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Abstract:  This review examines what is currently known about the pharmacokinetics and 
pharmacodynamics of commonly prescribed immunosuppressant medicines, tacrolimus, cyclosporine, 
mycophenolate and prednisolone, in elderly renal transplant recipients, and reported patient outcomes in 
this cohort. Renal transplantation is increasing rapidly in the elderly, however, currently, long-term patient 
outcomes are relatively poor compared to younger adults. Some studies have suggested that elderly recipients 
may have higher dose-adjusted exposure and/or lower clearance of the calcineurin inhibitors tacrolimus and 
cyclosporine; with one study reporting up to 50% reduction in tacrolimus exposure in the elderly. Elderly 
transplant recipients do not appear to have higher dosage-adjusted exposure to mycophenolic acid (MPA). 
The effects of ageing on the pharmacokinetics of prednisolone are unknown. Only one study has examined 
how aging effects drug target enzymes, reporting no difference in baseline inosine 5'-monophosphate 
dehydrogenase (IMPDH) activity and MPA-induced IMPDH activity in elderly compared to younger 
adult renal transplant recipients. In elderly transplant recipients, immunosenescence likely lowers the risk 
of acute rejection, but increases the risk of drug-related adverse effects. Currently, the three main causes 
of death in elderly renal transplant recipients are cardiovascular disease, infection and malignancy. One 
study has showed that renal transplant recipients aged over 65 years are seven times more likely to die with 
a functioning graft compared with young adults (aged 18–29 years). This suggests that an optimal balance 
between immunosuppressant medicine efficacy and toxicity is not achieved in elderly recipients, and further 
studies are needed to foster long-term graft and patient survival. Lower maintenance immunosuppressant 
targets in elderly recipients may decrease patient susceptibility to drug side effects, however, further studies 
are required and appropriate targets need to be established.
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Introduction

Renal transplantation is first-line treatment for patients with 
end stage kidney disease (ESKD), regardless of age (1,2). 
When compared to dialysis, renal transplantation increases 
life expectancy, as well as improves physical and social 
functioning (quality of life), mental stability, vitality, overall 
well-being and future perspective (2-5). The fastest growing 
age group with ESKD is patients aged over 65 years (4,6). 
In the last decade, there has been a noticeable increase in 
the number of elderly patients receiving a renal transplant. 
In the USA, the number of transplants performed in 
patients aged over 65 years increased from 10% to 17% 
of the total population between 2002 and 2012 (7). In 
Australia, 14% of renal transplants performed in 2015 were 
in patients aged 65 years of age and above (8). In Europe, 
a 2012 Renal Transplantation Registry report stated that 
transplant prevalence was 22% in the over 65 years age 
group and 20% in the over 75 years age group (9). This rise 
in the incidence of renal transplantation in the elderly can 
be attributed to an aging population (10), improvements in 
transplant outcomes (11), and the introduction of expanded 
criteria donor (ECD) kidneys (12).

Although age is no longer considered an absolute barrier 
to transplantation, long-term graft and patient survival 
is not improving in elderly renal transplant recipients, 
as compared to younger adults (1,6,10,13). The three 
most frequent causes of death in elderly recipients are 
infection, malignancy and cardiovascular events (14-16), 
all of which can be attributed partly to immunosuppressant 
medications. Studies show that older recipients have a 
lower risk of acute rejection due to reduced immune 
reactivity (15) and the elderly are the most likely age 
group to die with a functioning graft (1,17,18). The risk of 
acute rejection increases with ECD kidneys, and although 
elderly patients are considered at lower risk of rejection 
compared to younger adults, they are still at risk (19,20). 
Additionally, age-related comorbidities negatively influence 
patient outcomes in elderly recipients (13). Consequently, 
elderly renal transplant recipients are at greater risk of 
both morbidity and mortality when compared to younger 
recipients (21,22).

The intricate balance between under- and over-
immunosuppression becomes increasingly complex in 
elderly recipients, due to changes in drug pharmacokinetics 
and pharmacodynamics (23-25). Responses seen in 
the elderly can be unexpected and exaggerated when 
compared to younger adults with similar characteristics 

(gender, weight, height, ethnicity) (25). Larger variability 
in response may be due to changes in physiology and 
disease, however, as studies conducted in the elderly are 
limited, it is difficult to draw definitive conclusions (25). 
Obtaining a greater understanding of immunosuppressant 
drug pharmacokinetics and pharmacodynamics in elderly 
renal transplant recipients should assist with therapeutic 
decisions in this unique and vulnerable sub-population. 
Therefore, the purpose of this review is to critique and 
summarize the available literature on the pharmacokinetics 
and pharmacodynamics of immunosuppressant medicines in 
elderly renal transplant recipients.

ECD kidneys

Elderly kidney transplant recipients, who receive ECD kidneys, 
incur additional barriers to graft survival, which compound 
the already significant effects of physiological aging. ECD 
kidneys have a shortened lifespan, with both one and five-year 
graft survival significantly lower than with standard donor  
kidneys (26). Allocation of grafts with shortened lifespans 
(ECD kidneys) to patients with shorter life expectancies  
(the elderly) is considered acceptable as the survival and 
quality-of-life benefits of old-for-old donor matching still 
outweighs long-term dialysis (14,15,17,20,27-29).

The decline in immune reactivity observed in elderly 
recipients is complicated by increased immunogenicity of 
older donor grafts (15). This has resulted in more potent 
early stage immune responses observed in elderly transplant 
recipients with ECD kidneys, which can lead to episodes 
of acute rejection (21) and delayed graft function (27). In 
one retrospective study involving 1,307 participants, it was 
shown that receiving an ECD kidney significantly increased 
the risk of acute rejection, but had no effect on overall 
patient survival in patients aged 60 years and over (30).

Age-related pharmacokinetic (PK) changes

A number of physiological changes associated with 
advancing age can affect drug absorption, distribution, 
metabolism and excretion in healthy adults. Decreased 
surface area of the intestinal epithelium, reduced splanchnic 
blood flow, altered gastric motility (31), delayed gastric 
emptying and increased gastric pH (but reduced gastric 
acid secretion) (31,32), can potentially lead to reduced drug 
absorption in the elderly. However, studies have shown that 
the bioavailability of drugs absorbed through permeation 
of the gastrointestinal tract remains largely unchanged in 
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the elderly; with absorption of drugs via carrier-mediated 
transport processes most likely to be impeded (24). The 
absorption of basic drugs may actually improve, as the rise 
in gastric pH, caused by a decline in gastric parietal cells, 
improves absorption (24). Overall, it is assumed that there is 
a slight decline in drug absorption in the elderly; however, 
this is patient and drug specific.

Elderly patients tend to have an increased percentage 
of body fat, and a reduction in lean body muscle mass and 
total body water, compared to younger adults (24,33). 
These body composition changes generally occur in all 
elderly patients, including ‘thin’ body types (34), resulting 
in a volume of distribution increase for lipophilic drugs and 
decrease for hydrophilic drugs (31). A drug’s concentration 
in the plasma is inversely related to its volume of 
distribution, leading to a greater plasma concentration in 
elderly patients compared to younger adults for hydrophilic 
drugs. Elderly patients can also have altered drug binding 
to plasma proteins (albumin, alpha-1-acid glycoprotein and 
lipoproteins) (32,35). A reduction in serum albumin in the 
elderly can lead to a decrease in total drug concentration 
and an increase in free drug fraction, with no corresponding 
change in unbound (free) drug concentration. Changes in 
drug protein binding may be an important consideration 
when interpreting therapeutic drug monitoring (TDM) 
results for drugs where total rather than unbound drug 
concentration is measured (25,35).

There are a number of transporters involved in the 
movement of drugs across biological membranes within 
the body. Solute carrier (SLC) transporters mediate 
the uptake of drugs from the blood, transporting them 
across the basolateral membrane, and into cells (proximal 
tubule of the kidney or into hepatocytes), or the gut (into  
enterocytes) (36), whilst ATP-binding cassette transporters 
(ABC transporters) are involved in the cellular efflux of 
drugs and their metabolites (37). As many transporters 
are multi-specific, drug-drug interactions that affect 
drug membrane transportation can lead to altered 
pharmacokinetics and drug effects (37). There is some 
research that suggests that protein carrier activity is 
influenced by age, with a study by Fu, Csanaky and Curtis 
in 2012 showing that the mRNA levels of xenobiotic-
processing genes (includes SLCs) was significantly lower in 
aged mice. Similarly, a study by van Assema and researchers 
showed that aging reduced P-glycoprotein levels in the 
blood-brain barrier in healthy adults (38). When considering 
transporter effects in the elderly, the presence and impact 
of multiple comorbidities or concomitant medications can 

affect these transporters in extremely complex ways, making 
it difficult to predict the final outcome.

Advancing age leads to a decline in liver size, which can 
cause a reduction in hepatic blood flow (approximately 
40%), and reduced drug transfer across the hepatic 
endothelium (23,39). More specifically, drug metabolism 
is directly attributed to the drug’s extraction rate (high or 
low) by the liver, as haemoperfusion declines in the elderly; 
drugs with a high extraction rate have an age-related decline 
in clearance. Conversely, clearance of drugs with a low 
extraction rate remain largely unchanged, as metabolism 
is less dependent on hepatic blood flow than activity of 
membrane bound metabolising enzymes such as cytochrome 
P450 (CYPs) (32). Studies have shown that although it is 
unlikely CYP3A enzyme number or affinity reduces with 
age (40), drug metabolism via Phase-I CYP3A-mediated 
reactions may decline with advancing age (39). This is likely 
due to inter- morphological and circulatory changes (40),  
and can be variable between patients (32). Phase-II 
conjugation reactions (primarily glucuronidation) and the 
uridine-5’-diphsopho glucuronyl transferase (UGT) system 
(in the liver) are generally less influenced by age (32,39).

In terms of drug elimination, glomerular filtration rate 
(GFR) declines at a rate of approximately 1 mL/min/ 
1.73 m2 of body surface area, from 20–30 years of age 
onwards (31,34). As a result, renal drug excretion is often 
significantly reduced in the elderly, regardless of co-
morbidities. Little is known about whether biliary excretion 
and enterohepatic recirculation of drugs is affected by age.

A potential decline in liver, and likely decline in renal 
function in the elderly can cause a reduction in drug 
clearance, compared with younger adults. Drug clearance 
is the principle determinant of total drug exposure (31). 
Steady-state plasma drug concentration achieved for a 
given drug dose may be higher in elderly patients, which in 
turn, may increase the risk of toxicity (31). Lipophilic drugs 
generally have increased distribution in elderly recipients 
and an increased half-life. Hence drug concentrations 
may decline at a slower rate in the elderly (as fat acts as a 
reservoir for the drug) (35), increasing the likelihood of 
drug accumulation with multiple doses (31).

Age-related pharmacodynamic changes

Drug response is dependent on a range of factors including 
homeostatic mechanisms, receptor density and affinity, and 
signal transduction pathways (25,40,41). The entire cascade 
of events, from drug administration to patient response, 
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must be considered when examining the pharmacodynamics 
of a drug (41). Advancing biological age leads to structural 
and functional changes, including decreased physiological 
fitness and a marked decline in the robustness of the 
immune system (immunosenescence) (32). The decline 
in functional reserve in the elderly is distinctly different 
between individuals (42). 

With aging, there is a progressive reduction in the body’s 
homeostatic mechanisms. This means that in the elderly, it 
takes more time after administration of a pharmacological 
intervention (medicine) for counter-regulatory mechanisms 
to return the body to its original steady-state (32). 
Additionally, receptor number and responsiveness declines 
with age, however, this does not lead to a reduction in drug 
sensitivity or effectiveness. Instead, with advancing age, 
despite it taking longer for a drug to reach maximum effect 
(Emax), the reaction is significantly stronger, and the overall 
incidence of adverse effects is greater (32,33). Elderly 
patients may be more likely to suffer the side effects of 
medicines when dosed to the same target levels as younger 
adults. 

Immunosenescence

Immunosenescence describes the reduced immune reactivity 
observed in elderly recipients due to: a decline in naïve 
T-cells (immune cells), the accumulation of memory 
T-cells, and alteration of B-cells, causing a decrease in 
antibody response (15). Immunosenescence can affect all 
immunological compartments and causes a shift in both the 
regulation and function of the total immune system (20). The 
primary mechanism behind this phenomenon is involution 
of the thymus (shrinkage of the gland responsible for the 
development of peripheral CD4+ and CD8+ T-cells with 
age), leading to a progressive reduction in the naïve T-cell 
count (43). Reduction in naïve T-cell number corresponds 
to the accumulation of memory T-cells (21,43). Inadequate 
output of naïve T-cells prevents homeostatic equilibrium 
of the peripheral T-cell pool being restored, resulting in 
proliferation of existing peripheral T-cells (homeostatic 
proliferation). However, this new population of T-cells, 
comprised mostly of memory T-cells, has a reduced ability to 
respond to new immunological challenges (21,43).

There is a paucity of evidence surrounding the impact 
of age on the function of B-cells (44). The literature 
demonstrates that advancing age affects a decline in naïve 
B-cells (corresponding to an increase in memory T-cells), 
as well as diminished B-cell antibody response (15) 

[compounded by the reduction in T-cells which are integral 
to B-cell activation (45)]. Unlike T-cells, B-cell homeostasis 
is maintained in the periphery through a reduction in the 
turnover of mature B-cells (20). Despite this, the decline 
in B-cells causes a change in antibody specificity, and a 
reduction in plasma cells in the bone marrow (20,43).

Clinically, the effects of immunosenescence in elderly 
renal transplant patients increases the risk of infections, 
malignancies, autoimmune disorders, atherosclerosis 
and neuro-degeneration (20,46). In transplant recipients, 
immunosenescence likely lowers the risk of acuterejection (47),  
but increases the risk of drug-related adverse effects, 
particularly infections and malignancy (48). However, at 
present, the impact of immunosenescence on the immune 
system response is only partly understood (49,50).  
Consequently, it  is  sti l l  unclear how best to dose 
immunosuppressant drugs in elderly renal transplant 
recipients.

Immunosuppressant medicines

The most commonly prescribed maintenance immunosuppressive  
protocol for kidney transplant recipients is triple therapy 
with a calcineurin inhibitor (cyclosporine or tacrolimus), 
an antimetabolite (mycophenolate or azathioprine) and 
a corticosteroid (prednisolone or prednisone) (51,52). 
This combination of drugs is prescribed concurrently, 
with each drug primarily targeting a different part of the 
immune system’s response. Tacrolimus, mycophenolate 
and corticosteroids is the most commonly prescribed 
combination, regardless of age (53,54). It is thought that 
intuitively, clinicians may lower immunosuppressant 
medicine doses in elderly patients due to their reduced 
immunocompetence and increased susceptibility to side 
effects and infection, however, the literature has yet 
to confirm how widespread this practice is, and how 
therapeutic adjustments are made (55). Currently, the 
dose of tacrolimus or cyclosporine is adjusted according 
to drug concentrations measured during TDM, whereas 
antimetabolites and corticosteroids are prescribed under a 
fixed dosing regimen in most transplant centres (51).

Calcineurin inhibitors (tacrolimus and cyclosporine)

Calcineurin inhibitors (CNI), cyclosporine and tacrolimus, 
block calcineurin enzymatic activity.  Calcineurin 
phosphorylates the nuclear factors of activated T lymphocytes 
(T-cells) which results in the production of interleukin-2 (56).  
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Interleukin-2 increases the proliferation and activity of 
T-cells, which are essential for amplification of the immune 
response. Blocking calcineurin prevents interleukin-2 
transcription and T-cell receptor engagement (42,57), 
suppressing the immune system (42).  It  has been 
demonstrated in clinical trials that the rate of acute 
rejection at one-year post-transplant is significantly greater 
in patients prescribed cyclosporine compared to tacrolimus 
(P=0.001) (57). Hence, tacrolimus is now the more 
commonly prescribed CNI, and forms the foundation of 
90% patients’ initial and maintenance immunosuppressive 
regimes (7,42). 

Blockage of the calcineurin pathway affects non-immune 
cells, including neurons, skeletal and cardiac myocytes. Off-
target effects include enhanced expression of transforming 
growth factor-β and development of interstitial fibrosis (a 
feature of nephrotoxicity), and are thought to contribute to 
the toxicity observed with clinical use of CNI’s (42). Both 
cyclosporine and tacrolimus can cause nephrotoxicity and 
neurotoxicity (58). However, hypertension and cosmetic 
complications such as hypertrichosis, gingival hyperplasia 
and gynaecomastia are more frequently observed in patients 
taking cyclosporine, whilst glucose intolerance, new-onset 
diabetes mellitus, alopecia, and diarrhoea impact up to 75% 
of patients taking tacrolimus (58).

Calcineurin inhibitors have a narrow therapeutic index 
and display large intra- and inter-individual pharmacokinetic 
variability (59-61). Over-immunosuppression (too high doses) 
increases the risk of side effects including neurotoxicity and 
nephrotoxicity, whilst under-immunosuppression increases 
the risk of graft rejection (59). Elderly recipients have been 
shown to be more susceptible to CNI side effects (27), and 
hence, prescribing equivalent concentrations to younger 
recipients may increase their risk of toxicity. Currently, 
specific protocols regarding the best choice and dose of 
CNIs in elderly recipients have not been validated (1,54).

Tacrolimus is rapidly absorbed in the gastrointestinal 
tract with maximum drug concentrations generally reached 
within 1–2 hours. It is highly lipophilic, but poorly water 
soluble, and passes across the intestinal wall by passive 
diffusion (29,45). Oral bioavailability is generally poor, 
with a mean value of approximately 25%, however this 
can vary substantially between individuals (reported range 
5–95%) (42,62). Drug absorption is likely reduced by 
P-glycoprotein expression in the gastro-intestinal tract, as 
well as pre-systemic metabolism by cytochrome P450 3A 
(CYP3A) (62). Tacrolimus binds extensively to erythrocytes 
(approximately 99%), and in plasma it mainly binds to 

alpha-1-acid glycoprotein and albumin (62,63). For this 
reason, tacrolimus concentrations are typically measured 
in whole blood rather than plasma (42). Tacrolimus 
undergoes extensive metabolism via the liver and CYP3A 
system into more than 15 active metabolites, with >95% 
eliminated by the biliary route (64) and <1% unchanged 
drug excreted in the urine and faeces (51). Large variability 
in the pharmacokinetics of tacrolimus has commonly been 
attributed to a number of factors including cytochrome 
P450 genotype, drug-drug interactions, patient haematocrit, 
patient weight, time post-transplant and patient hepatic 
function (65).

Cyclosporine is highly lipophilic and only slightly water-
soluble. Oral absorption is slow, and overall, cyclosporine 
has low oral bioavailability (median: 21%) (42), with oral 
absorption ranging between 10–89% (66). Drug absorption 
is likely reduced by P-glycoprotein expression in the 
gastro-intestinal tract, as well as pre-systemic metabolism 
by CYP3A (60). Similar to tacrolimus, cyclosporine 
is extensively metabolized by hepatic CYP3A into  
>25 metabolites and excreted predominantly by the biliary 
system (90%). Renal excretion accounts for only 6% of 
drug elimination. Cyclosporine also binds extensively to red 
blood cells and therefore, whole blood concentrations are 
typically used to measure drug concentration (42). Large 
variability in the pharmacokinetics of cyclosporine has been 
commonly attributed to a number of factors including drug-
drug interactions, patient haematocrit, patient weight, time 
post-transplant and patient hepatic function (66).

Antimetabolites (mycophenolate) 

Antimetabolites (mycophenolate and azathioprine) are 
critical components of maintenance immunosuppressive 
therapy regimens as they lower the risk of acute rejection by 
blocking T- and B-cell proliferation (67). Mycophenolate 
is the typical antimetabolite of choice, as it more effectively 
lowers the acute rejection risk, when compared to 
azathioprine (58,68). Mycophenolate is available in two 
forms: mycophenolate mofetil (MMF; Cellcept®) and 
enteric-coated mycophenolate sodium (Myfortic®) which 
are roughly bio-equivalent (69). Both forms are rapidly 
converted to the active drug, mycophenolic acid (MPA), 
in the body. MPA reversibly inhibits the enzyme, inosine 
5'-monophosphate dehydrogenase (IMPDH). There are 
two isoforms of IMPDH, both of which are sensitive 
to inhibition by MPA (42). IMPDH plays a role in the 
synthesis of guanine nucleotides, which are critical to T- 
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and B-lymphocyte proliferation and function (42). Hence, 
blocking the de-novo purine synthesis pathway of guanine 
stops the proliferation of T- and B-cells, and the immune 
system is suppressed (69,70).

Mycophenolate is generally prescribed at a fixed 
dose regardless of age and has been shown to effectively 
reduce the incidence of acute rejection and improve long-
term graft survival when compared to azathioprine as an 
adjunct immunosuppressant therapy (69). Side effects are 
most commonly related to the gastrointestinal tract—
mycophenolate frequently causes diarrhoea (30% patients), 
nausea, bloating, dyspepsia and vomiting (20% patients). 
More serious side effects include leukopenia, anaemia and 
thrombocytopenia (58).

Mycophenolate mofetil is rapidly absorbed in the 
upper gastrointestinal tract and hydrolyzed into MPA 
and hydroxyethyl morpholine (an inactive metabolite 
that is rapidly metabolized and then excreted in the 
urine) (42). Peak concentrations are achieved within 
1–2 hours following oral administration. Enteric-coated 
mycophenolate sodium is more slowly absorbed, with 
peak drug concentrations occurring within 1.5–2.75 hours 
after administration (42). Mycophenolate mofetil and 
enteric-coated mycophenolic sodium formulations both 
have high oral bioavailability, approximately 80–90%. 
Drug distribution primarily occurs within the plasma 
compartment of the blood, with 97–99% of MPA bound 
to albumin. MPA metabolism is extensive and mostly 
occurs via the UGT system (71). The mostly inactive 
metabolite MPAG is then transported from liver cells into 
the bile. Once biliary excretion has occurred, MPA-7-O-
glucuronide (MPAG) may be converted back into MPA by 
glucosidase produced by the intestinal flora, resulting in 
MPA reabsorption. This enterohepatic cycle of excretion 
and reabsorption can lead to a secondary peak within the 
concentration-time profile (42). Final elimination is by 
active tubular secretion of MPAG via the kidneys (72). 
MPA displays non-linear pharmacokinetics, with complex 
and large pharmacokinetic variability (73) partly attributed 
to patient serum albumin levels, renal function, genetics, 
drug-drug interactions (45,71,72,74). 

Prednisolone and prednisone

Prednisolone and prednisone are corticosteroids that 
can interconvert. Prednisolone is the active drug moiety; 
prednisone is a pro-drug that undergoes reversible 
metabolism to the active metabolite (75). Corticosteroids are 

commonly included in initial immunosuppressant regimens 
at high doses to lower the risk of acute rejection (76),  
with doses tapered in the months following transplantation 
to lower doses (often <10 mg/day) (77). Prednisolone 
is usually given once daily in the morning to mimic the 
body’s natural diurnal rhythm of cortisol peak and trough 
concentrations (77).

Prednisolone blocks the immune system by depleting 
circulating T-cells through the inhibition of interleukin-2 
signalling and production. Additionally, it inhibits 
transcription of the inflammatory cytokine interleukin-1, 
causing a secondary anti-inflammatory effect, which in turn, 
detrimentally effects wound healing (77,78). Side effects 
associated with long-term steroid use are common (54) 
and can include cosmetic changes (cushingoid appearance), 
growth retardation, osteoporosis, impaired wound healing, 
glucose intolerance and hyperlipidaemia (58,79). Although 
TDM is not necessary (80), it is crucial that doses be 
adjusted according to an individual’s response (managing/
minimising side effects).

Studies examining immunosuppressant 
protocols in elderly recipients

Despite the possibility of physiological and metabolic 
changes with advancing age, few studies have examined 
the impact of a lower or altered immunosuppressant 
dosing protocol on graft outcomes in older adults. In 2009, 
Badowski and researchers lowered the immunosuppressant 
targets for a cohort of patients aged over 60 years. In this 
study, 101 subjects were allocated an initial regimen of 
mycophenolate mofetil 2 g/day and tacrolimus, target level 
10–12 ng/mL; and 88 subjects 1 g/day and 8–10 ng/mL  
respectively (55). Dose adjustments were made when 
required, and overall, they found that a reduction in both 
tacrolimus target drug concentrations and maintenance 
mycophenolate dosing improved long-term graft survival, 
without a corresponding increase in the risk of acute 
rejection (P=0.006) (55). Despite these findings, there have 
been no follow-up studies at different clinics, and it remains 
largely unknown whether immunosuppressant doses or 
targets should be adjusted in elderly recipients.

Additionally, there is some contention about the inclusion 
of corticosteroids in immunosuppressive regimens in the 
elderly due to long-term toxicity (76). A review by Pascual 
et al. in 2012 showed that steroid withdrawal two weeks 
after transplantation was not associated with increased 
mortality or graft loss when patients were prescribed 
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dual therapy with a CNI and mycophenolate (81). Le 
Meur et al. also concluded in 2015 that steroid avoidance 
or early withdrawal may improve patient outcomes in 
individuals with a low immunological risk (the elderly) (15). 
Resultantly, the US Registry’s current guidelines state that 
a post-transplant steroid-free regimen does not increase 
the risk of intermediate-term clinical outcomes (81), and a 
2012 Annual Report in the USA showed that approximately 
30% of all renal transplant recipients are prescribed steroid-
free regimens (7). However, a more recent Cochrane review 
of steroid usage in adult kidney transplant recipients by 
Haller et al. in 2016 reported that steroid avoidance or 
withdrawal after transplantation increased the risk of acute  
rejection (82) and concluded that steroids should form part 
of maintenance immunosuppression (82). To date no clinical 
trials examining the impact of steroid withdrawal have been 
specifically done in elderly patients (45).

Studies examining immunosuppressant PK in elderly 
recipients

Only six studies have been explicitly designed to examine 
the pharmacokinetics of immunosuppressant medicines 
in elderly renal transplant recipients. Findings have been 
summarized in Table 1 and are critiqued below.

A prospective pilot study in 2008 by Falck et al. examined 
the pharmacokinetics of cyclosporine in 11 elderly and  
14 younger adults. Elderly patients (>65 years) achieved 
similar 2-hour post-dose target levels as younger adults, with 
lower weight-adjusted doses (4.3±0.8 vs. 6.1±2.1 mg/kg/day;  
P=0.025). This led to the suggestion that drug clearance 
decreases with advancing age. Additionally, the intracellular 
concentration of cyclosporine in T-lymphocytes was 
measured, and it was found that the elderly had higher 
intracellular cyclosporine concentrations, despite similar 
whole blood concentrations. The authors suggested that 
in elderly patients a significantly larger proportion of the 
whole blood cyclosporine concentration may be located at 
the site of action (within the T-lymphocyte) indicating that 
in this population it might be safe to aim for an even lower 
target level than current guidelines (83).

In 2012, a retrospective, multi-centre study by Jacobson 
et al. examining 374 elderly renal transplant recipients over 
the first 6 months after transplantation, found that elderly 
patients (mean: 68.5 years) had higher dose-normalized 
tacrolimus trough concentrations than younger adults (84).  
After dose and body weight normalisation, tacrolimus 
concentrations were greater than 50% higher in elderly 

recipients, compared to younger adults (84). The study was 
retrospective, but involved large patient numbers (1,809 in 
total across all age groups). One study limitation was that 
only tacrolimus trough values were examined, rather than 
total drug exposure across the dosing interval. 

A prospective study by David-Neto et al. [2017] involving 
44 elderly patients and 31 younger adults examined 
tacrolimus exposure over time. Elderly recipients achieved 
higher target exposure and lower estimated total body 
clearance, with a lower normalized tacrolimus dose (85).  
The authors attribute this finding to a lower apparent 
clearance of tacrolimus in elderly patients. In this study, the 
average age of elderly patients was 65 years (85). 

A prospective, point prevalence study conducted by 
Miura et al. in 2009 was the first to examine multiple 
immunosuppressant medicines in elderly patients, and 
showed that age had no impact on dose and weight adjusted 
pharmacokinetic parameters of tacrolimus, prednisolone 
and mycophenolate (Cmax, C0 and AUC0-12h) (86). However, 
only 12 of the 110 patients studied were elderly, which 
was defined as being 60–64 years of age (86). The study 
was undertaken at a single time-point, four weeks post-
transplantation, hence, intra-patient variability and changes 
over time-post-transplantation were not considered. 

Wang et al. [2007] were the first to examine the impact of 
aging on the pharmacokinetics of mycophenolate mofetil. 
MPA exposure, based on the area under the concentration-
time curve (AUC), was significantly lower in elderly patients 
despite receiving the same MMF doses. There was however, 
no significant difference in peak drug concentration 
between the elderly and younger adult patient groups (87). 
This finding suggests that elderly patients have higher 
apparent clearance of mycophenolate, which contradicts 
our general understanding of the effects of aging on the 
pharmacokinetics of a drug. The authors instead suggest 
that elderly patients have more complex drug absorption 
processes (87). Overall, the sample size was relatively small, 
with 24 elderly and 24 younger adult patients examined. 
The mean age of the elderly patients was 65 years. As the 
study was a point-prevalence study, with each patients 
sampled between 10–12 weeks after transplantation, intra-
patient variability could not be accounted for, which may 
explain the unusual finding.

A final study by Tang et al. in 2016, compared the effects 
of aging on the pharmacokinetics of mycophenolate in 
younger adults (54 patients) and the elderly (26 patients) (70).  
Patients were repetitively sampled over the first six months 
post-transplantation, with all patients given the same dose 
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of mycophenolate mofetil. Researchers concluded that 
aging does not significantly alter mycophenolate exposure 
(AUC0–12h), which differs to the findings by Wang et al. (87) 
and Miura et al. (86). Authors suggested this may be due to 
the pharmacokinetics of mycophenolate being investigated 
repetitively both early and later post-transplantation. 
The mean age of the elderly recipients was 65 years  
(±4.9 years). Due to the necessary addition of tacrolimus 
as co-immunosuppressant therapy, the effects of ageing 
on tacrolimus were also examined. Tang et al.’s tacrolimus 
results mirrored David-Neto et al.’s (85) with both 

studies reporting that age significantly affects tacrolimus 
pharmacokinetics, with elderly patients having higher 
weight-normalized tacrolimus concentrations compared to 
younger adults (70). 

Overall,  these studies suggest that the doses of 
cyclosporine and tacrolimus required to achieve optimum 
immunosuppression in elderly patients may need to be 
lower than doses in younger adults, whilst mycophenolate 
doses should remain unchanged. No studies to date 
have looked at the effects of aging on MPA metabolites 
or free drug levels. Studies investigating the effects of 

Table 1 A summary of studies examining the pharmacokinetic parameters of immunosuppressant medicines in elderly renal transplant patients

Study origin/design

Immuno-

suppressant

studied

Sample size

Definition 

of “Elderly”; 

population studied

PK approach Results/conclusions

Falck et al. Norway; 

prospective pilot  

study (83)

Cyclosporine 18–64 years: n=14; 

>65 years: n=11

>65 years;  

mean: 73±3

Whole blood cyclosporine AUC0-

12h stable post-Tx (30–40 days) A 

and intracellular concentration in 

T-lymphocytes AUC0-6h
A

Elderly received lower doses to achieve same 

cyclosporine whole blood 2-hour post-dose target as 

younger patients (4.3±0.8 vs. 6.1±2.1 mg/day/kg;  

P=0.025), and had lower whole blood clearance 

(22.5±5.2 vs. 30.2±10.4 L/h; P=0.032) and 

low intracellular cyclosporine clearance 

(0.951×106±0.32×106 vs. 1.72×106±0.71×106 cells/hr; 

P=0.0029)

Jacobson et al.  

USA; longitudinal 

study (84)

Tacrolimus 18–34 years: n=348; 

35–64 years: 

n=1,831;  

65–84 years: n=374

>65 years;  

median: 68.5

Whole blood tacrolimus trough  

level (bi-weekly weeks 1–8 and  

bi-monthly months 3–6)B

Elderly had higher tacrolimus troughs than younger 

adults (129.8 vs. 77.1 ng/mL·mg/kg;  

D/BWD-adjustment) and received lower doses by 

1–2 mg/day; age and CYP3A5*1 genotype effects 

tacrolimus troughs

David-Neto et al. 

Brazil; longitudinal 

study (85)

Tacrolimus <60 years: n=31;  

>60 years: n=44

>60 years;  

mean: 65±3

Whole blood tacrolimus AUC0-12h  

(7, 30, 60, and 180 days post-Tx)B,E

Elderly had lower weight-adjusted tacrolimus doses 

and higher tacrolimus exposure (AUCadjusted day 7: 

2,286±1,372 vs. 1,369±582 ng·hr·kg/mL; P=0.001); 

Elderly require a lower tacrolimus dose, compared to 

younger adults (day 7: 79±27 vs. 119±35 µg/kg/day; 

P<0.01)

Miura et al. Japan; 

point prevalence  

study (86)

Tacrolimus,  

MPA and 

prednisolone

20–39 years: n=41; 

40–59 years: n=57; 

60–64 years: n=12

>60 years;  

mean: 63±3

Whole blood tacrolimusC AUC0–12h, 

plasma MPA AUC0–12h, plasma 

prednisolone AUC0–24h, plasma MPA 

AUC6-12h (estimate of enterohepatic 

recirculation)A

Age had no impact on D/BWD adjusted PK of 

tacrolimus or dose-adjusted parameters of 

prednisolone and MPA

Wang et al. China; 

point prevalence  

study (87)

MPA 18–55 years: n=24; 

>60 years: n=24 

>60 years;  

mean: 66±4

Plasma MPA AUC0-12h
A,B Mean MPA AUC0-12h significantly lower in elderly 

patients (elderly: 22.2±9.0 µg·h/mL vs. adults: 

32.8±8.8 µg·h/mL; P=0.016); no difference in:  

pre-dose, peak concentrations, or peak times, 

between groups

Tang et al. The 

Netherlands; 

longitudinal study (70)

MPA 19–58 years: n=54; 

60–76 years: n=26

>65 years;  

mean: 66±5

Plasma MPA AUC0-12h (day 6);  

Week 3, 7 and 20—limited  

sampling MPA AUCs (3 samples)A,B

Age did not significantly affect the PK of MPA; no 

age-related adjustments to dosing should be made

A, drug levels measured by a validated high-performance liquid chromatography method; B, AUC calculated using linear trapezoidal method; C, whole blood concentrations 

determined by microparticle Enzyme Immunoassay (MEIA) IMx® method; D, D/BW = dose/body weight; E, only 22 elderly patients preformed the analysis at 60 and  

180 days post-transplant. AUC, area-under the concentration-time curve; CYP3A5, cytochrome P450; MPA, mycophenolic acid; PK, pharmacokinetics; Tx, transplant.
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aging on the pharmacokinetics of corticosteroids are also 
lacking. Unfortunately, few studies have included many 
patients over 70 years of age and hence it is still largely 
unknown how the physiological process of ageing affects 
the pharmacokinetic parameters of immunosuppressant 
medicines in this cohort (27).

Additionally, a number of population pharmacokinetic 
s t u d i e s  h a v e  b e e n  p e r f o r m e d  e x a m i n i n g  t h e 
pharmacokinetics of cyclosporine, tacrolimus and MPA in 
adult kidney transplant recipients [see Han 2013, Staatz 
2011, Brooks 2016, and Kiang and Ensom, for reviews 
of these studies (65,66,71,74)]. These studies have not 
specifically examined the effect of being ‘elderly’ on the 
pharmacokinetics of immunosuppressant medicines, but 
rather looked at patient age in general, and as such, did 
not necessarily include a large number of elderly patients. 
Consequently, only some of these studies have identified 
patient age as an important covariate (88-92). As these 
studies generally look at multiple covariate factors, some of 
the effects of aging may also be explained by other patient 
factors, which can change with age (e.g., patient weight, 
renal function, haematocrit). 

Studies examining immunosuppressant PD in elderly 
recipients

Studies examining immunosuppressant pharmacodynamics 
in elderly renal transplant recipients are lacking (Table 2). 
One study by Tang et al. [2016] examined baseline inosine 
5’-monophosphate dehydrogenase (IMPDH) activity and 
MPA-induced IMPDH activity in 54 younger adults (mean 
age: 44 years) and 26 elderly (mean age: 65 years) renal 
transplant recipients. Patients were repetitively sampled 
for the first six months after transplantation. Overall, 
researchers found no difference in IMPDH activity pre-
transplantation between the two age groups and there 

was no significant difference in AEC0–12h [area under the 
effect-time curve), EC50 (concentration that yields half the 
maximum response (31)] or Emax (70). This led researchers 
to conclude that age does not affect the pharmacodynamics 
of MPA (70). Clearly, further studies are required.

Transplant outcomes
Elderly renal transplant patients are at greatest risk of both 
morbidity and mortality (Table 3) (100). Elderly recipients are 
more susceptible to drug-related adverse effects, particular 
cardiovascular disease and infection (27,101), as well as more 
likely to suffer increased co-morbidity, both of which have 
been shown to increase post-transplant complications (27) 
and negatively impact patient survival (47,96).

Elderly recipients are more likely to die from infectious 
or cardiovascular-related causes due to side effects of 
immunosuppressant medicines, rather than graft failure 
(27,32,100). A study by Ojo et al. showed that renal 
transplant recipients aged over 65 years were seven times 
more likely to die with a functioning graft compared with 
young adults (aged 18–29 years) (46,100,102). This suggests 
that an optimal balance between immunosuppressant 
medicine efficacy and toxicity is not achieved in elderly 
recipients and further studies are needed to foster long-
term graft and patient survival. 

The risk of infection-related mortality has been 
shown to increase exponentially with age, due to reduced 
immune reactivity (29,103,104). Meier-Kriesche et al. 
reported in 2000 that elderly renal transplant recipients 
have a five-fold increase in their overall risk of death due 
to infection, compared with recipients aged between 30–
39 years (105). Risk of infection, both opportunistic and 
non-opportunistic, is also increased with pharmacological 
over-immunosuppression, as infection is a side effect 
of immunosuppressant medicines (103). The literature 
suggests that lower maintenance immunosuppressant 

Table 2 A summary of studies examining the pharmacodynamics effects of immunosuppressant medicines in elderly renal transplant recipients

Study origin/

design

Immuno-

suppressant

studied

Sample size Inclusion criteria

Definition of 

“Elderly”;  

population studied

PD approach Results/conclusions

Tang et al. The 

Netherlands; 

longitudinal 

study (70)

MPA 19–58 years: 

n=54;  

60–76 years: 

n=26

Uncomplicated 

recovery to a kidney 

transplant, regimen 

included MPA

>65 years;  

mean: 66±5

IMPDH activity—baseline,  

day 6, weeks 3, 7 and 20  

post-transplant, measured 

using area under the effect 

(IMPDH activity)—time curve 

(AEC0–12h)
A

Baseline IMPDH activity showed 

large inter-individual variability. 

No significant differences in 

IMPDH activity at baseline or 

any time point post-transplant 

between age groups

A, calculated using a linear trapezoidal model. IMPDH, inosine 5'-monophosphate dehydrogenase; MPA, mycophenolic acid.
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Table 3 A summary of studies examining transplant outcomes in elderly versus younger adult renal transplant recipients

Study origin/

design
Sample size

Definition of “Elderly”; 

population studied
Transplant outcomes Results/conclusions

Schulak et al.  

USA; prospective 

study (93)

TOTAL: n=29. Low risk 

patients—no diabetes or 

cardiovascular disease

≥60 years;  

mean: 62±2

Overall 1 year patient survival in the elderly—82% High risk patient survival was worse 

(P=0.055); therefore, comorbidity pre-

transplant screening is important. 

Patient death was the major cause of 

graft loss in elderly recipients

Graft survival in the elderly* at: 1 year 84% low risk 

patients vs. 58% high risk patients

Patient survival in the elderly* at: 1 year 91% low risk 

patients vs. 67% high risk patients

Doyle et al.  

USA; retrospective 

study (94)

TOTAL: n=1,846: ≥60 years: 

n=206; 18–59 years: n=1,640

≥60 years;  

mean: 64±3

Graft survival* at (P<0.0001): 1 year 83% younger 

adults vs. 73% elderly; 5 years 70% younger adults 

vs. 56% elderly

Patient (P<0.001) and graft (P<0.001) 

survival decreased in elderly compared 

to younger adults.  

Pre-transplant history of malignancy, 

vascular disease and smoking history 

increased risk of graft loss and patient 

death in elderly (P<0.001)

Patient survival* at (P<0.0001): 1 year 96% younger 

adults vs. 85% elderly; 5 years 86% younger adults 

vs. 69% elderly

Graft loss due to death—45% younger adults vs. 

61% elderly (P>0.05)

Otero-Ravina 

et al. Spain; 

retrospective 

study (95)

TOTAL: n=621: <60 years: 

n=137; >60 years: n=484

> 60 years;  

mean: 64±3

Graft survival* at: (P=0.0012): 1 year 82% younger 

adults vs. 73% elderly, and; 5 years 70% younger 

adults vs. 56% elderly

Mortality and graft survival greater in 

younger adults compared to elderly 

recipients (P<0.05)

Patient survival * at: (P<0.0001): 1 years 96% younger 

adults vs. 85% elderly; 5 years 86% younger adults 

vs. 69 elderly

Graft loss in elderly—47% due to patient death

Huang et al.  

USA; retrospective 

study (96)

Total: n=31,179: 60–69 years: 

n=24,877; 70–79 years: 

n=6,103; 80+: n=199

>60 years;  

median: 64

Graft survival* at (P<0.0001): 2 years: 60–69 (89%), 

70–79 (86%), 80+ (73%)

Increased mortality risk in >80 years 

group compared with 60–69 year group 

(P<0.0001)Graft loss: greater in 80 years than 60–69 years  

(HR 1.78, 95% CI: 1.42–2.23)

Boesmueller 

et al. Austria; 

retrospective 

study (46)

Total: n=83: <70 years:  

n=64; ≥70 years: n=19

>70 years;  

mean: 72.7

Graft survival* at (P>0.05): 1 year 94.4% younger 

adults vs. 95% elderly; 5 years 79% younger adults 

vs. 52% elderly

Major cause of graft loss in both groups 

was death with a functioning graft Patient 

survival reduced in elderly, compared with 

younger adults (P=0.028). Morbidity in 

elderly related to hemodynamic, oncologic 

and infectious events

Patient survival* at (P=0.028): 1 year 94.4% younger 

adults vs. 95% elderly; 5 years 82.6% younger adults 

vs. 67% elderly

Impedovo 

et al. USA; 

retrospective 

study (97)

Total: n=761: >60 years:  

n=69; <60 years: n=692

>60 years;  

mean: 60±11

Graft survival at: 1 year 97% younger adults vs. 91.9% 

elderly; 3 years 95.4% younger adults vs. 79.0% 

elderly; 5 years 94.2% younger adults vs. 79% elderly

Elderly had worse survival compared to 

younger adults (P=0.0005). Common 

causes of death in the elderly were 

myocardial infarction, other cardiovascular 

complications and tumours

No difference in death censored graft survival at 1, 3, 

and 5 years (P=0.08) between groups

Hatamizadeh 

et al. USA; 

retrospective 

study (98)

Total: n=15,667: 65–69 years: 

n=10,101; 70–74 years: 

n=4,271; 75+: n=1,295. 

Reference group,  

15–64 years: n=129,803

>65 years;  

mean: 67±1

Mortality risk increase: 1.8 folds 65–74 group vs. 

2.0 folds elderly group (reference was baseline 

comparison)

Transplantation attenuates mortality 

risk, and comorbidities are not 

associated with poorer outcomes in 

elderlyPatient survival—poor predictors: obesity  

(BMI >30 kg/m²) and diabetes

Karim et al. UK; 

retrospective 

study (13)

Total: n=19,103: <50 years: 

n=11,421; 50–59 years: 

n=4,195; 60–69 years: 

n=2,887; 70–79 years:  

n=589; 80+ years: n=11

>70 years Mortality risk increased with age*: <50 (5.8%),  

50–59 (14.2%), 60–69 (22.0%), 70–79 (31.9%),  

and 80+ (45.5%)

Overall risk of death increased with 

each additional decade >50 years 

(P<0.001)

Most common causes of death in elderly were cardiac 

(21.2%), infection (21.2%) and malignancy (20.2%)

Wu et al.  

USA; cohort 

study (99)

TOTAL: n=1,102:  

60–86 years: n=266

>65 years Most common co-morbidities—diabetes 30.3%, heart 

failure 11.9%

Increased comorbidity number (≥5) 

negatively affects patient survival 

(P<0.001).CCI score ≥5 more likely in older patients

Patient death significantly higher with CCI score ≥5 

(HR 2.67; 95% CI: 1.75–4.08; P<0.001)

*, calculated by Kaplan-Meier methods. BMI, body mass index; CCI, Charlson Comorbidity Index; CI, confidence interval; HR, hazard ratio.
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targets in elderly recipients may decrease patient 
susceptibility to side effects, which in turn, would 
lower the risk of infection (14), however, studies in 
patients aged above 70 years have yet to establish this 
(19,100,106).

Co-morbidities increase with advancing age, irrespective 
of transplantation. A study by Wu et al. [2005] examined 
the impact of patient co-morbidities on acute rejection 
and patient and graft survival in a cohort of 1,102 adult 
renal transplant patients (Table 3) (99). The study did not 
specifically examine elderly patients, however, 266 patients  
aged greater than 60 years (median age: 67 years) were 
included (99). Wu and researchers showed a trend toward 
an increasing number of co-morbidities over time, with 
significantly more patients having greater than five co-
morbidities at the study’s conclusion (P<0.05). The 
results also showed that patients with greater than five 
co-morbidities were at significantly greater risk of death 
both immediately and more than three months post-
transplantation, compared to patients with less than five co-
morbidities (P<0.05) (99). With respect to age, researchers 
showed that elderly patients had the lowest survival rate, 
with survival decreasing with increasing age (P<0.05). 
Overall, this study serves to show the detrimental effect of 
co-morbidity number on both acute and long-term patient 
and graft outcomes (99).

Conclusions

As the number of elderly patients undergoing renal 
transplantation continues to rise rapidly (107), it is crucial 
that current immunosuppressant prescribing practices 
be more clearly examined and defined. It is imperative 
that the effects of aging on the pharmacokinetics and 
pharmacodynamics of immunosuppressant medicines 
be established so that the most safe and efficacious 
immunosuppressive regimens are prescribed. 

From the limited studies done to date, it appears that 
elderly transplant recipients have higher tacrolimus 
exposure (up to 50% greater), despite receiving lower 
adjusted doses, whilst mycophenolate exposure remains 
unchanged. These preliminary findings support the 
assumption that CYP associated metabolism is more likely 
to be affected by aging than metabolism by UGTs (108). 
Future studies should examine MPAG exposure in the 
elderly, as this is likely to increase with reduced patient 

renal function. MPAG competes with MPA for protein 
binding sites, and a reduction in renal function may 
increase MPAG levels in the elderly. Resultantly, higher 
MPAG levels could potentially influencing mycophenolate 
dosing, if adjustments were made according to total drug 
exposure. Further studies are also required to ascertain the 
effect of ageing on intracellular drug levels in lymphocytes.

Based on the results of a single study, there appears 
to be no difference in the effect of mycophenolate on 
IMPDH activity between elderly and younger adult 
recipients, however, further studies are required to 
corroborate and confirm this finding. Future studies 
should also examine CNIs, in terms of their maximum 
effect (Emax) on calcineurin inhibition, as currently, elderly 
recipients are most likely to suffer CNI side effects, but it 
is not completely understood as to why. What is clear is 
that the elderly are at greatest risk of immunosuppressant 
side effects, with the three main causes of death being 
infection, malignancy and cardiovascular disease attributed 
to immunosuppressant medicine usage (27,45,100,101). 
This suggests that the pharmacodynamic effects of 
immunosuppressant medicines are influenced by age. It 
is difficult to know with certainty whether a difference 
in baseline reserve or difference in drug sensitivity (31)  
(or both) is responsible for the change in patient 
responsiveness to immunosuppressant medicines in elderly 
renal transplant recipients.

Like any transplant group, the elderly are a heterogeneous 
sub-population and this influences patient responsiveness to 
drugs. Because of this unpredictability, elderly renal transplant 
recipients may not only require less immunosuppression but 
also specific, individualised changes, as immunosenescence 
affects some immunological targets more so than others (45). 
The complexity surrounding appropriate immunosuppressant 
dosing is compounded by the usage of combination 
immunosuppressant drug treatments. Currently, it is 
unknown whether elderly recipients justly require the same 
level of immunosuppression to support graft outcomes 
as younger adults, nor which immunosuppressant agents 
or target concentrations best achieve optimal patient and 
graft outcomes (106,109). Further studies are required to 
characterise these age-related changes (110).
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