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ABSTRACT 

Hematopoietic stem cell transplantation (HSCT) is a curative treatment and sometimes is the 

only option for patients with hematological malignancies and some types of solid tumors. It is 

also the first-line treatment for several severe genetic and metabolic disorders. The annual 

numbers of HSCT are continuously increasing, among which around 40% are allogeneic 

transplantations. However, the survival and life quality of those patients are largely 

compromised by transplantation-related complications, including acute graft-versus-host 

disease (aGvHD) and cardiovascular diseases. Oxidative stress is ubiquitously implied in the 

pathogenesis of these conditions and can thus serve as a treatment target. The present thesis 

provides a systematic investigation of a new prophylactic strategy employing antioxidants to 

combat HSCT-related complications. 

Using a mouse model, we found that the onset of aGvHD is associated with intensive renal 

injury manifested by neutrophil gelatinase-associated lipocalin upregulation, hetero-lysosomes 

accumulation in the renal proximal tubular epithelial cells, and especially αKlotho depletion 

and increased circulatory FGF23. These findings suggest the important role of oxidative stress 

in the pathogenesis of aGvHD. Thereafter, two antioxidants N-acetylcysteine (NAC) and N-

acetylcysteine amide (NACA) were investigated thoroughly in respect of their therapeutic 

potentials. 

In order to compare the pharmacokinetic-pharmacodynamic properties and the mechanisms of 

action of NACA and NAC, we developed a new liquid chromatography-mass spectrometry 

method that could quantify both compounds in biological samples. We found that in relation 

to NAC, NACA has a higher oral bioavailability and superior capability to replenish 

glutathione. 

In the aGvHD mouse model, NACA, but not NAC, was shown to ameliorate disease burden 

and prolong survival. Mechanistic studies demonstrated that the protective role of NACA was 

mediated by its antioxidative, anti-inflammatory and immuno-modulatory effects. Importantly, 

NACA did not negatively affect the engraftment efficiency in transplanted mice. 

In addition to the prophylactic ability against aGvHD, NACA also exhibited a cardioprotective 

effect. We observed that NACA significantly attenuated the endothelial injuries induced by 

cyclophosphamide treatment. NACA preserved the integrity of the vascular endothelium in 

vivo, while reduced intracellular oxidative stress and cell death in vitro. Moreover, NACA 

assisted in maintaining the endothelial hemostasis and angiogenesis. Yet, NAC was relatively 

less efficient compared to NACA. 

Taken together, the results obtained in the present thesis provide experimental evidence that 

the novel antioxidant, NACA, is a promising candidate for prophylaxis of HSCT-related 

complications. Further investigations are warranted to optimize the treatment regimen and to 

evaluate the influence of NACA on the clinical outcome of HSCT.  
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1 INTRODUCTION 

1.1 CANCER 

Cancer is a group of diseases characterized by uncontrolled growth of abnormal cells with the 

ability to spread and invade adjoining tissues and metastasize throughout the body. As the 

second-leading cause of death, cancer contributed to almost 10 million deaths in 2020 

worldwide (1). Cancer can be classified by either the histological type of tissue where it 

originates or the primary site where it first developed (2). Aiming to completely eradicate 

diagnosed cancer and prevent the relapse and metastasis of primary tumor, treatment options 

of cancer consist of surgery, radiotherapy, chemotherapy, targeted/biological therapy, and 

hormonal therapy. 

 

1.2 HEMATOPOIETIC STEM CELL TRANSPLANTATION 

Hematopoietic stem cell transplantation (HSCT), also known as bone marrow transplantation 

(BMT), is a combination of biological treatment, chemotherapy, or/and radiotherapy. HSCT 

was firstly performed in 1957 by Edward Donnall Thomas (3) and is currently a well-

established curative treatment for patients with cancer including hematologic malignancies 

(e.g., leukemia, lymphomas, myelofibrosis, myeloma, and myelodysplasia) and some types of 

solid tumors (e.g., neuroblastoma, Ewing’s sarcoma, and germ cell tumor) (4). It is also the 

only therapeutic modality for some severe nonmalignant disorders and genetic disorders, such 

as bone marrow failure, thalassemia, aplastic anemia, sickle cell disease, immune deficiency, 

and metabolic disorders. It has been assumed that 1.5 million HSCTs were performed from 

1957 to 2019, with a yearly increment of 7% worldwide (5). According to the activity report 

from European Society for Blood and Marrow Transplantation (EBMT) involving 690 centers 

from 50 countries in Europe, Asia and Africa, a total of 45,364 transplants were taken place in 

2020, and Sweden is one of the countries with highest frequency (Figure 1A and B) (6). 

1.2.1 Classification 

Based on the donor type, HSCT could be categorized as autologous or allogeneic 

transplantation, and the choice is dependent on donor availability and the underlying disease.  

Autologous transplantation is still slightly more common than allogeneic. In the autologous 

setting, the patient is his/her own donor. Briefly, stem cells are harvested from the patient in 

remission and cryopreserved immediately. After intensive chemotherapy with or without 

radiotherapy, healthy stem cells are infused back to the patient. As reported by EBMT, the 

number of autologous transplants performed in Europe and collaborating countries in 2020 was 

26,568, constituting 59% of the total transplantation cases. The leading indications for 

autologous transplantation were plasma cell disorder, non-Hodgkin’s lymphoma and 

Hodgkin’s lymphoma (Figure 1C) (6).  
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In the allogeneic setting, the stem cells are usually collected from: 

• A human leukocyte antigen (HLA) matched family member; 

• A HLA matched unrelated donor; 

• A HLA half-matched family member, including parents, siblings or children (also 

called haplo-identical);  

• An identical twin of the same parents (defined as syngeneic).  

EBMT summarized that 18,796 allogeneic transplants were performed in 2020, accounting for 

the rest 41% of the total HSCTs (6). The frequency is close to that obtained from Center for 

International Blood & Marrow Transplant Research (CIBMTR) in the United States (7). The 

main indications for allogeneic transplantation are acute myeloid leukemia (AML), acute 

lymphoblastic leukemia, and myelodysplastic syndromes (Figure 1D) (6).  

 

Figure 1. The incidences and indications of HSCT in Europe in 2020 

Autologous (A) and allogeneic (B) transplant rate per 10 million population. Darker color represents for 

higher rate. (C-D) Pie charts showing the relative frequencies of disease indications for autologous (C) 

and allogeneic (D) HSCT. NHL: non-Hodgkin’s lymphoma; HL: Hodgkin’s lymphoma; PCD: plasma cell 

disorder; ALL: acute lymphoblastic leukemia; CLL: chronic lymphocytic leukemia; AID: auto-immune 

disease; MPN: myeloproliferative neoplasms; MDS: myelodysplastic syndromes; CML: chronic myeloid 

leukemia; AML: acute myeloid leukemia; IDM: inherited disorders of metabolism; PID: primary 

immunodeficiencies; HG: haemoglobinopathies; BMF: bone marrow failure.  

Copyright from Bone Marrow Transplantation and Elsevier. Credits to EBMT Transplant Activity Survey 2020; 

EBMT Transplant and Cellular Therapy Activity Survey Office, Basel; University Hospital Basel, Switzerland. 
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1.2.2 Transplantation procedures 

Basically, the HSCT procedure is constituted by three major phases including conditioning, 

stem cell infusion and post-transplant phase. 

Prior to HSCT, patients are intensively treated/conditioned in order to eradicate diseased cells, 

suppress the host immune system, and provide a free space for donor cells, hence facilitating 

the engraftment. Traditionally, this has been achieved by myeloablative conditioning regimens, 

consisting of high doses of chemotherapy and/or irradiation. For instance, a combination of 

two or more chemotherapeutic drugs including cyclophosphamide (Cy), melphalan, busulphan 

(Bu), treosulfan, and fludarabine with or without total body irradiation (TBI) have been used 

in this setting. However, myeloablative conditioning is usually associated with intensive 

toxicities. To minimize severe side effects, reduced intensity and non-myeloablative 

conditioning regimens (e.g., fludarabine with lower doses of melphalan, Bu or treosulfan) have 

been introduced, making HSCT possible for the elderly and infirm individuals. Another driving 

factor for the application of reduced intensity and non-myeloablative conditioning is the 

recognition of graft-versus-tumor effects, i.e., immune reactions between donor cells and host 

malignant cells contributing to the success of HSCT (8). 

Hematopoietic stem cells for transplantation can be harvested from bone marrow, peripheral 

blood, and umbilical cord blood (UCB). Compared to bone marrow-derived stem cells, those 

from peripheral blood are more frequently used due to faster engraftment (9). UCB stem cell 

transplantation is better suited for pediatric patients than adults, because only a small volume 

(approximately 80 mL (10)) of UCB could be gleaned. A recent study reported that UCB is a 

superior option to matched unrelated donor for pediatric AML patients when a matched sibling 

donor is not available, possessing better leukemia-free survival and less chronic graft-versus-

host disease (cGvHD) (11) . 

The post-transplant period is rationally divided into three phases: pre-engraftment (0-30 days), 

early post-engraftment phase (30-100 days), and late post-engraftment phase (>100 days) (12). 

1.2.3 Cyclophosphamide 

Cy is an alkylating agent that causes irreversible DNA crosslinking and programmed cell death. 

Thanks to the anti-neoplastic property, Cy has been prescribed in combination with other 

chemotherapeutic agents for the management and treatment of cancer for decades. For 

example, CHOP regimen (Cy, hydroxydaunorubicin, vincristine sulfate (Oncovin), and 

prednisone) is used as the standard treatment strategy for non-Hodgkin lymphoma (13), while 

TC (docetaxel and Cy) is usually applied to treat breast cancer (14).  

Cy also has immunosuppressive potency with T-cell selectivity (15), thus it has been involved 

frequently not only in the conditioning phase prior to HSCT but also in the prevention of graft-

versus-host disease (GvHD) post-transplantation. However, the doses of Cy used in HSCT-

related applications are extremely high compared to its conventional dosage (900 mg/m2 or 30 
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mg/kg), with a dose of >120 mg/kg administered over 2-4 days as conditioning (16), and a dose 

of 50 mg/kg/d given on days 3 and 4 after transplantation as prophylaxis (17). 

 

1.3 COMPLICATIONS RELATED TO HEMATOPOIETIC STEM CELL 

TRANSPLANTATION 

1.3.1 General complications 

With the development in the advanced transplantation protocols, prophylaxis against severe 

infections, and optimized supportive care, the overall survival of patients undergoing HSCT 

has been improved significantly in recent years (18). However, post-transplant complications 

are still the main causes of morbidity and mortality apart from primary disease relapse. The 

risks and symptoms of the complications are associated with age, health status, comorbidities, 

applied conditioning regimen, and the type of transplantation. Depending on the time of onset, 

such adverse effects can be classified into early and late-stage complications (Table 1) (19, 20), 

where 100 days post transplantation is taken as the circumscription. Many of the early 

complications are related to conditioning regimen, while those appearing years after 

transplantation warrant lifelong surveillance. The prevalence of each side effect varies between 

adult and pediatric patients. For instance, the mortality caused by GvHD is higher in 

transplanted adults (7, 21), while the pediatric cohort suffers more from infections, pulmonary 

insufficiency, cardiovascular diseases, and endocrine disorders (22).  

Table 1 Complications after hematopoietic stem cells transplantation  

Early (usually ≤ 100 days post HSCT) Late (usually > 100 days post HSCT) 

Infections: bacterial, fungal, herpes simplex 

virus, cytomegalovirus  

Infections: encapsulated bacteria, varicella-zoster, 

cytomegalovirus, pneumocystis pneumonia  

Mucositis Secondary malignancy 

Sinusoidal obstructive syndrome/Veno-

occlusive disease 
Ocular: cataract 

Pulmonary: idiopathic pulmonary 

syndrome, diffused alveolar hemorrhage, 

engraftment syndrome 

Pulmonary: obstructive pneumonitis 

Acute graft-versus-host disease (aGvHD) Chronic graft-versus-host disease 

Cardiovascular: cardiac failure Cardiovascular: cardiomyopathy, hypertension 

Hemorrhagic cystitis 
Endocrine: hypothyroidism, infertility, growth failure 

for pediatric patients 

Others: thrombotic microangiopathy, graft 

failure, graft rejection 

Others: musculoskeletal, central nervous system, 

and renal disorders 
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1.3.2 Graft-versus-host disease 

GvHD is the major complication related to allogenic HSCT, resulting in 10-20% of the 

mortality in the patients undergoing HLA-matched sibling and unrelated donor HSCT (23). 

GvHD is an immunological reaction, and its pathogenesis encompasses three consecutive 

steps: conditioning-derived inflammation; donor T-cell priming, expansion and differentiation; 

and target tissue destruction (24). Based on the time of onset, GvHD is categorized as acute 

and chronic (Table 1). Two additional subtypes of GvHD have been proposed at the National 

Institutes of Health Consensus Conference (25): late aGvHD that refers to the aGvHD 

occurring after 100 days; “overlap syndrome” that defines the simultaneous presence of both 

acute and chronic GvHD (26).  

aGvHD typically occurs within 100 days post transplantation and mainly affects skin, liver, 

and gut. The grading of aGvHD severity is based on the tissue manifestations (Table 2) (27, 

28). The highest GvHD grade that patients present in the first 100 days is correlated to their 

survival profile (29). A retrospective multicenter study including 126,838 adult patients 

between 1990 and 2015 reported an aggregate cumulative prevalence of 28% in 2010-2015 

although the incidence of aGvHD decreased by time (30). 

Table 2 Clinical stages and grades of aGvHD  

Stage Skin Liver (bilirubin) Gut 

1 Rash < 25% of body surface 34-50 µmol/L 500-999 mL diarrhea/d 

2 Rash 25-50% of body surface 51-102 µmol/L 1000-1500 mL diarrhea/d 

3 Generalized erythroderma 103-225 µmol/L > 1500 mL diarrhea/d 

4 Bullous and desquamation > 225 µmol/L Severe abdominal pain 

Grade Skin stage Live stage Gut stage 

I 1-2 0 0 

II 1-3 1 1 

III 2-3 2-4 2-3 

IV 2-4 2-4 2-4 

 

aGvHD was initially described as a “cytokine storm”, since tissue and organ injury is mediated 

by cellular effectors and cytokines (24). Donor T cells play an essential role in aGvHD. On one 

hand, T cells are activated in response to allo-antigens and attack target tissues. Severe tissue 

inflammation recruits other effector immunological cells, including natural killer cells and 

neutrophils, to further amplify tissue damage (31). On the other hand, proliferation and 

differentiation of donor T cells is followed by a systemic elevation of Th1, Th17, and 

sometimes Th2-derived cytokines. These pro-inflammatory cytokines like tumor necrosis 

factor α (TNFα), interferon γ (IFNγ), interleukin 6 (IL-6), IL-1, IL-17 and IL-23 usually 

predominate the process of aGvHD.  

cGvHD is the leading cause of late non-relapse death and occurs in 40-70% of the patients after 

allogeneic HSCT (32, 33). In contrast to aGvHD, cGvHD resembles the characteristics of 
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autoimmune vascular diseases and fibrosis. In response to the stimulation of donor T cells, 

donor B cells produce antibodies that accumulate in target tissues and contribute to the 

pathogenesis of cGvHD (34-36).  

1.3.3 Cardiovascular diseases 

Similar to GvHD, cardiac and vascular complications may emerge at early and late stages post 

HSCT. To minimize the incidence of cardiovascular diseases (CVD), prototypical risk factors 

like old age, conditioning regimen (e.g., radiotherapy and Cy), history or presenting cardiac 

disorders, and previously used drug (particularly anthracyclines and tyrosine kinase inhibitors) 

should be taken into consideration before making a transplant decision (37).  

Acute cardiovascular complications including arrhythmias, pericardial effusion, cardiac 

tamponade, and congestive heart failure (CHF) may take place in short-term after HSCT. The 

prevalence of arrhythmias ranges from 9% to 27% in patients receiving HSCT (38); while the 

incidence of pericardial effusion is lower, with an incidence of 4.4-19% in pediatric cohorts 

(39). A retrospective study revealed that 2.3% of patients developed CHF within 100 days post 

allogeneic transplantation (40).  

For the long-term survivors of HSCT, the risk of developing CVD increases over time post 

transplantation. In comparison to the general population, the risk of CVD-induced mortality is 

2-4-fold higher in HSCT survivors (41). One study reported that the ten-year cumulative 

incidence of  cardiovascular risk factors involving diabetes, hypertension, and dyslipidemia 

was 18.1%, 37.7%, and 46.7%, respectively (42). As summarized in a retrospective single-

center study (43), these three risk factors were related to an increased rate of arterial events 

(e.g., coronary or peripheral artery disease), with a cumulative incidence of 1.5% at 5 years, 

4.1% at 10 years, 12.8% at 20 years, and 22% at 25 years post HSCT. Coincidentally, both 

studies revealed that the prevalence was higher in older patients and those who underwent 

allogeneic HSCT. 

Cy was found to be associated with the occurrence of cardiac events regardless of the time of 

exposure. When Cy was included in the conditioning regimen and given at a dose of 50 mg/kg/d 

for 4 days, 17% of the patients had symptoms and signs of CHF within 10 days post 

administration (44). Moreover, a recent study demonstrated that the cumulative incidence of 

early cardiac event was tripled in patients with posttransplant Cy (PTCy) treatment compared 

to those without the treatment (19% vs 6%) (45).  
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1.4 MANAGEMENTS OF HEMATOPOIETIC STEM CELL TRANSPLANTATION-

RELATED SIDE EFFECTS 

1.4.1 Symptomatic treatments  

Acute graft-versus-host disease 

Treatment of GvHD is usually tailored according to disease severity, presenting symptoms and 

clinical response. The first-line treatment for aGvHD is corticosteroids. Grade I aGvHD usually 

has a good response to local application with steroid, while systemic administration is needed 

for Grade II-IV aGvHD. However, long-term or high dose of corticosteroids treatment is 

sometimes associated with adverse effects. A randomized trial demonstrated that steroid 

treatment prevents Grade I aGvHD from escalating to Grade II, but the treated patients are at 

increased risk of infection (46). Furthermore, Lee et al (47) reported in another clinical study 

that treating Grade II-IV aGvHD with high-dose of steroids (≥ 2 mg/kg of methylprednisolone) 

is related to steroid myopathy, which was identified in 41% of the patients.  

In addition to the potential toxicity, up to 50% of patients do not respond significantly to 

corticosteroids treatment and have a poor prognosis in general (48). For steroid-refractory 

aGvHD, the most frequently used treatment strategies include anti-thymocyte globulin (49), 

TNFα antagonist (e.g., infliximab and etanercept) (50-52), IL-2 receptor inhibitor (53), 

mycophenolate mofetil (MMF) (54), extracorporeal photopheresis (55, 56), mesenchymal stem 

cells (57), and anti-metabolic agents (58). However, no evidence is available from multicenter, 

randomized clinical trials to show the efficacy of the aforementioned strategies, and 

considerable toxicity exists, such as infections, cytopenia, and nausea.  

No consensus has been reached with regard to the management of steroid-refractory aGvHD 

until ruxolitinib was approved as the second-line treatment for aGvHD by FDA in 2019 (59). 

Ruxolitinib is a selective Janus kinase1/2 inhibitor with the ability to inhibit neutrophil 

migration, T-cell priming and expansion. A prospective, single-arm, phase II study reported 

the overall response in patients with steroid-refractory aGvHD to ruxolitinib was 54.9% (60). 

More recently, a multicenter, randomized study revealed a clear advantage of ruxolitinib in 

efficacy outcomes when compared to the best available therapy (61).  

Cardiovascular diseases 

Unfortunately, there is no specific guideline for managing HSCT-derived CVD. Like the 

treatment approaches in the general population, the therapeutic strategy for CVD in 

transplanted patients is chosen based on symptoms and diagnosis. For instance, systolic 

dysfunction, cardiomyopathy, and CHF are usually treated with angiotensin-converting 

enzyme inhibitors and beta blockers (62, 63), while arrhythmias are treated with beta blockers 

and sometimes calcium channel blockers (64).  
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1.4.2 Prophylactic treatments 

Acute graft-versus-host disease 

In contrast to symptomatic therapy, prophylactic treatment with the feature to prevent patients 

from suffering and reduce the use of health-care resources seems to be more advantageous. 

Since aGvHD is initially mediated by effector T cells, prophylactic regimens of aGvHD are 

still centered by calcineurin inhibitor (CNI, i.e., cyclosporine or tacrolimus) due to its ability to 

inhibit T-cell proliferation and activation. Other strategies (Figure 2) have been subsequently 

combined with CNI to improve efficacy and reduce the potential side effects (65, 66).  

Methotrexate (67) and MMF are classic agents used for aGvHD prophylaxis owing to their 

anti-proliferative effect on donor T cells. The combination of CNI and methotrexate is typically 

applied for HLA-identical sibling transplants, while the MMF/CNI combination is more 

favorable in non-myeloablative conditioning and UCB-based transplant (68). Sirolimus, a 

mammalian target of rapamycin complex (mTOR) that can inhibit activation of both T cells 

and B cells, also has good prophylactic ability. A multicenter randomized phase III trial showed 

that adding sirolimus to the standard cyclosporine-MMF regimen significantly improved 

clinical outcomes (69). Another study, however, reported that sirolimus is related to higher 

incidence of veno-occlusive disease by inhibiting endothelial function after myeloablative 

HSCT, particularly when Bu is included in the conditioning regimen (70).  

PTCy alone or together with other immunosuppressive substances is also used for GvHD 

prevention (71, 72) through inducing apoptosis of donor allo-activated T cells (73, 74). A recent 

study conducted by Battipaglia et al (75) demonstrated that AML patients who were treated 

with PTCy after 9/10 mismatched unrelated donor transplantation had a lower incidence of 

aGvHD compared to those who were treated with anti-thymocyte globulin. Furthermore, the 

former group showed a better leukemia/relapse/GvHD-free survival. Similar results were 

obtained in a study comparing PTCy-based regimen with cyclosporine-methotrexate regimen 

(76).  

Another alternative approach is to deplete T cells ex vivo from the door pool, together with 

further immune modulation. This could be achieved by either CD34+ selection (77) or CD3, 

α/β T cells depletion (78, 79). Recently, with recognition of the link between GvHD and gut 

microbiota, strategies of manipulating intestinal microbiota have been developed to prevent the 

emergence of GvHD (80). In addition, maraviroc (81), bortezomib (82), vorinostat (83), 

sitagliptin (84), and mesenchymal stem cells (85) are also under investigation for GvHD 

prophylaxis.  

Importantly, based on tremendous convincing preclinical and clinical data, the co-stimulation 

blockade agent abatacept was approved by FDA in 2021 for prevention of aGvHD in 

combination with a CNI and methotrexate in HSCT patients (from a matched or 1 allele-

mismatched unrelated-donor) aged ≥ 2 years old. However, albeit with superior clinical 
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effectiveness, abatacept is also associated with a number of adverse reactions, such as anemia, 

hypertension, infection, and acute kidney injury (AKI) (86). 

 

Figure 2. Current approaches to prevent and treat GvHD  

LPS: lipopolysaccharides; APC: antigen-presenting cell; MSC: mesenchymal stem cells; Treg, 

regulatory T cell; ECP: extracorporeal photopheresis; MHC II: major histocompatibility complex II; TCR, 

T-cell receptor; ATG: anti-thymocyte globulin; CTLA4: cytotoxic T lymphocyte antigen 4; JAK: janus 

kinase; ITAM: immunoreceptor tyrosine-based activation motif; CSA: cyclosporine; Tac: tacrolimus; 

NFAT: nuclear factor of activated T cell; mTor:  mammalian target of rapamycin complex; STAT: signal 

transducer and activator of transcription protein; MMF: mycophenolate mofetil; MTX: methotrexate.  

Copyright from American Society of Hematology and Elsevier and reprinted with the permission adapted. 
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Cardiovascular diseases 

Since a broad range of risk factors are related to the development of CVD in HSCT, cautious 

follow-up with cardiovascular screening and comprehensive monitoring are warranted in the 

patients. Prior to HSCT, more attention should be paid to patients with older age, history of 

anthracycline use, and coexisting cardiac disorders, such as abnormal left ventricle function 

and heart failure. In the conditioning regimen, high doses of Cy, melphalan, fludarabine, and 

chest radiation should be used with caution or avoided. Maintenance strategies used after 

transplantation need to be assessed thoroughly as well. For example, sorafenib has been 

reported to reduce disease relapse and improve overall survival in transplanted patients, but it 

was also found to cause left ventricular systolic dysfunction (87, 88). 

Other practices are also recommended by the Center of International Blood and Marrow 

Transplantation, including EBMT and CIBMTR, for mitigating the potential cardiovascular 

risk factors in HSCT survivors (89). A full clinical examination should be performed yearly 

post transplantation. In addition, fasting plasma glucose should be tested every 3 years after the 

age of 45 or if the patient has sustained high blood pressure. Dyslipidemia testing is suggested 

every 5 years for adult patients and every 2 years for pediatric patients. Moreover, 

implementation of cardiac imaging methods, including electrocardiogram, echocardiography, 

and cardiac magnetic resonance imaging, are advocated to monitor and identify risk factors at 

an early stage. Furthermore, cardiovascular status could also benefit from appropriate lifestyle 

modifications and physical training. 

1.4.3 Redox-based treatments 

It has been broadly reported that elevated levels of reactive oxygen species (ROS), which can 

cause cellular excessive oxidative stress, are involved in the development and progression of 

aGvHD as well as cardiovascular complications (90-95). ROS are important byproducts of cell 

metabolism and can also be induced by radiotherapy and chemotherapy. Cellular ROS is 

counter-balanced by a serial of antioxidative enzymes such as superoxide dismutase (SOD), 

catalase, and glutathione peroxidase. Following this rationale, substantial preclinical studies 

have been conducted to develop new prophylactic treatment for aGvHD and HSCT-related 

CVD through targeting the redox system, either by preventing ROS generation or to neutralize 

excessive ROS. 

Acute graft-versus-host disease 

Keon-Il Im and colleagues (96) exerted a free radical scavenger NecroX-7 to regulate aGvHD. 

Recipient mice were intravenously administered with NecroX-7 from day one after TBI to day 

14 post BMT. Compared to control mice, the survival index of the treated group was 

significantly improved, with less severe aGvHD-related tissue damage. In a subsequent study, 

the antioxidative protein thioredoxin-1 was shown to inhibit donor T-cell allo-reaction and 

migration in aGvHD by reducing ROS (97). Studies have also reported that aGvHD could be 
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mitigated by other redox-based strategies, such as administration of NADPH oxidase inhibitor 

apocynin (98) and transplanting with Sirtuin 3-knockout T cells (99).  

Conflicting findings were reported when nuclear factor erythroid 2-related factor 2 (Nrf2), the 

redox master regulator, was served as the target for aGvHD management. Dimethyl fumarate 

and sulforaphane ameliorated aGvHD via activating Nrf2 pathway (100, 101). Oppositely, 

transplantation with Nrf2-depleted T-cell decreased aGvHD-derived morbidity and mortality 

(102).  

Cardiovascular diseases 

Oxidative stress-mediated cardiotoxicity in HSCT patients is highly correlated with 

conditioning regimens, co-administered drugs, and pro-inflammatory cytokines. ROS 

accumulation can damage endothelial cells and cardiomyocytes that are fundamental 

components of cardiovascular system. For Cy-induced cardiotoxicity, a serial of natural 

antioxidants, lipid acid, selenium compounds, nicorandil, and allopurinol showed promising 

protective effects in preclinical studies (103-107). Unfortunately, there is a lack of compelling 

evidence supporting translational potentials of these strategies. In addition, limited 

investigations are available regarding redox-based treatment for other CVD risk factors.  

 

1.5 KLOTHO  

The Klotho gene was discovered and identified as an anti-aging gene in 1997 (108) and consists 

of three subfamilies: αklotho, βklotho, and γklotho. αKlotho is a transmembrane protein 

encoded by the αklotho gene and abundantly expressed in kidney and brain (109). The 

membrane-bound αklotho acts as a cofactor for fibroblast growth factor 23 (FGF-23) and FGF 

receptors to increase their binding affinity (110), thereby taking part in the regulation of vitamin 

D biosynthesis and calcium and phosphate homeostasis (111). The extracellular domain of 

αKlotho can be cleaved by membrane proteases and shed into the systemic circulation (112). 

1.5.1 FGF23-αKlotho axis in inflammation  

FGF23-αKlotho axis is involved in the development of several chronic disorders, not only via 

modulating mineral metabolism, but also through regulating inflammation. The most well-

known manifestation where the FGF23-αKlotho axis is impaired is chronic kidney disease 

(CKD). At the early stage of CKD, αKlotho declines in serum and urine followed by an 

increased level of FGF23 in serum (113). Excess FGF23 influences the immune system by 

inhibiting neutrophils activation, reducing leukocyte recruitment, and promoting pro-

inflammatory cytokine releasement (114). FGF23-αKlotho axis dysfunction is also implicated 

in other chronic inflammatory diseases, such as inflammatory bowel disease and chronic 

obstructive pulmonary disease (115, 116). 
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1.5.2 αKlotho and oxidative stress 

Given that aging and CKD are associated with oxidative stress and αKlotho downregulation, 

the interactions between αKlotho and redox hemostasis have been studied. Nagai et al (117) 

found that the antioxidant a-tocopherol reversed the aging-associated cognition impairment in 

Klotho-mutant mice. Moreover, Klotho overexpression protected dopaminergic neurons 

against oxidative stress in transgenic mice, partially by modulating the activation of apoptosis 

signal-regulating kinase 1/p38 mitogen-activated protein kinases (118). In rat aortic smooth 

muscle cells, delivery of Klotho gene suppressed NADPH oxidase 2 expression and oxidative 

stress (119).  

 

1.6 N-ACETYLCYSTEINE AND N-ACETYLCYSTEINE AMIDE 

1.6.1 N-acetylcysteine 

Supplementation with exogenous antioxidants is widely adopted to prevent and treat oxidative 

stress-induced disorders. Among all antioxidants, multifunctional N-acetylcysteine (NAC) 

stands out with its ability to replenish glutathione (GSH) synthesis as well as to scavenge ROS. 

NAC was approved by FDA in 1963 as a mucolytic agent (120) and is also used clinically as 

an antidote for paracetamol overdose.  

Substantial studies are available in support of NAC for managing oxidative stress-related 

pathologies. For example, pretreatment of NAC protected rats from folic acid-induced acute 

kidney disease and the underlying mechanisms included mitochondrial energy metabolism and 

redox homeostasis (121). Another investigation demonstrated the hepatic protective effect of 

NAC in patients receiving Bu as a part of the conditioning regimen in HSCT (122). Recently, 

NAC showed anti-inflammatory and immunomodulatory ability in ovalbumin-sensitized rats 

(123). 

In particular, a very high dose of NAC is required to achieve therapeutic effect. One meta-

analysis concluded that a dose of 600 mg/d, or even more (≥ 1,200 mg/d), is needed for the 

treatment of chronic bronchitis or chronic obstructive pulmonary disease (124). In a 

randomized controlled trial, Kiuru et al applied postnatal NAC in infants with extremely low 

birth weight for the purpose of neuroprotection, but failed to observe a long-term improvement 

(125). More importantly, controversial results about the effect of NAC on GvHD was reported 

(122, 126). The limiting factors for the abovementioned studies might involve generally infirm 

health condition, poorly matched basic characters in treatment arms, and inconsistent treatment 

durations of NAC. Another important factor may be ascribed to the hydrophilic properties 

(Figure 3) (127) that can impede the transmembrane transport of NAC in the targeted cells. 
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Figure 3. Chemical structures of NAC and NACA  

NAC: N-acetylcysteine; NACA: N-acetylcysteine amide. 

Copyright from European Journal of Pharmaceutical Sciences and Elsevier. 

 

1.6.2 N-acetylcysteine amide 

N-acetylcysteine amide (NACA) is the amide derivative of NAC (Figure 3). It was synthesized 

in 1967 conferring higher lipophilicity and cell-membrane permeability to improve the 

antioxidative effect of NAC. In recent years, several preclinical studies have indicated robust 

antioxidative capability and good tolerability of NACA in vivo.  

Prophylactic administration of NACA reduced doxorubicin and trastuzumab-induced cardiac 

dysfunction in mice, by attenuating oxidative stress/cardiac apoptosis and increasing left 

ventricular ejection fraction (128). Post-blast treatment with NACA showed a significant 

protective effect on the blood-brain barrier integrity of experimental rats (129). Moreover, 

selenite-induced cataracts were reversed by intraperitoneal injection of NACA, with higher 

GSH level, m-calpain level and activity, and thioltransferase activity in rats (130). Furthermore, 

NACA was proved to be anti-inflammatory in neurodegenerative-related disorders (131). 

Collectively, it would be promising to investigate the role of NACA in HSCT-related 

complications in which oxidative stress and inflammation are involved. 

1.6.3 Pharmacokinetics 

To fully explore the therapeutic potency of NACA, its pharmacokinetic (PK) properties need 

to be characterized. However, there is only one study (132) about the tissue distribution of 

NACA after oral administration. It is important to conduct a comprehensive study to reveal its 

PK/pharmacodynamic (PD) behavior (i.e., absorption, distribution, metabolism, and 

elimination in relation to its effect).  

Since NAC was reported to be a metabolite of NACA, it is a prerequisite to apply an analytical 

method which separates and quantifies both compounds simultaneously. However, all existing 

quantitative assays of NACA and NAC failed to achieve satisfactory separation and 

measurement, either due to overlap peaks (132) or because of inadequate extraction (133). 
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2 RESEARCH AIMS 

2.1 GENERAL AIM 

To explore the role of NACA in HSCT-related complications 

2.2 SPECIFIC AIMS 

• To characterize renal manifestations at the onset of aGvHD and to investigate the role 

of αKlotho during these manifestations 

• To simultaneously quantify NACA and its metabolite NAC in plasma samples and to 

determine their PK and PD parameters 

• To investigate the prophylactic effect of NACA on aGvHD in mice 

• To elucidate the protective ability of NACA against Cy-induced endothelial 

dysfunction and to explore the underlying mechanism 
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3 MATERIALS AND METHODS 

3.1 MATERIALS 

Cy monohydrate (C0768), Bu (B2635), GSH (G6013), tris(2-carboxyethyl)phosphine (TCEP, 

C4706), N-ethylmaleimide (E3876), ammonium bicarbonate (NH4CO3, 09830), and NAC 

(A7250) were purchased from Sigma Aldrich (St. Louis, Missouri, USA), while NACA was 

provided by Dr. Glenn Goldstein (Sentient Life Sciences Inc, New York, USA). 2-

(methylsulfonyl)-5-phenyl-1,3,4-oxadiazole (MPOZ, GN58362) and mafosfamide (MAF, D-

17272) were bought from Aurum Pharmatech (New Jersey, USA) and Niomech-IIT GmbH 

(Bielefeld, Germany), respectively. 

NACA and NAC were freshly dissolved in saline (25 mg/mL, for animal experiments) or cell 

culture medium (20 mM, for cell experiments) and neutralized with NaOH prior to use. Cy 

monohydrate was dissolved in saline at a concentration of 20 mg/mL, while MAF was prepared 

on ice at a concentration of 5 mM for further dilution. All stock solutions were sterilized using 

a 0.22 µm filter (Millipore, Merck) before application. 

 

3.2 ANIMALS 

Animal experiments were approved by the Stockholm Southern (S67-14, S1034-17) and 

Linköping Animal Research Ethical Committee (11257-2020) and performed according to the 

Swedish Legislation for Animal Welfare. Balb/c and C57bl/6 mice were purchased from 

Charles River and maintained in a standard pathogen-free facility with a temperature of 20 ± 2 

°C, a relative humidity of 50 ± 5%, and 12 h dark/12 h light cycles. All mice had free access 

(ad libitum) to diet and water.  

3.2.1 aGvHD mouse models 

Two different aGvHD mouse models were established in the present thesis. In Study I, each 

recipient Balb/c mouse was conditioned with Bu (i.p., 20 mg/kg, once daily, from day -7 to day 

-4) and Cy (i.p., 100 mg/kg, once daily, from day -3 to day -2), and was transplanted via  

intravenously injection (day 0) with 30×106 bone morrow cells and 20×106 splenocytes from 

C57bl/6 mice in the allogeneic setting or from Balb/c mice in the syngeneic setting. In Study 

III, the conditioning phase was carried out on the recipients using TBI at a dose of 800 cGy 

(fractioned into two doses with a 6-h interval), followed by a transplantation with 5×106 bone 

marrow cells and 5×106 splenocytes from the donor. Recipient mice were then monitored daily 

and evaluated based on a well-established GvHD scoring system (134) including five 

parameters: body weight, fur texture, hunching posture, activity, and skin integrity. Oral 

antibiotics and subcutaneous saline administration were given as supportive treatments when 

necessary. NACA or NAC was given orally to the recipient mice at a dose of 250 mg/kg (bid) 

from day -1 to day 14 post transplantation as the prophylactic treatments.  
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3.2.2 Pharmacokinetic study 

NACA or NAC was administered orally (p.o.) or intravenously (i.v.) at a dose of 300 mg/kg to 

female Balb/c mice. Blood samples were collected in EDTA-coated tubes at seven different 

time points post administration (0-180 min) and plasma was separated for further analysis. 

Using WinNonLin software (Standard edition, version 2.0), the concentration-time curves of 

NACA, NAC and GSH were modeled, and the PK parameters and bioavailability were 

calculated. 

3.2.3 Cardiovascular toxicity mouse model 

Cy was used to induce cardiovascular toxicity in Balb/c mice. Two groups of mice were pre-

treated with NACA or NAC at a dose of 250 mg/kg (bid, p.o.) for seven days (day -7 to day -

1), while the third group received an equal volume of saline instead. On day 0, Cy was injected 

(i.p.) into Balb/c mice at a single dose of 400 mg/kg. NACA, NAC or saline was administered 

to the mice for another 7 days (day 1 to day 7). After all treatments, mice were sacrificed, and 

aorta specimens were collected for further analysis.  

 

3.3 CELL CULTURE AND TREATMENTS 

Human aortic endothelial cells (HAECs, C-12271) and human umbilical endothelial cells 

(HUVECs, C-12203) were purchased from Promocell GmbH (Heidelberg, Germany). All cells 

were maintained at 37 °C with 5% CO2 and cultured in endothelial cell media MV2 (Promocell, 

C22022) supplemented with penicillin-streptomycin (Sigma-Aldrich, P4333). Cells from 

passages 2-10 were used for experiments, except for tube formation assay, in which cells with 

passages 3-4 were utilized. 

 

3.4 SERUM ANALYSIS  

To quantify serum cytokines, blood samples were collected on day 4-5 (Study I) or on day 7 

(Study III) after BMT. The levels of cytokines were measured by a mouse Th1/Th2 Cytokine 

Kit (BD Biosciences, 551287), IL-1 beta Mouse ELISA Kit (Invitrogen, BMS6002), and 

Mouse Th Cytokine Panel (BioLegend, 741043) in accordance with the manufacturers’ 

protocols. Serum levels of FGF23 were determined by a commercial ELISA kit (Immunotopics 

International, 60-6300) according to the manufacturer’s guidelines.  
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3.5 DETERMINATION OF OXIDATIVE STRESS 

3.5.1 Reactive oxygen species 

In Study III, intracellular ROS levels in splenocytes were examined by fluorescent staining 

using CellROXTM Green (Invitrogene, C10448C) according to the manufacturer’s instructions. 

Briefly, spleens from recipient mice were collected to prepare single-cell suspension. After 

permeabilization, cells were stained with 5 µM CellROXTM Green and incubated at 37 °C for 

30 min. The fluorescence intensity of each sample was analyzed by a MAQSQuant flow 

cytometer. 

In Study IV, ROS levels in endothelial cells were evaluated by a fluorescence-based kit 

(Abcam, ab13851). In brief, HAECs or HUVECs were seeded in a black 96-well plate (8×103 

cells/well) and pre-treated with NACA or NAC for 4 h. After wash, cells were then stained 

with DCF-DA for 45 min and incubated with 85 µM or 100 µM MAF for 3 h, respectively. 

Fluorescence intensities were measured using a microplate reader (SpectraMax i3x, Molecular 

devices).  

3.5.2 Enzyme activities 

Cellular catalase and total SOD activities were determined in HAECs and HUVECs. Cells were 

seeded in petri dishes (1×106 cells/dish) and treated with NACA or NAC for 6 h, followed by 

MAF treatment for 20 h. After harvesting, cells were lysed by sonication. Activities of enzymes 

were measured using commercial kits (Invitrogen, EIACATC and EIASODC) according to 

manufacturer’s instructions and results were normalized with total protein concentration for 

each sample. 

3.5.3 Cellular glutathione level 

HAECs and HUVECs were treated as in section 3.5.2, harvested, and lysed with mammalian 

cell lysis buffer (Abcam, ab179835). To exclude the enzymes that can interfere with the assay, 

protein was precipitated using a deproteinizing sample preparation kit (Abcam, ab204708). 

Cellular reduced GSH levels were determined using a commercial assay (Abcam, ab205811) 

and the fluorescence of each sample was monitored at Ex/Em = 490/520 nm with a microplate 

reader. 

 

3.6 HISTOLOGICAL ANALYSIS 

Recipient mice were sacrificed on day 4 (Study I) or day 7 (Study III) after BMT. Kidney, 

skin, liver, and colon specimens were isolated, fixed, and embedded in paraffin. The kidney 

sections were stained with periodic acid-Schiff base (PAS) and periodic acid-Schiff 

methenamine (PASM), while the rest tissues were stained with hematoxylin and eosin (H&E) 

using standard protocols.  
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3.7 IMMUNOHISTOCHEMISTRY 

Paraffin-embedded sections were rehydrated, and the antibodies were retrieved. After blocking, 

kidney and aorta sections were stained with a monoclonal anti-CD68 antibody (Dako, 

Denmark) and a recombinant anti-intercellular adhesion molecule 1 (ICAM-1) antibody 

(Abcam, ab179707), respectively. To visualize the antigens expression, horseradish peroxidase 

(HRP)-conjugated secondary antibodies and 3,3'-diaminobenzidine (DAB) peroxidase 

substrate kit (Abcam, ab64238) were applied successively. 

 

3.8 IN SITU HYBRIDIZATION  

In situ hybridization was performed on formalin-fixed and paraffin-embedded kidney sections. 

Probes against the base sequence (879-1844) of murine αKlotho mRNA (422087) were 

hybridized followed by RNAscope (Advanced Cell Diagnostics, USA) amplification based on 

the manufacturers’ instruction. Red chromogenic dots were detected. 

 

3.9 IMMUNOBLOTTING 

Total protein concentration of tissue homogenates and cell lysates were quantified using 

PierceTM BCA protein assay. Sample extracts were fractionated on 4-15% Mini protean® 

TGXTM 174 precast gels (Bio-Rad, 456-1085). After electro-transfer and blocking, membranes 

were incubated with following primary antibodies: anti-neutrophil gelatinase-associated 

lipocalin (NGAL, Santa Cruz Biotechnology, sc-515876), anti-αKlotho (TransGenic, 

KM2076), anti-pan-14-3-3 (Santa Cruz Biotechnology, sc-1657Ink), anti-actin (Sigma-

Aldrich, A5441), anti-endothelial nitric oxide synthase (eNOS, Abcam, ab76198), anti-

Arginase I (Invitrogen, PA5-85267), anti-Arginase II (Invitrogen, PA5-78820), anti-Jagged-1 

(CST, 2620S), anti-HES-1 (ThermoFisher, PA5-28802), or anti-Notch-1 (CST, 3608S). 

Thereafter, fluorescent secondary antibodies (Li-cor, Germany) were applied, and the protein 

bands were visualized by Odyssey CLx system (Li-cor, Germany). 

 

3.10 LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY 

Plasma samples from mice in section 3.2.2 were subjected to TCEP/MPOZ derivation. In brief, 

10 µL plasma was mixed with 5 µL NH4CO3 (10 mM in H2O), followed by serial addition of 

40 µL MPOZ (0.045 M in dimethylacetamide) and 5 µL TCEP (0.2 M in H2O). After reaction 

at room temperature (RT) for 30 min, the mixture was deproteinized by 100 µL acetonitrile. 

The supernatant was detected for NACA, NAC and GSH using the liquid chromatography-

mass spectrometry (LC-MS) analyzer (Thermo TSQ Quantum Ultra). Briefly, 2 µL supernatant 

was injected to a LC system (Agilent 1100), separated by a C18 column and detected via MS. 

Detailed method establishment and validation were available in our publication (127). 
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3.11 FLOW CYTOMETRY 

3.11.1 General analysis 

Single-cell suspensions from recipient spleens were prepared and underwent surface and 

intracellular staining with fluorochrome-conjugated antibodies. Specifically, direct incubation 

with pre-mixed antibodies (30 min, 4 °C) was performed for surface staining, while cells were 

fixed and permeabilized before intracellular staining. 

The following antibodies from BD Bioscience, BioLegend, or eBioscience were applied: Alexa 

Fluor 647 anti-H2kb (562832), eFluor 450 anti-H2kb (48-5958-82), PE anti-H2kd (553566), PE 

Cy7 anti-CD4 (100528), FITC anti-CD8 (100706), APC anti-CD25 (102012), PE anti-Foxp3 

(126404), APC anti-CXCR3 (126512), and PE anti-Integrin α4β7 (LPAM-1, 120605). To 

exclude the unspecific interference, corresponded isotype control staining was conducted. Data 

was collected using a MAQSQuant flow cytometer. 

3.11.2 Intracellular cytokine measurement 

To detect the intracellular cytokines, splenocytes from recipient mice were collected on day 7 

post transplantation. Cells were then stimulated in vitro with Cell Activation Cocktail 

(BioLegend, 423304) at 37°C for 6 h, followed by fixation with a CytoFast Fix/Perm Buffer 

set (BioLegend, 426803). Cells were subsequently incubated with different combinations of 

the antibodies including PE conjugated anti-IL-4 (504104), anti-TNFα (506306), anti-IL-17A 

(12-7177-81); APC-conjugated anti-IL-10 (505010), anti-IL-2 (503810), anti-IFNγ (505810). 

All the antibodies were purchased from BioLgend or eBioscience. Stained cells were analyzed 

by a MAQSQuant flow cytometer. 

3.11.3 In vivo proliferation 

Splenocytes from donor (C57bl/6) mice were harvested and labelled with CellTraceTM Violet 

(Invitrogen, C34557) according to manufacturer’s instructions. After conditioned with TBI, 

recipient (Balb/c) mice were transplanted with 8×106 of the labeled splenocytes. Three days 

after transplantation, recipients’ spleens were isolated and the violet expression levels of CD4+ 

and CD8+ splenocytes were determined by a flow cytometer (Merck, CellStreamTM). 

3.11.4 Cell apoptosis assay 

HAECs and HUVECs were seeded in 6-well plates (2×105 cells/well) and pre-treated with 1-5 

mM of NACA or NAC for 6 h. Cells were harvested by gentle trypsinization. Cell apoptosis 

was measured using PE-Annexin V apoptosis detection kit I (BD, 559763) in accordance with 

manufacturer’s instructions. Data were collected on a flow cytometer (FACS Array, BD).  

3.11.5 DNA damage assay 

HAECs and HUVECs were treated as mentioned above and were fixed with 80% methanol. 

After permeabilization with 0.1% Triton-X (10 min, RT), cells were blocked in 3% BSA (1 h, 

RT), followed by incubation with recombinant anti-γH2A.X (phospho S139) antibody (1:200, 
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Abcam, ab81299) overnight at 4°C. FITC-labelled secondary antibody (1:1000, Abcam, 

ab7086) was applied to detect expression levels of intracellular γH2A.X. Data was acquired 

using a flow cytometer (CellStreamTM, Merck). 

 

3.12 ANGIOGENESIS ASSAY 

Endothelial cell tube formation assay was performed using a PromoKine angiogenesis assay 

kit (PromoCell, PK-CA577-K905) according to manufacturer’s protocol. Briefly, pre-thawed 

growth factor reduced basement membrane extract (BME) matrix was added into a pre-cooled 

96-well plate. The plate was incubated at 37 °C for 1 h to polymerize BME gels. NACA or 

NAC pre-treated cells or non-treated (control) cells were suspended in MAF-containing MV2 

medium, seeded onto the gels and incubated for 24 h at 37 °C. Tubular structures were captured 

by a phase-contrast microscope (Olympus, CellSens software 1.16) at 40× magnification. 

 

3.13 DATA ANALYSIS AND STATISTICS 

All flow cytometery data were analyzed using FlowJo software (v.10.6.2), except for the serum 

cytokine study where the results were analyzed by BD CellQuest™ software or LEGENDplex 

Data Analysis Software in accordance with the kits applied. Modeling of concentration-time 

curves and calculation of PK parameters (e.g., area under the curve (AUC) and half-time) were 

carried out utilizing WinNonLin software. Results from immunoblotting were processed using 

Image Studio Lite software (v.5.2.5). Tube formation images were analyzed with Angiogenesis 

analyzer in ImageJ software (v.2.0). 

Statistical analysis was performed using GraphPad Prism software (v.8). The differences in 

survival between groups were evaluated by the long-rank test. Two-tailed Mann-Whitney test 

was used to compare the means between two groups. For all tests, p values < 0.05 were 

considered statistically significant. 
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4 RESULTS 

4.1 KLOTHO WAS DOWNREGULATED IN THE ACUTE GVHD MOUSE MODEL 

Renal injury and aGvHD are life-threatening complications which frequently occur following 

HSCT. aGvHD is also regarded as a risk factor of inflammatory kidney damage in some cases. 

The first aim of the current study was to elucidate the occurrence and extent of renal injury at 

the onset of aGvHD. Furthermore, since aKlotho is associated with kidney inflammation and 

has been reported to be deficient in the context of acute/chronic kidney injury (113, 135), our 

second aim was to figure out the alteration patten of aKlotho at the onset of aGvHD. 

4.1.1 Emergence of renal injury at the onset of aGvHD 

From approximately 4-7 days after allogeneic transplantation, the recipient mice began to show 

aGvHD symptoms. Compared to control and syngeneic-transplanted mice, allo-transplanted 

mice had obvious body weight loss, hunching position, decreased movement, ruffled fur texture 

and diarrhea, resulting in high clinical severity scores (Figure 4A). Thus, day 4 was considered 

as the onset of aGvHD. Successful transplantation was confirmed by chimeras in spleen and 

bone marrow. Serum levels of cytokines, including TNFα and IFNγ, were quantified due to 

their vital roles at the onset of aGvHD (136). Indeed, dramatic increments were observed for 

both cytokines in aGvHD mice in relation to their counterparts (Figure 4B and C). Importantly, 

the kidney damage biomarker NGAL was found to be significantly upregulated in kidneys of 

aGvHD mice (Figure 4D). 

 

Figure 4. Kidney injury in aGvHD mouse 

Balb/c mice were conditioned with Bu-Cy from day -7 to day -2 and transplanted (i.v.) with 20×106 bone 

marrow cells and 30×106 splenocytes from C57bl/6 (Allo) or Balb /c (Syn) mice. Untreated Balb/c mice 

were taken as the control group (Cont). (A) The clinical score of aGvHD on day 4 (n=5). (B-C) Serum 

levels of TNFα (B) and IFNγ (C) were detected using a cytokine array kit at the onset of aGvHD (n=5). 
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The data are presented as mean ± SEM, *: P < 0.05, **: P < 0.005. (D) Western blot shows the renal 

levels of NGAL protein in mice with different treatments. Pan 14-3-3 was used as the reference protein. 

Copyright from International Immunopharmacology and Elsevier. 

 

4.1.2 Accumulation of hetero-lysosomes in the renal proximal tubule 

epithelial cells 

To visualize possible kidney injury, H&E staining was initially conducted. However, no 

significant histopathological difference was noticed in the kidney between control and aGvHD 

mice. Then, PAS/PASM staining was applied for its potential to show mesangial matrix, 

tubular and glomerular basement membrane (137). As shown in Figure 5A, extensive 

cytoplasmic vacuolization was found in the renal proximal tubule epithelial cells (PTECs) in 

aGvHD mice compared to those in the control group.  

Next, transmission electron microscopy (TEM) was performed to better reveal the pathological 

changes in the PTECs. In comparison to the control group, tremendous irregular electron-dense 

heterogeneous contents, suspected as hetero-lysosomes, were seen in the PTECs of mice with 

aGvHD (Figure 5B). This finding was further validated by staining the tissues with CD68, a 

protein marker of lysosome. Figure 5C depicts a high expression level of CD68 protein in the 

PTECs from allo-transplanted mice only, suggesting the abundant accumulation of lysosomes 

in aGvHD-associated renal injury.  

 

Figure 5. Pathological changes in renal proximal tubule epithelial cells in aGVHD mice 

Kidneys from control and aGvHD mice were fixed, embedded, and sectioned. (A) Renal tissues were 

stained with PAS or PASM. Yellow arrows: argyrophilic vacuolization. (B) Representative kidney 

sections were imaged using TEM. Yellow arrows: suspected as hetero-lysosomes. (C) 

Immunohistochemical staining for CD68. Yellow arrows: the site where CD68+ granule accumulated. 

PAS: periodic acid-Schiff base; PASM: periodic acid-Schiff methenamine; TEM: transmission electron 

microscopy. 

Copyright from International Immunopharmacology and Elsevier. 
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4.1.3 Renal αKlotho is downregulated at the onset of aGvHD 

αKlotho/FGF23 axis is not only a biomarker for diagnosis and prognosis of kidney disease, but 

also a pathogenic contributor to the disease development (113). Herein, we studied the 

alteration of αKlotho and FGF23 in the aGvHD setting to further confirm their roles in kidney 

injury. As expected, a conspicuous decrease of mRNA encoding αKlotho was found in the 

kidney of aGvHD mice, while mice in syngeneic group showed a similar expression level as 

those in the control group (Figure 6A). The corresponding protein was subsequently measured 

with western blotting, and the same trend was observed (Figure 6B and C). Furthermore, we 

found significant rises in serum FGF23 in aGvHD mice, which possibly served as a 

consequence of αKlotho deficiency (Figure 6D). Since αKlotho scarcity has been reported to 

be associated with increased oxidative stress (117-119), our results indicate that antioxidative 

strategies might prevent the occurrences of aGvHD and derived kidney injury. 

 

Figure 6. Alteration of αKlotho/FGF23 axis at the onset of aGvHD 

(A) Fluorescent in situ hybridization of αKlotho in mouse kidney. (B) Protein level of αKlotho in the kidney 

lysate was detected using western blot. Pan 14-3-3 was applied as the reference protein. (C) Relative 

protein levels of αKlotho in mouse kidneys. The relative expression is defined as the ratio compared to 

Pan 14-3-3. (D) Serum levels of FGF23 in mice were determined by ELISA. The data are presented as 

mean ± SEM (n=5; *: P < 0.05; **: P < 0.01; ***: P < 0.001).  

Copyright from International Immunopharmacology and Elsevier. 

 

4.2 PHARMACOKINETIC STUDY OF NACA 

Antioxidative strategies might be utilized for the prophylaxis and treatment of HSCT-related 

complications like aGvHD as mentioned previously, and cardiovascular side-effects where 

oxidative stress is also implicated. NACA, the amide derivative of the classic antioxidant NAC, 

is a promising candidate. However, its pharmacokinetic properties as compared to NAC were 
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poorly studied. Therefore, we aimed to establish a simple and reproducible analytical method 

to quantify NACA and NAC in plasma and compare their GSH- replenishing abilities. 

4.2.1 NACA and NAC quantification using TCEP/MPOZ derivatization 

method 

Compounds with free thiol residues, like NACA and NAC, are easily oxidized in vitro and in 

vivo via forming dimer and conjugating with endogenous thiols like albumin during storage 

and sample processing. In order to quantify NACA and NAC, TCEP was utilized to cleave 

disulfide, while the free thiols were stabilized by rapid derivation with MPOZ (Figure 7A). 

After deproteinization, the extracted samples were measured by LC-MS. The chromatogram 

in Figure 7B indicates that the current method could identify NACA and NAC simultaneously 

and selectively.  

 

Figure 7. Quantification of NACA and NAC 

(A) Reaction scheme for NACA or NAC with MPOZ. (B) LC-MS chromatogram of NACA and NAC in 

plasma after TCEP/MPOZ derivatization. DMA: dimethylacetamide. 

Copyright from European Journal of Pharmaceutical Sciences and Elsevier. 

 

The derivatization method was optimized in terms of reaction time, organic/aqueous (v/v) 

phase ratios, amounts of TCEP and MPOZ, and the addition sequence of TCEP and MPOZ. 

Furthermore, the analytical method was validated for specificity, linearity, accuracy, precision, 

and recovery. Stability assessment indicated that NACA was stable in saline at RT and 4 °C 
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while less stable in 5% glucose at high concentration at RT, and frequent freeze-thaw 

procedures should be avoided in NACA-containing plasma sample. Detailed data are available 

in Paper II.  

 

4.2.2 Pharmacokinetic properties of NACA 

The aforementioned method was then applied to investigate the pharmacokinetics of NACA. 

As depicted in Figure 8A, the plasma Cmax of NACA was 726 µg/mL and 138 µg/mL post 

intravenous and oral administration at a dose of 300 mg/kg, respectively. In agreement with 

previous studies (132, 133), our results demonstrated a rapid metabolism of NACA to NAC in 

vivo, as a remarkable conversion to NAC was observed within 10 min after NACA 

administration (Figure 8B). In addition, we found that the AUCs of the metabolite NAC after 

intravenous and oral administration of NACA varied, in which the latter route gave a higher 

(1.7-fold) AUC than the former (Figure 8B).  

PK study of NAC was also performed using the same method (curves not shown). Interestingly, 

the Cmax of metabolite NAC after oral NACA was 2.5 times higher than that obtained from oral 

NAC at the same dose (296 µg/mL vs 84.0 µg/mL, Figure 8B and Table 3). Such circulating 

concentration differences could probably predict a superior therapeutical potential of NACA 

to NAC. 

 

Figure 8. Concentration-time curves of NACA and its metabolite NAC in mouse 

NACA was administered intravenously (i.v.) and orally (p.o.) at a dose of 300 mg/kg. Blood samples 

were collected at different time points after administration. Concentrations of NACA (A) and its 

metabolite NAC (B) were measured by LC-MS following TCEP/MPOZ derivatization. Dots: observed 

(Obs) concentrations after administration, n=3; lines: predicted (Pre) concentrations using WinNonLin 

software. 

Copyright from European Journal of Pharmaceutical Sciences and Elsevier. 

 

The detailed PK parameters of NACA and NAC were calculated and listed in Table 3. We can 

see that NACA, with the lipophilic character, is eliminated in a biphasic manner in both 
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administration routes. The distribution phase is rapid with a half-life of around 5 min, but the 

elimination is relatively longer, with a half-life of 72.8 min for intravenous and 122.7 min for 

oral administration, respectively. Moreover, NACA showed a higher oral bioavailability 

compared to NAC (66.8% vs 14.6%), which affirms that a lower dose of NACA is needed to 

achieve the same effect as NAC. 

Table 3. Pharmacokinetic parameters for NACA and NAC in mouse 

Parameters 
NACA NAC 

i.v. p.o. i.v. p.o. 

AUC (h•µg/mL) 130.4 ± 16.1 87.1 ± 12.4 388.4 ± 38.4 56.8 ± 8.6 

Vd (mL) 7.4 ± 1.7 n.a. 3.7 ± 0.5 n.a. 

HL1/0 (min) n.a. n.a. 11.2 ± 1.3 17.8 ± 4.8 

α-HL (min) 5.7 ± 0.7 5.0 ± 29.9 n.a. n.a. 

β-HL (min) 72.8 ± 11.1 122.7 ± 29.8 n.a. n.a. 

Cl (mL/h) 41.4 ± 5.1 62.0 ± 8.5 13.9 ± 1.4 98.6 ± 15.0 

Cmax (µg/mL) 726.5 ± 170.2 138.0 ± 42.8 1440.0 ± 190.8 84.0 ± 13.7 

Bioavailability (%) 66.8 14.6 

AUC: area under the curve; Vd: volume of distribution; HL1/0: elimination half-life in 1-compartment 

model; α-HL and β-HL: distribution and elimination half-life in 2-compartment model, respectively; Cl: 

clearance; Cmax: peak concentration; n.a.: not available. 

Copyright from European Journal of Pharmaceutical Sciences and Elsevier. 

 

4.2.3 The GSH-replenishing ability of NACA and NAC 

As GSH replenishment is one of the outstanding features of NAC, it is of great interest to 

investigate such property of NACA in comparison to NAC. Due to the fact that GSH also has 

a free thiol group, TCEP/MPOZ derivatization together with LC-MS analysis was exploited in 

GSH measurement as well.  

Total GSH increment was defined as the area under relative increment-time curve modeled 

using WinNonLin. Results showed that the total increment in GSH was 3-4 folds higher after 

NACA administration compared to that seen from NAC at the same dose (Figure 9). In 

addition, the level of GSH at 3 h post NAC administration halved that observed from NACA 

regardless of the administration routes (Figure 9), implying the superior GSH-reinforcing 

capability of NACA to NAC. 
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Figure 9. Relative GSH increment after NACA and NAC administration 

NACA or NAC was administered intravenously (A) and orally (B) at a dose of 300 mg/kg. Plasma GSH 

levels were quantified within 3 h post administration. Y-axis displays the percentage of GSH increment 

compared to the basal level at each time point. Dots: observed (Obs) concentrations after 

administration, n=3; lines: predicted (Pre) concentrations using WinNonLin software. 

Copyright from European Journal of Pharmaceutical Sciences and Elsevier. 

 

4.3 NACA ALLEVIATES THE SEVERITY OF ACUTE GVHD IN MOUSE 

Inspired by the superiorities of NACA in oral bioavailability and ability to supplement GSH 

pool, we investigated its role in mitigating the severity of aGvHD in which oxidative stress is 

intensively implicated. NAC was compared throughout the study as the reference compound. 

4.3.1 NACA reduces the mortality and morbidity of aGvHD 

The study relied on a classic aGvHD mouse model as reported previously (96), and NACA 

treatment was scheduled as listed in Figure 10A. Compared to NAC, intervention with NACA 

significantly prolonged the survival of mice that underwent allo-HSCT. Specifically, the 

median survival time in the NACA-treated group was 30 days, whereas it was 22 days in the 

NAC-treated group which was nearly equal to the control group (Figure 10B). Disease 

progression was monitored daily using mouse GvHD clinical scoring system (134). As shown 

in Figure 10C, NACA treatment remarkably reduced the GvHD severity in contrast to the 

control aGvHD mice, but NAC did not exhibit an obvious protective effect. In addition, 

histopathological examination showed that mice in the NACA group had a decreased level of 

aGvHD-target tissue damage, as shown by a thicker hypodermis layer in the skin, less 

lymphocytes infiltration in the liver, and more regular morphology of colon crypts (Figure 

10D). 

To evaluate the risk of NACA in interfering with transplantation engraftment, neutrophil and 

platelet recovery as well as chimerism were examined in recipient mice. Results showed that 

on day 7 post transplantation, the peripheral neutrophil count was significantly enhanced in the 

NACA-treated recipients compared to those in NAC and saline groups (Figure 10E). Moreover, 
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the chimerism was similar among each group, and nearly 100% engraftment was achieved in 

both bone marrow and spleen on day 14 after BMT (Figure 10F).  

Taken together, our results demonstrate that NACA holds the ability to decrease aGvHD 

severity without hampering hematopoietic reconstitution and engraftment. 

 

Figure 10. NACA reduces morbidity and mortality of aGvHD 

(A) aGvHD mouse model and treatment schedule. (B) Survival of allogeneic/syngeneic-transplanted 

Balb/c mice (n=15; **: p < 0.01; ****: p < 0.0001). (C) GvHD clinical scores post HSCT (n=15; *: p < 

0.05). (D) Representative H&E staining of skin, liver, and colon. Arrow: hair follicle damage or vacuolar 

changes. *: lymphocytes infiltration. #: apoptosis. ¤: fibrosis with crypts. (E) Neutrophils count on day 7 

after HSCT (n=6). (F) Percentages of donor-derived cells on day 14 post HSCT (n=4-6). 

 

4.3.2 NACA confers protection against oxidative stress and inflammation 

Next, we investigated the underlying mechanism of NACA in terms of oxidative stress and 

systemic inflammation which play important roles in the pathogenesis of aGvHD. Firstly, we 

detected ROS accumulation in splenocytes obtained from recipient mice on day 7 and day 14 

after transplantation. Significant downregulation of ROS level was observed in NACA-treated 

mice in relation to the control aGvHD mice at both time points; however, no change was 

observed after NAC treatment at the same time points (Figure 11A).  

Secondly, serum cytokines were measured in order to assess inflammatory statues of recipient 

mice. NACA treatment generally lowered the levels of pro-inflammatory cytokines, such as 

IFNγ, TNFα, IL-1β and IL-6, compared to control aGvHD mice, likewise illustrated in the 
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levels of IL-2, IL-5, IL-13, IL-17A, IL-17F and IL-22. In contrast, anti-inflammatory cytokine 

IL-4 was significantly upregulated by NACA administration (Figure 11B). In addition, the 

frequencies of IFNγ- and TNFα-producing T cells in NACA-treated mice were significantly 

lower than those in the other two groups on day 7 post transplantation, whereas the difference 

between NAC and saline groups was not significant (Figure 11C and D). 

 

Figure 11. NACA exhibits antioxidative and anti-inflammatory abilities 

(A) Splenocytes were harvested on day 7 and 14 after HSCT and analyzed for ROS. (B) Heatmap 

shows serum cytokine levels in individual mouse from each cohort (n=8). (C and D) Recipient splenic T 

cells were collected on day 7 and stimulated in vitro for 6 h. The expression levels of IFNγ (C) and TNFα 

(D) in spleen cells were determined.  

 

4.3.3 NACA inhibits the division and migration of graft-derived T-cell 

In the context of aGvHD, donor T cells get activated after exposure to allogeneic antigens in 

secondary lymphoid organs and start to proliferate (138, 139). To investigate the effect of 

NACA on donor T-cell expansion, recipient mice were transplanted with CellTraceTM-labeled 

donor splenocytes and euthanized on day 3 for analysis. A modest dividing defect in donor 

CD4+ and CD8+ T cells was observed in the NACA-treated group compared to the other two 

groups (Figure 12A). This finding was further validated through staining with the cell 
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proliferation marker Ki67. We found a significantly higher level of Ki67 expression in mice 

received saline or NAC than those treated with NACA (Figure 12B).  

Host tissue damage is a critical outcome of GvHD and mediated by effector T-cell infiltration  

(140). In the present study, the levels of chemokine receptor CXCR3 and integrin LPAM-1 

(α4β7) were determined for their competences in trafficking T cells from lymphoid tissues and 

homing T cells to gastrointestinal tract, respectively (141). Compared to the mice treated with 

saline, those treated with NACA had a decreased expression of CXCR3 and LPAM-1 in both 

splenic CD4+ and CD8+ cells, indicating a potency of NACA in impeding T cells migration to 

GvHD-target tissues. However, such phenomenon was not seen upon treatment with NAC 

(Figure 12C and D). These observations were consistent with our hypothesis and could serve 

as the testimony for H&E findings in Figure 10D. 

 

Figure 12. Donor T-cell expansion and migration 

(A) Histograms showing donor T-cell division. The gated population refers to divided cells with low levels 

of CellTraceTM Violet (CellTrace Violet low). (B) Flow cytometric plots indicate the Ki67 expression in 

donor T cells. (C-D) Scatter plots show the expression of CXCR3 (C) or LPAM-1 (D) among gated 

H2Kb+CD4+ or CD8+ cells. 

 

4.4 NACA REDUCES CY-INDUCED ENDOTHELIAL DAMAGE 

Cardiovascular toxicity is another major complication related to HSCT and accounts for the 

compromised life quality of transplanted patients, especially the pediatric recipients. As the 
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inner component of cardiovascular system, endothelium is especially susceptible to damage 

from radiotherapy and/or cardiotoxic chemotherapy like Cy. Since elevated oxidative stress 

was found to be one of the major causes and associated with other mechanisms underlying Cy-

induced cardiotoxicity, it is promising to explore the ability of NACA to attenuate endothelial 

injury caused by Cy. 

4.4.1 In vivo protective effect of NACA 

Balb/c mice received a single dose of Cy on day 0, and the prophylactic treatment with NAC 

or NACA was given from day -7 to day 7, but not day 0 (Figure 13A). H&E staining was 

performed on aorta sections to visualize possible damage in the endothelium. Clear endothelial 

nuclei were shown on the inner layer of the aorta of control mice without treatment, and the 

tunica media was supported by arranged smooth muscle cells and linked to tight junctions with 

tunica intima. Administration of 400 mg/kg Cy caused conspicuous detachment of the 

endothelial nuclei along with an irregular arrangement of the matrix fiber and smooth muscle 

cells in the middle elastic lamina. Both NACA and NAC treatments showed the ability to 

restrain the impairment, although with different degrees (Figure 13B). 

We further investigated the expression level of ICAM-1 which marks endothelial injury and 

inflammatory responses (142). The results reveal that prophylactic treatment with NACA 

decreased the aortic endothelial ICAM-1 protein levels that were upregulated by high-dose Cy. 

NAC-treated mice exhibited less decreases in the level of ICAM-1expression (Figure 13C). 

 

Figure 13. NACA mitigates endothelial damage caused by Cy 

(A) Treatment schedule. (B) Representative H&E staining on aortas. L: lumen; *: suspected damaged 

site. (C) Representative immunohistochemical staining with ICAM-1 antibody. *: ICAM-1 protein high-

expressing site. 
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4.4.2 Endothelial cell viability and DNA damage 

To better understand how Cy impairs vascular endothelium and NACA’s mechanism of action, 

in vitro studies were performed on human endothelial cells. The prodrug Cy is activated by 

cytochrome P450 enzymes to cytotoxic metabolite, 4-hydroxycyclophosphamide (4-OH-Cy), 

while human endothelial cells lack major cytochrome P450 enzymes. Therefore, MAF was 

used to produce 4-OH-Cy through automatic hydrolysis in aqueous phase.  

Crystal violet staining was conducted to quantify cell mass. Both NACA and NAC protected 

endothelial cells against 4-OH-Cy-induced cell death, yet NACA was superior to NAC at the 

same concentration. Strikingly, 5 mM of NACA pre-treatment nearly protected all HAECs 

upon exposure to 4-OH-Cy (Figure 14A and B). As one of the classic pathways of cell death, 

apoptosis was evaluated in different conditions. It was shown that 1 mM of NACA significantly 

decreased the apoptosis of both cell lines, whereas there was no effect for 1 mM of NAC. When 

the concentration was raised to 5 mM, both antioxidants demonstrated significant protective 

capability on endothelial cells, but NAC was still inferior to NACA (Figure 14C and D). 

Cy acts partially through causing irreversible DNA double strands break, thus, the effects of 

NACA and NAC on 4-OH-Cy-induced DNA damage were compared. Results show that both 

antioxidants reduced DNA damage in a dose-dependent manner, and NACA showed a greater 

capability than NAC. It is noteworthy that the DNA damage caused by 4-OH-Cy was almost 

fully abrogated by 5 mM of NACA in both cell lines (Figure 14E and F). 

 

Figure 14. NACA attenuates 4-OH-Cy-induced endothelial cell death and DNA damage 

Endothelial cells were pre-treated with NACA or NAC for 6 h and were further treated with 4-OH-Cy for 

20 h. HAECs (A) and HUVECs (B) were fixed and subjected to crystal violet staining. (C-D) Relative 

apoptotic cells upon each treatment. Cells were stained by PE-Annexin V apoptosis detection kit I, and 

the apoptosis rate was defined as the sum percentage of early (Annexin V+7-ADD-) and late (Annexin 
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V+7-ADD+) apoptotic cells. The apoptosis rate in the group treated with 4-OH-Cy was set to 100% (n=5). 

(E-F) Relative DNA damage in endothelial cells. The percentage of DNA damage in the group treated 

with 4-OH-Cy was considered as 100% (n=5). Dash lines refer to data in control group without 

treatment. I: 4-OH-Cy; II: 1 mM NACA + 4-OH-Cy; III: 1 mM NAC + 4-OH-Cy; IV: 5 mM NACA + 4-OH-

Cy; V: 5 mM NAC + 4-OH-Cy. Results are presented as the mean ± SD. a: p < 0.05 when it was 

compared to III; b: p < 0.05 when it was compared to V; c: p < 0.05 when it was compared to I. 

 

4.4.3 NACA decreases 4-OH-Cy-induced oxidative stress 

To elucidate the role of NACA in 4-OH-Cy-induced oxidative stress, cellular ROS production 

and intracellular antioxidative defense system were investigated. As depicted in Figure 15A 

and B, excessive ROS was found in HAECs and HUVECs post 4-OH-Cy treatment using 

DCD-DA probe. In line with our previous results, pre-incubation with 1 mM of NACA 

significantly reduced ROS accumulation in 4-OH-Cy-treated cells; however, NAC worked 

only at a higher concentration. 

In addition, we found that in response to 4-OH-Cy treatment, the activities of two enzymatic 

antioxidants (i.e., catalase and SOD) and the content of reduced GSH were compromised to a 

large extent, especially in HAECs. Both 1 mM and 5 mM of NACA remarkably enhanced the 

enzyme activities and reinforced GSH level in endothelial cells, and the higher concentration 

of NACA almost restored catalase and SOD to normal levels. In comparison, 1 mM of NAC 

was not able to cope with the unfavorable alteration, and a concentration of 5 mM only partially 

strengthened the antioxidative defense system (Figure 15C-F). 

 

Figure 15. NACA protects endothelial cells against 4-OH-Cy-induced oxidative stress 

ROS levels in HAECs (A) and HUVECs (B) after 4-OH-Cy exposure with or without antioxidants pre-

incubation. The amount of ROS generation in the group treated with 4-OH-Cy was set to 100% (n=5). 

(C-D) Absolute catalase activity in endothelial cells (n=5). (E-F) Absolute SOD activity in endothelial 

cells (n=5). (G-H) The content of intracellular reduced GSH (n=4). Dash lines refer to the level in control 
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group without treatment. I: 4-OH-Cy; II: 1 mM NACA + 4-OH-Cy; III: 1 mM NAC + 4-OH-Cy; IV: 5 mM 

NACA + 4-OH-Cy; V: 5 mM NAC + 4-OH-Cy. Results are presented as the mean ± SD. a: p < 0.05 

when it was compared to III; b: p < 0.05 when it was compared to V; c: p < 0.05 when it was compared 

to I. 

 

4.4.4 NACA abrogates eNOS/arginase imbalance and preserves 

angiogenesis  

eNOS and arginases are critical for NO synthesis. Since NO plays an important role in 

maintaining vascular tone and endothelial hemostasis, the levels of eNOS and arginases in 

endothelial cells were assessed. We found that compared to the control group, 4-OH-Cy 

treatment significantly reduced eNOS protein expression and increased the level of arginase I 

in HAECs but increased the expression levels of both proteins in HUVECs. These changes 

were reversed in cells treated with 5 mM of NACA, while the effects of NAC were not 

significant. Interestingly, neither NACA nor NAC pre-treatment improved the protein level of 

arginase II that was downregulated by 4-OH-Cy (Figure 16A). 

Next, a tube formation assay was performed as an in vitro investigation of angiogenesis. Our 

results reveal that capillary tubular structures formed by both cell lines on BME matrix were 

significantly inhibited by 4-OH-Cy, resulting in a shorter total tube length, a smaller area of 

meshes, and a greater number of extremities. NACA (5 mM) improved the tube formation 

capability to a level comparable to that observed in untreated cells (Figure 16B-C). 

To further explore the underlying mechanism of NACA in 4-OH-Cy-induced angiogenesis 

dysfunction, the Notch signaling was investigated as it has been proven to be a pivotal factor 

for sprouting angiogenesis and vessel maturation (143). It is depicted that the expression levels 

of Notch-1, Jagged-1, and their downstream product HES-1 in HAECs and HUVECs were 

significantly decreased following exposure to 4-OH-Cy, and pre-treatment with 5 mM of 

NACA or NAC partially reversed these effects (Figure 16D).  
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Figure 16. Western blot analysis and in vitro angiogenesis assay 

(A) Western blot analysis of eNOS and arginases in endothelial cells. (B-C) Representative phase-

contrast micrographs of tubular structures in cultured HAECs (B) and HUVECs (C) after different 

treatments. (D) Western blot analysis for the expression of Jagged-1, Notch-1, and HES-1. I: control; II: 

4-OH-Cy; III: 1 mM NACA + 4-OH-Cy; IV: 1 mM NAC + 4-OH-Cy; V: 5 mM NACA + 4-OH-Cy; VI: 5 mM 

NAC + 4-OH-Cy.  
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5 DISCUSSION 

5.1 KLOTHO, A NEW TARGET FOR ACUTE GVHD 

There are tremendous evidence showing that AKI is a common adverse effect following 

allogeneic HSCT, and the incidence is as high as 55.1% according to a meta-analysis (144). 

Multiple factors including infection, sinusoidal obstructive syndrome, thrombotic 

microangiopathy and the use of nephrotoxic drugs have been ascribed as the contributors to 

AKI development in transplanted patients (145). aGvHD is a potential risk factor in AKI, but 

this notion has not been clearly elucidated. Using a major histocompatibility complex (MHC) 

mismatched GvHD mouse model, we confirmed the association between renal injury and the 

onset of aGvHD. 

Our first proof was the increased renal NGAL expression in mice with aGvHD when compared 

to those underwent syngeneic transplantation (Figure 4D). NGAL, a protein initially discovered 

in the activated neutrophils, is a biomarker of kidney damage (146). Physiologically, NGAL 

promotes epithelial differentiation and leads to glomeruli and proximal/distal tubules 

generation (147). However, elevated NGAL production and release is usually observed after 

inflammatory stimuli (148). Therefore, amplified levels of NGAL in kidney suggest that the 

onset of aGvHD probably is an underlying cause of AKI and kidney is a potential target organ 

for aGvHD. This hypothesis was validated by histopathological examination (Figure 5A), in 

which numerous cytoplasmic vacuolization was found in the renal PTECs of aGvHD mice.  

Another piece of evidence was the accumulation of hetero-lysosomes in the renal PTECs 

observable via TEM and CD68 staining (Figure 5B and C). Lysosome is responsible for 

degradation and recycling of intracellular and extracellular macromolecules (149). Once 

broken down, the lysosomal catabolites need to be transported out and make room for new 

components (150). Accumulation of hetero-lysosomes in the proximal tubules implies a 

lysosome dysfunction in the kidney. This can be partially reflected by the increased level of 

full-length NGAL (Figure 4D) which is normally degraded by renal lysosome (151). 

The most valuable finding in Study I was the significant reduction of αKlotho and escalation 

of FGF23 in kidneys of aGvHD mice (Figure 6). Given that αKlotho downregulation is 

constantly implied in AKI and CKD (113, 135), our results further verified the kidney injury 

in the context of aGvHD. Moreover, several preclinical studies counteracting αKlotho 

deficiency in kidney disorder and extrarenal complications have shown promising results (152-

155). The existing evidence together with our findings motivates us to consider αKlotho as a 

potential target for aGvHD prophylaxis and therapy. However, the safety profile and efficacy 

of the proposed methods like gene editing, epigenetic modulation and Klotho replacement have 

not been well established in humans (155). Besides the connection to inflammation, αKlotho 

deficiency is also associated with oxidative stress. Thus, it is likely that strategies aiming to 

improve the antioxidative defense system could be a promising alternative to prevent aGvHD. 
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5.2 PHARMACOKINETIC ADVANTAGE OF NACA 

Off-label use of approved drugs to pharmacologically restore redox homeostasis remains a 

feasible method. Among the clinically used redox active substances, NAC is particular of our 

interest due to its intensive application as a classic antioxidant. We hypothesize that the amide 

derivative NACA is more promising because of its higher lipophilicity and cell membrane-

permeability. To prove our hypothesis and understand the advantages of NACA over NAC, it 

is of great urgency to compare the PK characteristics of both compounds comprehensively.  

Since NAC is reported to be a metabolite of NACA, a quantitative method that can adequately 

measure both simultaneously was warranted. Although two analytical methods have been 

reported for this purpose (132, 133), the accuracy was not satisfactory. Herein, we developed 

a novel method featuring TCEP/MPOZ derivation and LC-MS detection to enable 

quantification of NACA and NAC in a rapid and precise manner (Figure 7).  

Using this newly established method, we depicted the PK behavior of NACA for the first time. 

In line with previous studies (132, 133), our data demonstrate an instant metabolism of NACA 

to NAC after systemic administration. Interestingly, we found that the AUC of the metabolite 

NAC was higher when NACA was given orally in relation to that obtained from an equal 

intravenous dose (Figure 8B). This finding clearly shows first-pass effect, suggesting that 

NACA is predominately metabolized in liver. Additionally, the PK behavior of NACA 

followed a two-compartment open model with fast distribution and relatively slow elimination 

(Table 3). This further implies that NACA rapidly distributes to different tissues, most probably 

benefiting from its superior lipophilicity. Our findings can, at least partially, explain the 

antioxidative efficacy of NACA in various organs (131, 156).  

When comparing the PK properties of NACA with NAC, we discovered that NACA holds a 

superior bioavailability to NAC (66.8% vs 14.6%). This is of great clinical importance, because 

it means a lower dose of NACA could reach the same therapeutic index compared to NAC. 

Interestingly, regardless of the administration route, NACA was found to replenish GSH, the 

major reducing equivalent, at a higher efficiency over NAC. Overall, our data attests that 

NACA is more favorable than NAC in PK behaviors, predicting an improved antioxidative 

effect. 

 

5.3 APPLICATION IN ACUTE GVHD 

Our study reveals that NACA, rather than NAC, has the ability to protect mice from aGvHD 

post allo-HSCT to some extent. Nevertheless, due to the fact that NACA is converted to NAC 

after systemic administration, plausible reasons need to be given to explain the observed 

discrepancies.  

Firstly, NACA possessed a better antioxidative potency than NAC. As shown in our study, 

NACA continuously decreased ROS accumulation in the spleen of aGvHD mice, whereas 
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NAC did not exhibit a similar effect (Figure 11A). This is perhaps because of the structural and 

physicochemical differences between NAC and NACA. The hydrophilic feature of NAC 

renders it more difficult to cross splenocytes membrane, resulting in inadequate NAC to 

scavenge massive ROS during the process of aGvHD. In contrast, the hydrophobicity of NACA 

endows higher cell membrane-permeability as well as antioxidative capacity. Likewise, a 

higher level of circulating GSH was attained by NACA compared to NAC at the same dose 

(Figure 9). Since GSH is either a direct electrophilic and oxidant species scavenger or act 

through enzymatic catalysis (157), our results imply NACA as a more powerful antioxidant.  

Secondly, NACA demonstrated a stronger anti-inflammatory capacity compared to NAC, as 

evident by lower levels of pro-inflammatory cytokines (e.g., TNFα, IFNγ and IL-17A) and 

elevated level of anti-inflammatory cytokine (i.e., IL-4) (Figure 11B). The anti-inflammatory 

effect of NACA may not be expounded independently from its antioxidative nature, because 

oxidative stress can activate transcription factors and pro-inflammatory genes and arouse 

inflammation (158). Moreover, oxidative condition can induce the generation of oxygen-

specific epitopes that act as damage-associated molecular patterns and trigger inflammation 

(159). Accordingly, better antioxidative ability of NACA can largely reflect superior anti-

inflammatory performance. 

Thirdly, since NAC has been reported to have immunostimulatory capacity at low dose while 

with immunosuppressive competence at a high dose (126), we speculate that with higher oral 

bioavailability, the same dose of NACA is equivalent to a higher dose of NAC, thus 

immunosuppression should dominate after NACA administration. This speculation was 

testified by restrained donor T-cell division and proliferation, polarization, and migration 

(Figure 12, and figures in Paper III). The obtained results have also provided further evidence 

to show the immunomodulatory ability of NACA. 

Collectively, the diverse arsenal of mechanisms may provide NACA an advantage over the 

conventionally used NAC, especially against a disease like aGvHD which itself is underpinned 

by a complex pathology. Albeit NACA showed a moderate effect on aGvHD when used alone, 

it would be more beneficial to incorporate NACA into the conventional aGvHD prophylactic 

strategies. 

 

5.4 CARDIOVASCULAR IMPLICATIONS 

High dose of Cy has been reported to be associated with cardiovascular toxicity. In the in vivo 

section of Study IV, we found that NACA maintained the integrity of the aorta endothelium 

and downregulated the expression of ICAM-1 following Cy exposure (Figure 13). Intact 

vascular endothelium is a gatekeeper of cardiovascular health, whereas endothelial disturbance 

could contribute to diverse cardiovascular ailments, such as atherosclerosis, hypertension, and 

diabetes (160). Therefore, abrogation of endothelial dysfunction may impede the development 

of cardiovascular disorders and is of great clinical relevance. Moreover, since ICAM-1 is one 
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of the major adhesion molecules mediating leukocytes recruitment from blood to inflammatory 

sites, decreased levels of ICAM-1 is linked to less endothelial cell leakage and activation (161), 

suggesting a decreased inflammation after NACA treatment.  

The in vitro studies showed that NACA protected endothelial cells from 4-OH-Cy-induced 

death. This effect is achieved through not only alleviating DNA damage but also strengthening 

the antioxidative defense system (Figure 14 and 15). Similar to the phenomenon observed in 

the aGvHD mouse model, pre-treatment with NACA partially neutralized intracellular ROS 

accumulated in experimental endothelial cells. Moreover, NACA partly restored the GSH pool. 

Besides the antioxidative feature, GSH also participates in the detoxication of cytostatic 

compounds by covalently modification (162). The powerful GSH-reinforcing ability could 

facilitate NACA to mitigate the toxicity caused by 4-OH-Cy.  

In addition, NACA rebalanced eNOS/arginase hemostasis that was disrupted by 4-OH-Cy 

treatment (Figure 16A). On one hand, a critical function of endothelium is to keep the vascular 

tone that largely depends on NO bioavailability. NO synthesis is accomplished by eNOS along 

with the co-factor tetrahydrobiopterin (BH4) using L-arginine as the substrate. But L-arginine 

is also consumed by arginases; thus, rebalanced eNOS and arginase by NACA is essential to 

ensure NO production. On the other hand, insufficient L-arginine or BH4 will result in 

uncoupled eNOS, causing massive ROS production (163). Since redundant ROS will in turn 

exacerbate eNOS/arginase imbalance (164), the more formidable antioxidative ability confers 

NACA a better efficacy to inhibit the formation of uncoupled eNOS. 

Using a tube formation assay, we found that the angiogenic property of endothelial cells was 

wrecked by 4-OH-Cy treatment, and inhibition of Notch signaling pathway was at least one of 

the underlying mechanisms (Figure 16B-D). Since suppressed Notch signaling is associated 

with oxidative stress and vice versa (165), strategies focusing on scavenging ROS might 

display a protective effect against 4-OH-Cy-induced angiogenesis deficiency. Indeed, the 

disturbance was partially prevented by 5 mM of NAC but was fully abrogated by 5 mM of 

NACA. 
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6 CONCLUSIONS 

In the present thesis, we explored a new prophylactic strategy to ameliorate HSCT-related 

complications. Firstly, we confirmed that the renal injury occurs at the onset of aGvHD, with 

the features of NGAL upregulation, hetero-lysosomes accumulation in the renal PTECs, 

abrogated αKlotho and increased level of circulatory FGF23. These findings suggest that 

approaches aiming to restore αKlotho content, or with anti-inflammatory and antioxidative 

effects might be able to prevent aGvHD. 

NACA, a small-molecule drug with powerful antioxidative ability, was selected for further 

investigation. We developed a robust, selective, and reproducible analytical method to quantify 

NACA and its downstream products NAC and GSH in order to fully elucidate its therapeutic 

potency. We found that NACA was rapidly metabolized to NAC in vivo, and its kinetics fitted 

to a two-compartment open model. Importantly, NACA was superior to NAC regarding 

bioavailability and GSH-reinforcing ability.  

In pursuit of the prophylactic efficacy of NACA in aGvHD setting, a classic MHC major 

mismatched transplantation mouse model was applied. We found that NACA significantly 

reduced the mortality and morbidity in aGvHD mice without altering the engraftment. In 

addition, this promise was mediated by multifunctional mechanisms including antioxidation, 

anti-inflammation, and immunomodulation. Moreover, NACA displayed better prophylactic 

effects than NAC.  

In parallel, NACA showed a protective ability in chemotherapy-induced endothelial 

dysfunction. It preserved the integrity of vascular endothelium in Cy-treated mice and 

downregulated local ICAM-1expression. NACA restrained apoptosis, DNA damage, and 

oxidative stress, and restored eNOS and arginase I in endothelial cells. Furthermore, the 

neovascularization of endothelial cells was salvaged by NACA through modulating Notch 

signaling pathway. Although NAC was effective in some cases, the overall therapeutic efficacy 

was not comparable to that obtained from NACA. 

Together, this thesis reveals that antioxidant treatment, such as NACA, is a promising 

prophylactic strategy in management of HSCT-related complications. Our findings emphasize 

the possibility of redox hemostasis as a therapeutic target for such pathological conditions. 
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7 POINTS OF PERSPECTIVE 

In Study I, the phenotype that significant αKlotho deficiency was observed at the onset of 

aGvHD. However, experiments with longer follow-up should also be performed to determine 

the long-term effect on the kidney. In addition, further investigations are required to evaluate 

whether αKlotho replacement strategies, like administration of recombined αKlotho, are 

effective in reducing the severity of aGvHD-derived renal injury. Furthermore, as hetero-

lysosomes were found to accumulate in PTECs at the onset of aGvHD, investigations with the 

aim to explore the underlying mechanism are warranted.  

As seen in Study II, NACA is rapidly eliminated from circulation after administration. It has 

been reported that formulating NACA as a co-crystal with an excipient may endow a longer 

half-life in plasma (166). In order to enhance the pharmacokinetic and pharmacodynamic 

behavior of NACA, the development of different pharmaceutical formulations might be 

helpful. 

Study III showed a moderate prophylactic effect of NACA against aGvHD in mouse model. 

Our results are still preliminary, and several questions need to be answered before the 

translation from bench to bedside. Firstly, the mechanism through which NACA reduced 

oxidative stress in aGvHD has not been fully understood, and relevant in vitro studies would 

be beneficial. Secondly, our results should be validated in other GvHD mouse models, such as 

MHC minor mismatched or matched model. Thirdly, the effect of NACA on graft-versus-

leukemia, a beneficial immune reaction to eradicate the primary malignancy and prevent tumor 

relapse, remains unexplored. Moreover, with a moderate effectiveness, NACA should not be 

suggested to be used alone in aGvHD. A better option is to include NACA as an adjuvant 

treatment on top of clinically used strategies, like PTCy and calcineurin inhibitor, to increase 

their efficacy and decrease their dose-related toxicity. Therefore, future endeavors should be 

devoted to exploring the feasibility of combination treatment.  

Although Study IV elucidated the protective effect of NACA in Cy-induced endothelial injury, 

endothelial function has not been fully assessed. To overcome this limitation, ex vivo 

myography method could provide more straightforward and convincing evidence. As smooth 

muscle cells/cardiomyocytes are another major component of the cardiovascular system, it is 

equally compulsory to examine the effect of NACA in those cells. Moreover, imaging 

modalities like echocardiography and cardiac magnetic resonance imaging will help better 

recognize the general cardiac and endothelial health in vivo. Last but not least, further 

adequately powered prospective studies are required to confirm whether the prophylactic 

NACA treatment will interfere with the therapeutic aim of Cy. 
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