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Abstract 

Kidney transplantation is the preferred treatment when chronic kidney disease (CKD) 
reaches the end stage. Despite the fact that renal transplantation lowers the mortality 
and improves life quality, allograft rejection is the major threat for graft survival. 
Therefore, the post renal transplantation management regimen is required following 
the transplant surgery, involving the prescriptions of immunosuppressive drugs, 
Mycophenolate mofetil (MMF) and Azathioprine (AZA), to inhibit the rejection of the 
immune system and increase the survival rate and life expectancy among patients. MMF 
alleviates the acute rejection following the renal transplantation more effectively (by 30-
50% compared with AZA) and with less severe adverse effects (MMF is less hepatotoxic 
and mutagenic) and associates with lower graft loss compared with AZA. However, the 
price of MMF is more than 15 times the price of AZA. 
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1. Introduction 

Kidney transplantation is universally accepted as the best treatment for patients with severe CKD and 

end-stage renal disease. However, various factors determine the match between the donor kidney and 

graft recipient since the donor kidney acts as an alloantigen in the body of the recipient. The donor 

kidney, an alloantigen, will cause the attack of the immune system of the recipient, which will 

eventually destroy the graft kidney if no immunosuppressive regimen is applied since the donor and 

graft recipient are genetically different. [1] In order to prevent the allograft rejection following the 

renal transplantation, potent immunosuppressive drugs, MMF and AZA are prescribed. MMF is used 

to prevent the allograft rejection following the heart, liver, and renal transplantation as an inhibitor of 

Inosine-5′- monophosphate dehydrogenase (IMPDH) and is on the World Health Organization’s List 

of Essential Medicine as the 335th most commonly prescribed medication in the United States, [2] 

with more than one million prescriptions. The counterpart of MMF is AZA, another well-known 

immunosuppressive medication treating organ transplantation rejection and severe autoimmune 

disease, such as systemic lupus erythematosus and rheumatoid arthritis (RA). 

2. Overview and Comparison of AZA and MMF 

2.1 Brief definition and broad categories of allograft rejection according to the time of 

occurrence: 

2.1.1 Overview of allograft rejection 

Allograft rejection is an inflammation of the allograft due to the recognition of non-self antigen by 

the recipient’s immune system. The allograft rejection can be classified into three categories: 

hyperacute, acute and chronic rejection according to the time occurrence. Hyperacute allograft 
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rejection occurs within 48 hours following the transplant surgery and is caused by the response of 

cytotoxic antibodies of the recipient to the antigens on the surface of the donor kidney but most 

hyperacute allograft rejection can be prevented by screening of cytotoxic antibodies in the recipient 

[3]. Chronic allograft rejection (CAR) is the progressive loss of renal function more than three months 

after transplantation and is the primary reason for the failure of renal transplantation (about 50%)  , 

followed by the acute rejection (about 2%). [4] Acute rejection is the main allograft rejection treated 

by immunosuppressive drugs, AZA and MMF, and both have successfully reduced the mortality due 

to the acute rejection. 

2.1.2 Symptoms of allograft rejection following renal transplantation surgery 

The symptoms of allograft rejection vary in different types of rejection (hyperacute, acute and chronic) 

but often include fever, tenderness over the kidney, elevated blood creatinine level and high blood 

pressure. [5] 

2.1.3 Long-term outcome of patients with renal transplant 

The most important outcome of kidney transplantation is the long-term survival from the perspective 

of the patients. The first-year mortality rate among the recipients decreased from 40% to 3% from 

1970 to 2012 and recipient survival rates were 97%, 93%, 85%, and 79%, 1-, 3-, 5-, 7-years, [6] 

following the renal transplantation surgery, respectively and the skyrocketed survival rate is mainly 

due to the development and wide-spread use of potent immunosuppressive drugs, AZA and MMF. 

2.1.4 Mortalities of CKD and significance of renal transplantation in China and all over the world 

The incidence of Chronic Renal Failure (CRF) resulting from CKD in China is approximately 

120,000 cases per year and status of CKD is elevated from 17th [7] leading causes of death to the 12th 

and the mortality rised by 41.5% from 1990 to 2017 all over the world. [8] Renal transplantation is 

the most effective existing long- term treatment for CKD due to the improved living quality and 

elongated life expectancy. As one of the largest organ transplantation programmes in the world [8], 

Organ Transplantation in China peaked over 10,000 renal transplantation cases in 2004 and according 

to statistics from the World Health Organization (WHO), more than 75,000 renal transplantation 

surgeries took place in 2004 all over the world and the number is expected to rise to 350,000 in further 

years approximately. 

However, allograft rejection is the major issue hindering the success of renal transplantation and the 

analysis of serum creatinine has shown that 80% of the patients all over the world are suffering from 

the gradual loss of kidney functions [9] and most of the patients experience the CAR within 10 years 

following the transplantation surgery [12], which states the importance of the immunosuppressive 

drugs. 

3. Description of MMF and AZA 

3.1 Mechanism of allograft rejection: 

Acute allograft rejection is the major impediment to long-term allograft survival and living quality 1 

week and several months after the renal transplantation. Rejection of allografts is the result of the 

response of T cells in both innate and adaptive systems. [10] Innate response is nonspecific and 

happens during the early phase of the immune response while the adaptive response is donor-specific 

and happens later following the recognition of alloantigen by T cells. Ischemia-reperfusion injury 

(IRI) is the main consequence of innate response, [11] which induces the response of chemoattractant 

cytokines (chemokine), components of allograft rejection which regulates the immigration of immune 

cells and chemokine expression will facilitate to cell recruitment of the immune system, which will 

further result in acute allograft rejection [12]. 

3.2 Discovery of MMF and AZA: 

MMF is the morpholinoethyl ester of Mycophenolic acid (MPA), a weak, hydrophobic organic acid, 

first discovered in 1913 by researchers in the US Department of Agriculture from cultures of 

Penicillium stoloniferum, [14] and is used to prevent acute allograft rejection following the renal 
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transplantation due to the antiviral, antibacterial and immunosuppressive properties [15]. AZA was 

first discovered and synthesized in 1957 by George Herbert Hitchings and Gertrude Elio in an attempt 

to produce a derivative of 6-mercaptopurine. [16] 

 

 

Figure 1. Mechanism of 3 types of allograft rejection [13] 

 

3.3 Nomenclature and chemical properties: 

AZA (C9H7N7O2S): AZA has an average molecular weight of 277.263 and a serum half-life of 0.2-

0.5 hours. AZA is the prodrug of 6- mercaptopurine and an aromatic heterocyclic compound. AZA 

is a type of organic compound, known as diaryl thioethers, which are organosulfur compounds 

containing a thioether group that can be substituted by two aryl groups. [17] AZA also possesses a 

nitro group (-NO2) in the upper part of the structure, which will be metabolized to increase the number 

of free radicals causing the oxidative stress abnormally. [18] 

 

 

Figure 2. Structure of AZA [25] 
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MMF (C23H31NO7): MMF has an average atomic weight of 433.51 and an average half life of about 

16 hours. MMF is the morpholinoethyl ester of mycophenolic acid resulting from the formal 

condensation reaction between the carboxylic acid group of mycophenolic acid and the hydroxyl 

group of 2-(morpholin-4-yl) ethanol (C6H13NO2). Since MPA is twice as bioavailable than MMF 

due to the advanced absorption, MMF will be rapidly metabolized and hydrolyzed into MPA 

immediately after the absorption. [19] MPA is an organic compound consisting of a phthalide in an 

aromatic ring that is six-substituted with methyl, hydroxy, methoxy and six carbon chains with double 

bond in the trans configuration and the free carboxyl group. MMF has high solubility (43 μg ml-1) 

and dissolution rate in water and aqueous solution [20]. 

 

 

Figure 3. The Structure of MMF and MPA [21] 

 

3.4 Adverse Effects: 

Due to the immunosuppressive identity of MMF, increased frequency of infection is seen in the 

wounds by transplantation surgery, respiratory, dysuria, hematuria and urinary tract infections tracts 

and around 6-10% of patients taking MMF are reported of having benign blood disorders [22], 

including blood dyscrasia leukopenia, thrombocytopenia and anemia, which are dose-related and can 

be regulated by dosage. The most common adverse effects are gastrointestinal (GI), such as diarrhea, 

abdominal cramps, nausea and vomiting [23]. AZA has similar adverse effects as MMF, which often 

includes nausea and vomiting, the stomach irritation and pain and fatigue but has lower occurrence 

of diarrhea compared with MMF. However, compared with MMF in terms of more severe side effects, 

AZA possesses mutagenic properties due to the presence of nitro group in its structure. Moreover, 

AZA is hepatotoxic which will result in the impairment of bone marrow, inflammation of pancreas, 

and cardiac arrhythmias. [24] 

4. Discussion of Pharmacology of AZA and MMF 

4.1 Description of the targets and mechanism of AZA and MMF: 

MMF: When acting as the immunosuppressant, MMF will be metabolized to MPA in the liver and 

gastrointestinal tract by uridine diphosphate glucuronosyltransferases (UGTs) to inhibit the enzyme 

inosine-5’-monophosphate dehydrogenase (IMPDH) [25], the target of MMF, an essential enzyme in 

the de novo pathway of purine biosynthesis in T and B lymphocyte, which in turn inhibits the 

proliferation of lymphocytes. MMF has an additional beneficial effect on the chronic rejection (which 

will result in lower graft loss) since MPA is fivefold more potent than in terms of the inhibition of 

type II isoform of IMPDH than the housekeeping type I isoform of IMPDH [26], which inhibits the 

proliferation of lymphocyte more potently than the proliferation of other cells related to type II 

isoform. MMF suppresses the production of cytotoxic T-lymphocytes and the B-lymphocytes are 

suppressed by MPA since specific antibodies are inhibited. 
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Figure 4. The DeNovo Pathway of purine biosynthesis, which the position of IMPD and the step 

where MPA acts are shown. GMP, GTP, and dGTP will be depleted after the inhibition of IMPD by 

MPA. [27] 

 

 

Figure 5. The Mechanism of Azathioprine (AZA) 
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AZA: Similar to MPA, AZA suppresses the biosynthesis of purine (de novo purine synthesis), 

thereby inhibiting the synthesis of DNA and RNA, which further reduces the number of both T and 

B lymphocytes at the same extent. AZA will be metabolized into 6-mercaptopurine (6-MP) by 

glutathione after entering the human body and subsequently metabolized to 6-thioguanine with the 

addition of an amino acid [28]. After that, both 6- MP and 6-thioguanine will be phosphorylated to 

form anic acid and thioglycolic acid (both are nucleotides). These nucleotides are start materials for 

the biosynthesis of purine and building blocks of DNA and RNA. [29] However, Thioglycolic acid 

will form non-functional DNA, inhibiting the DNA replication and thioinosinic acid will inhibit 

glutamine-phosphoribosyl pyrophosphate amidotransferase (GPAT), a key enzyme in the 

biosynthesis of purine, via product inhibition (a form of negative feedback). [30] 

4.2 Mode of Delivery and Dosage: 

Drugs can be delivered to the human bodies in different routes to achieve the highest efficacy and the 

mode of delivery primarily depends on the half- life, toxicity, mechanism of the drugs and dosage is 

mainly associated with the medical condition, weight, and response of the treatment. 

MMF (CellCept): Since MPA often exhibits relatively poor absorption from the gastrointestinal tract 

while MMF, the ester of MPA, possesses much higher bioavailability than MPA, MMF is the 

dominant form of MPA drugs. MMF can be delivered both orally and intravenously via tablets (250 

mg), capsules (500 mg) and powder (500 mg). [31] The dosage of MMF is highly related to the type 

of graft organs (heart, kidney, and liver) and the dosage of MMF administrated for renal 

transplantation is 1000 mg (1 g) orally and 2000 mg (2 g) intravenously per day [32]. 

 

Table 1. The Mode of Delivery and Dosage of Major Brands of Mycophenolate Mofetil (MMF) 

[33] 

Jamp-mycophenolate Tablet  Oral 

Jamp-mycophenolate Capsules Capsule  Oral 

Mycophenolate Mofetil Capsule 250 mg/1 Oral 

Mycophenolate Mofetil Powder, for suspension 200 mg/1mL Oral 

 

AZA (Imuran): AZA can be delivered orally in the tablet and intravenous via powders soluble in 

solutions. Each tablet contains 50 mg of AZA, inactive ingredients (often lactose), magnesium 

stearate Mg(C18H35O2)2 and stearic acid and can be taken once or twice per day after meals [34]. The 

Imuran powder contains 50 mg of AZA and is administrated intravenously. [35] AZA has no 

significant difference over the race and is administrated at high dosage (3-5 mg/kg/day) at the 

beginning of the acute allograft rejection and the dosage will be reduced to 1-3 mg/kg/day when the 

immune system of the recipient adjusted to the graft kidney (the proliferation of T and B cells do not 

happen) [36]. 

 

Table 2. Mode of Delivery and Dosage of Major Brands of Azathioprine (AZA) [37] 

Azathioprine Tablet 50mg Oral 

Azathioprine Sodium for Injection Powder, for solution  Intravenous 

Imuran Injection, powder, lyophilized, for solution 100mg/1mL Intravenous 

Imuran Powder, for solution 50 mg Intravenous 

Imuran Tablet 50 mg/1 Oral 

Imuran Tablet 50 mg/1 Oral 

 

5. Pharmacokinetics 

Pharmacokinetics can be divided into four phases: absorption, distribution, metabolism, and excretion 

(or elimination) according to the time course. Pharmacokinetics are not only determined by the factors 
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of the patients (renal and hepatic function, haemodynamic, gastrointestinal motility, and gene 

composition), but also related to the chemical properties of the drugs (half life and solubility). [38] 

Changes of the renal function following the transplantation can cause substantial changes in the 

pharmacokinetics of both MMF and AZA [39]. 

MMF: MMF will undergo the small intestine absorption and protein binding, hepatic glucudisplays 

and renal excretion [40]. Most MMF will be absorbed to the small intestine at the beginning of the 

administration and will bind to 97% of the plasma proteins. [41] MMF later will be glucuronidated 

into phenolic glucuronide (MPAG) and the majority of MMF will be excreted via kidney in the form 

of MPAG. MMF displays linear pharmacokinetics and reaches the maximum concentration 1-2 hours 

after the administration and the secondary peak will be reached 6-12 hours after dosing due to 

enterohepatic recirculation [42]. 

AZA: AZA and 6-MP, the metabolite of AZA, are generally well absorbed and distributed throughout 

the body (about 30% of both AZA and 6-MP are bound by plasma proteins) [43]. AZA and 6-MP 

will reach the maximum concentration 1-2 hours after the oral administration and the majority will 

be excreted via urine in the form of 6-MP. 

6. Discussion of Drug Production-Synthesis 

Synthesis: Chemical synthesis is the preparation of an organic compound that can be produced from 

inexpensive and widely available start materials and have the relatively simple chemical structures 

and can be synthesized by a few steps. Biosynthesis involves the synthesis of more complex 

molecules that undergo multiple steps. Most molecules synthesized by plants and microbes (fungi, 

bacteria, and yeast) and involving biotechnology are known as biosynthesized [44]. Both MMF and 

AZA are chemically synthesized due to the chemical structures and steps of the reaction. 

AZA: AZA consists of a thioprine connected by a thioether on the second heterocycle and the 

approach of synthesizing is less complicated (consists of less steps) compared with the approach of 

synthesizing MPA due to the simpler structure of AZA. The process of synthesizing AZA can be 

divided into 4 different steps [45]. Firstly, methanamine (CH3NH2) and diethyl oxalate will undergo 

the combination reaction with the presence of ethyl hydroxide (EtOH) to produce N1, N2-dimethyl 

oxalamide. In the second step, the N1, N2-dimethyl oxalamide will be cyclized and chlorinated to 5-

chloro-1-methyl- 1H-imidazole with the presence of phosphorus pentachloride at room temperature 

[46]. In the third step, 5-chloro-1- methyl-1H-imidazole will undergo nitration reaction to form 5-

chloro-1-methyl-4-nitro-1H-imidazole and the nitro group will be introduced by nitric and sulfuric 

acids in this reaction and his compound will later be converted Azathioprine in the presence of 

dimethyl sulfoxide (MNSO) in the last step [47]. 

 

 

Figure 6. The Approach of Synthesis of Azathioprine (AZA) [48] 
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MMF (MPA): MMF is the prodrug of MPA and MPA is the metabolized form of MMF and the 

method of synthesizing and producing MPA is relatively more complicated than the methods of 

synthesizing AZA and 13 different approaches of synthesizing MPA are proposed between 1969 (the 

year when the first approach of chemically synthesizing MPA was proposed by Birch) and 2020. [49] 

MPA can be produced by both chemical synthesis and solid-state fermentation. Although the 

chemical structure of MPA is not extremely complicated, the six-aromatic ring is quite difficult to 

synthesize. The synthesis of MPA is still developing since the first synthesis method proposed in the 

1970s. [50] The most common approach of synthesizing MPA involves 12 steps with the final yield 

of 6% and is based on the alkylation catalyzed by palladium, biomimetic cyclization, and 

aromatization. [51] Ester and Meldrum’s acid will be the start material in the synthesis and they will 

undergo a combination reaction to form diketo ester dioxinome and Meldrum's acid derivative. Both 

ester and Meldrum’s acid derivative will be decarboxylated and alkylated (catalyzed by palladium) 

and treated with morpholine to provide carbanion. Following the decarboxylation and alkylation, the 

mesomeric form will be cyclized to 11 and dehydrated to form benzene derivatives. 

 

 

Figure 7. The Approach of Synthesizing Mycophenolic acid (MPA) [52] 

 

7. Discussion of Drug Economics 

 

Table 3. Price of AZA Tablet 

Quantity (mg) Price per mg ($/mg) Total price ($) 

2500 0.0240 60.66 

5000 0.0224 111.82 

25000 0.0208 521.10 

 

Table 4. Price of MMF tablet 

Quantity (mg) Price per mg ($/mg) Total price ($) 

500 0.1896 94.82 

 

Despite the fact that MMF has shown superiority in clinical use in terms of less severe adverse effect, 

higher efficacy of alleviating the acute allograft rejection, cost-effectiveness is another essential 

consideration to the wide-spread usage of MMF and whether MMF is able to replace existing drug 

(AZA). 
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In the United Kingdom, the cost of AZA is £6.40 ($8.45) while the cost of MMF is £210 ($277.11) 

for 1-month immunosuppressive treatment following the renal transplantation surgery. [34] Moreover, 

given the therapy with AZA rather than MMF for renal transplants will save an estimated 75 million 

euros (89 million dollars) and 77 million dollars in Europe and the United States, respectively. [53] 

Considering both the clinical advantages and demanding price of MMF, a formal economic 

evaluation seemed to be necessary. To address the issue related to the economic aspect, a cadaveric 

renal transplantation experiment was conducted in the 1990s to compare the graft survival rates, 

infection, and efficacy of immunosuppression between the AZA-treated group and MMF- treated 

group. In the experiment, patients treated with MMF were associated with 21% graft loss while 

patients treated with AZA were associated with 32% graft loss in the first year following the renal 

transplantation surgeries [54]. Due to the improved graft survival, MMF group would have lower 

rejection-related cost and graft failure cost and while the cost of maintenance of immunosuppression 

for MMF is higher than the cost of AZA. The result of the evaluation suggests that the overall cost of 

immunosuppression of MMF is almost equal to the cost of AZA in the first-year therapy, indicating 

MMF is more cost-effective [55]. 

However, the author extended the experiment to figure out the long-term effects of MMF and AZA. 

The result suggests that the long-term effects of MMF and AZA on the graft survival rate, mortality, 

and late rejections have no significant difference and no benefits of MMF over AZA are observed in 

a 5-year time outcome. [56-58] 

8. Conclusion and future prospect 

The comparative analysis of MMF and AZA suggests that MMF has advantages over AZA in clinical 

trials, including less severe adverse effects (less hepatotoxic and mutagenic), more effective 

immunosuppression, more efficient mechanisms, and higher graft survival rate. However, the price 

of MMF is about 15 times the price of AZA due to the lower yield and more time-consuming route 

of synthesis of MMF resulting from the more complicated structure of MMF (consisting of a six-

aromatic ring). The cost- effectiveness study suggests that MMF and AZA are equally cost-effective 

in the first year while MMF has no long-term clinical advantages over AZA, suggesting that MMF is 

less cost-effective than AZA in the long-term period. Therefore, from the long-term perspective, 

MMF is not able to replace AZA to become the dominant drug in the immunosuppressive regimen. 

However, the recent study of synthesizing the new analogue of MPA (MMF) with less expensive start 

material, less complicated steps, and higher yield suggests that the approach of synthesizing MPA 

(MMF) is still being developing and improving, indicating lowered price in the future. From 1969 to 

2020, 13 different approaches of synthesizing MPA (MMF) were proposed and each one is less time 

consuming and associated with higher yield and less expensive price than the previous one. Therefore, 

MMF still has the opportunity to dominate immunosuppressive therapy and replace AZA. 
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