentam o citoesqueleto e a
organizagdo celular. VCL e FLNA conectam o citoesqueleto de actina a proteinas
transmembranares, enquanto ACTC1, ACTBL2, ACTA2 e ACTNI estabilizam os
filamentos de actina. A cooperagdo entre ACTC1, MYH11 e TPM2 garante a estabilidade
mecanica do citoesqueleto sob estresse térmico [35—-37]. Genes highlighted in light green are
involved in DNA damage recognition and repair: histones H4C14 and H2AC20 remodel
chromatin to protect DNA and activate heat shock proteins, while UBAS52 mediates the
degradation of defective proteins. Finally, genes related to the oxidative stress response
maintain homeostasis through the sequential neutralization of ROS by PRDX2, SOD2, and
GPXS5, with CKB ensuring an adequate energy supply during this process [8,38—41].

Protein families associated with actin filaments showed coordinated responses to
testicular heat stress, characterized by an initial phase of degradation followed by
mechanisms of structural recovery.

During the first 24 and 48 hours of scrotal insulation, a generalized reduction in
cytoskeletal proteins was observed, possibly resulting from caspase-mediated cleavage and
ubiquitin-dependent degradation during apoptosis. However, on days 7 and 14, a progressive
increase in abundance occurred, especially in the caput and cauda, indicating stress
adaptation processes, cytoskeletal repair, mitochondrial homeostasis restoration, and
recovery of cellular integrity [20,42—44]. This behavior also reflected an intensification of
actin filament assembly and stabilization, which is necessary to reestablish cellular and
structural organization [45—47]. After 14 days, a strong activation of structural proteins
aimed at stabilizing actin filaments and preserving epididymal cellular and muscular
integrity was observed, constituting an adaptive mechanism integrated into the thermal stress
response [14,20,43,44,48,49].

Protein families involved in heat stress response, antioxidant defense, protein quality
control, and tissue repair exhibited integrated temporal patterns, encompassing immediate
protection through adaptive recovery.

In the acute phases, an increase in molecular chaperones was observed, indicating a
rapid response to heat stress and repair of denatured proteins, while antioxidant enzymes
showed divergent regulation some being activated to neutralize reactive oxygen species

(ROS) and others inactivated by hyperthermia [8,24,50-53].
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In parallel, antioxidant and anti-inflammatory proteins showed an initial reduction
within the first 24 hours, attributed to excessive consumption during stress, followed by an
increase after 48 hours, representing the reactivation of protective mechanisms and the
recovery of sperm function [9,54-56].

Proteins related to the immune response showed an increase during the acute phases,
indicating immune and anti-apoptotic responses, modulation of the inflammatory response,
and association with neutrophil activation and cellular repair [28,57-60]. In contrast,
structural and cell integrity proteins showed a transient decrease due to functional exhaustion
during the attempt to contain oxidative damage, followed by recovery after 48 hours,
indicating adaptation to adverse conditions [20,61].

Proteins associated with the ubiquitin—proteasome system and protease regulation
played an essential role in maintaining protein quality during heat stress, reflecting a
dynamic and coordinated response to the accumulation of damaged proteins. In the acute
phases, a reduction was observed, resulting from functional exhaustion caused by high
demand, while regulatory enzymes of ubiquitination showed a marked increase after 24
hours, indicating compensatory system activation and reinforcing its importance in
preserving cellular homeostasis under stress [18,26,62]In parallel, protease regulation was
compromised by the decrease in specific inhibitors, leading to functional inactivation due to
the activation of the suicide inhibition mechanism essential for restricting excessive protease
activity, controlling inflammatory processes, and preventing uncontrolled protein
degradation [63,64].

In the later phases (days 7 and 14), there was a marked increase in
immunomodulatory and regenerative proteins, promoting tissue restoration, inflammatory
balance, and antioxidant defense, indicating progressive recovery of epididymal homeostasis
[19,65-67].

Proteins related to energy metabolism showed marked temporal variations after heat
stress.

During the first 24 hours, an increase in the activity of proteins responsible for the
rapid supply of ATP was observed, especially in the caput region, ensuring energy
availability due to high energetic demand. However, the reduction after 48 hours suggests
functional exhaustion, resulting from the intense ATP utilization during this critical period.

In parallel, regulatory enzymes of energy metabolism showed a marked decrease due to

57



707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738

oxidation mediated by reactive oxygen species (ROS), which impaired their function and
contributed to the reduced sperm motility reported in animals subjected to the same stress
model [9].

During the acute period (24 and 48 hours), an increase in proteins associated with the
activation of thermoregulatory mechanisms was also observed, indicating cellular responses
aimed at maintaining energy and thermal balance. In the later phases (days 7 and 14),
especially in the cauda and corpus, there was a progressive increase in proteins involved in
cellular regeneration and new protein synthesis, evidencing the transition from survival
metabolism to repair metabolism [2,9,28,38,68—72].

An alternating pattern was observed in proteins associated with tissue structure,
inflammation, and gene regulation, indicating the dynamic adaptation of the epididymis to
heat stress induced damage. The initial increase in extracellular matrix components during
the acute period reflects responses related to structural integrity and tissue repair, suggesting
the occurrence of damage in epithelial and connective regions. This increase is often
associated with the action of matrix proteins involved in tissue healing and reorganization
after injury [73,74].

In the later phases, an increase in proteins involved in inflammatory modulation was
observed, particularly those related to prostaglandin synthesis—mediators that act in the
regulation of chronic inflammation and the restoration of local homeostasis. This late
response reinforces the presence of a persistent inflammatory process necessary for the
gradual repair of epididymal tissue after thermal insult [75-77].

Additionally, alterations were detected in nuclear proteins involved in gene
expression regulation and genetic material organization, which began to participate in
cellular protection, apoptosis, and protein damage control, playing a supporting role

alongside chaperones in coping with heat stress and maintaining cell viability [78].

5 Conclusion

This study provides the first segment-specific proteomic analysis of the ram
epididymis (caput, corpus, and cauda) under scrotal heat stress, revealing a coordinated, two-
phase adaptive response. Initially, proteins linked to cellular protection, chaperone activity,
structural stability, and oxidative stress defense were upregulated to buffer immediate

thermal damage. When these defenses were insufficient, the proteome shifted toward
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739
740
741
742
743
744
745
746
747

pathways supporting tissue repair, sperm recovery, and functional restoration demonstrating
a dynamic transition from protection to repair. These findings underscore the complexity of
epididymal allostatic adaptation and offer novel molecular insights that may guide strategies

to safeguard male fertility in heat-challenged environments.
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1. Supplementary Material

Protein name Gene symbol FDR
78 kDa glucose-regulated protein HSPAS5 0.00
Creatine kinase B-type CKB 0.00
Desmin DES 0.00
glutathione transferase LOC101108092 0.00
VWFA domain-containing protein COL6A5 0.00
Epsilon lll beta-globin LOC101105685 0.00
Protein-L-isoaspartate O-methyltransferase domain-containing protein 2 PCMTD2 0.00
Glutathione S-transferase GSTM3 0.00
Vitamin D-binding protein GC 0.00
Serpin domain-containing protein - 0.00
lg-like domain-containing protein IGL 0.00
Beta-C globin LOC100134870 0.00
Peroxiredoxin-2 PRDX2 0.00
Actin, cytoplasmic 2 ACTG1 0.00
Ectonucleotide pyrophosphatase/phosphodiesterase family member 5 ENPP5 0.00
14-3-3 protein zeta/delta YWHAZ 0.00
Endoplasmic reticulum resident protein 29 ERP29 0.00
Actin, alpha cardiac muscle 1 ACTC1 0.00
Peroxiredoxin-6 PRDX6 0.00
Heat shock protein 90 kDa beta member 1 HSP9O0B1 0.00
Serpin domain-containing protein LOC101116892 0.00
Collagen alpha-1(l) chain COL1A1 0.00



Keratin, type Il cytoskeletal 8

Keratin, type | cytoskeletal 15

Tetratricopeptide repeat protein 1

14-3-3 protein epsilon

N-acyl-aliphatic-L-amino acid amidohydrolase
Membrane-associated progesterone receptor component 1
HAUS augmin-like complex subunit 3 N-terminal domain-containing protein

Glyceraldehyde-3-phosphate dehydrogenase

Tubulin alpha chain

Alpha globin chain
Acrosin-binding protein

Serpin domain-containing protein
Alpha-2-HS-glycoprotein
Galectin-3-binding protein
Calreticulin

L-lactate dehydrogenase

Ig-like domain-containing protein

Histone H2B

Tubulin alpha-1C chain

Keratin 18

Histone H4

Collagen type | alpha 2

Signal recognition particle receptor subunit beta

Triosephosphate isomerase

Tropomyosin beta chain

KRT8

KRT15

TTC1

YWHAE

ACY1

PGRMC1

HAUS3

GAPDH

LOC101120326

LOC101108797

LOC101115576

AHSG

LGALS3BP

CALR

LDHB

IGL

LOC101121643

LOC108928243

KRT18

LOC114112654

COL1A2

SRPRB

TPI1

TPM2

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.02



Hypoxanthine phosphoribosyltransferase HPRT1 0.02
ATP synthase subunit beta ATP5F1B 0.02

Ubiquitin-ribosomal protein eL40 fusion protein UBA52 0.03

Table 1 — Differentially abundant proteins in the caput of the epididymis of rams subjected to
testicular insulation, compared to all time points of the study.



Protein name Gene symbol FDR
Actin, cytoplasmic 2 ACTG1 0.00
Galectin GAL1 0.00
Collagen alpha-1(l) chain COL1A1 0.00
Serpin domain-containing protein - 0.00
lg-like domain-containing protein IGL 0.00
Keratin, type Il cytoskeletal 8 KRT8 0.00
Creatine kinase B-type CKB 0.00
Tropomyosin beta chain TPM2 0.00
Ubiquitin-ribosomal protein eL40 fusion protein UBA52 0.00
Desmin DES 0.00
glutathione transferase GSTM2 0.00
Kinesin light chain 1 KLC1 0.00
Alpha-2-HS-glycoprotein AHSG 0.00
Serpin domain-containing protein LOC101115576 0.00
RNase H type-1 domain-containing protein - 0.00
Immunoglobulin V-set domain-containing protein TREML2 0.00
EF-hand domain-containing protein CAPS2 0.00
Annexin ANXA5 0.00
Lipocalin/cytosolic fatty-acid binding domain-containing protein LOC101116018 0.00
Keratin, type | cytoskeletal 10 KRT10 0.00
Collagen type | alpha 2 COL1A2 0.00
Keratin, type Il cytoskeletal 7 KRT7 0.00
Endoplasmic reticulum resident protein 29 ERP29 0.00
Histone H2B LOC101121643 0.00



Hypoxanthine phosphoribosyltransferase HPRT1 0.00

Vimentin VIM 0.00
Vitamin D-binding protein GC 0.01
Actin, alpha cardiac muscle 1 ACTC1 0.01
Lactotransferrin LTF 0.01
UBC core domain-containing protein UBE20 0.01
Beta-C globin LOC100134870 0.01
Decorin DCN 0.01
Signal recognition particle receptor subunit beta SRPRB 0.02
Lumican LUM 0.03

Table 2. Differentially abundant proteins in the corpus of the epididymis of rams subjected to
testicular insulation, compared to all time points of the study.

Protein name Gene symbol FDR
Galectin GAL1 0.00
Mimecan LOC114109700 0.00
Prostaglandin-H2 D-isomerase PTGDS 0.00
Creatine kinase B-type CKB 0.00
Actin, cytoplasmic 1 ACTBL2 0.00
Alpha globin chain LOC101108797 0.00
Protein-L-isoaspartate O-methyltransferase domain-containing protein2 PCMTD2 0.00
Desmin DES 0.00
Peroxiredoxin-2 PRDX2 0.00
glutathione transferase GSTM2 0.00

Alpha-actinin-1 ACTN1 0.00



Calponin

Lactotransferrin

Actin, aortic smooth muscle

Calponin-homology (CH) domain-containing protein
Vinculin

Vimentin

Histone H2B

Tropomyosin beta chain

Histone H2A

Collagen alpha-1(l) chain

Beta-C globin

Transgelin

Calponin-homology (CH) domain-containing protein
Alpha-2-HS-glycoprotein

Ubiquitin-ribosomal protein eL40 fusion protein
Serpin domain-containing protein

Superoxide dismutase

Protein disulfide-isomerase

Myotubularin phosphatase domain-containing protein
THAP-type domain-containing protein

Actin, alpha cardiac muscle 1

Peroxidase

Glutathione peroxidase

Fibrillar collagen NC1 domain-containing protein

Keratin, type | cytoskeletal 10

CNN1

ACTA2

FLNA

VCL

VIM

LOC101121643

TPM2

LOC101122645

LOC100134870

TAGLN

CCDCB88A

UBA52

LOC101115576

SOD2

PDIA3

ACTC1

GPX5

COL1A2

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.02



Signal recognition particle receptor subunit beta - 0.02
Histone H4 LOC114112654 0.02

Myosin-11 MYH11 0.02

Table 3. Differentially abundant proteins in the cauda of the epididymis of rams subjected to
testicular insulation, compared to all time points of the study.



ASS PROTEIN NAME GENE SYMBOL
A0A836CRP7 |AAA+ ATPase domain-containing protein DNAH3*
AO0A836D368 |Acetylcholinesterase CEL*
AOA6P3EDPS | Acetyl-CoA carboxylase kinase PRKAAI1
AO0A836D5L5 |Acrosin-binding protein ACRBP
AOAG6P3E6HY |Actin, alpha cardiac muscle 1 ACTCI1
AO0A83571.29 |Actin, aortic smooth muscle ACTA2*

P60713 Actin, cytoplasmic 1 ACTB
AO0A3R5SS76 |Actin, cytoplasmic 2 ACTGI1

AOA6P7TEAMS | Activating signal cointegrator 1 complex subunit 3 ascc3
AO0A836DI1VS5 |Acyl-coenzyme A thioesterase 1-like ACOT4*
AOAG6P7EPS1 [Adenosine receptor Al ADORA1
AOA6PI9FQJ4 | Adenylate kinase isoenzyme 1 AK1
AQA6P3CX08 |ADP/ATP translocase SLC25A6
A0A836AFV7 |Afadin- and alpha-actinin-binding protein SSX2IP*

P14639 Albumin ALB
WSPWE9 | Albumin ALB
AOA836AFF8 | Albumin ALB

AO0A836AMS3 |aldehyde dehydrogenase (NAD(+)) ALDHI1AI
A0AB35ZVNO | Aldehyde dehydrogenase family 16 member Al ALDHI6AT1*
A0A836D626 [Alkaline phosphatase LOCI111154696
AO0A6P7DGJS |Alpha globin chain HBAI

I1TWXR3 Alpha-1-antitrypsin transcript variant 1 SERPINA1

W5PDI1 Alpha-1-syntrophin SNTA1
AO0A836APZ4 | Alpha-2-HS-glycoprotein *

W5QHS56 | Alpha-2-HS-glycoprotein AHSG
AOA6P7E9J3 |[Alpha-actinin-1 Actnl

A0A836APD7 |alpha-amylase *
AO0A836CVUS | Alpha-crystallin B chain CRYAB
AOAG6P7E7V3 | Alpha-fetoprotein AFP

D2D318 Alpha-S1-casein CSN1S1
AO0AS8357YJ7 |Angiotensin-converting enzyme ACE
AO0AB357792 |Ankyrin repeat domain-containing protein 26-like *
A0A836D1K4 | Annexin ANXA2




AOAG6P3TEES | Annexin ANXAS
AO0A835ZK79 |Annexin *
AO0A836A4E4 | Anoctamin ANO3
A0A836D3P9 |Anterior gradient protein 2 homolog AGR2
AOAB36AMSS | Antizyme inhibitor 2-like LOC103666747*
AO0A835ZSR3 |Apolipoprotein A-I APOAT1*
A0A836A2A5 |ARID domain-containing protein ARID1A*
AO0A836CST1 |Armadillo repeat-containing domain-containing protein ARMCX4
W5NY19 |ASCH domain-containing protein CXHXorf40B*
A0A836DSLY | ATP synthase subunit alpha ATP5F1A
AOA8N7XJ64 | ATP synthase subunit alpha ATPSAT*
AOAB36AL76 |ATP synthase subunit beta ATP5F1B
AOA6P7DBQ9 | ATPase PAAT C26H100rf88
AOAB36AAZ0 | ATP-binding cassette sub-family C member 9 ABCC9
A0A836DOMO | ATP-binding cassette sub-family D member 4 ABCD4
AOA6P3EA57 | ATP-dependent RNA helicase DDX10
QIKYZ7 Beta-A globin chain HBBA
AOAOF6YFJO |Beta-C globin HBBC
AO0A8357YQ8 |Beta-catenin-like protein 1 N-terminal domain-containing protein CTNNBLI
AOA6P3TWQ3 | Beta-enolase ENO3*
AOA6P3EHS1 |Beta-hexosaminidase Hexb*
QIA2DI1 Beta-K globin chain HBBK
AO0A6P3YQF9 |Biglycan BGN
A0A835ZVZ3 |Biliverdin reductase A *
A0AB35ZWZ5 | Bromodomain adjacent to zinc finger domain protein 1A CFL2
A0AB36CYKY |[BTB domain-containing protein BTBDI18&*
W5Q717 BTB domain-containing protein RHOBTRB3
A0A836D276 |BTB/POZ domain-containing protein KCTD8-like *
WS5PI33 C1q domain-containing protein COL10AI
A0A836A1K2 |C2 domain-containing protein CPNE3
W5P695 C2H2-type domain-containing protein KLF8
AO0A835ZI.MO0 |C2H2-type domain-containing protein Zfp532°*
AO0A836CQWI | C2H2-type domain-containing protein ZNF516*
AO0AB36ABK7 | C2H2-type domain-containing protein IKZF2




A0A836AMP7 | C2H2-type domain-containing protein ZNF804A*
AOAB35ZNA9 |CABIT domain-containing protein GAREM1
AO0A836A0H4 |Cadherin domain-containing protein Cdh9
A0A836AHT]1 [Cadherin domain-containing protein PCDHGC4*
AO0A836A685 |Cadherin domain-containing protein PCDHB35
AOA6P3YHQS8 |Calnexin CANX
A0A836D2P7 |Calponin CNNI1*
AOA6P7DLX7 |Calponin-homology (CH) domain-containing protein FLNA
AO0A835Z139 |Calponin-homology (CH) domain-containing protein Dmd 0*
WS5NWL0O |Calponin-homology (CH) domain-containing protein CCDCS88A
AO0A835ZRA3 |Calponin-homology (CH) domain-containing protein PARVA*
AO0A836ADWS | Calponin-homology (CH) domain-containing protein SPTBNS
AOA6P3ESIO |Calreticulin CALR
AOA6P7ED26 |Carbonic anhydrase CA2
AOA6P3TQKS |Carboxypeptidase Q CPQ
AO0A836AAGT7 | CASP8-associated protein 2 CASPSAP2
A0A836A340 |Catenin delta 2 CTNND2*
AOA6P3EHD3 |CBF1-interacting co-repressor CIR N-terminal domain-containing protein CWC25%*
AO0A836CYQ3 |Centromere protein F CENPF
A0A836D000 |Ceroid-lipofuscinosis neuronal protein 6 CLN6
AOA6PIFQMSE |CETN2 CETN2

WSPFE2 CGO025 protein C4H70rf25
A0A836CP14 |Chloride channel protein CLCNS*
AO0A836A820 |Chromo domain-containing protein CBX2*
A0A6P3TM89 [Clusterin LOC101113728
AOA6P7EULY [Coatomer subunit beta COPBI1
A0A835ZXM7 | Cofilin-1 CFL1

WS5P528 Coiled-coil domain-containing protein *

WS5PDC9 Coiled-coil domain-containing protein 110 CCDCI110
AOAB36ALZ7 |Coiled-coil domain-containing protein 141 *
A0A8357730 |[Collagen alpha-1(I) chain COLIA1
AO0A836D5E3 [Collagen alpha-1(III) chain COL3AI
A0A836D27Z7 |Collagen alpha-1(XIV) chain COLI4AT1*
AO0A836ANV2 |Collagen alpha-3(VI) chain COL6A3




AO0A836D8J7 |Complement C5 C5
A0A836CZA7 [Cortactin-binding protein-2 N-terminal domain-containing protein FILIP1*
AO0A6P3T516 |CRO032 protein *
A0A836D3Z8 |CRAL-TRIO domain-containing protein BNIP2*
AO0AB36AQCY |C-reactive protein LOC101115495*
A0A6P7D3X4 |Creatine kinase B-type CKB
AOAG6P3E573 |CTLH domain-containing protein MKLNI1*
AO0A8357702 |CUB domain-containing protein LRP12*
WSPE35 CUB domain-containing protein LOC100295703*
WS5P893 CXXC motif containing zinc binding protein CZIB
AO0A836D5X6 |Cytoplasmic FMR 1-interacting protein CYFIP2*
W5NZQ2  |Cytosol aminopeptidase LAP3
AO0A836AE92 |Cytosol aminopeptidase LAP3
A0AB35ZNKO |Cytosolic non-specific dipeptidase CNDP2
W5Q852 D-2-hydroxyglutarate dehydrogenase, mitochondrial D2HGDH
AO0A836CU81 |[DALR anticodon binding domain-containing protein DALRD3
AO0A6P7E2Q0 |DDBI1- and CUL4-associated factor 15 WDA40 repeat-containing domain-containil DCAF15*
W5PVY6 |D-dopachrome decarboxylase Ddt
AQA6P3TDF7 |Decorin DCN
AOAB36CSKS5 |Deleted in lung and esophageal cancer protein | DLECI
AOAG6P7EPP3 [Dendritic cell-specific transmembrane protein-like domain-containing protein DCST2
AOA6P3TYPY |Deoxynucleoside triphosphate triphosphohydrolase SAMHD1 SAMHD1*
AOAG6P3E6L1 [Desmin DES
AO0A836CSA1 |Disks large-associated protein 1 DLGAP1*
AOA6P7EKYS8 | DNA helicase Chd3*
A0A836D57Z4 |DNA mismatch repair proteins mutS family domain-containing protein MSH3*
AO0A836A0U4 |Dnal homolog subfamily A member 4 DNAJA4*
AO0A836CWAS [DnaJ homolog subfamily C member 1 DNAJCI1*
WS5PGX0 |Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 48 kDa subunit |[DDOST
A0A836CT28 [Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 RPNI
AOA6P7ERV1 |Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 RPN2
AOA6P3EG33 |Dynein axonemal assembly factor 4 DNAAF4
AO0AB35ZOQN7 | E3 ubiquitin-protein ligase CHFR CHFR
AOAB36AEI6 |E3 ubiquitin-protein ligase HERC1 hercl




AO0AB35ZYH4 | E3 ubiquitin-protein ligase UBRS Ubr5
AO0AB36ACI2 [Ectonucleotide pyrophosphatase/phosphodiesterase family member 3 ENPP3*
AO0A836CS72 |Ectonucleotide pyrophosphatase/phosphodiesterase family member 5 ENPP5
A0A836CUXS |EF-hand domain-containing protein
AO0A835ZR90 |EF-hand domain-containing protein NUCB2
WS5PZ73 EF-hand domain-containing protein ENPP*
AOA6P3YMN3 | EF-hand domain-containing protein RCN2
AO0A836D2Y8 |EF-hand domain-containing protein *
W5PZD8 EF-hand domain-containing protein CAPS2
A0A836A483 |EH domain-containing protein 2 EHD2
AOA6P3TG06 |[ELMO domain-containing protein ELMOI1
AOA6P7EG13 |Elongation factor 1-alpha EEF1ALl
AO0A836DI1L9 |Endogenous retrovirus group PABLB member 1 Env polyprotein-like LOC104969408*
A0A835ZW61 |Endoplasmic reticulum membrane sensor NFE2L 1 NFE2L1*
A0A835ZXR2 [Endoplasmic reticulum resident protein 29 ERP29
AO0A8357ZP09 |Endoplasmin *
AOAG6P3TF14 |Endoplasmin HSP90OB1*
AOAB36AIN9 |Epithelial cell adhesion molecule EPCAM
AOAOF6VY37 |Epsilon III beta-globin HBE1*
A0A836D4U0 |F-actin monooxygenase MICAL3*
AO0A836CTL7 |[FAMS86 N-terminal domain-containing protein *
AO0A836AAAI1 [FERM and PDZ domain-containing protein 1 FRMPD1
A0A836CQY3 |FERM domain-containing protein EPB41L3*
AOA6P3ECHO |Ferritin FTL
W35PYK1 Fibrillar collagen NC1 domain-containing protein COL24Al
A0A8357797 |Fibrinogen alpha chain FGA
AO0A836CX51 [Fibronectin type-1I domain-containing protein 8
A0A836AD73 |Fibrous sheath-interacting protein 2 C-terminal domain-containing protein FSIP2*
W5P4D8 Forkhead box protein G1 FOXGI1*
A0A836D4TO0 |Fork-head domain-containing protein FOXMI*
AOA836ABEOQ |Galectin GALI1
AOA6P7EIL1 |Galectin-3-binding protein LGALS3BP
A0A836A2U0 |Genetic suppressor element-like domain-containing protein Gsel
AOA836CPTO |Ghrelin O-acyltransferase MBOAT4




A0A836AFV6 |Glucosidase 2 subunit beta PRKCSH
A0AB3577X4 |Glutamine synthetase GLUL
AO0A836CTMS | Glutathione peroxidase GPX3
AOA6P3TM19 |Glutathione S-transferase GSTM3
AO0A836ADQ3 [Glutathione S-transferase GSTMA4
AOA6P7EDQO |Glutathione S-transferase GSTP1
AOAB36APA1 |Glutathione S-transferase GSTM1*
AOA6P7EBK?2 |glutathione transferase GSTM2
AOA6PIFRF8 |Glyceraldehyde-3-phosphate dehydrogenase GAPDH
AOA6P7EQ24 |Glyceraldehyde-3-phosphate dehydrogenase GAPDHS
AO0A8357X42 |Glycerate kinase GLYCTK
A0A836CZB0 |Glycosyltransferase 2-like domain-containing protein B4GALNT2*
AOA6P7EG37 |Glycylpeptide N-tetradecanoyltransferase NMT1
AOAB36AFC6 |GPI ethanolamine phosphate transferase 3 PIGO*
A0A836D2Z4 |G-protein coupled receptors family 1 profile domain-containing protein *
WS5P0OY7 G-protein coupled receptors family 3 profile domain-containing protein GPR158
W5P292 G-protein coupled receptors family 3 profile domain-containing protein GRM6
W5NQ51 GRIP domain-containing protein GOLGA4
AO0A836D4K9 |GRIP domain-containing protein GCC2*
A0A836ADX3 | Guanylate cyclase NPRI*
WS5QAP7  |Gypsy retrotransposon integrase-like protein 1 GINI
AO0A836AFS7 |HAUS augmin-like complex subunit 3 N-terminal domain-containing protein HAUS3*
A0A836AQ40 |HAUS augmin-like complex subunit 3 N-terminal domain-containing protein HAUS3*
AO0A836CPZ1 |HEAT repeat-containing protein 1 HEATR1*
AO0A6P7DEW?2 |Heat shock protein beta-1 HspB1
AOA6P3EBB6 |Heat shock-related 70 kDa protein 2 HSPA2
AO0A836AMBG6 | HECT-type E3 ubiquitin transferase Herc2
AOA6P7DHEFS |heparan sulfate-glucosamine N-sulfotransferase NDST2*
AOAG6P3ET13 [Hexosyltransferase B3GALT6*
A0A836A632 [Histo-blood group ABO system transferase *
A0AB36A4U8 |histone deacetylase HDAC9*
AOA6P3DZGS8 |Histone H2A H2ac20
A0A836D6V4 |Histone H2A LOC104987709*
AOA6P3DYW6 |Histone H2B LOC101121643




A0A6P3DZG3 |Histone H2B H2bc18
AOA6P3EHQ7 |Histone H3 H3-3A; H3-3B
AOA836AAHO |histone H3-lysine(4) N-methyltransferase RHEBL1*

W5QCDS5  |histone H3-lysine(4) N-methyltransferase KMT2D
AOA6P3YIUS |histone H3-trimethyl-L-lysine(4) demethylase KdmS5a*
AO0A836CVN3 [Histone H4 H4C
A0AB35ZQK4 |Histone-lysine N-methyltransferase SETD1B SETD1B
AO0A835ZH82 |HMG box domain-containing protein SP100
A0A836A1V7 |Homeodomain-only protein *

WS5PCT1 Hormone-sensitive lipase LIPE
AOA6P7EXGS8 |HTH TFE/IIEalpha-type domain-containing protein GTE2E1*

WS5NSUI  |Hyaluronidase LOC101107188
AOA6P3YQNT7 |Hypoxanthine phosphoribosyltransferase HPRTI
AOA6P3TBL3 |Hypoxia up-regulated protein 1 HYOUI
A0A836D501 |[IF rod domain-containing protein EFHD
AO0A836D582 |IF rod domain-containing protein *

WS5Q6ES IF rod domain-containing protein LOCI101112555
A0AB357ZX7Z9 |IF rod domain-containing protein KRT31
AO0A836A889 |IF rod domain-containing protein LOC104990467*
AO0A836ACWS |IF rod domain-containing protein KRT82*
A0A835ZW17 |IF rod domain-containing protein LOCI112917758*

WS5PZW9  |IF rod domain-containing protein KRT24
AO0A836AADI |IF rod domain-containing protein *

AO0A836A6R1 |IF rod domain-containing protein KRT14*
AO0A836D7R3 |IF rod domain-containing protein Krt8 1*
A0A835ZVZ]1 |IF rod domain-containing protein LOCI101108147*
AO0A836AA00 |IF rod domain-containing protein 8

AO0AB36AJWO |IF rod domain-containing protein KRT2.13*
AOA836AKW3 |IF rod domain-containing protein KRTS&3

W5Q643 IF rod domain-containing protein LOC101110219
A0A835ZPM7 |[Ig-like domain-containing protein *
AO0A836CU14 |Ig-like domain-containing protein LOC102724971

W35QHZ5 Ig-like domain-containing protein IGKV3-11*
A0A835ZQF6 |Ig-like domain-containing protein *




W5PSQ7 Ig-like domain-containing protein IGL*
A0AB36A6X3 |Ig-like domain-containing protein IGKC*
W5Q9D3 Immunoglobulin like and fibronectin type III domain containing 1 IGFN1
A0A835ZLG7 |Immunoglobulin V-set domain-containing protein TREML2
AOA6P3EZ60 |Inositol 1,4,5-trisphosphate receptor ITPR2
AO0A835ZP82 |Inositol 1,4,5-trisphosphate receptor ITPRI*
W5NQS85 Insulin degrading enzyme IDE
AOA6P7EK36 |Integrator complex subunit 11 INTSI1
BOFYY4 Integrin beta-1 ITGB1
AO0A8357Q95 |Interleukin 1121
A0A836D783 [Intersectin-1 ITSN1
A0A836D6ES |Intraflagellar transport protein 74 homolog IFT74*
AO0A836D776 |Isocitrate dehydrogenase [NADP] IDHI
A0A836D4B0 |J domain-containing protein *
A0A836AKS80 |J domain-containing protein Dnajc13*
WS5P7F9 J domain-containing protein *
AO0AB36AFM4 | KAP NTPase domain-containing protein KIDINS220
E3VWS85 Keratin 83 LOC102185436*
AO0A836A6U3 |Keratin, type I cytoskeletal 10 KRT10
W50Q160 Keratin, type I cytoskeletal 10 KRT10
AO0A836A0X2 |Keratin, type I cytoskeletal 19 KRT19
A0AB36A4W9 |Keratin, type I cytoskeletal 25 *
AOA6P7DXP2 [Keratin, type II cytoskeletal 5 Krt5
AO0A836A7W4 |Keratin, type Il cytoskeletal 5 KRTS82
AO0AB36A9Z1 |Keratin, type II cytoskeletal 7 KRT7
AOAB36AKVS |Keratin, type Il cytoskeletal 8 KRTS8
WSPNN8  |KICSTOR complex protein ITFG2 ITFG2
WSP7L9 Kinesin light chain 1 KLC1
A0A835ZKH9 |Kinesin motor domain-containing protein KIF4A
A0A836DI1TY9 |Kinesin motor domain-containing protein Kiflc*
WS5PPN6  |KxDL motif-containing protein 1 KXDI
A0A835ZXX5 [Lactadherin MFGES8*
AO0A836CWAA4 | Lactotransferrin LTF
AO0A836APU3 [Lamin-A SEMA4A




WS5PBA2  [Large proline-rich protein BAG6 BAG6
A0A836D7BI1 |Large ribosomal subunit protein mL44 MRPL44*
AOASKI1EPAOQ |Leucine aminopeptidase 3 LAP3

WS5PC58 Leucine zipper protein 2 LUZP2
AO0A836CSZ9 |LIM domain-containing protein 1 LIMDI1*
A0A836CWP3 |Lipid-binding serum glycoprotein N-terminal domain-containing protein 8

WS5P8F9 Lipid-binding serum glycoprotein N-terminal domain-containing protein BSP30C*
AO0A836A858 |Lipocalin/cytosolic fatty-acid binding domain-containing protein *

WS5PGVS5  [Lipocalin/cytosolic fatty-acid binding domain-containing protein LOCI101116018
AOQA6P7DY93 |L-lactate dehydrogenase LDHB*
AO0A8357717 |LRRNT domain-containing protein Prelp*
AOA6P3EAC6 |Lumican LUM

A0A835ZJ24 |Lysosome-associated membrane glycoprotein 2 *
AO0A836AH72 |Macro domain-containing protein MACROH2AT*
A0AB35ZR82 [Macrophage migration inhibitory factor MIF

W5NSU4  |MAGE domain-containing protein *
AO0A836CNWO0 |MAGE domain-containing protein LOC102175566%*

WS5PJQ7 Major facilitator superfamily (MFS) profile domain-containing protein FLVCRI1
AO0A836AF62 |MAP kinase-interacting serine/threonine-protein kinase 2 MOB3A*

WS5PLKS  |MARVEL domain-containing protein LOC104989439*
AOA836AAA0 |Medium-chain acyl-CoA ligase ACSF2, mitochondrial ACSF2*
A0AB35ZXR6 |Melanoma antigen preferentially expressed in tumors-like LOC525101*
AO0A097GTW7 | Membrane-associated progesterone receptor component 1 PGRMCI1
AO0A836A134 |Membrane-bound transcription factor site-1 protease MBTPS1*
AO0AB357S59 |Membrane-spanning 4-domains subfamily A member 14 *

AOA6PI9FRF3 |Metalloproteinase inhibitor 2 TIMP2*
AOAOHSFRK6 |MHC class I antigen Ovar-1I
AOA1Z1VUM9 |MHC class I antigen HLA-A*

AOA835ZIF8 |Microcephalin MCPHI*
A0A836D6A3 |Microtubule-actin cross-linking factor 1 MACF1
A0A836A4B6 |Midasin MDNI1
AOAG6P3E7U7 |Mimecan OGN
AO0A836CS38 |Mitochondrial uncoupling protein 4 SLC25A27
A0AB36CZ10 [Mitogen-activated protein kinase kinase kinase 3 MAP3K3*




W3NUOS5 Myosin light chain kinase 2, skeletal/cardiac muscle MYLK2
AO0AB36AQA7 |Myosin light chain kinase, smooth muscle MYLK*
002827-2  |Myosin light chain kinase, smooth muscle MYLK
AOA6P7DER3 |[Myosin-11 MYHI1*
WS5PGTO  |Myosin-11 MYHI11
A0A836A8P0 |Myosin-9 MYHO*
A0A836D5B5 |Myotubularin phosphatase domain-containing protein *
WS5PF58 N-acetyltransferase ESCO1 ESCO1
AOAB35ZNP2 |N-acyl-aliphatic-L-amino acid amidohydrolase ACY1
A0A836D6I3 |NADP-dependent oxidoreductase domain-containing protein LOC106503221
AOA6P3T810 [Neprilysin MME*
AOA836A1M3 |Nesprin-1 SYNEI1
AO0A836CU78 |Nipped-B protein NIPBL
A0A836D8D7 |non-specific serine/threonine protein kinase WNK
A0AB36AG64 |non-specific serine/threonine protein kinase Pik3r4*
AO0A836A264 |non-specific serine/threonine protein kinase RIPK3
AOAG6P3EED7 |non-specific serine/threonine protein kinase Mark3
A0AB35ZLC5 |non-specific serine/threonine protein kinase SLK*
AOA6P7DFEG6 |non-specific serine/threonine protein kinase SIK1*
AOA6P3E6E8 |NPC intracellular cholesterol transporter 2 NPC2
AO0A836D7W?2 |Nuclear protein MDM MDM1*
A0A8357ZYB4 |Nucleoside diphosphate kinase LOC101102072
AOAG6P3TI37 |Olfactory receptor LOC109576841%*
AOA836AA16 |Ornithine aminotransferase OAT*
AOA6P3YGL7 |Outer dense fiber protein 2 ODF2
A0A835ZLR7 |PABS domain-containing protein *
AO0A836AFU3 [PABS domain-containing protein SMS*
A0AB36A2Z0 |Paralemmin-3 PALM3*
AOA6P7E2H3 |PDZ domain-containing protein GIPClI
A0A836AJJ1 |PDZ domain-containing protein GRIPI1*
W5Q038 PDZ domain-containing protein AHNAK
AO0A836CRE1 |PDZ domain-containing protein 8 PDZD&*
A0AB35ZLR4 |Pecanex-like protein PCNX2*
A0AB36A7Z6 |Peptidase M 14 carboxypeptidase A domain-containing protein CPA2*




A0A836D2Y1 |Peptidyl-prolyl cis-trans isomerase LOC112405579*
AOA6PIFQLI1 |Peptidyl-prolyl cis-trans isomerase E PPIE
AO0A836A9G7 |Peroxidase *
AOA6P7E1IMO |Peroxiredoxin-2 PRDX?2
AOA836CRTO |Peroxiredoxin-5 PRDXS5
AO0A6P3CY24 |Peroxiredoxin-6 PRDX6
A0AB36D265 |Peroxisomal ATPase PEX1 PEX1*
WS5PQTS5 PH domain-containing protein AFAPI
AO0A835ZLHO |Phosphatidic acid phosphatase type 2/haloperoxidase domain-containing protein |PLPP4
AOAG6P3EBI4 |Phosphatidylethanolamine-binding protein 1 LOC101114319
AO0A836ADS4 |Phosphatidylinositol 4-kinase beta PI4KB*
AO0AB36A4N7 |Phosphatidylinositol-4-phosphate 3-kinase PIK3C2B
AO0A836A7)2 |Phospholipase PLD2
AOA6P7DFAG6 |Phospholipid-transporting ATPase ATP9B
AOAB35ZPAS5 [Phospholipid-transporting ATPase Atp8b1*
AO0A836A8MS |phosphopyruvate hydratase ENOI
AO0A835ZHGS |polynucleotide adenylyltransferase TENTSD*
A0A836CXA7 |[PRAME family member 8-like LOC104996119*
AO0A836D3P7 |Proline-rich protein 15 PRR15*
A0A836D3G6 |PROPI-like PPR domain-containing protein LRPPRC*
AO0A836D2V4 |Prostaglandin-H2 D-isomerase PTGDS
AOA6P3EEMO |Proteasome activator complex subunit 1 PSME1
AOA6P3DYKI1 |Proteasome subunit beta PSMB2
AOA836AHO07 |Protein 4.1 EPB41*
AO0A6P3T664 |protein ABHDI18 isoform X1 ABHDI18
A0AB36CXX4 |Protein CASC3 CASC3*
A0A836CTC3 |Protein disulfide-isomerase PDIA3
AOAB35ZYFO0 |Protein disulfide-isomerase P4HB
WS5Q9H?2 Protein disulfide-isomerase P4HB*
AOAG6P7E144 |Protein disulfide-isomerase A4 PDIA4*
AOAG6P3YI89 |Protein disulfide-isomerase A6 PDIAG6
WS5NXV9  |Protein FAM102A EEIG1*
AOA836AFI0 |Protein FAM184A/B N-terminal domain-containing protein FAM184B
AOA836AFWS8 | Protein kinase domain-containing protein BMP2K




W5P178 Protein lin-28 homolog A LOC101119530
AOA6P3YEX3 |Protein O-linked-mannose beta-1,2-N-acetylglucosaminyltransferase POMGNTI
AOA835ZN88 |Protein POF1B POF1B
AO0A835ZLJ3 |Protein Shroom?2 SHROOM?2*
A0A836D7Z2 |Protein timeless homolog TIMELESS*
A0A835ZVXO0 |Protein transport protein Sec31B SEC31B
AO0AB36AGZ5 |Protein Wnt *
AO0A836A5K7 |Protein-L-isoaspartate O-methyltransferase domain-containing protein 2 PCMTD2
A0A836A442 |protein-tyrosine-phosphatase PTPRC
AO0A836A8U4 |Pyruvate kinase PKM
AO0A83572YZ7 |Rabll family-interacting protein 4 RABI11FIP4*
A0A835ZSD1 |RAIl-like domain-containing protein Edrf1*
AO0A8357ZVZ5 |RanBP-type and C3HC4-type zinc finger-containing protein 1 RBCK1*
AO0AB835ZR54 [Ras-related protein Rab-12 Rabl2
AO0AB36AFG4 |Ras-specific guanine nucleotide-releasing factor RalGPS1 RALGPS1
AO0A836A0P0 |Rho guanine nucleotide exchange factor 7 Arhgef7*
AO0A6P3CX22 |Rho-related GTP-binding protein RhoH RHOH
A0AB35ZYH6 |Ribosomal protein eL.8/eL.30/eS12/Gadd45 domain-containing protein LOC101103352
AOA6P3EGH3 |Ribosome maturation protein SBDS SBDS
A0A836A5A7 |Ribosome receptor lysine/proline rich domain-containing protein RRBP1*

WSNXC7  |RNase H type-1 domain-containing protein *
A0A835ZUQ4 |RRM domain-containing protein *

W5NYJ6  |RRM domain-containing protein Hnrnpal
AOA6P3EH89 |[RRM domain-containing protein RBM3*
AOA6P7EUI9 [RRM domain-containing protein Esrp2
A0A835Z786 |RZZ complex subunit KNTC1/ROD C-terminal domain-containing protein KNTC1*
AOA6P3EF]7 |S100/CaBP-9k-type calcium binding subdomain domain-containing protein SI00A13*
AOAG6P3E2K1 |S-adenosylmethionine synthase MAT2A*

W5Q0V0 SAM domain-containing protein PPFIA2
AO0A836D8F7 [SAP domain-containing protein MKLI*
A0A8357S20 |SAP domain-containing protein THEX1*
AO0A836A30Q4 |Secretogranin-1 CHGB*
AOA6P3TY83 |Selenoprotein O LOC101109989
A0A835ZKX9 [Septin SEPTINI




W5PM54 Serine/threonine-protein kinase Kist UHMK1
W5PF65 Serotransferrin TF
AO0A835ZPL0 |Serpin domain-containing protein LOC102174166
A0A836CTG3 [Serpin domain-containing protein *
W5Q0X5 Serpin domain-containing protein LOCI101115576
WSPHP7 Serpin domain-containing protein LOC102174926
W5NVB2  |Serpin domain-containing protein LOCI01111083
AO0A835ZWC2 |Serpin domain-containing protein SERPINBI
AO0AB35ZQA3 |Serpin domain-containing protein *
A0AB35ZYK2 |Serpin domain-containing protein LOC102186111°*
AOA6P3TBO1 |[Signal recognition particle 54 kDa protein SRP54
AO0AB36AQP3 |Signal recognition particle receptor subunit beta SRPRB
AOA6P3T625 |Sm domain-containing protein ATXN2L*
AO0AB835ZPI6 |Small acidic protein-like domain-containing protein KNOP1*
AOA6P3THO7 |small monomeric GTPase RAPIA
A0A836D474 |Small ribosomal subunit protein uS5 C-terminal domain-containing protein *
A0AB36CW72 | Small ribosomal subunit protein uS7 Rps5
A0A836D0Y4 |Solute carrier family 53 member 1 *
WS5PMC6 [SPATA31/FAM205 domain-containing protein *
AOA836AHXS8 |Spectrin alpha chain, non-erythrocytic 1 SPTA1*
AOA6P3YKN4 |Spectrin beta chain SPTBN1
AOAB36AI12 |Spermatid perinuclear RNA-binding protein LOCI107152107*
AOA6P3TCLY |Spermatogenesis-associated protein 6 N-terminal domain-containing protein SPATAG6
AO0A836D5K5 |SRCR domain-containing protein LOC109558319*
AOA6P7DCI98 | SRP54-type proteins GTP-binding domain-containing protein SRPRA*
A0A836AJX3 |Stabilin-2 STAB2
AOA6P3E8H?2 |Sulfatase N-terminal domain-containing protein ARSA
AOA6P9FRHO |Superoxide dismutase SOD2*
B9VGZ6 Superoxide dismutase [Cu-Zn] SOD1
A0A836AH44 |Superoxide dismutase [Cu-Zn] *
W5NQ68 SZT2 subunit of KICSTOR complex SZT2
AO0A836D714 |T-complex protein 1 subunit gamma CCT3*
W5PU33 T-complex protein | subunit zeta LOC113909557*
W5Q3KO0 Testis-expressed protein 35 TEX35




A0A836D238 |Tetratricopeptide repeat protein 37 SKIC3*
A0A836CVEQ |[THAP-type domain-containing protein LOC123613374
AO0A836AMCS | Thioredoxin domain-containing protein LOC103268588*
AOA6P7DFDS8 |Thioredoxin domain-containing protein TXNDCI11
AOA6P7DLDS |thioredoxin-dependent peroxiredoxin PRDX4
A4D7V38 Thyroid nuclear factor 1 NKX2-1
W5Q754 Titin TTN
AOA6P3EAR80 |Transgelin TAGLN
AOA6P7DNP3 | Transitional endoplasmic reticulum ATPase VCP*
A0AB36A148 |Translationally-controlled tumor protein TPTI
AO0A8357ZVX8 | Transmembrane channel-like protein TMC4
A0AB35Z714 |Transmembrane protein 132D TMEMI132D
AOA836ANS88 |Transmembrane protein 169 TMEMI169*
AOA836AGL7 | Transmembrane protein 237 TMEM237
A0A836A9P0 |Transmembrane protein 87B FBLN7*
AOA6P7DCRO | Transthyretin TTR
AOA6MO6R7YS | Triosephosphate isomerase TPI1
AO0A6P3TI22 |Tropomyosin alpha-1 chain TPM1
AOA6P3E0T4 | Tropomyosin beta chain TPM?2
A0A836D7T3 |Tubulin alpha chain TUBAITA
AOA6P3CX09 | Tubulin alpha chain TUBA4A
DOVWZ0  |Tubulin alpha chain TUBAIA
A0A836D5SA0 | Tubulin alpha-1C chain LOC108928243
AQA6P7DDI9 |Tubulin beta chain TUBB6*
A0AB36CX36 |Tumor necrosis factor ligand superfamily member 6 *
AOAB36AAJS5 |Tyrosine-protein kinase JAK2
AOA6P7DW64 | U5 small nuclear ribonucleoprotein 200 kDa helicase Snrnp200
A0A6P7D544 |Ubiquitin carboxyl-terminal hydrolase USP13
AO0A835ZMX1 |Ubiquitin carboxyl-terminal hydrolase Uspll
AOAG6P7E7B3 |Ubiquitin carboxyl-terminal hydrolase USP1
WS5PIP3 Ubiquitin carboxyl-terminal hydrolase 47 USP47
P0OC276 Ubiquitin-ribosomal protein eL.40 fusion protein UBAS2
AO0AB36AGAS |UBZ1-type domain-containing protein TANK
AOA6P3E9I3 |Uncharacterized protein *




WSNTT7 Uncharacterized protein COL1TA2
AOA6P7DXNG6 |Uncharacterized protein KRTI18 *
AOA6P3TAY9 |Uncharacterized protein AKAP4
AOA6P3E858 |Uncharacterized protein *
AOA6P3CWZ0 |Uncharacterized protein CHCHD3*

WS5P767 Uncharacterized protein *
A0A836A0Z8 |Uncharacterized protein *
AOA6P7EVA9 |Uncharacterized protein PHF21A
AOAG6P7EFI0 |Uncharacterized protein UBE20
AOAG6P3TK65 |Uncharacterized protein LCP1*
AOA6P3E666 |Uncharacterized protein TTCI
AOA6P3YNZO |Uncharacterized protein RBM6
A0A836A610 |Uncharacterized protein *
A0A6P7D4KS8 |Uncharacterized protein PTPN23
AOA6P7DHI2 |Uncharacterized protein ZSWIMS8*
AOA6P7EWZ3 | Uncharacterized protein FBXL7
AO0AB36CPT4 |Uncharacterized protein *
AOAG6P3E9I2 |Uncharacterized protein SETX
AOA6P3YFKO |Uncharacterized protein PPP2R3A
A0A835ZYA2 |Uncharacterized protein *

W50Q659 Uncharacterized protein KRT74
AOA6P3TF62 [Uncharacterized protein RBM7
AOAG6P3T8D6 |Uncharacterized protein HLTF*

WS5PC22 Uncharacterized protein *
AO0A6P7DABO |Uncharacterized protein ZBTB38
AOA6P3E171 [Uncharacterized protein TLNI1*
AO0A836A6Q5 |Uncharacterized protein 8
AOA6P3EE37 |Uncharacterized protein SCYL3*

WS5QDR7  |[Uncharacterized protein DUSP21
AOA6P7EY V7 |Uncharacterized protein COMMDO*
AOA6P3EIU6 |Uncharacterized protein LOC100526781*
AOA6P3E4M?2 |Uncharacterized protein LMNBI1

AO0A836AMW3 | Uncharacterized protein GOLGBI*
AOA6P7DFN2 |Uncharacterized protein TMEM114*




AOA6P3EAU7 |Uncharacterized protein PLEK*
WS5PLGS  |Uncharacterized protein Rprml*
WS5NQL4  |[Uncharacterized protein TCEAL3

AO0A6P7DG82 |Uncharacterized protein LOC110121709*

A0A835ZPQ9 |Uncharacterized protein *

AOA6P3YNI16 |Uncharacterized protein ADAMTS9*

AOAB36A8CO |Uncharacterized protein SMARCEI*

AO0A836CURS |Uncharacterized protein *

AOA6P3T3X5 |Uncharacterized protein *

AOAG6P7EP55 |Uncharacterized protein RAB3GAP2*
WSNTRS5  |Uncharacterized protein *

AOA6P7DTI11 |Uncharacterized protein BRD3*
WS5PWB2  |Uncharacterized protein ANKRD?23

AOAG6P3EGE3 |Uncharacterized protein YLPM1

AOAG6P3EN47 |Uncharacterized protein RAB39B*

AOA6P3ENBI |Uncharacterized protein *

AOA6P3EHNS |Uncharacterized protein GABI

A0A835ZK52 |Uncharacterized protein LOC109675513*

AOA6P3TMNY |uncharacterized protein C200rf96 homolog C13H200rf96

A0AB36ADS88 | Vacuolar protein sorting-associated protein 13C VPS13C
WS5P5MS8 Vacuolar protein sorting-associated protein 26 A VPS26A

AOA6P3EK74 |Vimentin VIM
Q9MZAY9 |Vimentin VIM

AQOA6P7DH72 |Vinculin Vel

AOAB36A4N3 |Vitamin D-binding protein GC

A0AB36ANXY | Voltage-gated potassium channel subunit beta-1 KCNAB2

AO0A836AQI1 |VWFA domain-containing protein vWEFA*

A0A836D8WS5 | VWFA domain-containing protein COL6A2*
WS5P5BI Winged helix Storkhead-box1 domain-containing protein STOX1
W5Q874 Zinc finger MYND-type containing 8 ZMYNDS8

A0A835ZQ26 |Zinc finger piccolo-type domain-containing protein BSN

AO0A836CZA9 |Zinc finger protein ZFPM?2 ZFPM2

AO0A836D0OR?2 |Zinc finger-containing ubiquitin peptidase 1 ZUP1*
W5Q0MO |Zona pellucida-binding protein 1 ZPBP




A0A836D6M1 |Zyxin ZYX
AO0A6P7D124 [14-3-3 domain-containing protein YWHAH*
AOA6P7EKL3 |14-3-3 protein epsilon YWHAE
AO0AB36A0S9 [14-3-3 protein zeta/delta YWHAZ
AO0A836A4V0 |1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase Plcb4*
A0A836D448 [28S ribosomal protein S2, mitochondrial MRPS2*
AOAG6P3ESK?7 |2-iminobutanoate/2-iminopropanoate deaminase RIDA
AO0A836CX12 [40S ribosomal protein S25 *
AOA6P7DTF9 |60S ribosomal protein L7a RPL7A*
AOA6P3EANO |78 kDa glucose-regulated protein HSPAS




