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INTRODUCERE

Transplantul renal reprezintd tratamentul de electie pentru pacientii cu boala
renala in stadiu final, oferind beneficii semnificative fata de dializa, precum o calitate
superioara a vietii si o speranta de viata crescuta. Cu toate acestea, gestionarea
pacientilor transplantati ramane o provocare majora, In ciuda progreselor in tehnicile
chirurgicale, alocarea grefelor si terapiile farmacologice moderne.

Tacrolimusul, un inhibitor al calcineurinei, este utilizat ca agent principal pentru
prevenirea rejetului de grefd, fiind combinat cu micofenolat mofetil si corticosteroizi in
regimul standard de imunosupresie cronica. Desi eficient, tacrolimusul prezinta un risc
semnificativ de efecte adverse, precum nefrotoxicitate, neuropatie, diabet zaharat de
novo si hiperglicemie. Mentinerea unui nivel terapeutic optim al tacrolimusului este
esentiald, deoarece atat subdozarea, cat si supradozarea pot avea consecinte grave.
Variabilitatea farmacocinetica si farmacodinamica ridicata a acestui medicament
complica ajustarea dozei optime, iar metodele actuale de monitorizare, bazate pe
nivelurile serice de creatinina si tacrolimus, nu pot diferentia eficient intre toxicitatea
indusa de imunosupresie si rejetul de grefa. Acest lucru determina utilizarea unor
metode invazive, precum biopsia renald, care pot implica riscuri suplimentare pentru
pacienti.

In acest context, metabolomica oferi o abordare promititoare pentru
monitorizarea personalizata a tratamentului cu tacrolimus. Studiul metabolomic al
plasmei si urinei poate identifica biomarkeri relevanti pentru progresia bolii si
raspunsul la tratament, facilitind optimizarea dozelor si reducerea riscului de
complicatii. In special, analiza metabolomici netintita utilizind cromatografie lichida
ultra-performanta cu spectrometrie de masa (UHPLC-MS) permite caracterizarea
semndturilor metabolice specifice pacientilor cu transplant renal, evidentiind retelele
metabolice asociate cu toxicitatea indusa de tacrolimus.

Scopul principal al acestui studiu este de a explora utilizarea metabolomicii
pentru optimizarea dozajului tacrolimusului la pacientii transplantati renal. Prin
investigarea profilului metabolomic seric si urinar la pacienti cu niveluri diferite de
tacrolimus (<5 ng/mL vs. >8 ng/mL), utilizdnd algoritmi de invatare automata, se
urmareste o mai buna intelegere a mecanismelor metabolice implicate. De asemenea,
studiul analizeaza asocierea intre terapia cu tacrolimus si dezvoltarea diabetului zaharat
de novo, comparand pacientii care au dezvoltat aceasta complicatie cu cei care nu au
manifestat-o. Rezultatele obtinute ar putea contribui la dezvoltarea unor strategii de
dozare personalizate, reducand riscul de rejet si toxicitate, si imbunatatind astfel
prognosticul pacientilor cu transplant renal.
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STADIUL ACTUAL AL CUNOASTERII

Boala renala cronica in stadiu final reprezinta o problema majora de sanatate
globala, caracterizatd prin pierderea ireversibila a functiei renale, necesitand fie dializ3,
fie transplant renal pentru mentinerea vietii. Dializa cronicg, fie prin hemodializa, fie
prin dializa peritoneald, asigura supravietuirea pacientilor, dar este asociata cu o calitate
scazuta a vietii si un risc crescut de complicatii cardiovasculare. Transplantul renal
ramane standardul de aur in tratamentul pacientilor cu BCR-SF, oferind beneficii
semnificative in ceea ce priveste supravietuirea si recuperarea functiei renale. Cu toate
acestea, succesul pe termen lung al transplantului depinde de mentinerea unei
imunosupresii eficiente si de monitorizarea atentd a functiei grefei.

Unul dintre principalele provocari post-transplant este riscul de rejet al grefei,
care necesita utilizarea de agenti imunosupresori, printre care tacrolimusul este cel mai
frecvent utilizat. Tacrolimusul, un inhibitor al calcineurinei, joaca un rol esential in
prevenirea rejetului acut si cronic, insa utilizarea sa este limitata de o fereastra
terapeutica Ingusta si de o variabilitate farmacocinetica interindividuald semnificativa.
Dozarea optima a tacrolimusului este esentiala, deoarece nivelurile subterapeutice pot
duce la rejetul grefei, iar nivelurile supraterapeutice sunt asociate cu efecte adverse
severe, inclusiv nefrotoxicitate, neurotoxicitate, diabet zaharat de novo si hipertensiune
arteriala.

In prezent, monitorizarea terapiei cu tacrolimus se bazeazi pe misurarea
concentratiilor sale serice si pe evaluarea parametrilor renali, precum nivelul
creatininei serice si rata de filtrare glomerulara. Totusi, aceste metode sunt nespecifice
si nu permit diferentierea clara intre rejetul de grefa si toxicitatea tacrolimusului.
Biopsia renal3, desi este metoda standard pentru diagnosticul rejetului, este invaziva si
asociata cu riscuri de complicatii. Aceste limitdri evidentiaza necesitatea unor metode
de monitorizare mai precise si non-invazive.

Metabolomica ofera o metoda inovatoare de monitorizare prin identificarea
biomarkerilor specifici in fluidele biologice. Tehnici avansate, precum cromatografia
lichida cu spectrometrie de masa, permit detectarea modificarilor metabolice asociate
cu disfunctia grefei si toxicitatea tacrolimusului. Studii recente au identificat metaboliti
precum mio-inozitolul, valina si citrulina ca potentiali biomarkeri pentru aceste
complicatii, facilitdnd diferentierea intre rejet si toxicitate. De asemenea, metabolomica
poate contribui la predictia diabetului zaharat post-transplant.

Integrarea metabolomicii In practica clinica ar putea Tmbunatati diagnosticul
precoce al rejetului, optimiza dozajul tacrolimusului si reduce necesitatea biopsiilor
renale, contribuind la o Ingrijire personalizata si eficienta a pacientilor transplantati, cu
beneficii semnificative pe termen lung.
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CONTRIBUTII PERSONALE

Studiul 1: Utilizarea algoritmilor de invatare automata si a profilului lipidomic
seric obtinut prin spectrometrie de masa pentru evaluarea expunerii si toxicitatii
Tacrolimusului la pacientii cu transplant renal

Scop / Obiective: Acest studiu a avut ca scop utilizarea profilului lipidomic seric si a
algoritmilor de invatare automata pentru a identifica metaboliti asociati cu expunerea
la tacrolimus si toxicitatea acestuia la pacientii cu transplant renal.

Material si metode: S-au analizat probe de ser de la pacienti cu transplant renal folosind
cromatografie lichida cu spectrometrie de masa. Datele au fost interpretate utilizand
algoritmi de invatare automatd pentru a corela metabolitii serici cu nivelurile de
tacrolimus si markerii de toxicitate renala.

Rezultate: S-au identificat 5 metaboliti lipidici, Fosfatidilserina, Fosfatidilglicerol,
Fosfatidiletanolaming, Arahidil palmitoleate si Ceramida, corelati cu nivelurile serice de
tacrolimus. S-a observat o relatie directa intre nivelurile ridicate de tacrolimus si
modificarile in compozitia lipidica serica, indicand posibile efecte nefrotoxice.

Concluzii: Profilul lipidomic seric poate fi utilizat pentru a identifica semnaturi
metabolice asociate cu toxicitatea tacrolimusului, oferind o metoda complementara si
mai precisd de monitorizare a pacientilor transplantati.

Studiu 2. Identificarea metabolitilor urinari corelati cu nivelurile de Tacrolimus
prin cromatografie lichida de inalta precizie cuplata cu spectrometrie de masa si
algoritmi de invatare automata la pacientii cu transplant renal

Scop / Obiective: Studiul a avut ca obiectiv identificarea metabolitilor urinari care
coreleaza cu nivelurile de tacrolimus, utilizand tehnici avansate de spectrometrie de
masa si algoritmi de invatare automatd, pentru a imbunatati monitorizarea pacientilor
transplantati.

Material si metode: Au fost colectate si analizate probe de urind de la pacienti cu
transplant renal, folosind cromatografie lichida de fnalta precizie cu spectrometrie de
masa. Algoritmii de invatare automata au fost aplicati pentru a identifica metabolitii
relevanti si pentru a evalua asocierea acestora cu nivelurile serice de tacrolimus.

Rezultate: Metabolitii precum valerilcarnitina, glicil-tirozina, adrenosteron,
metilprednisolon si lizofosfatidilcolina au fost corelati cu expunerea la tacrolimus.
Acesti biomarkeri urinari au demonstrat potential in detectarea disfunctiei grefei si a
toxicitatii tacrolimusului, avand o sensibilitate si specificitate ridicata.
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Concluzii: Analiza metabolomica urinara poate oferi o metodda non-invaziva de
monitorizare a nivelurilor de tacrolimus si a efectelor acestuia, contribuind la
optimizarea terapiei imunosupresoare.

Studiul 3. Utilizarea metabolomicii si a algoritmilor de invatare automata
pentru a prezice diabetul post-transplant la pacientii cu transplant renal
aflati sub terapie cu Tacrolimus.

Scop / Obiective: Scopul studiului a fost identificarea unui profil metabolomic seric care
sd prezica aparitia diabetului zaharat de novo la pacientii cu transplant renal sub terapie
cu tacrolimus.

Material si metode: Au fost colectate probe de sange de la pacienti transplantati,
impartiti In doud grupuri: cei care au dezvoltat diabet zaharat de novo si cei fara aceasta
complicatie. Analizele LC-MS si invatarea automata au fost utilizate pentru a identifica
metabolitii diferentiali.

Rezultate: S-au evidentiat diferente semnificative in nivelurile urmatorilor metaboliti
intre cele doua grupuri: Sfingomielina, Ceramida, Eicosadienoyl-ethanolamina, N-oleoil
etanolamind, Tetrahidrocortison, Acid fosfatidic, Diglicerid, Fosfatidilcoling,
Fosfatidilglicerol, Lisofosfatidilinozitol. Acesti metaboliti au fost corelati cu riscul
crescut de dezvoltare a diabetului zaharat post-transplant.

Concluzii: Profilul metabolomic seric si urinar poate fi utilizat ca un instrument
predictiv pentru diabetul zaharat de novo la pacientii tratati cu tacrolimus, oferind
posibilitatea unei interventii timpurii si a ajustarii terapiei pentru reducerea riscului
metabolic.
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CONCLUZII GENERALE

Metabolomica este o ramurd a stiintelor omice care si-a dovedit utilitatea in
identificarea unor metaboliti specifici diferitelor patologii, iar in urma studiilor noastre,
putem concluziona cd este o metodad eficientd de identificare si monitorizare a
metabolitilor specifici patologiei renale, in mod deosebit in aria de transplant renal.

Metabolitii identificati In cele trei studii sunt metaboliti specifici caii metabolice
lipidice, ceea ce creeaza noi oportunitati de identificare a mecanismelor fiziopatologice
in rejetul grefei renale si in administrarea medicatiei imunosupresoare.

De mare utilitate vor fi studiile de farmacogenomicad, care vor deschide noi
orizonturi in medicina personalizata, ramura vitald in cazul pacientilor cu transplant.
Sunt necesare studii cu un numar mai mare de pacienti care sa continue liniar efectuarea
de teste metabolice in urina, ser, dar si tesut, cu monitorizarea pacientilor pe perioade
indelungate.
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ORIGINALITATEA SI CONTRIBUTIILE INOVATIVE
ALE CERCETARII DOCTORALE

Studiile noastre au curprins efectuare semnaturii metabolice atat in urina si in
ser, la pacientii transpnatati, sub terapie cu Tacrolimus.

Am reusit sa dezvoltam o metoda noua de analizare a algoritmului compozitional
al metabolomicii pacientilor transplantati, punand in evidenta cu o specificitate si
sensibilitate inalta metaboliti specifici grupurilor de pacienti aflati sub terapie cu
Tacrolimus sau care au dezvoltat diabet in urma terapiei cu Tacrolimus.

Prin identificarea de metaboliti atat in ser cat si in urina, se poate continua
monitorizarea pacientillor si creearea de noi modele de predictie asupra rejetului de
grefa acut sau cronic, asupra toxicitatii Tacrolimusului sau a riscului de dezvoltare a
diabetului post expunere la Tacrolimus.

Un alte aspect important este identificarea unui fir rosu in cadrul celor 3 studii,
cu evidentierea afectarii metabolismului lipidic, ceea ce ofera noi oportunitati in
identificarea de terapii adaptate acestor pacienti.
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INTRODUCTION

Renal transplantation represents the treatment of choice for patients with end-
stage renal disease, providing significant benefits over dialysis, such as improved quality
of life and increased life expectancy. However, managing transplant patients remains a
major challenge, despite advancements in surgical techniques, graft allocation, and
modern pharmacological therapies.

Tacrolimus, a calcineurin inhibitor, is the main agent used to prevent graft
rejection, combined with mycophenolate mofetil and corticosteroids in standard
chronic immunosuppressive regimens. Despite its effectiveness, tacrolimus carries a
significant risk of adverse effects, such as nephrotoxicity, neuropathy, new-onset
diabetes mellitus, and hyperglycemia. Maintaining optimal therapeutic tacrolimus levels
is crucial, as both underdosing and overdosing can have serious consequences. The high
pharmacokinetic and pharmacodynamic variability of this drug complicates optimal
dose adjustment, and current monitoring methods, based on serum creatinine and
tacrolimus levels, are insufficient to effectively differentiate between
immunosuppressive toxicity and graft rejection. This leads to the use of invasive
methods such as renal biopsy, which may involve additional risks for patients.

In this context, metabolomics offers a promising approach for personalized
monitoring of tacrolimus therapy. Metabolomic analysis of plasma and urine can
identify relevant biomarkers for disease progression and treatment response,
facilitating dose optimization and reducing the risk of complications. In particular,
untargeted metabolomic analysis using ultra-high-performance liquid chromatography
coupled with mass spectrometry (UHPLC-MS) enables characterization of specific
metabolic signatures in renal transplant patients, highlighting metabolic networks
associated with tacrolimus-induced toxicity.

The primary goal of this study is to explore the use of metabolomics to optimize
tacrolimus dosing in renal transplant patients. By investigating the serum and urinary
metabolomic profiles of patients with different tacrolimus levels (<5 ng/mL vs. >8
ng/mL) using machine learning algorithms, we aim to better understand the underlying
metabolic mechanisms. Furthermore, the study analyzes the association between
tacrolimus therapy and the development of new-onset diabetes mellitus, comparing
patients who developed this complication with those who did not. The results may
contribute to the development of personalized dosing strategies, reducing the risk of
rejection and toxicity, and improving the prognosis of renal transplant patients.
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CURRENT STATE OF KNOWLEDGE

End-stage chronic kidney disease (CKD) represents a major global health
problem characterized by irreversible loss of renal function, requiring either dialysis or
renal transplantation to sustain life. Chronic dialysis, whether through hemodialysis or
peritoneal dialysis, ensures patient survival but is associated with poor quality of life
and increased risk of cardiovascular complications. Renal transplantation remains the
gold standard for treating ESRD patients, providing significant benefits regarding
survival and renal function recovery. However, the long-term success of transplantation
depends on maintaining effective immunosuppression and careful monitoring of graft
function.

One of the main post-transplant challenges is the risk of graft rejection,
necessitating the use of immunosuppressive agents, with tacrolimus being the most
commonly used. Tacrolimus, a calcineurin inhibitor, plays an essential role in preventing
acute and chronic rejection. However, its use is limited by a narrow therapeutic window
and significant interindividual pharmacokinetic variability. Optimal tacrolimus dosing
is crucial, as subtherapeutic levels can lead to graft rejection, whereas supratherapeutic
levels are associated with severe adverse effects, including nephrotoxicity,
neurotoxicity, new-onset diabetes mellitus, and hypertension.

Currently, tacrolimus therapy monitoring relies on measuring its serum
concentrations and evaluating renal parameters such as serum creatinine levels and
glomerular filtration rate. However, these methods are nonspecific and cannot clearly
differentiate between graft rejection and tacrolimus toxicity. Renal biopsy, while the
standard method for rejection diagnosis, is invasive and carries complication risks.
These limitations highlight the need for more precise and non-invasive monitoring
methods.

Metabolomics provides an innovative monitoring approach by identifying
specific biomarkers in biological fluids. Advanced techniques, such as liquid
chromatography with mass spectrometry, allow the detection of metabolic changes
associated with graft dysfunction and tacrolimus toxicity. Recent studies have identified
metabolites such as myo-inositol, valine, and citrulline as potential biomarkers for these
complications, helping to differentiate between rejection and toxicity. Additionally,
metabolomics may contribute to predicting post-transplant diabetes mellitus.

Integrating metabolomics into clinical practice could improve early diagnosis of
rejection, optimize tacrolimus dosing, and reduce the need for renal biopsies,
contributing to personalized and efficient care for transplant patients with significant
long-term benefits.
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PERSONAL CONTRIBUTIONS

Study 1: The use of machine learning algorithms and serum lipidomic profiling
obtained through mass spectrometry for the evaluation of Tacrolimus exposure
and toxicity in kidney transplant patients

Purpose / Objectives: This study aimed to use the serum lipidomic profile and machine
learning algorithms to identify metabolites associated with Tacrolimus exposure and its
toxicity in kidney transplant patients.

Materials and Methods: Serum samples from kidney transplant patients were analyzed
using liquid chromatography coupled with mass spectrometry. Data were interpreted
using machine learning algorithms to correlate serum metabolites with Tacrolimus
levels and markers of renal toxicity.

Results: Five lipid metabolites were identified—Phosphatidylserine,
Phosphatidylglycerol, Phosphatidylethanolamine, Arachidyl Palmitoleate, and
Ceramide—correlated with Tacrolimus serum levels. A direct relationship was observed
between elevated Tacrolimus levels and changes in the serum lipid composition,
indicating possible nephrotoxic effects.

Conclusions: The serum lipidomic profile can be used to identify metabolic signatures
associated with Tacrolimus toxicity, offering a complementary and more precise method
for monitoring transplant patients.

Study 2. Identification of urinary metabolites correlated with Tacrolimus levels
through high-precision liquid chromatography coupled with mass spectrometry
and machine learning algorithms in kidney transplant patients

Purpose / Objectives: This study aimed to identify urinary metabolites correlated with
Tacrolimus levels using advanced mass spectrometry techniques and machine learning
algorithms to improve monitoring in transplant patients.

Materials and Methods: Urine samples from kidney transplant patients were collected
and analyzed using high-precision liquid chromatography coupled with mass
spectrometry. Machine learning algorithms were applied to identify relevant
metabolites and evaluate their association with Tacrolimus serum levels.

Results: Metabolites such as Valerylcarnitine, Glycyl-Tyrosine, Adrenosterone,
Methylprednisolone, and Lysophosphatidylcholine were correlated with Tacrolimus
exposure. These urinary biomarkers demonstrated potential in detecting graft
dysfunction and Tacrolimus toxicity, with high sensitivity and specificity
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Conclusions: Urinary metabolomic analysis can provide a non-invasive method for
monitoring Tacrolimus levels and its effects, contributing to the optimization of
immunosuppressive therapy.

Study 3. The use of metabolomics and machine learning algorithms to
predict post-transplant diabetes in kidney transplant patients undergoing
Tacrolimus therapy

Purpose / Objectives: The purpose of this study was to identify a serum metabolomic
profile that could predict the onset of new-onset diabetes mellitus in kidney transplant
patients on Tacrolimus therapy.

Materials and Methods: Blood samples were collected from transplanted patients
divided into two groups: those who developed new-onset diabetes mellitus and those
without this complication. LC-MS analyses and machine learning were used to identify
differential metabolites.

Results: Significant differences were found in the levels of the following metabolites
between the two groups: Sphingomyelin, Ceramide, Eicosadienoyl-ethanolamine, N-
Oleoyl ethanolamine, Tetrahydrocortisone, Phosphatidic Acid, Diglyceride,
Phosphatidylcholine, Phosphatidylglycerol, Lysophosphatidylinositol. ~ These
metabolites were correlated with an increased risk of developing post-transplant
diabetes.

Conclusions: The serum and urinary metabolomic profile can be used as a predictive
tool for new-onset diabetes mellitus in patients treated with Tacrolimus, enabling early
intervention and therapy adjustments to reduce metabolic risk.
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GENERAL CONCLUSIONS

Metabolomics is a branch of omics sciences that has proven its usefulness in
identifying specific metabolites of various pathologies. Based on our studies, we can
conclude that it is an effective method for identifying and monitoring specific
metabolites in renal pathology, particularly in the field of renal transplantation.

The metabolites identified in the three studies are specific to lipid metabolic
pathways, opening new opportunities to identify the pathophysiological mechanisms
involved in graft rejection and immunosuppressive medication management.

Pharmacogenomics studies will also be of great utility, opening new horizons in
personalized medicine, a vital field for transplant patients.
Larger patient cohort studies are needed to continue metabolomic testing in urine,
serum, and tissue, with long-term patient monitoring.
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ORIGINALITY AND INNOVATIVE CONTRIBUTIONS
OF THE DOCTORAL RESEARCH

Our studies included the metabolic signature analysis in both urine and serum of
transplant patients under Tacrolimus therapy.

We succeeded in developing a new method of analyzing the compositional
algorithm of the metabolome of transplant patients, highlighting, with high specificity
and sensitivity, metabolites specific to patient groups either under Tacrolimus therapy
or those who developed diabetes as a result of Tacrolimus therapy.

By identifying metabolites in both serum and urine, continuous patient
monitoring and the creation of new predictive models for acute or chronic graft
rejection, Tacrolimus toxicity, or the risk of post-exposure diabetes are now possible.

Another important aspect is identifying a common thread across the three
studies, emphasizing lipid metabolism alterations, which opens new opportunities for
identifying therapies tailored to these patients.



