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1. Wykaz stosowanych skrotow

Skrot
AKI
PENK
SCr

eGFR

CKD
ESKD
KRT

MDRD

CKD-EPI

CysC
IL18

NGAL

KIM-1

IGFBP-7

TIMP-2

Rozwiniecie w jezyku angielskim
acute kidney injury
proenkephalin

serum creatinine

estimated glomerular filtration rate

chronic kidney disease
end-stage kidney disease
kidney replacement therapy

Modification of Diet in Renal

Disease

Chronic Kidney Disease
Epidemiology Collaboration

cystatin C
interleukin-18

neutrophil gelatinase-associated

lipoprotein
kidney injury molecule-1

insulin-like-growth-factor-binding

protein 7

tissue inhibitor of

metalloproteinase 2

Rozwiniecie w jezyku polskim
ostre uszkodzenie nerek
proenkefalina

stezenie kreatyniny w surowicy

szacowana wielko$¢ przesaczania

ktgbuszkowego
przewlekta choroba nerek
schytkowa niewydolnos¢ nerek

terapia nerkozastepcza

cystatyna C
interleukina-18

lipokalina neutrofilowa zwigzana z

zelatynaza
czasteczka uszkodzenia nerek 1

biatko wigzace insulinopodobny

czynnik wzrostu 7

tkankowy inhibitor

metaloproteinazy 2



SuPAR

HD
PD

NT-proBNP

soluble urokinase plasminogen

activator receptor

hemodialysis
peritoneal dialysis

N-terminal prohormone of brain

natriuretic peptide

rozpuszczalny receptor dla
urokinazowego aktywatora

plazminogenu
hemodializa
dializa otrzewnowa

N-koncowy fragment prohormonu

peptydu natriuretycznego typu B



2. Streszczenie w jezyku polskim

Proenkefalina w przewleklej chorobie nerek

Badania nad uzytecznos$cia kliniczng nowych biomarkerow ostrego uszkodzenia nerek
(ang. acute kidney injury, AKI) pozwolity na zidentyfikowanie proenkefaliny 119-159
(proenkefalina, PENK), ktora zyskata w ostatnich latach duze zainteresowanie jako potencjalny
wskaznik funkcji nerek oraz biomarker predykcyjny wystapienia AKI. W takich populacjach,
jak pacjenci z sepsa, czy z ostrag niewydolno$cig serca wykazywala ona przewage nad
tradycyjnie uzywanymi metodami opartymi na ocenie st¢zenia kreatyniny w surowicy (ang.
serum creatinine, SCr).

Proenkefalina, wraz z innymi przedstawicielami rodziny enkefalin, nalezy do uktadu
endogennych peptydéw opioidowych, ktore za posrednictwem receptoréw opioidowych petnig
liczne funkcje w ukltadzie nerwowym i tkankach obwodowych. Proenkefalina wykazuje
najwigksze powinowactwo do receptorow delta, ktorych najwyzsza ekspresja tkankowa
stwierdzana jest w nerkach. Rola enkefalin w nerkach nie zostata do tej pory jednoznacznie
wyjasniona, sugeruje si¢ jednak ich potencjalny efekt nasilajacy diurezg i natriureze¢ w efekcie
bezposredniej aktywacji receptoréw lub hamowania wydzielania hormonu antydiuretycznego.
Uwaza si¢, ze ze wzgledu na mata mase czasteczkowa proenkefalina, ulega swobodnemu
przesaczaniu kigbuszkowemu. W przeciwienstwie do enkefalin, cechuje si¢ dlugim okresem
péttrwania i stabilno$cig po pobraniu. Te wlasnosci, jak réwniez brak dotychczas znanych
pozanerkowych mechanizméw usuwania proenkefaliny, uczynily z niej obiecujacy marker
odzwierciedlajacy wielko$¢ przesaczania kiebuszkowego (ang. glomerular filtration rate,
GFR). Badania potwierdzaja odwrotng korelacj¢ stezenia proenkefaliny ze zmniejszeniem
przesaczania kigbuszkowego, zardowno w populacji pacjentdw ze stabilng czynnoscig nerek, jak
i w przypadku AKI. Dostepne dane wskazuja na mozliwag zalezno$¢ miedzy proenkefaling a
ryzykiem wystapienia oraz stopniem ci¢zkosci AKI. Proenkefalina moze mie¢ rowniez warto$¢
rokownicza w przewidywaniu ryzyka wystgpienia niekorzystnych wynikéw klinicznych w
populacji pacjentéw z AKI, takich jak konieczno$¢ leczenia nerkozastepczego, utrzymujaca si¢
dysfunkcja nerek i1 $miertelno§¢. Wzrost st¢zenia proenkefaliny u pacjentdw z uszkodzeniem
nerek moze by¢ tlumaczony zmniejszeniem klirensu lub wtérnym do uszkodzenia
zwigkszeniem produkcji enkefalin, badz wystgpowaniem obu tych mechanizmow
jednoczesnie.

Zwraca uwage fakt, ze dotychczasowe badania koncentrowaly si¢ glownie na roli

proenkefaliny jako biomarkera funkcjonalnego i predykcyjnego u pacjentow z wyjsciowo



zachowang funkcja nerek. Tymczasem populacja chorych z przewlekta chorobg nerek (ang.
chronic kidney disease, CKD) cechuje si¢ istotnie zwigkszonym ryzykiem gwalttownego
pogorszenia czynnosci nerek, co podkresla potrzebe walidacji biomarkera rowniez w tej grupie
pacjentow. Brakuje badan oceniajacych, w jaki sposob schytkowa niewydolno$¢ nerek (ang.
end-stage kidney disease, ESKD) wptywa na stezenie proenkefaliny oraz czy czasteczka ta

podlega eliminacji podczas terapii nerkozastgpcze;j.

Rozprawe stanowi cykl publikacji, ktorych celem byla ocena wartosci diagnostycznej
proenkefaliny jako biomarkera funkcji nerek u pacjentéw z przewlekta chorobg nerek, w tym
w grupie pacjentow ze schyltkowa niewydolnoscia nerek poddawanych przewleklej

dializoterapii.

W pracy oryginalnej (,, Proenkephalin Levels and Its Determinants in Patients with End-
Stage Kidney Disease Treated with Hemodialysis and Peritoneal Dialysis”) po raz pierwszy
oceniano stezenie proenkefaliny u pacjentow ze schytkowa niewydolnos$cia leczonych metoda
hemodializ i dializ otrzewnowych. W badaniu poszukiwano potencjalnych korelacji pomigdzy
stezeniem proenkefaliny a wybranymi parametrami klinicznymi i1 biochemicznymi oraz
oceniano wptyw hemodializoterapii na zmian¢ stezenia biomarkera we krwi. Co istotne, w
analizowanej grupie pacjentow nie stwierdzono zalezno$ci pomi¢dzy stezeniem proenkefaliny
a takimi parametrami, jak st¢zenie kreatyniny, mocznika czy wielko$¢ diurezy resztkowe;.
Ponadto zaobserwowano, ze stezenia proenkefaliny byly istotnie nizsze przed hemodializa niz
po jej zakonczeniu, co moze sugerowac, ze proenkefalina nie jest skutecznie usuwana przez
btony dializacyjne, a wzrost jej stezenia po dializie moze wynikac¢ z eliminacji ptynow w trakcie
zabiegu przewyzszajaca eliminacj¢ samego peptydu. Jest to zgodne z obserwacja, ze wyzsze
stezenia proenkefaliny stwierdzane byly u pacjentéw dializowanych z wykorzystaniem
dializatorow typu low-flux, ktdre cechujg si¢ ograniczong zdolno$cia do usuwania substancji o
$redniej masie czasteczkowej. Wyniki badania zastuguja na uwage, poniewaz budza
watpliwosci dotyczace przydatnosci proenkefaliny jako funkcjonalnego biomarkera w AKI. W
kontekscie czestej koniecznosci wdrozenia terapii nerkozastepczej w AKI, mozliwosé

wiarygodnego monitorowania funkcji nerek stanowi nieodlgczny element terapii.

W artykule przegladowym (,, Proenkephalin (PENK): a functional biomarker in chronic
kidney diseases — hope or just a new bystander?”’) podsumowano dotychczasowa wiedz¢ na
temat proenkefaliny jako biomarkera funkcji nerek oraz markera predykcyjnego AKI u

pacjentoéw z przewlekla choroba nerek, z roéznego stopnia zaburzeniem funkcji nerek.



Uwzgledniono rowniez dostepne dane dotyczace zastosowania proenkefaliny w konteks$cie
terapii nerkozastgpczej. Przeglad literatury wskazuje, ze warto$¢ diagnostyczna proenkefaliny
moze by¢ ograniczona w populacji chorych z przewlekta choroba nerek, zwtaszcza w aspekcie
identyfikacji os6b zagrozonych rozwojem AKI. Ponadto w artykule zwrdécono uwage na
niespdjnos$¢ dotychczasowych wynikow badan dotyczacych wptywu dializoterapii na stezenie

peptydéw opioidowych i podkre§lono potrzebe wigkszej ilosci danych.

Podsumowujac, obecnie dostgpne dane moga podwaza¢ przydatno$¢ proenkefaliny jako
markera funkcjonalnego czynnos$ci nerek w CKD 1 ESKD, zwlaszcza u pacjentdw leczonych
metoda hemodializ. Konieczne sg dalsze badania w celu oceny przydatno$ci proenkefaliny jako
wskaznika dysfunkcji nerek w rdéznych populacjach klinicznych, w tym u pacjentow
poddawanych dializoterapii oraz obcigzonych chorobami towarzyszacymi. Przyszle badania
powinny rowniez okresli¢ mechanizmy usuwania proenkefaliny przez nerki oraz blony

dializacyjne.

-10-



3. Streszczenie w jezyku angielskim

Proenkephalin in chronic kidney disease

Previous studies aiming to identify novel biomarkers of acute kidney injury (AKI) have
highlighted the potential clinical utility of proenkephalin 119-159 (Proenkephalin, PENK) as a
promising indicator of kidney function and a predictor of AKI. In various populations, such as
patients with sepsis or acute heart failure, proenkephalin has demonstrated superior accuracy in
the early detection of AKI compared to traditional markers of kidney function such as serum
creatinine (SCr). Proenkephalin exhibits high affinity for delta opioid receptors, which were
shown to have highest expression in the kidney. Although its exact role in the kidney remains
unknown, it has been suggested that proenkephalin may promote natriuresis and diuresis, either
via receptor binding or by inhibiting the release of antidiuretic hormone. Given its low
molecular weight, proenkephalin is presumed to be freely filtered through the glomerulus. Also,
no extrarenal elimination mechanism have been identified to date. Furthermore, unlike
enkephalins, proenkephalin has a longer half-life and remains stable after collection, which

makes it a promising surrogate marker of glomerular filtration rate (GFR).

Previous studies have shown a negative correlation between proenkephalin levels and GFR
in patients with both stable kidney function and acute injury. Proenkephalin has been shown
not only to improve the early AKI detection but also correlate with AKI severity. Moreover, in
the AKI setting, high proenkephalin levels has been shown to predict adverse clinical outcomes,
such as the need for kidney replacement therapy (KRT), persistent renal dysfunction or
mortality. The rise of proenkephalin concentrations in the setting of kidney dysfunction might
reflect impaired clearance, upregulation of proenkephalin production or a combination of both

mechanisms.

While numerous studies have explored proenkephalins value as a functional and predictive
biomarker in patients with preserved kidney function, limited data are available on its role in
chronic kidney disease (CKD), especially in advanced stages. Given that patients with CKD are
particularly susceptible to acute-on-chronic kidney injury AKI, validation of PENK in this high-
risk group is essential. Moreover, it remains unclear how end-stage kidney disease (ESKD) and
kidney replacement therapy influence PENK levels and whether this molecule is effectively

cleared during dialysis.

-11 -



This dissertation comprises a series of thematically consistent studies aimed at evaluating
the diagnostic performance of proenkephalin as a biomarker of renal function in patients with

CKD, including those with ESKD receiving dialysis therapy.

In the original research (“Proenkephalin Levels and Its Determinants in Patients with End-
Stage Kidney Disease Treated with Hemodialysis and Peritoneal Dialysis”) we evaluated
proenkephalin concentrations for the first time in patients undergoing either hemodialysis or
peritoneal dialysis. The study examined correlations between proenkephalin levels and selected
clinical and biochemical parameters as well as analyzed how hemodialysis affects its serum
concentrations. Notably, no association were found between proenkephalin and renal function
indicators such as serum creatinine, urea, or residual urine output. Furthermore, proenkephalin
levels were found to be significantly higher after hemodialysis than before, suggesting that the
molecule may not be effectively removed across hemodialysis membranes. The rise in
concentration may result from fluid removal during treatment which exceeds the elimination of
the peptide itself. These findings were consistent with the observation that patients treated with
low-flux dialyzers, which are less efficient in removing middle-molecular-weight moleculesm,
had higher proenkephalin levels. Altogether, these results raise into question the reliability of
proenkephalin as a functional biomarker in the setting of AKI, particularly in patients requiring

dialysis, where continuous renal function monitoring is crucial.

In the review article (“Proenkephalin (PENK): a functional biomarker in chronic kidney
diseases — hope or just a new bystander?”’), we provide an overview of proenkephalin as a renal
function biomarker and disscuss its potential role in detecting AKI in patients with CKD. Based
on available data, the diagnostic value of proenkephalins seems to be reduced in subjects with
CKD, especially regarding AKI prediction. The review also summarizes current evidence on
proenkephalin in patients receiving kidney replacement therapy and highlights the need for

further research, given the inconsistencies in data regarding its removal by dialysis.

In conclusion, the available data may undermine the usefulness of proenkephalin as a
functional marker of kidney function in CKD and ESKD, especially in patients undergoing
hemodialysis. Further studies are warranted to assess the utility of proenkephalin as an indicator
of kidney dysfunction in various clinical populations, including patients receiving dialysis and
those with comorbidities. Future research should also aim to determine the mechanisms of

proenkephalin elimination via the kidneys and dialysis membranes.

-12-



4. Wstep

4.1. Proenkefalina

Proenkefalina 119-159 (proenkefalina, PENK) nalezy do rodziny enkefalin, opisanych po raz
pierwszy w 1975 roku [1]. Enkefaliny, obok endorfin, dynorfin oraz nocyceptyn, tworzg uktad
endogennych peptydow opioidowych [2, 3]. Proenkefalina powstaje w wyniku rozkladu
proteolitycznego czasteczki prekursorowej enkefalin — proenkefaliny A, ztozonej z 243
aminokwasow (Ryc. 1) [3]. W efekcie rozktadu enzymatycznego powstaja rowniez aktywne
biologicznie peptydy, m.in. met-enkefalina 1 leu-enkefalina, ktore wykazuja silne
powinowactwo do receptorow opioidowych typu p i 9 [4, 5]. Uktad endogennych opioidéw,
dzialajacy za posrednictwem tych receptorow, uczestniczy w modulacji reakcji na bodzce
nocyceptywne oraz przewlekly stres, regulacji zachowan zwigzanych z odczuwaniem
przyjemnosci i rozwojem uzaleznien, a takze w kontroli oddychania, czy odpowiedzi
immunologicznej [5, 6]. Chociaz poczatkowo badania nad endogennymi peptydami
opioidowymi koncentrowaly si¢ gléwnie na ich roli w o$rodkowym i obwodowym uktadzie
nerwowym, Denning i wsp. w 2008 roku wykazali wysoka ekspresj¢ proenkefaliny rowniez w
innych tkankach, takich jak serce, migs$nie szkieletowe, jelita, nerki czy ptuca [4]. Tkanki te
wykazywaty rowniez wysoka ekspresje¢ receptorow opioidowych 9, przy czym najwyzsze ich
stezenie zaobserwowano w nerkach [4]. Cho¢ rola aktywacji receptorow & w nerkach nie
zostala do tej pory dobrze poznana, badania in vivo sugerujg ich mozliwe dziatanie diuretyczne
i natriuretyczne [7]. Dziatanie to moze stanowi¢ efekt bezposredniej aktywacji receptorow lub
wynika¢ z hamowania wydzielania hormonu antydiuretycznego [8], jednak dane te wymagaja

dalszego potwierdzenia.

Poczatkowo, ocena potencjalnego zastosowania klinicznego enkefalin w badaniach byta
ograniczona ze wzgledu ich krétki okres pottrwania w osoczu oraz podatnos¢ na degradacje in
vitro [2]. Ernst 1 wsp. wykazali, ze proenkefalina produkowana jest w stezeniach
proporcjonalnych do aktywnych peptydow, jednak w przeciwienstwie do enkefalin, zachowuje
stabilno$¢ po pobraniu [2]. Dzigki temu, pomiar jej stezenia moze stuzy¢ jako wiarygodny

wskaznik aktywnosci endogennego uktadu opioidowego w badaniach klinicznych [2].

-13 -



Rycina 1. Rozklad proteolityczny bialka prekursorowego enkefalin (proenkefaliny A).

proenkefalina A I:l l I [ :i

konwertazy prohormondw 1, 2
rozktad enzymatyczny karboksypeptydaza E
katepsyna H

I Mets-enkefalina

enkefaliny I Met*-enkefalina-Arg®-Gly’-Leu® proenkefalina

119-159, PENK
l LeuS-enkefalina

enkelytyna

l Met*-enkefalina-Arg®-Phe’

Na podstawie: Grycuk i wsp. (2025) [9], wersja zmodyfikowana.

4.2. Ograniczenia konwencjonalnie uzywanych biomarkerow

W  warunkach praktyki klinicznej rutynowa metoda oceny funkcji nerek pozostaje
monitorowanie szacowanej wielkoSci przesaczania klebuszkowego (eGFR, estimated
glomerular filtration rate) [10]. Powszechnie stosowane wzory stuzace do szacowania GFR, w
tym MDRD, 2009 CKD-EPI oraz 2021 CKD-EPI, opieraja si¢ m.in. na ocenie st¢zenia
kreatyniny w surowicy (SCr, serum creatinine) [11-13]. Pomimo szerokiego zastosowania,
oznaczanie kreatyniny posiada liczne ograniczenia. Jej st¢zenie zalezy od wielu czynnikéw
pozanerkowych, wérod ktérych najwicksze znaczenie maja pte¢, wiek, masa migsniowa,
aktywno$¢ fizyczna oraz dieta pacjenta [10, 14]. Dodatkowo, wzrost stezenia kreatyniny
nastepuje niekiedy z istotnym opdznieniem w stosunku do momentu zadziatania czynnika
uszkadzajacego nerki, co istotnie ogranicza jej przydatno$¢ diagnostyczng u pacjentow
niestabilnych, z dynamicznie zmieniajaca si¢ czynnos$cig nerek [14]. Ponadto, aktywna sekrecja
kreatyniny przez kanaliki nerkowe moze prowadzi¢ do przeszacowania wartosci przesgczania

ktgbuszkowego, zwtaszcza w przypadku pogarszajacej si¢ funkcji nerek [10].

Ocena rzeczywistej wartos§ci GFR mozliwa jest przy pomocy obliczenia klirensu egzogennych
substancji, takich jak inulina, jotalamat lub joheksol [10]. Metody te, uznawane za zloty
standard oceny GFR, wymagaja jednak dozylnego podania substancji, sa kosztowne i
czasochtonne, co sprawia, ze ich wykorzystanie ograniczone jest niemal wylacznie do badan

klinicznych [10].
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W zwigzku z ograniczong czutos$cig tradycyjnie uzywanych metod w wykrywaniu
gwalttownych zmian w czynnosci nerek, takich jak te obserwowane w przypadku ostrego
uszkodzenia nerek (ang. acute kidney injury, AKI), obecnie trwaja intensywne poszukiwania
nowych biomarkerow, ktore poprawityby wczesng wykrywalnos¢ AKI. Badania prowadzone
w ostatnich latach doprowadzity do odkrycia szeregu nowych, potencjalnych biomarkerow

AKI, do ktorych naleza m.in.:

e cystatyna C (CysC, cystatin C),

e proenkefalina (PENK),

¢ interleukina-18 (IL18),

o NGAL (neutrophil gelatinase-associated lipoprotein),

o KIM-1 (kidney injury molecule-1),

e biatko wigzace insulinopodobny czynnik wzrostu 7 (IGFBP-7, insulin-like-growth-
factor-binding protein 7),

e tkankowy inhibitor metaloproteinazy 2 (TIMP-2, ftissue inhibitor of
metalloproteinase 2),

e rozpuszczalny receptor dla urokinazowego aktywatora plazminogenu (SuPAR, soluble

urokinase plasminogen activator receptor) [14, 15].

Proenkefalina zyskala zainteresowanie jako wiarygodny wskaznik funkcji nerek oraz
obiecujacy, wezesny biomarker AKI, wykazujac przewage nad konwencjonalnie stosowanymi
metodami opartymi na oznaczaniu stezenia kreatyniny [3, 16—18]. Obecnie proenkefalina jest
intensywnie badana w réznych populacjach pacjentéw pod katem mozliwosci jej zastosowania

w rutynowej praktyce kliniczne;.

4.3. Proenkefalina jako wskaznik funkcji nerek

Ze wzgledu na niskg mase czasteczkowa (ok. 4,5 kDa), uwaza si¢, ze proenkefalina
najprawdopodobniej ulega swobodnemu przesaczaniu w klebuszkach nerkowych [16, 18-20].
Dotychczas nie wykazano istnienia biatka no$nikowego wigzacego proenkefaling w osoczu.
Nie ma réwniez danych na temat aktywnego wydzielania peptydu w cewkach nerkowych, co
czyni proenkefaling potencjalnie wiarygodnym wykladnikiem czynnos$ci nerek. Mechanizm
eliminacji proenkefaliny przez nerki nie zostal jednak jednoznacznie wyjasniony, poniewaz
brakuje badan potwierdzajacych jej wydalanie z moczem, co podkresla konieczno$¢ dalszych

badan.
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W réznych populacjach pacjentéw, proenkefalina wykazywata odwrotng korelacje zarowno z
prawdziwym GFR zmierzonym przy pomocy joheksolu lub jotalamatu [3, 16, 21, 22], jak
réwniez z eGFR [23-25]. W badaniu obejmujacym pacjentéw z niestabilng czynnoscia nerek,
hospitalizowanych w oddziale intensywne;j terapii wykazano silniejszg korelacj¢ proenkefaliny
z GFR zmierzonym przy pomocy klirensu joheksolu w poréwnaniu z metodami opartymi na
oznaczeniu stezenia kreatyniny [17]. Co istotne, zwigzek wzrostu st¢Zenia proenkefaliny ze
zmniejszeniem GFR obserwowano zarowno w grupach pacjentéw z zachowang czynnos$cig
nerek, jak rowniez w przypadku roéznego stopnia dysfunkcji nerek u pacjentow z przewlekla
chorobg nerek [16, 26]. Wzrost stezenia proenkefaliny obserwowany w przypadku
zmniejszenia GFR moze wynika¢ ze zmniejszonego klirensu lub tez stanowi¢ rodzaj
odpowiedzi kompensacyjnej [17, 27]. Enkefaliny, jako peptydy o potencjalnym dziataniu
kontrregulacyjnym nasilajagcym diurezg, moga by¢ wydzielane w AKI wtdérnie, w odpowiedzi

na bodziec uszkadzajacy [7, 27].

Powyzsze obserwacje stanowity podstawe do opracowania nowego wzoru do szacowania GFR,
opartego na ocenie stg¢zenia proenkefaliny [16]. W jednym z badan, opracowano nowe rownanie
PENK-Crea (Proenkephalin-Creatinine eGFR), ktérego trafno$¢ diagnostyczng potwierdzono
oceniajac mGFR przy pomocy klirensu joheksolu lub jotalamatu [16]. Proenkefalina okazata
si¢ najsilniejszym predyktorem mGFR, a dodanie kreatyniny i wieku dodatkowo zwigkszato
doktadno$¢ wzoru. Nowe rownanie wykazywalo przewage w stosunku do powszechnie
stosowanych wzorow, takich jak MDRD i1 CKD-EPI z 2009 roku pod wzgledem doktadnosci i
zakresu btedu w oszacowaniu GFR. Skuteczno$¢ byta natomiast porownywalna z nowszym
wzorem CKD-EPI z 2021 roku, rekomendowanym obecnie jako standardowa metoda oceny
eGFR przez National Kidney Foundation [16, 28]. Co istotne, model nie uwzgledniat rasy ani
pici, gdyz zmienne te nie poprawiaty jego precyzji, co rowniez jest zgodne z rekomendacjami
National Kidney Foundation dotyczacymi nieuwzgledniania rasy jako zmiennej podczas

szacowania wielkosci GFR [28].

4.4. Proenkefalina jako marker predykcyjny

W dotychczasowych badaniach wykazano zwigzek proenkefaliny z niekorzystnymi wynikami
klinicznymi w réznych stanach chorobowych, takich jak sepsa [18], niewydolno$¢ serca [29],
przeszczepienie nerki [21] oraz przewlekla choroba nerek (ang. chronic kidney disease, CKD)

[30].
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W grupie pacjentow poddawanych operacjom kardiochirurgicznym, podwyzszone stezenia
proenkefaliny byty czynnikiem predykcyjnym wystapienia ostrego uszkodzenie nerek [31, 32].
Podobny zwigzek obserwowano u pacjentow z sepsa hospitalizowanych w oddziatach
intensywnej terapii, gdzie stezenia proenkefaliny wykazywaty silng korelacje¢ z wielkoscig GFR
zmierzong przy uzyciu jotalamatu, wykazujac przewage nad metodami opartymi na ocenie
stezenia kreatyniny [17]. W populacji chorych z sepsa, proenkefalina byla nie tylko
predyktorem wystapienia i stopnia nasilenia AKI [18, 33], ale rOwniez markerem rokowniczym
w zakresie takich punktow koncowych jak niewydolno$¢ wielonarzadowa, konieczno$é
wdrozenia terapii nerkozastepczej oraz S$miertelno$¢ [18, 33-35]. Wyzsze stezenia
proenkefaliny bylo rowniez zwigzane z pogorszeniem funkcji nerek oraz $miertelnoscia w
populacji pacjentéw z ostra niewydolnosciag serca [24] U biorcow przeszczepu nerki,

proenkefalina okazala si¢ niezaleznym predyktorem niewydolnosci graftu [36].

Ponadto, w grupie os6b z wyjsciowo z zachowang czynnoscia nerek, wyzsze stezenia
proenkefaliny wiazaty si¢ z szybsza utratg czynnosci nerek, mierzong jako spadek wartos$ci

eGFR oraz z wyzszym ryzykiem rozwoju CKD w dlugoterminowej obserwacji [23].

Wickszos¢ dotychczasowych badan nad proenkefaling (PENK) koncentrowata si¢ na jej
przydatnosci w wykrywaniu ostrych zaburzen czynnos$ci nerek, w stanach takich jak sepsa czy
ostra niewydolnos¢ serca. Jej warto$¢ u pacjentow z przewlekta choroba nerek pozostaje jednak

stabo poznana.

4.5. Proenkefalina w populacji pacjentow z przewlekla choroba nerek

Cho¢ wstepne dane sugeruja, ze proenkefalina moze by¢ nowym biomarkerem funkcjonalnym
odzwierciedlajagcym wielko$¢ GFR oraz predyktorem AKI i niekorzystnych rokowniczo
wynikow klinicznych, na uwage zastuguje fakt, ze wigkszos$¢ z dotychczas przeprowadzonych

badan nie uwzgledniato pacjentéw z CKD z wyjsciowa dysfunkcja nerek.

Cho¢ mechanizm tlumaczacy wzrost stezenia proenkefaliny w ostrych stanach klinicznych, w
tym w AKI nie jest jasny, uwaza si¢, ze moze on stanowi¢ efekt zmniejszonego usuwania
peptydu przez nerki, badz tez stanowi¢ rodzaj odpowiedzi kompensacyjnej wtornej do
uszkodzenia nerek [7, 17, 27]. Zgodnie z ta hipoteza, obserwowany w CKD stopniowy spadek
GFR powinien prowadzi¢ do wzrostu stezenia proenkefaliny, proporcjonalnie do stopnia
dysfunkcji nerek. Niestety, aktualnie brakuje szczegdétowych danych na temat stgzen
proenkefaliny w kolejnych stadiach przewlektej choroby nerek. Co wigcej, w naszym badaniu

obejmujacym 88 pacjentow ze schylkowa niewydolno$cig nerek (ang. end-stage kidney
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disease, ESKD) nie zaobserwowali§my korelacji pomig¢dzy kreatyning a eGFR, co podwaza jej

uzyteczno$¢ jako biomarkera czynnosci nerek w tej populacji.

Z tego wzgledu konieczne sa dalsze badania obejmujace pacjentdw z réznym stopniem
przewlektej dysfunkcji nerek, ktéore pozwola lepiej oceni¢ potencjal proenkefaliny jako
wskaznika filtracji klgbuszkowej oraz narzgdzia stluzacego do identyfikacji 0sob szczegdlnie

zagrozonych pogorszeniem funkcji nerek.

4.6. Uzasadnienie polaczenia prac w cykl publikacji

Prace wchodzace w sklad cyklu publikacji w sposdb spojny koncentrujg si¢ na zagadnieniu
proenkefaliny jako biomarkera w populacji pacjentow z przewlekla chorobg nerek, w tym

grupie pacjentow z chorobg nerek w schytkowym stadium.

Artykut numer 1 stanowi prac¢ oryginalng, w ktorej dokonano oceny st¢zenia proenkefaliny u
pacjentow ze schylkowa niewydolnoscig nerek poddawanych leczeniu nerkozastgpczemu,
pozostajacych pod opieka Kliniki Nefrologii, Dializoterapii i Choréb Wewngtrznych
Warszawskiego Uniwersytetu Medycznego. Do badania wilaczono 88 pacjentow
hemodializowanych (n=66) 1 dializowanych otrzewnowo (n=22). Pomiaru st¢zenia
proenkefaliny dokonano przy uzyciu gotowych zestawow testowych ELISA. Dane
demograficzne, kliniczne i biochemiczne uczestnikoéw badania zgromadzono w bazie danych.
Uzyskane dane poddano analizie statystycznej, okreslono $rednie st¢zenie proenkefaliny oraz
poszukiwano korelacji stezenia proenkefaliny z wybranymi parametrami klinicznymi i
biochemicznymi. W badaniu nie wykazano korelacji pomig¢dzy stezeniem biomarkera a
parametrami funkcji nerek, takimi jak eGFR, stezenie kreatyniny, stezenie mocznika. Praca jest

pierwszym badaniem oceniajacym stezenie proenkefaliny w populacji pacjentéw z ESKD.

W artykule numer 2 dokonano przegladu badan dotyczacych proenkefaliny, ze szczegdlnym
uwzglednieniem prac obejmujacych pacjentoéw z przewlekla choroba nerek. W artykule
oméwiono m.in. takie zagadnienia, jak zdolno$¢ proenkefaliny do odzwierciedlania GFR oraz
jej wartos¢ predykcyjna w konteks$cie wystapienia AKI u pacjentow z CKD. Dostepna literatura
nie pozwala stwierdzi¢, czy proenkefalina jest wiarygodnym markerem funkcjonalnym na

wszystkich etapach zaawansowania przewleklej choroby nerek.
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5. Zalozenia i cel pracy

Aktualnie prowadzone badania nad proenkefaling koncentruja si¢ na mozliwosci jej
wykorzystania w  praktyce klinicznej jako nowego wskaznika biochemicznego
odzwierciedlajacego wielkos$¢ przesaczania klebuszkowego oraz wezesnego biomarkera AKI.
Ponadto, sugeruje si¢, ze proenkefalina moze odgrywac istotng rol¢ w podejmowaniu decyzji
klinicznych jako czynnik predykcyjny niekorzystnych wynikow klinicznych u pacjentow z
AKI. Mimo to, nie przeprowadzono jak dotad wiarygodnych badan oceniajacych wartos¢
diagnostyczng proenkefaliny u pacjentéw z przewlekta choroba nerek, w szczego6lnosci u
pacjentéw poddawanych dializoterapii. Biorac pod uwagg, iz ta populacja pacjentow cechuje
si¢ duza heterogennosciag i narazona jest na gwaltowne pogorszenie czynno$ci nerek, nowy
biomarker powinien umozliwia¢ wiarygodna ocen¢ czynnosci nerek na kazdym etapie

przewleklej choroby nerek.

Celem pracy byta ocena wartosci diagnostycznej proenkefaliny jako wyktadnika czynnos$ci
nerek w populacji pacjentow z przewlekla choroba nerek, w tym w grupie pacjentow ze

schytkowa niewydolnos$cia nerek. Prace tworzace cykl publikacji obejmowaty w szczegdlnosci:

1) analize stezenia proenkefaliny u pacjentdow ze schytkowa niewydolno$cia nerek
leczonych metoda hemodializ (ang. hemodialysis, HD) i dializ otrzewnowych (ang.
peritoneal dialysis, PD) oraz ocen¢ potencjalnej korelacji migdzy stezeniem
proenkefaliny a wybranymi parametrami biochemicznymi i klinicznymi;

2) ocen¢ wplywu hemodializy oraz rodzaju stosowanych dializator6w na stgzenie
proenkefaliny;

3) szczegotowe podsumowanie dotychczasowej wiedzy na temat proenkefaliny jako

wskaznika czynno$ci nerek i biomarkera AKI u pacjentow z przewlekla choroba nerek.
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6. Prace tworzace cykl publikacji

6.1. Proenkephalin Levels and Its Determinants in Patients with End-Stage Kidney

Disease Treated with Hemodialysis and Peritoneal Dialysis
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Abstract: Recently, proenkephalin A (PENK A) has been shown to reflect glomerular dysfunction
and to predict new-onset acute kidney injury and heart failure. While previous studies have
investigated PENK A as a biomarker in individuals with preserved renal function, PENK A
concentration in patients with end-stage kidney disease (ESKD) was not investigated. Plasma
PENK A concentration was assessed in 88 patients with ESKD treated with hemodialysis (HD)
or peritoneal dialysis (PD), and its associations with kidney function and heart failure indicators
were investigated. In HD patients, the difference in PENK A levels before and after hemodialysis,
was measured and further assessed for an association with the type of HD membrane used.
PENK A levels did not differ significantly between HD and PD patients. In HD patients, the
median PENK A concentration was significantly higher before than after hemodialysis (1.368
vs. 2.061, p=0.003). No correlation was found between PENK A level and urea (p = 0.192),
eGFR (p = 0.922), dialysis vintage (p = 0.637), and residual urine output (p = 0.784). Heart failure
(p =0.961), EF (p = 0.361), and NT-proBNP (p = 0.949) were not associated with increased PENK A
concentration. PENK A does not reflect renal function and cardiac status in patients with ESKD.
Further research is required to establish the clinical utility of the new biomarker in patients with
impaired kidney function.

Keywords: proenkephalin; enkephalins; biomarker; end-stage kidney disease; dialysis; hemodialysis

1. Introduction

In recent years, clinical research on early biomarkers of kidney damage has been in-
tense and proenkephalin A (PENK A) has been identified as a promising filtration
biomarker [1]. PENK A is a common precursor of peptides which belongs to the
enkephalin family and forms an endogenous opioid system in the central and peripheral
nervous system [2]. Enkephalins, including met-enkephalin and leu-enkephalin, act
primarily on delta opioid receptors, which exhibit a wide expression in non-neuronal
tissues, including the kidney, heart, skeletal muscle, and lungs [2]. In animal studies,
delta-opioid receptor activation in the kidney has been shown to increase renal blood
flow and diuresis, but its role in regulating renal function in humans has not been well
established [3]. The utility of enkephalins in research is limited due to their short half-life
and lability in vitro. Unlike enkephalins, PENK A, which reflects the activity of the
endogenous opioid system, can be easily measured in plasma and remains stable after
collection [4,5].

In several clinical settings, PENK A has been proposed as an accurate marker
for the detection of acute kidney injury (AKI) or worsening of renal function (WREF),
including chronic kidney disease [6], acute heart failure [7], cardiac surgery [8], and
sepsis [9-12]. In large cohort studies, plasma PENK A concentration has shown a strong
correlation with the measured GFR (mGFR) by using iohexol or iothalamate clearance
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in both a steady renal state and an acute setting [4,9]. In healthy individuals, elevated
PENK A concentrations have been shown to be associated with a greater yearly decline
of eGFR and to predict the risk of developing chronic kidney disease (CKD) [13,14]
during 16.6 years of follow-up. Although these results suggest that PENK A might
reflect glomerular dysfunction in individuals with both adequate and reduced filtration
rates, and therefore serve as a predictive marker of CKD [4,13], to the best of our
knowledge, its concentration in patients undergoing dialysis treatment has not been
investigated previously.

More recently, opioid peptides have also emerged as potential modulators of cardiac
function [15,16]. Through the activation of G protein-coupled receptors, enkephalins
have been shown to inhibit sympathetic stimulation in the autonomic nervous system
leading to a decrease in myocardial contractility, heart rate, and blood pressure [15,16].
PENK A levels have been shown to increase in response to cardiac injury both in acute
conditions and chronic heart failure (HF) [7,8,17,18]. Elevated levels of PENK A in a
large cohort of patients with HF were significantly associated with more advanced stages
of the disease and increased mortality [18]. It has been hypothesized that enkephalins
might play a compensatory role in HF explained by its cardio-depressive effects, and
therefore could be considered to be a disease severity marker [16,18]. However, it remains
unclear to what degree proenkephalin concentration can be influenced by confounding
factors, including kidney function. As cardiovascular disease is a risk factor for cognitive
impairment, a recent study reported associations of PENK A with incident cognitive
impairment [19].

While most studies have been focused on investigating PENK A in individuals with
AKI or CKD, PENK A levels and its determinants in patients with end-stage kidney
disease (ESKD) undergoing dialysis therapy have not yet been established. Since patients
with CKD and AKI are susceptible to a rapid decline in kidney function requiring dialysis
treatment, further validation of the role of PENK A as an indicator of GFR is required in
this setting. Our study aimed to assess the plasma PENK A concentration in patients with
ESKD treated with hemodialysis (HD) and peritoneal dialysis (PD) and to investigate its
correlation with renal function and heart failure. Additionally, we aimed to determine
whether PENK A is removed through hemodialysis membranes.

2. Results
2.1. Patient Characteristics

The baseline characteristics of the 88 eligible patients are listed in Table 1. The mean
age was 60.61 * 16.43, and 41 (47%) patients enrolled in the study were female. The
average eGFR was 5.864 + 2.374 mL/min/1.73 m? which did not differ between HD and
PD patients (5.727 & 2.012 and 6.273 + 3.254, p = 0.856). In addition, 48 patients (55%)
had no or very low (<500 mL/24 h) residual urine output. Most patients (n = 35, 40%)
had been receiving dialysis treatment for >1 and <5 years, and the remainder of the study
population had been treated for <1 year (n = 19, 22%), >5 and <10 years (n = 20, 23%), and
>10 years (n = 14, 16%). The result of the baseline PENK A measurement was available
for 86 patients. The median baseline PENK A concentration in the overall population was
1.492 (1.071-4.380) ng/mL. No significant differences were observed between the HD and
PD groups (1.368 [1.068-4.030] ng/mL vs. 1.706 [1.211-5.858] ng/mL, p = 0.305). In the
HD patients, the median PENK A concentration was significantly higher before than after
hemodialysis (1.368 [1.068—4.030] ng/mL vs. 2.061 [1.708-3.695] ng/mL, p = 0.003).
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Table 1. Baseline characteristics of the study group.

Overall (n = 88) HD (n = 66) PD (n =22) p Value
Age (years) 65 (51-72)
Female, n (%) 41 (47) 26 (39) 15 (68)
eGFR (CKD-EPI)
(creatinine-based) 5 (4-7) 5 (4-7) 5 (4-8) 0.856
1.492 1.368 1.706
Plasma PENK A (ng/mL) : (1.068—4.030) (1.211-5.858) 0.305
(1.071-4.380)
n=65* n=21%
Dialysis vintage, 1 (%)
<1 year 19 (22) 17 (26) 2(9)
>1and <5 years 35 (40) 27 (41) 8 (36)
>5 and <10 years 20 (23) 13 (20) 7 (32)
>10 years 14 (16) 9 (14) 5 (23)
Residual diuresis
(mL/24 h), n (%)
<500 49 (56) 38 (58) 11 (50)
>500 and <1000 7(8) 5(8) 209
>1000 and <2000 26 (30) 18 (27) 8 (36)
>2000 6(7) 5(8) 1(5)
Heart failure, n (%) 24 (27) 23 (35) 1(5)
Hypertension, n (%) 77 (88) 60 (90) 17 (77)
Coronary artery
disease, 1 (%) 22(25) 22(33) 0
Diabetes, n (%) 31 (35) 26 (40) 5(23)
14.100 16,164 8270 (3784
NT-proBNP (ng/L) (52,000-30,828) (719:_:32(’)586) 311 ;22 2) 0.059

PENK A, proenkephalin A; NT-proBNP, N-terminal pro-B-type natriuretic peptide. Note: Categorical data are
presented with percentage (numbers). Continuous variables are presented with interquartile ranges (IQR). * In
the remaining two cases, PENK A concentration was not measured due to the sample hemolysis.

2.2. PENK A and Kidney Function Parameters

Figure 1 shows the results of the correlation analyses which failed to show the link
between PENK A levels and eGFR (p = 0.922) (a) or urea (p = 0.192) (b). PENK A lev-
els did not differ significantly between groups, with varying degrees of residual urine
output (p = 0.784) (c). Dialysis vintage did not seem to influence PENK A concentrations

(p = 0.067) (d).

2.3. PENK A and HF Indicators

The echocardiography report was available in 60 (68%) patients and the NT-proBNP
measurement was obtained in 56 (64%) patients. Based on standard criteria (see Section 4.2.)
heart failure was diagnosed in 24 (28%) patients. Heart failure with reduced or mildly
reduced EF accounted for only eight (33%) cases. The remaining 16 (66%) patients (for
whom an echocardiography report was available) were diagnosed with HF with preserved
EF. As depicted in Figure 2, Sperman’s rank correlation showed no correlation between
PENK A and NT-proBNP (p = 0.949) (a). There was no significant difference in PENK A
level between patients with varying EF (p = 0.361) (b). Similarly, no significant differences
in PENK A levels were found between patients with or without HF (p = 0.961) (c).
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Figure 1. Graphs showing the relationship between PENK A levels and kidney function indicators.
No correlation was found between proenkephalin A and (a) eGFR (p = 0.922) and (b) urea (p = 0.192);
(c) there were no significant differences in PENK A levels depending on the residual urine output
(p = 0.784) and (d) dialysis vintage (p = 0.067).

2.4. PENK A and Type of Dialysis Membrane

In our study, the median PENK A level was significantly lower before hemodialysis
than afterwards (1.368 [1.068—4.030] ng/mL vs. 2.061 [1.708-3.695] ng/mL, p = 0.003)
suggesting that its concentration might depend on fluid removal during the procedure.
PENK A concentrations were compared between patients using high-flux (n = 36) and
low-flux (1 = 30) membranes. In the high-flux group, the median PENK A levels were 1.174
(IQR 1.061-1.55) ng/mL before hemodialysis and 1.876 (IQR 1.685-2.381) ng/mL after the
procedure, and ranged from 2.833 (IQR 1.158-6.333) ng/mL before hemodialysis to 3.205
(IQR 1.954-5.465) ng /mL afterwards in the low-flux group. As shown in Figure 3, PENK
A concentrations differed significantly between the two groups; however, higher levels
were found in patients treated with low-flux membranes, both before (p = 0.003) and after
hemodialysis (p = 0.003). To determine whether these differences are not influenced by
different degrees of residual diuresis, a comparison between high-flux and low-flux groups
was performed. As displayed in Figure 4, no difference in residual urine output was found
between the high-flux and low-flux groups (p = 0.793) (suggesting that residual diuresis
does not affect the removal of PENK A in patients undergoing high-flux dialysis).
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Figure 2. (a) No correlation was found between PENK A level and NT-proBNP. The comparison
between groups showed no significant differences in PENK A levels depending on (b) the range of
EF (p = 0.361) or (c) presence of HF (p = 0.961).
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Figure 3. Figure presenting PENK A levels in patients treated with high-flux (boxplot on the left) and
low-flux (boxplot on the right) hemodialysis membranes. PENK A concentration was significantly
higher in patients using low-flux membrane vs. patients using high-flux membranes, both before
hemodialysis (p = 0.003) and afterwards (p = 0.003): (a) PENK A levels in samples drawn directly
before hemodialysis; (b) PENK A levels after hemodialysis.
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Figure 4. Figure presenting the distribution of residual urine output (mL/24 h) in patients treated
with high-flux (green) and low-flux (blue) hemodialysis. No significant differences in residual diuresis
were observed between the high-flux and low-flux groups (p = 0.793).

3. Discussion
3.1. PENK A as a Biomarker of Kidney Dysfunction

To date, there has been no accurate description of the mechanism by which PENK A
levels increase in renal diseases. Glomerular filtration usually allows the passage of small,
non-protein-bound molecules into renal tubules; however, there has been no published
evidence of PENK A excretion in urine that could validate the data on its renal clearance.
The proposed explanation of elevated PENK A levels in renal diseases implicates impaired
clearance or upregulation [14,20]. This would imply the accumulation of PENK A in CKD
and ESKD, proportionally to the degree of impaired kidney function, whilst our study
proved that, in patients with ESKD, PENK A did not reflect kidney function. In this cohort,
we did not observe the correlation of PENK A level with creatinine, urea, or residual urine

output, which are parameters that represent the reference method to assess the degree of
kidney dysfunction.

PENK A and Hemodialysis

In our study, PENK A seems to be affected by hemodialysis such that its concentration
rises when measured directly after the procedure. Therefore, it might be speculated that
PENK A is not removed across hemodialysis membranes and the observed increase in the
concentration of PENK A is due to intra-dialytic fluid loss.

Dialysis membranes usually allow the passage of small molecules into dialysate; thus,
a post-dialysis decrease in PENK A concentration would be expected. The possible expla-
nation of our finding could be the protein binding of PENK A which stops the molecule’s
transfer across hemodialysis membrane. The enkephalins, of which proenkephalin is
a precursor, bind to albumin in the blood of mammals, so it can be hypothesized that
proenkephalin also interacts with plasma albumin [21]. If our hypothesis is correct, it would
also explain why the retention of PENK A is not proportional to the degree of accumulation
of low-weigh toxins, including creatinine and urea. Further investigations are, however,
required to establish PENK A levels in the dialysate and confirm the albumin-binding.

Previous studies on enkephalins (met-enkephalin and leu-enkephalin) and prod-
ucts of proteolytic cleavage of PENK A, have shown the retention of opioid peptides
in ESKD [20,22]. In patients with ESKD receiving hemodialysis treatment, plasma met-
enkephalin concentration was four times higher than in healthy subjects and correlated with
plasma urea and creatinine [22]. Both standard hemodialysis and hemofiltration caused a
slight decrease in met-enkephalin concentration [22]. In contrast, leu-enkephalin concentra-
tion was significantly lower in patients with ESKD as compared with healthy control and
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was not affected by dialysis [22]. Similar results were obtained by Wala-Zieliriska et al. [23]
who investigated the correlation of CKD-associated pruritus with concentrations of endoge-
nous opioids. In this study, the concentration of met-enkephalin was higher in the group of
dialysis patients with pruritus compared to the healthy control group, whereas no signifi-
cant differences in leu-enkephalin serum levels were found between the study groups.

This is the first study to investigate the precursor molecule, PENK A, in patients
with ESKD and to evaluate the impact of hemodialysis on plasma levels of PENK A. The
reason for the varying concentrations of opioid peptides in ESKD treated with hemodialysis
remains to be elucidated; however, we cannot rule out the possibility that these differences
are due to protein binding and the resulting decreased permeability for some molecules.

The fact that PENK A is not removed by hemodialysis calls into question the usefulness
of proenkephalin as an everyday use biomarker in AKI. Patients with AKI represent a
highly vulnerable group, who are prone to a rapid decline of kidney function, and who
might require treatment with hemodialysis. Therefore, a marker that aims to improve
the early detection of AKI should also allow monitoring of kidney function during the
treatment with hemodialysis.

However, there is no evidence, to date, that PENK A binds to proteins. Given its
low molecular weight of 4586 Da, PENK A has been assumed to be freely filtered at the
glomerulus [9,13,24]. Thus, we cannot rule out the possibility that PENK A is also removed
through the hemodialysis membranes and the concentration rise is due to removal of fluid
which exceeds the elimination of the molecules. This could explain why, in our study, we
observed higher concentrations in patients dialyzed with low-flux dialyzers, which have
smaller pores and lower diffusion potential compared to high-flux membranes. However,
as the groups of patients on low-flux and high-flux dialysis were not homogenous, these
data should be analyzed with caution.

3.2. PENK A in Patients with Heart Failure

The concentration of PENK A has been shown to increase in response to cardiac injury
in a variety of disorders, including heart failure [17,18,25]. It has been hypothesized that
enkephalins might play a compensatory role in HF explained by its cardio-depressive
effects and could, therefore, be considered to be a disease severity marker [16,18]. In a
study that evaluated the utility of PENK A in stable ambulatory patients with HF, higher
levels of PENK A were associated with lower eGFR and decreased EF [17]. In another
cohort of patients with new onset or worsening heart failure, higher PENK A levels were
found in patients with more severe HF (reflected by a higher NYHA score and higher
natriuretic peptides) and with poorer kidney function (higher creatine and urea levels,
lower eGFR) [23]. Importantly, in all of the studies investigating PENK A in patients with
HF, PENK A levels were strongly associated with eGFR [17,18,25]. Emmens et al. found
that eGFR was the strongest independent predictor of elevated PENK A levels in [18].

Renal dysfunction is a common comorbidity in patients with HF and worsening of the
kidney function is associated with increased risk of death and prolonged hospitalization in
decompensated HF [26]. Thus, a biomarker which allows monitoring of both kidney and
cardiac dysfunction would be desirable. In our study, investigating PENK A in patients
with ESKD, no significant differences in PENK A levels were observed between patients
with and without HF and with varying degrees of EF. Likewise, no correlation was found
between PENK A level and NT-proBNP. As the assessment of the kidney function is
desired in all subsets of patients, these results further support our observation that PENK
A should not be used as a biomarker in patients with HF and kidney dysfunction, who
might potentially require renal replacement therapy.

3.3. Limitations of the Study

Patients with end-stage kidney disease represent a highly heterogenous group of
patients, making it likely that the results were influenced by a variety of confounding factors.
Due to a single-centered design of the study, the results are not necessarily generalizable.
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Furthermore, the number of patients with diagnosed chronic heart failure was limited in
our study and the echocardiographic report was not obtained in all individuals. The gold
standard heart failure biomarker, i.e., the NT-proBNP level was not obtained in 32 (36%)
patients. Moreover, the measurement of NT-proBNP could likely be influenced by the fluid
overload during the inter-hemodialysis period. The available literature suggests that HF
coexists with ESKD in approximately 32-44% (PD and HF respectively) [27] of cases which
outweighs the percentage of patients with diagnosed HF in our study and may indicate
that the number of patients with HF in our cohort was underevaluated.

Despite the fact that anuria is a typical finding in patients with ESKD, it should also
be noted that more than half of all patients had no or very low (55%) residual diuresis.
Assuming that PENK A is freely filtered at the glomerulus, varying degrees of residual
kidney function could have contributed to the retention of PENK A.

In summary, unlike other studies which support the link between PENK A levels with
steady-state renal function, we did not find a correlation between PENK and simultaneously
drawn creatinine or urea levels and eGFR. Moreover, our study suggests that PENK A is
not dialyzable. These findings raise questions about the value of PENK A as a marker of
kidney function, particularly when used in a vulnerable subset of patients with AKI or
CKD who might require renal replacement therapy.

4. Materials and Methods
4.1. Patients

We identified 101 patients treated with dialysis in our center between May and June
2022. The inclusion criteria involved: (1) 18 years of age or older, (2) HD or PD treatment for
at least 90 days, (3) ability to provide informed consent. A total of 88 patients undergoing
HD (n = 66) or PD (n = 22) who met the inclusion criteria were enrolled in this cross-sectional
study. Patients with decompensated heart failure and patients receiving dialysis treatment
in the intensive care unit were excluded. All patients received either standard continuous
ambulatory and automated PD or HD two (n = 9), three (n = 55), or four (n = 2) times per
week using high flux (n = 36) and low flux (n = 30) membranes.

This study received approval from the Medical University of Warsaw Ethics Commit-
tee (no. KB/131/2021, issued on 6 September 2021) and all patients provided their written,
informed consent to participate in the study.

4.2. Methods

The blood samples for PENK A determination were collected directly before and
at the end of a hemodialysis session in HD patients. In PD patients, the samples were
drawn at a single time point on regular outpatient visits. The blood samples were collected
in tubes containing EDTA-Na and directly centrifuged at 4 °C for 15 min. The obtained
plasma was transferred into 1.5 mL microfuge tubes and stored at —80 °C until assay. The
samples for determination of serum creatinine, urea, and NT-proBNP levels were drawn at
the time of collection of PENK A, and measurements were performed by using standard
procedures of the hospital’s central laboratory. Demographic (gender, age) and clinical
data (comorbidities, years on dialysis, and residual urine output) were collected from the
patients” histories and recorded in the clinical database. The estimated glomerular filtration
rate (eGFR) was calculated by using the creatinine-based 2009 Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation (including serum creatinine, age, gender,
and race). The ejection fraction (EF) was estimated by using the standard formula on
echocardiography. According to the 2021 Guidelines of European Society of Cardiology,
the diagnostic criteria for chronic heart failure involved the presence of clinical signs or
symptoms, objective measures of cardiac dysfunction on echocardiography, and elevated
plasma concentration of natriuretic peptides. HF was classified based on echocardiographic
results into HF with preserved, mildly reduced, or reduced EF if EF was >50%, 40-50%, or
<40%, respectively.
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4.3. Measurements

The plasma samples were distributed in 96-well plates. The concentration of PENK A
was measured by using the Human (PENK A) Elisa Kit (Shanghai SunRedBio, Shanghai,
China), a double-antibody sandwich enzyme-linked immunosorbent assay with mono-
clonal antibodies specific to the PENK A peptide. The standards (PENK A peptide) and
samples were incubated in tubes with the detector antibody, and the tubes were washed,
and bound chemiluminescence was detected with a luminometer. The lower limit of de-
tection was 0.041 ng/mL, and the measurement range was 0.05-10 ng/mL. According to
the manufacturer’s protocol, the samples were run in duplicate. PENK A assay intra- and
inter-assay CV were below 9%.

4.4. Statistical Analyses

Statistical analyses were performed by using XLSTAT 2022 version 4.1 and STATA soft-
ware, and p-values <0.05 were considered to represent statistical significance. Continuous
variables are described as means + standard deviation (SD) or medians and interquar-
tile range (IQR) unless stated otherwise. Categorical data are described as numbers and
percentages. The following continuous variables were categorized based on established
cut-off values: residual diuresis (<500 mL/24 h, >500 and <1000 mL/24 h, >1000 and
<2000 mL/24 h, >2000 mL/24 h), dialysis vintage (<1 year, >1 and <5 years, >5 and
<10 years, >10 years), ejection fraction (<40%, 40-50%, >50%). Comparisons between the
(two or more) groups were done by using the Kruskal-Wallis test or the Mann-Whitney U
test. Spearman rank correlation was used to examine the correlation between two variables.

5. Conclusions

Further validation of the role of PENK A as a measure of kidney function is, however,
required. Additionally, investigations are required to establish PENK A excretion in urine
that would validate the data on its renal clearance and the possibility of using it as a
biomarker of kidney injury. Moreover, it needs to be determined whether PENK A is
removed through different dialysis membranes and might, therefore, be considered to be
uremic toxin in subjects undergoing renal replacement therapy. At present, utility of PENK
A as a biomarker of kidney function poses more questions than answers.
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Abstract

Proenkephalin has recently emerged as a promising biomarker of kidney function which improves the early detection of
acute kidney injury (AKI) compared to creatinine-based methods. Plasma Proenkephalin concentrations have shown a cor-
relation with glomerular filtration rate (GFR) as assessed by gold standard methods. Previous studies have demonstrated its
association with adverse clinical outcomes in various settings, including sepsis, heart failure, kidney transplantation, and
chronic kidney disease (CKD). Additionally, in healthy individuals, elevated Proenkephalin concentrations have been linked
to a decline in GFR and an increased risk of developing CKD. While evidence suggests that Proenkephalin may be a more
accurate tool for assessing glomerular filtration and detecting AKI, recent research has primarily focused on subjects with
preserved kidney function, leaving its value in CKD patients less explored. Given the heterogeneity and high risk of rapid
renal deterioration in patients with chronically impaired kidney function, a reliable biomarker should retain its ability to
reflect kidney function in both CKD and AKI settings. This review summarizes the current evidence on Proenkephalin in
patients with chronic kidney diseases.
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Background

Currently, kidney function is primarily monitored by esti-
mating the glomerular filtration rate (GFR) based on serum
creatinine. However, this method has limited value in acute
settings, as it detects changes in kidney function with a
significant delay [1]. Moreover, serum creatinine concen-
tration is influenced by various extra-renal factors, such as
nutritional status, diet, muscle mass, or ethnicity, which
may impede the assessment of true GFR in some patient
groups [1, 2]. Since none of the commonly used methods for
assessing glomerular function improved the early detection
of acute kidney injury (AKI), much effort has been made to
identify novel, more accurate markers.

Among many biomarkers investigated in recent years,
Proenkephalin (PENK) has emerged as a promising indicator
of kidney function. Proenkephalin belongs to the enkepha-
lin family of endogenous opioid peptides, first described in
1975 [3]. These peptides are derived from the proteolytic
cleavage of the 243-amino-acid protein Proenkephalin A [4,
5]. As a precursor protein, Proenkephalin A gives rise to sev-
eral biologically active molecules, including met-enkepha-
lin and leu-enkephalin, all of which act as opioid receptor
ligands (Fig. 1) [4, 5]. In addition to enkephalins, the cleav-
age also produces the Proenkephalin 119-159 peptide, also
referred to as penkid [4, 6, 7]. Early research focusing on
enkephalins has been limited due to their short half-life in

human plasma and lability in vitro [4, 5]. In contrast, Proen-
kephalin is produced in proportional concentrations to active
peptides and, unlike enkephalins, retains its stability after
sample collection, allowing for reliable measurement [4, 5].
For this reason, Proenkephalin has been proposed as a sur-
rogate marker for the synthesis of enkephalins [2, 4, 5, 7].
To specify, in this article, Proenkephalin and penkid refer to
Proenkephalin 119-159, a cleavage product of Proenkepha-
lin A. Initial studies on endogenous opioid peptides focused
on their role in the central and peripheral nervous systems
[2, 8]. Acting primarily through delta-opioid receptors in
neuronal tissue, these peptides are thought to be implicated
in antinociception, drug dependence, respiratory function,
and immune response [2, 8, 9]. In 2008, Denning and al.
first reported high concentrations of Proenkephalin in non-
neuronal tissues, including kidney, heart, skeletal muscle,
and lungs [9]. Although delta-opioid receptors exhibit the
highest expression in the kidney compared to other periph-
eral tissues [9], their role in modulating kidney function is
not yet understood. Based on in vivo studies, it has been
postulated that receptor agonists might enhance renal blood
flow and increase urinary output through the inhibition of
the antidiuretic hormone [10]. However, these results require
further confirmation.

Proenkephalin has recently been proposed as a reliable
marker of kidney function, showing a strong negative cor-
relation with measured GFR in both steady renal state and
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Fig. 1 Cleavage of Proenkephalin and measurement of Proenkepha-
lin. Proteolytic cleavage of the 243-amino-acid precursor protein
Proenkephalin A by peptidases, including prohormone convertases 1
and 2, carboxypeptidase E, and cathepsin H, generates several bioac-
tive enkephalin peptides. These include four copies of Met-enkepha-
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lin and one copy each of Leu-enkephalin, Met-enkephalin-Arg-Gly-
Leu, Met-enkephalin-Arg-Phe, and enkelytin. The cleavage also
produces a stable Proenkephalin fragment (PENK 119-159), which
can be further detected using Proenkephalin-targeted monoclonal
antibody assays
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acute injury [2, 4, 11]. This correlation remained consistent
across different stages of kidney dysfunction, and in healthy
individuals; Proenkephalin levels were not influenced by age
or sex [4, 12]. Given its low molecular mass of 4586 Da,
Proenkephalin is postulated to be freely filtered through the
glomerulus, which could potentially explain its increased
concentration as GFR declines [2, 13, 14]. However, the
exact mechanism of Proenkephalin clearance by the kidneys
is not well understood, as no data currently confirm its excre-
tion in urine.

Evidence from observational studies also suggests its
possible application as a predictor of unfavorable clinical
outcomes across various settings, including heart failure
[15], sepsis [7, 16], or chronic kidney disease (CKD) [17].
When compared to creatinine-based estimated GFR (eGFR),
Proenkephalin has demonstrated improved accuracy in the
early detection of AKI in patients with sepsis [7, 11]. The
link between kidney dysfunction and adverse clinical out-
comes may also clarify why elevated Proenkephalin levels
predict mortality in populations with acute heart failure
[18-20] and sepsis [16]. Moreover, in the acute heart failure
setting, Proenkephalin was predictive of worsening kidney
function [20]. Even in healthy individuals, elevated Proen-
kephalin concentrations were associated with a decline in
eGFR and predicted the risk of developing CKD [21, 22].

While most of the previous studies have focused on the
role of Proenkephalin in detecting changes in kidney func-
tion in acute states, its value in patients with chronically
impaired kidney function has not been extensively investi-
gated. As the population with CKD is highly heterogeneous
and carries a high risk for rapid kidney function deterio-
ration, a biomarker aiming to improve the early diagnosis
of AKI should retain its ability to accurately reflect kidney
function in both CKD and AKI settings. In this review, we
summarize the associations of Proenkephalin with kidney
function in patients with chronically impaired kidney func-
tion and discuss its potential clinical applications across
various settings.

Search strategy

This review article focuses on the current knowledge
about Proenkephalin as a biomarker for kidney function
and adverse clinical outcomes in patients with chronic
kidney disease and in those undergoing kidney replace-
ment therapy (KRT). A search was conducted in the Pub-
Med/Medline and Google Scholar databases for published
records using the keywords ‘Proenkephalin’ and ‘PENK’
combined with the following search terms: ‘renal’, ‘kidney’,
‘CKD’, ‘RRT’, ‘replacement’, ‘hemodialysis’. The search
was limited to studies published in English within the last
10 years (2014-2024). The selected manuscripts covered

Proenkephalin in the context of chronic kidney disease and
KRT. References from these articles were also reviewed to
expand the original searches. The final list of references
comprised 35 articles, selected based on their relevance to
the topics covered in this review.

Proenkephalin as a marker of glomerular
filtration

Plasma Proenkephalin concentrations have shown a strong
association with both measured and estimated GFR in dif-
ferent clinical settings [4, 11, 12, 23].

While data on Proenkephalin’s value in reflecting actual
GFR are sparse, recent studies indicate a correlation between
Proenkephalin levels and GFR measured by gold stand-
ard methods, such as iothalamate or iohexol clearance [4,
12]. In a cohort of 1191 patients with stable kidney func-
tion with and without known kidney disease, Proenkepha-
lin concentrations were associated with GFR assessed by
iothalamate clearance, with a multivariate model identifying
Proenkephalin, age, sex, and history of kidney transplan-
tation as significant predictors of measured GFR (mGFR)
[4]. In another multicenter study of 1354 stable and criti-
cally ill patients with diverse degrees of kidney function, a
new Proenkephalin-creatinine equation for eGFR estimation
was developed and validated against iohexol or iothalamate
clearance [12]. In the variable selection analysis, Proen-
kephalin concentration showed the strongest correlation with
mGFR and contributed most significantly to the equation’s
accuracy, with further improvements when creatinine and
age were added [12]. Notably, the Proenkephalin-creatinine
equation did not include commonly used covariates like race
or sex, as they did not improve the model’s performance
[12]. The Proenkephalin-based equation outperformed the
Modification of Diet in Renal Disease (MDRD) and 2009
Chronic Kidney Disease-Epidemiology Collaboration
(CKD-EPI) equations, demonstrating less bias and higher
accuracy, while the performance was comparable to the
race-free 2021 CKD-EPI equation [12].

Furthermore, recent work suggests that compared to
conventional creatinine-based methods, Proenkephalin may
improve the assessment of glomerular filtration in acute set-
tings. In a cohort of 23 critically ill sepsis patients, Proen-
kephalin was superior to creatinine-based methods in reflect-
ing the actual GFR determined by iohexol plasma clearance
[11]. The correlation between Proenkephalin and mGFR
(R*=0.90, p<0.0001) was significantly stronger than that
of eGFR calculated using the MDRD formula (p =0.06) and
endogenous creatinine clearance (p =0.08) [11].

A similar relationship was shown between Proenkephalin
and GFR estimated using a creatinine-based formula [23,
24]. Among 664 kidney transplant recipients with steady
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renal state and 95 healthy kidney donors, Proenkephalin
levels were inversely correlated with eGFR (r,=— 0.80,
p<0.001) [23]. In a population-based study by Nilsson et al.
exploring the differences in Proenkephalin levels between
Iraqi-born and native Swedish residents, lower Proenkepha-
lin levels were associated with higher eGFR, however, this
association was influenced by other covariates (i.e. age,
sex, diabetes, systolic blood pressure, country of birth)
[24]. Additionally, the relationship was slightly weaker in
the Iragi-born group [24], suggesting that Proenkephalin’s
accuracy as a functional kidney biomarker may vary across
ethnicities.

While Proenkephalin has shown strong associations with
kidney function, it has not yet been widely used to directly
calculate GFR. To date, only one equation, the Proenkepha-
lin-creatinine equation, has been developed to estimate GFR
using Proenkephalin, demonstrating superior performance
compared to commonly used creatinine-based equations
[12]. Its further validation in larger cohorts, particularly
those including critically ill patients, is required, however,
its development may be of interest, as it could aid in the
implementation of Proenkephalin into clinical practice and
facilitate comparisons with other kidney function biomark-
ers. In the only single-center, prospective study involving 56
critically ill children and 41 term-born neonates, iohexol-
based mGFR, serum creatinine (SCr), and cystatin C (cysC)
were determined in each patient. Bedside Schwartz equation
was used to estimate GFR, incorporating SCr and height
[25]. In this population, correlation between Proenkepha-
lin and mGFR was as good as between SCr-based eGFR
and mGFR, whereas for cysC and SCr, the correlation with
mGFR was lower [25].

However, it still remains unclear to what degree Proen-
kephalin concentration can be influenced by confounding
factors, including kidney function, as populations with CKD
are largely excluded from studies. In addition, the majority
of studies used IB10 sphingotest penkid (SphingoTec GmbH,
Hennigsdorf, Germany), a rapid point-of-care immunoassay
for in vitro quantitative determination of penkid. Nowadays,
other ELISA assays, as well as flow luminescence immuno-
assays, are commercially available. However, no compara-
tive data on these assays have been published to date. The
use of different assays may also affect the results.

Proenkephalin in chronic kidney disease

Despite CKD being a known risk factor for rapid deteriora-
tion of kidney function, studies investigating Proenkephalin
have largely involved subjects with preserved eGFR. Con-
sequently, data on the utility of Proenkephalin in individuals
with chronically impaired kidney function are scarce, as this
patient subset has mostly been excluded from research.

@ Springer

Prediction of CKD

Higher plasma Proenkephalin levels have been associ-
ated with the decline of eGFR and an increased risk of
developing CKD [21, 26]. In a prospective study including
2568 healthy individuals, participants with higher baseline
Proenkephalin levels experienced a greater annual decline
of eGFR compared to those in the lowest tertile (— 1.6 vs
— 1.4 mL/min/1.73 m? p=0.001) [26]. Moreover, during
the follow-up period of 16.6 years, elevated Proenkephalin
levels were linked to an increased risk of incident CKD
[26]. This association was independent of the baseline
eGFR and known risk factors for kidney function decline
(OR: 1.51; 95% confidence interval [95% CI], 1.18-1.94)
[26]. Similar results were observed by Bullen et al. in a
study of 4400 participants of African and European ances-
try [21]. Individuals with higher Proenkephalin levels were
more likely to experience a>30% decline in eGFR (OR for
fully adjusted model: 1.11; 95% CI 1.00-1.24) over a 9.4-
year follow-up. However, the link between Proenkephalin
and the occurrence of CKD varied depending on the cri-
teria of CKD used, with no significant association when
CKD was defined as new eGFR < 60 mL/min/1.73 m? and
at least 40% eGFR decline (OR for fully adjusted model:
1.02; 95% CI 0.88-1.18) [21]. These results did not dif-
fer significantly by race [21]. Among participants without
albuminuria at baseline, higher Proenkephalin levels were
also associated with incident albuminuria at follow-up,
even after adjusting for baseline eGFR and albumin-cre-
atinine ratio (OR: 1.16; 95% CI 1.02-1.33), with a stronger
association observed among participants of European
ancestry [21]. These findings were not fully replicated
in 4375 subjects from the PREVEND study [22]. In this
cohort, baseline Proenkephalin levels were inversely cor-
related with both eGFR (r=- 0.27, p <0.001) and, nota-
bly, urinary albumin excretion (r=— 0.09, p <0.001) [22].
During a median follow-up of 8.4 years, higher Proen-
kephalin levels were associated with an increased risk of
developing CKD defined as eGFR < 60 ml/min/1.73 m?,
however, after adjusting for the baseline eGFR this asso-
ciation remained significant only in men (HR: 1.65; 95%
CI 1.15-2.36), but not in women [22]. This study found
no association between Proenkephalin and the occurrence
of urinary albumin excretion > 30 mg/24 h at the follow-
up [22].

The disparities observed in these studies suggest the
need for further research to determine Proenkephalin’s
potential role as a biomarker for identifying individuals at
high risk of developing CKD. The important limitation of
each of these studies is that Proenkephalin was measured
only at baseline, precluding evaluation of longitudinal
changes in Proenkephalin in relation to CKD occurrence
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[21, 22, 26]. Future research incorporating repeated Proen-
kephalin measurements over time could help determine
whether longitudinal Proenkephalin changes may improve
its effectiveness in predicting CKD. Moreover, it remains
unclear whether Proenkephalin is associated with incident
albuminuria. Since albuminuria is an early indicator of
worsening kidney function [22], it would be valuable to
investigate the relationship between Proenkephalin, eGFR
decline, and incident CKD based on albuminuria.

Proenkephalin as a functional biomarker
in CKD

Proenkephalin levels are thought to increase in AKI patients
due to reduced clearance, increased production, or a com-
bination of both mechanisms [11, 22]. If this hypothesis is
true, similar elevations in Proenkephalin might be expected
in CKD patients, proportional to the degree of glomerular
filtration reduction. However, there is a significant lack of
data on Proenkephalin levels across different stages of CKD
and additional research is required to validate its utility as a
kidney function marker in this population.

In a study by Mossanen et al. investigating Proenkepha-
lin’s predictive value for AKI among patients undergoing
cardiac surgery, baseline Proenkephalin levels were signifi-
cantly higher in CKD patients (n=10) compared to those
with preserved kidney function (132.5 vs 81.7 pmol/L,
p<0.001) [27]. Notably, elevated pre-surgery Proenkephalin
levels were associated with a risk of subsequent AKI [27].
However, this association was no longer observed when
patients with preexisting CKD were excluded from the anal-
ysis [27], suggesting that Proenkephalin’s predictive value
for kidney function decline may be reduced in individuals
with already impaired kidney function. Given the limited
number of patients with CKD (n=10) included in this study
[27], these results require further confirmation. In another
work, a relationship between Proenkephalin and GFR meas-
ured using iothalamate clearance was investigated in 1191
patients with varying degrees of kidney dysfunction [4]. In
the same study, median plasma Proenkephalin concentra-
tions were significantly higher in patients with GFR reduced
to < 60 mL/min/ 1.73 m? compared to levels observed in
patients with adequate filtration rate (105 vs 60 pmol/L,
p <0.0001) [4]. Among kidney transplant recipients with
stable kidney function, subjects with higher Proenkephalin
levels were more likely to have lower baseline eGFR and
higher urinary albumin excretion [23]. These findings were
not consistent with those observed in our previous study
[28]. In a cohort of 101 patients with end-stage kidney dis-
ease (ESKD) undergoing dialysis therapy, Proenkephalin
levels did not reflect kidney function [28]. Specifically, no
significant associations were found between Proenkephalin

concentrations and eGFR (p=0.922), urea (p=0.192), or
residual urine output (p =0.784) [28].

Studies investigating Proenkephalin that included patients
with CKD are summarized in Table 1.

Prediction of AKl in CKD

The utility of Proenkephalin in predicting contrast-induced
AKI (CI-AKI) was investigated in a study involving 111
hospitalized patients with CKD undergoing radiographic
contrast procedures [17]. Baseline Proenkephalin concentra-
tions measured prior to contrast media administration did not
significantly differ between patients who developed AKI and
those without AKI, failing to predict AKI occurrence. Con-
versely, levels of Proenkephalin drawn on day 1 after con-
trast injection were markedly elevated in AKI compared to
no-AKI patients (198 vs. 121 pmol/L, p <0.01), but no dif-
ference in the predictive ability for AKI was found between
day 1 Proenkephalin and creatinine. Notably, the change in
Proenkephalin levels from baseline to day 1 (delta PENK)
was significantly higher in AKI patients compared to no-
AKI patients (53 pmol/l vs. 1 pmol/l, p<0.01) and showed a
greater predictive potential for CI-AKI than creatinine [17].
However, as only few patients in this study developed AKI
(n=7) [17], these results should be interpreted with cau-
tion. The fact that baseline Proenkephalin was similar in
AKI and no-AKI patients could potentially be explained by
the specific inclusion of CKD patients [17]. This is further
corroborated by a previously cited study by Mossanen et al.
in patients undergoing cardiac surgery, which found that the
association between pre-surgery Proenkephalin and subse-
quent AKI decreased after excluding patients with CKD
[27]. Taken together, these findings suggest that Proenkepha-
lin’s predictive value for kidney function decline may be
diminished in individuals with preexisting renal impairment.

Proenkephalin in patients receiving kidney
replacement therapy

AKI

The current evidence on Proenkephalin in the context of
KRT is limited and largely confined to acute settings. In
a multi-center study, plasma Proenkephalin concentrations
were measured in critically ill patients with AKI undergoing
continuous renal replacement therapy (CRRT) to evaluate
whether Proenkephalin could serve as a predictive marker
for CRRT liberation [29]. Among 369 samples analyzed,
low baseline plasma Proenkephalin concentrations did not
predict the study endpoint [29]. Lower Proenkephalin con-
centrations at day 3 were associated with successful CRRT
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Table 1 (continued)

I

PENK Proenkephalin, CKD chronic kidney disease, eGFR estimated glomerular filtration rate, CKD-EPI Chronic Kidney Disease Epidemiology Collaboration, UAE urinary albumin excretion,
NA not applicable, mGFR measured glomerular filtration rate, Stand b Standardized Beta, AKI acute kidney injury, HFpEF heart failure with preserved ejection fraction, HFrEF heart failure

with reduced ejection fraction, RBF renal blood flow

(7]
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liberation (subdistribution hazard ratio (sHR) 2.35, 95% CI
1.45-3.81, p<0.001), however daily urinary output proved
to be a stronger predictor of outcome [29]. In a small study
of 57 patients undergoing liver transplantation, Proenkepha-
lin, creatinine, and cystatin C were assessed before and 48 h
post-transplantation. Lima et al. reported that 50 out of 57
patients developed AKI, and 23 required KRT. Notably,
Proenkephalin detected AKI 48 h earlier than serum cre-
atinine [30]. In addition, during the postoperative period,
Proenkephalin was the only independent predictor of severe
AKI (odds ratio (OR) 1.02 (CI 1.00-1.04), p=0.01), and
alongside water balance and urine output, an independ-
ent predictor of the need for KRT. However, no correla-
tion analyses between markers were provided [30]. On the
other hand, there is still insufficient evidence regarding the
optimal timing for KRT liberation. In a recent study of 61
patients undergoing cardiac surgery for a cardiopulmonary
bypass with postoperative AKI, 20 patients experienced
AKI progression requiring KRT in the form of continu-
ous kidney replacement therapy [31]. Proenkephalin levels
were measured at AKI diagnosis, as well as at the time of
KRT initiation and liberation [31]. This study suggested that
Proenkephalin may have the potential to predict successful
KRT liberation [31].

Kidney failure

While only one study explored Proenkephalin levels in
patients requiring dialysis therapy [28], previous studies have
shown that the concentration of met-enkephalin is increased
in individuals undergoing hemodialysis [32—-34]. Among 28
patients treated with hemodialysis, met-enkephalin levels
were observed to be fourfold higher than those in healthy
controls and showed a significant reduction after both hemo-
dialysis and hemofiltration (86 +21 vs. 74 + 22 pg/ml; 8 +28
vs. 71 +£25 pg/ml, respectively, p <0.02). [32]. In contrast,
leu-enkephalin concentrations were suppressed in subjects
with ESKD and remained unchanged after dialysis [32].
Similar results were presented in a cohort of uremic patients,
where leu-enkephalin levels were elevated compared to con-
trols and did not significantly decrease after hemodialysis
[35]. In another study exploring the link between endog-
enous opioid peptides and chronic pruritus in kidney failure,
the serum concentration of met-enkephalin was significantly
higher in the dialysis group with pruritus compared to the
control group (75.98 +65.48 ng/mL vs. 48.06 +92.09 ng/
mL, p=0.009), but no significant difference was observed
in leu-enkephalin levels [33]. Since Proenkephalin is a pre-
cursor protein, its concentration is expected to reflect the
enkephalin levels [2, 4]. Thus, it can be assumed that in kid-
ney failure, similar changes in Proenkephalin concentration
might occur, however, no confirmation of this hypothesis has
been provided so far. Our study examined Proenkephalin in
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88 patients treated with hemodialysis (n =66) or peritoneal
dialysis (n=22) [28]. We found that Proenkephalin concen-
trations were significantly lower before hemodialysis than
after the procedure (1.368 vs. 2.061 ng/ml; p=0.003) [28].
This finding suggests that Proenkephalin is not effectively
removed by hemodialysis membranes, and the observed
increase in concentration post-dialysis could be attributed
to fluid removal exceeding the molecule’s elimination dur-
ing the procedure [28]. This may explain why, in our study,
higher Proenkephalin concentrations were observed in
patients dialyzed with low-flux dialyzers, which have smaller
pores and diminished capacity to remove middle-sized ure-
mic toxins [28]. It could also be hypothesized that Proen-
kephalin binds to a protein, which may impede its transport
across the membranes. However, further investigations are
required to establish Proenkephalin levels in the dialysate or
confirm the albumin binding.

Proenkephalin in kidney transplant
recipients

In a previously cited study of 664 kidney transplant recipi-
ents, plasma Proenkephalin concentration predicted graft
failure defined as a return to dialysis therapy or retrans-
plantation over a median follow-up period of 3.1 years
(HR =2.36; 95% CI 1.37-4.06) [23]. Importantly, this
association was independent of eGFR, urinary albumin
excretion, and other factors potentially influencing kidney
function [23]. Although these results warrant further con-
firmation, the study suggests that Proenkephalin may offer
additional value in identifying kidney transplant recipients
at higher risk of graft failure.

Conclusions

Although Proenkephalin has emerged as a promising bio-
marker both reflecting kidney function and predicting AKI
and adverse clinical outcomes, its utility in individuals with
chronic kidney diseases remains uncertain.

Proenkephalin has demonstrated correlations with both
estimated and measured GFR and may provide a more
accurate reflection of glomerular filtration rate than cre-
atinine [4, 11, 12]. A recently developed Proenkephalin-
creatinine equation, validated in a cohort with varying
degrees of kidney function, outperformed conventional
creatinine-based equations, highlighting its potential for
implementation as a clinical tool [12]. However, the extent
to which Proenkephalin concentrations are influenced by
confounding factors, including kidney function, remains

unclear, as studies involving patients with CKD are limited
and yield inconsistent findings regarding the correlation
between Proenkephalin levels and GFR [4, 23, 27, 28].
Moreover, evidence suggests that Proenkephalin levels
may increase in response to cardiac injury, both in acute
and chronic heart failure [19, 26], as well as in cognitive
impairment [27]. These conditions, common in the CKD
population, raise concerns about the potentially dimin-
ished utility of Proenkephalin as a functional biomarker
in patients with multiple comorbidities. Notably, no stud-
ies to date have confirmed the clearance of Proenkephalin
through the kidneys, which could provide insight into the
mechanisms underlying its elevation in kidney diseases.
Furthermore, Proenkephalin has been proposed as a
biomarker predictive of AKI, adverse clinical outcomes,
and the risk of GFR decline and incident CKD [7, 11, 16,
19, 21, 22, 26]. While recent studies investigating Proen-
kephalin have primarily focused on its role in detecting
and monitoring AKI in critically ill patients, such as those
with sepsis or acute heart failure [7, 11, 16, 19], data on its
accuracy in individuals with chronic kidney diseases are
lacking. Given the high risk of acute-on-chronic kidney
injury in CKD patients, future studies should include this
population to evaluate Proenkephalin’s performance across
different stages of kidney dysfunction. Current evidence
has yielded inconsistent results, suggesting a potentially
reduced predictive value of Proenkephalin in patients with
impaired kidney function, e.g. in terms of AKI detection
[7, 17, 27]. Also, given the mixed results of the previous
research, the association between Proenkephalin and CKD,
eGFR decline, and albuminuria needs to be clarified to
determine whether Proenkephalin could serve as a bio-
marker for identifying subjects at risk of developing CKD.
Additionally, prospective studies should investigate the
role of Proenkephalin in monitoring kidney function in
individuals with CKD undergoing dialysis, as this popula-
tion has been largely excluded from previous studies. It has
been suggested that Proenkephalin might not be removed
by hemodialysis membranes, which could limit its accu-
racy as a biomarker in this setting [28]. Therefore, deter-
mining Proenkephalin concentrations in the dialysate and
conducting albumin-binding studies could help establish
whether Proenkephalin may serve as a biomarker for moni-
toring kidney function during kidney replacement therapy.
Since recent data suggest that Proenkephalin may be asso-
ciated with the risk of graft failure, future research among
kidney transplant recipients would also be of interest [23].
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7. Podsumowanie

Proenkefalina zyskata w ostatnich latach zainteresowanie jako obiecujacy wskaznik
odzwierciedlajacy czynno$¢ nerek oraz biomarker predykcyjny, umozliwiajacy wczesne
wykrywanie ostrego uszkodzenia nerek i prognozowanie niekorzystnych wynikow klinicznych.
W badaniach wykazano korelacje pomigdzy st¢zeniem proenkefaliny a wielkoscig przesaczania
kigbuszkowego, a takze jej potencjalng wyzszos¢ diagnostyczng nad klasycznymi markerami,
takimi jak kreatynina. Na tej podstawie zaproponowano rowniez nowy wzor shuzacy do
szacowania wielkosci GFR, uwzgledniajacy stezenie kreatyniny, ktory wstepnie wykazat
lepsza precyzj¢ w poréwnaniu z dotychczasowymi réwnaniami opartymi wylacznie na
kreatyninie. Pomimo obiecujacych danych pochodzacych z badan przeprowadzonych w
populacjach z zachowana funkcjg nerek, przydatnos¢ proenkefaliny w grupie pacjentéw z

przewlekla chorobag nerek, zwlaszcza w jej schylkowym stadium, pozostaje niejasna.

Praca oryginalna stanowi pierwsze badanie oceniajace proenkefaling w populacji pacjentow
ze schytkowa niewydolnoscig nerek leczonych nerkozastgpczo metoda hemodializy oraz
dializy otrzewnowej. Badanie nie wykazato istotnej korelacji pomiedzy st¢zeniem
proenkefaliny a tradycyjnymi wskaznikami, takimi jak eGFR, kreatynina, mocznik czy obje¢tos¢
diurezy resztkowej. Co istotne, w badanej populacji zaobserwowano wzrost stezenia
proenkefaliny po zakoficzeniu sesji hemodializy. Ponadto stezenia byly istotnie wyzsze w
grupie pacjentow leczonych przy uzyciu dializatorow typu low-flux, cechujacych si¢
ograniczong zdolno$cig usuwania substancji o $redniej masie czasteczkowej, do ktorych
zaliczana jest proenkefalina. Obserwacje te budza watpliwosci co do skuteczno$ci usuwania tej
czgsteczki przez blony dializacyjne i sugeruja koniecznos$¢ dalszych badan w celu okreslenia
mechanizmow eliminacji proenkefaliny przez nerki oraz przez btony dializacyjne. Brak danych
potwierdzajacych usuwanie proenkefaliny przez btony dializacyjne podczas hemodializy
dodatkowo podwaza jej uzytecznos¢ jako biomarkera stosowanego rutynowo do monitowania
czynnosci nerek w ostrym uszkodzeniu nerek. U pacjentow z AKI istnieje ryzyko gwaltownego
pogorszenia funkcji nerek i konieczno$ci wdrozenia leczenia nerkozastgpczego. Dlatego
biomarker, ktorego celem jest poprawa wczesnego wykrywania AKI i ocena GFR w tej grupie
pacjentdw, powinien umozliwia¢ takze monitorowanie czynno$ci nerek w trakcie hemodializy.
Ograniczeniami badania byla stosunkowa niewielka liczba pacjentow (n=88) oraz znaczna
heterogenno$¢ grupy w zakresie m.in. diurezy resztkowej i choréb wspoétistniejacych, ktore to

czynniki moga wptywaé na st¢zenia proenkefaliny. Mimo to, uzyskane wyniki rzucaja nowe
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$wiatto na zlozong biologi¢ proenkefaliny u pacjentow z zaawansowang chorobg nerek i

podkreslaja potrzebe dalszych analiz w tym zakresie.

W drugiej publikacji dokonano przegladu dostepnych badan nad proenkefaling,
koncentrujac si¢ na populacji pacjentéw z przewlekta choroba nerek. Na podstawie dostgpne;j
literatury nie mozna jednoznacznie rozstrzygna¢ czy proenkefalina zachowuje warto$¢
diagnostyczng w tej grupie chorych. Niektore badania wskazuja na zmniejszong warto$¢
predykcyjna proenkefaliny w wykrywaniu AKI w przypadku CKD [30]. W innych kohortach
np. pacjentow poddawanych operacjom kardiochirurgicznym, korelacj¢ pomigdzy
podwyzszonym stezeniem proenkefaliny przed operacja a wystagpieniem AKI wykrywano
wylacznie przed wykluczeniem pacjentéw z CKD z badania, co moze wynikaé z faktu, ze
podwyzszone stezenia markera stanowig odzwierciedlenie CKD, a nie ostrego uszkodzenia
[31]. Na uwage zastuguje fakt, ze artykul stanowi pierwsze, usystematyzowane zestawienie

danych na temat proenkefaliny w tej grupie pacjentow.

Podsumowujac, uzyskane dane moga podwaza¢ przydatnos¢ proenkefaliny jako markera
funkcjonalnego czynnosci nerek w CKD i1 ESKD, zwlaszcza u pacjentéw leczonych metoda
hemodializ. Idealny biomarker do monitorowania czynno$ci nerek powinien charakteryzowacé
si¢ wysoka wiarygodnos$cia niezaleznie od poziomu dysfunkcji nerek i obecnosci choréb
wspotistniejagcych. Brak dowodow na klirens nerkowy markera i skuteczne usuwanie peptydu
droga hemodializy oraz brak korelacji z klasycznymi markerami wskazuja, ze proenkefalina

moze nie spetnia¢ kryteriow wiarygodnego biomarkera w tej populacji.

Z tego wzgledu niezbedne sa dalsze badania oceniajace przydatno$¢ proenkefaliny jako
wskaznika dysfunkcji nerek w rdéznych populacjach klinicznych, w tym u pacjentow
poddawanych dializoterapii oraz obcigzonych innymi chorobami towarzyszacymi, takimi jak

niewydolnos¢ serca.
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‘Whioski

Stezenie proenkefaliny nie wykazuje istotnej korelacji z klasycznymi wskaznikami
funkcji nerek u pacjentow ze schytkowa niewydolnoscia nerek.

Proenkefalina nie jest usuwana przez btony dializacyjne, co podwaza jej przydatnos¢
jako biomarkera do monitorowania czynno$ci nerek u pacjentdw leczonych metoda
hemodializ.

Dostepne dane na temat przydatnosci proenkefaliny w przewleklej chorobie nerek sa
ograniczone i wskazuja na mozliwa ograniczong warto$¢ diagnostyczng proenkefaliny
w tej populacji, zwlaszcza w zakresie predykcji wystapienia ostrego uszkodzenia nerek.
Konieczne s3 badania w celu okres$lenia mechanizmoéw eliminacji proenkefaliny przez
nerki oraz przez blony dializacyjne podczas hemodializy.

Zastosowanie proenkefaliny jako biomarkera funkcji nerek w rutynowej praktyce
klinicznej wymaga walidacji w bardziej zréznicowanych populacjach pacjentow,
obejmujacych osoby z roznym stopniem niewydolnosci nerek, leczone nerkozastepczo

oraz obcigzone chorobami wspoétistniejagcymi.
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10. Opinia Komisji Bioetycznej lub Etycznej
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Komisja Bioetyczna przy Warszawskim Uniwersytecie Medycznym
w dniu 06 wrzesnia 2021 r. po zapoznaniu si¢ z wnioskiem:

Prof. dr hab. n. med.Jolanta Malyszko
Katedra i Klinika Nefrologii,Dializoterapii
i Choréb Wewnetrznych,

ul. Banacha 1a, 02-097 Warszawa

dotyczacym: wyrazenia opinii w sprawie badania pt.: *’Badanie st¢zenia proenkefaliny u pacjentéw ze
schytkowa niewydolnos$cia nerek hemodializowanych i dializowanych otrzewnowo.”

- Badanie moze by¢ prowadzone wylacznie w okresie obowigzywania polisy ubezpieczeniowe;j.
wyraza nastepujaca
opinie

- stwierdza, ze jest ono dopuszczalne i zgodne z zasadami naukowo-etycznymi*.

Uwagi Komisji — verte

Komisja dziala na podstawie art.29 ustawy z dnia 5.12.1996r. o zawodzie lekarza /Dz.U.nr 28/97
poz.152 wraz z p6zn.zm./, zarzgdzenia MZiOS z dn.11.05.1999r. w sprawie szczegélowych zasad
powolywania i finansowania oraz trybu dzialania komisji bioetycznych /Dz.U.nr 47 poz.480/,
Ustawy prawo farmaceutyczne z dnia 6 wrzesnia 2001r. (Dz.U.Nr 126, poz. 1381 z p6Zn. zm.) oraz
Zarzadzenie nr 56/2007 z dnia 15 pazdziernika 2007r. w sprawie dzialania Komisji Bioetycznej
przy Warszawskim Uniwersytecie Medycznym /Regulamin Komisji Bioetycznej przy
Warszawskim Uniwersytecie Medycznym/.

Komisja dziala zgodnie z zasadami GCP .

Przewodniczgca Komisji Bioetycznej

WA

Prof. ¢t hab. n. med. Magdalena Kuzma-Kozakiewicz

*niepotrzebne skresli¢
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Komisja wyraza pozytywna opinie w sprawie przeprowadzenia wnioskowanych

badan- na warunkach okreslonych we wniosku oraz dodatkowo zastrzegajac:

1/ obowigzek przedstawienia Komisji:

- wszystkich zmian w protokole majacych wptyw na przebieg oraz oceng
badania,

- wszystkich przypadkéw zdarzen niepozadanych,

- zawiadomienia o przyczynach przedwczesnego zakonczenia badania,

- sprawozdania w toku przeprowadzonych badan-za szes¢ miesiecy,

- raportu koncowego.
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strona podpisowa do uchwaly Komisji Bioetycznej przy Warszawskim

Uniwersytecie Medycznym nr KB/........ 42....... z dnia 06 wrzespia 2021r.
1. Prof. dr hab. n.med. Magdalena Kuzma —Kozakiewicz % .................
2. Dr hab. n. med. Tomasz Grzela E

3. Dr hab. n. med. Andrea Horvath-Stolarczyk
4. Dr hab. n. med. Urszula Ambroziak

5. Dr hab. n.med. Maciej Sinski

6. Dr hab. n. farm. Sylwia Flis

7. Prof. dr hab.n.med Tomasz Jakimowicz

8. Dr n. med. Leszek Kraj

9.Mec. Danuta Lewandowska

10. Dr n .farm. Agata Maciejczyk

11. Dr hab. n.med. Barbara Grzechocinska

12. Dr n. med. Artur Hacia OP

13. Mgr Anna Jasinska
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11. Oswiadczenia wspolautorow publikacji

Warszawa, dn. 02.06.2025

prof. dr hab. n. med. Jolanta Matyszko

OSWIADCZENIE

Jako wspotautor pracy pt. ,,Proenkephalin Levels and Its Determinants in Patients
with End-Stage Kidney Disease Treated with Hemodialysis and Peritoneal Dialysis”
oSwiadczam, iz moj wlasny wkiad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: wspottworzenie
koncepcji pracy, opracowanie metodyki badan, nadzor naukowy, nadzor nad realizacjg
badania, wspotudzial w tworzeniu ostatecznej wersji manuskryptu, ocena merytoryczna pracy.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 25 %.

Wkiad wspétautorki lek. Wiktorii Grycuk w powstawanie publikacji okre$lam jako
50 %, obejmowat on: wspoltworzenie koncepcji pracy, pozyskanie srodkow na realizacje
badan, opracowanie metodyki badan, gromadzenie materiatu do badan, gromadzenie danych
do analizy statycznej, opracowanie statystyczne danych, interpretacj¢ wynikow, wspotudziatl w

pisaniu wszystkich czesci publikacji, przygotowanie ostatecznej wersji manuskryptu.

Jednoczes$nie wyrazam zgode na wykorzystanie w/w pracy jako czg§¢ rozprawy doktorskiej lek
Wiktorii Grycuk.

Podpisany elektronicznie przez
Jolanta Malyszko
06.06.2025
8:12:30 +02'00
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Warszawa, dn. 02.06.2025

prof. dr hab. n. med. Jolanta Matyszko

OSWIADCZENIE

Jako wspotautor pracy pt. ,,Proenkephalin (PENK): a functional biomarker in
chronic kidney diseases — hope or just a new bystander?” o§wiadczam, iz mé6j wiasny wktad
merytoryczny w przygotowanie pracy w formie publikacji stanowi: przeglgd pismiennictwa,
wspoltworzenie koncepcji pracy, nadzor naukowy, wspotudzial w pisaniu wszystkich czesci
publikacji, wspotudziat w tworzeniu ostatecznej wersji manuskryptu.

MJj udziat procentowy w przygotowaniu publikacji okreslam jako 20 %.

Wkiad wspoétautorki lek. Wiktorii Grycuk w powstawanie publikacji okreslam jako
60 %, obejmowat on: przeglgd pismiennictwa, wspottworzenie koncepcji pracy, wspotudziat w

pisaniu wszystkich czesci publikacji, wspotudziat w tworzeniu ostatecznej wersji manuskryptu.

Jednocze$nie wyrazam zgod¢ na wykorzystanie w/w pracy jako cze$¢ rozprawy doktorskiej lek
Wiktorii Grycuk.
Podpisany elektronicznie przez
Jolanta Malyszko
06.06.2025
8:14:03 +02'00'
(poapis 0swi1adaczajacego)
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Warszawa, dn. 02.06.2025

dr n. med. Zuzanna Jakubowska

OSWIADCZENIE

Jako wspotautor pracy pt. ,,Proenkephalin Levels and Its Determinants in Patients
with End-Stage Kidney Disease Treated with Hemodialysis and Peritoneal Dialysis”
oswiadczam, iz mo6j whasny wklad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi: wspoltworzenie
koncepcji pracy, gromadzenie materiatu do badan, gromadzenie danych do analizy statycznej,
wspdludzial w tworzeniu ostatecznej wersji manuskryptu.

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 25 %.

Wkiad wspoétautorki lek. Wiktorii Grycuk w powstawanie publikacji okre§lam jako
50 %, obejmowatl on: wspéttworzenie koncepcji pracy, pozyskanie Srodkéw na realizacje
badan, opracowanie metodyki badar, gromadzenie materiatu do badar, gromadzenie danych
do analizy statycznej, opracowanie statystyczne danych, interpretacje wynikéw, wspéludzial w

pisaniu wszystkich czgsci publikacji, przygotowanie ostatecznej wersji manuskryptu.

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej lek
Wiktorii Grycuk.
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Warszawa, dn, 02.06.2025

dr n. med. Zuzanna Jakubowska

OSWIADCZENIE

Jako wspétautor pracy pt. ,,Proenkephalin (PENK): a functional biomarker in
chronic Kidney diseases — hope or just a new bystander?” oswiadczam, iz méj whasny wktad
merytoryczny w przygotowanie pracy w formie publikacji stanowi: wspéltworzenie koncepcji
pracy, nadzér naukowy, wspéludzial w Iworzeniy oslalecznej wersji manuskryptu,

Méj udziat procentowy w przygotowaniu publikacji okreslam jako 20 %,

Wiktorii Grycuk,
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