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Object: Tacrolimus is a crucial immunosuppressant used to prevent renal transplant rejection. While, long-term application of 
tacrolimus can lead to several adverse reactions that worsen patient prognosis, such as posttransplantation diabetes mellitus and renal 
injury. This study developed population pharmacokinetic/pharmacodynamic (PK/PD) models from clinical data to investigate the 
relationships between tacrolimus dose, exposure, and adverse effects in renal transplant recipients.
Methods: Demographics, the CYP3A5 genotype, laboratory results, and co-medications were tested as covariates, and dose 
simulations were performed based on the final models. The population PK model was described by a one-compartment model with 
first-order elimination and a fixed absorption rate. The CYP3A5 genotype, Wuzhi (WZ) capsule, and postoperative days were 
significant covariates of tacrolimus clearance. Fasting plasma glucose (FPG) and estimated glomerular filtration rate (eGFR) were 
characterized by the trough concentration (C0) of tacrolimus in a PK/linear model and maximal inhibitory effect, respectively. Age 
significantly influenced the baseline FPG and eGFR. The initial eGFR was strongly affected by hemoglobin.
Results: The simulations revealed that patients with CYP3A5*1 treated without WZ capsule, for whom no less than 3 mg q12 h as the 
initial dose was needed, whereas patients with CYP3A5*3/*3 combined with WZ capsule might experience kidney damage even if the 
dose is 2 mg q12 h; thus, patients with the CYP3A5*3/*3 genotype combined with WZ capsule are not recommended.
Conclusion: The population PK/PD models quantified the relationships between tacrolimus dose, exposure, and adverse effects in 
renal transplant patients, which could serve as a reference for optimizing the individualized dosage of tacrolimus.
Keywords: tacrolimus, PK/PD model, exposure‒response analysis, renal transplant, individualized treatment

Introduction
The rational application of immunosuppressive agents is the key factor for the success of renal transplantation.1 

Tacrolimus has been widely used as a first-line immunosuppressant in clinical practice, but it can cause adverse effects 
under long-term application.2 Compared with cyclosporine, tacrolimus has a 10~100 times stronger immunosuppressive 
effect, significantly improves graft survival, and reduces the incidence of rejection.3,4 However, it causes more adverse 
effects, including posttransplantation diabetes mellitus (PTDM) and renal dysfunction, which may adversely affect the 
long-term prognosis.5–7 PTDM is a common and serious complication following solid organ transplantation, with an 
incidence rate of 20% to 30% in kidney transplant recipients,8 tacrolimus is the most frequent cause of PTDM among 
immunosuppressants.9 On the other hand, studies have shown that the incidence of nephrotoxicity in renal transplant 
patients with long-term use of tacrolimus can arrive at 30%~40%,10 may be slightly higher than that of cyclosporine.11
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Tacrolimus has a narrow therapeutic range (5~15 ng) and a highly variable bioavailability of 5%~93%.12,13 

Therapeutic drug monitoring (TDM) is an approach used to adjust the trough concentration (C0) of tacrolimus to achieve 
the target TDM range.14 However, TDM alone is insufficient due to its inherent lag time. Quantitative pharmacology- 
based modeling can help address this limitation by leveraging prior data to develop personalized dosing regimens for 
patients in advance. Population pharmacokinetic (PK) modeling is currently the most widely used approach for achieving 
tacrolimus precision dosing in solid organ transplant recipients.15 Numerous studies have explored the influence of 
tacrolimus pharmacokinetics in different demographic, genomic, and pathophysiologic scenarios as well as other aspects. 
Postoperative days (POD), the CYP3A5 genotype, and hematocrit impact the clearance of tacrolimus.16–18 Chinese 
scholars reported that the use of Wuzhi (WZ) capsules reduced the clearance of tacrolimus.19 The Clinical 
Pharmacogenetics Implementation Consortium guidelines recommend CYP3A5 genotyping to determine initial tacroli
mus doses for kidney transplant recipients.20 In Chinese practice, WZ capsules are commonly added to maintenance 
regimens as they slow tacrolimus metabolism. However, when combined with WZ capsules, standard tacrolimus doses 
lead to more frequent adverse effects in CYP3A5 poor metabolizers. This makes it crucial to understand how both factors 
influence tacrolimus exposures and effects for proper dose individualization. In addition, body weight is a significant 
covariate of the apparent volume of distribution of tacrolimus in patients with renal transplant.21 Nevertheless, most of 
the current literature has focused on the factors influencing tacrolimus PK but has not linked tacrolimus exposure with 
clinical outcomes. Campagne et al examined the relationships between tacrolimus exposure and extrarenal adverse 
effects, such as gastrointestinal reactions and neurotoxicities.22 The relationships between tacrolimus exposure and 
adverse reactions such as PTDM and renal injury remain to be explored.

Therefore, this study developed population PK/pharmacodynamics (PD) models of tacrolimus to reveal the factors 
that influence tacrolimus’s PK properties and the relationship between tacrolimus exposure and adverse reactions in renal 
transplant patients. Moreover, simulations based on PK/PD models may provide references for individual tacrolimus 
regimens in patients with renal transplant.

Methods
Patients and Study Design
This study retrospectively collected data from 126 renal transplant recipients in the Second Affiliated Hospital of 
Chongqing Medical University from September 2021 to March 2024; these patients were randomly divided at a ratio 
of 4:1 into an index group and a validation group. Patients were recruited if they were aged more than 18 years with renal 
transplant and underwent treatment with tacrolimus-based regimens. Those who could not have an accurate tacrolimus 
dosage or who had serious diseases were excluded. Tacrolimus was administered within 24 hours after renal transplanta
tion, with an initial dose of 0.05~0.15 mg/kg/day, and the dosing interval was 12 hours. The subsequent dose was 
adjusted on the basis of C0 to achieve the target TDM range of tacrolimus; the adjustments were 8~12 ng/mL in the first 
1 month, 6~10 ng/mL from 1 to 3 months and 4~10 ng/mL from 3 to 12 months after transplantation.14 Tacrolimus was 
monitored twice a week within 2 weeks after surgery, once a week for the next 3~4 weeks, and then every 2 weeks 
thereafter.23 This study was conducted in accordance with the principles of the Declaration of Helsinki. Approval was 
granted by the Ethics Committee of the Second Affiliated Hospital of Chongqing Medical University (2023–50), and the 
National Clinical Trial number presented at clinicaltrials.gov is NCT05872815.

Biological Analysis and Data Collection
Whole-blood trough concentrations of tacrolimus were measured via an enzyme-amplified immunoassay via the Syva 
Viva-ProE® System (Zhu Hai Livzon Diagnostics Inc., China). C0 was obtained from TDM, and the demographic 
information of patients, such as sex, age, weight, and blood type, was collected from hospital electronic medical records. 
CYP3A5 gene categories and laboratory test results, including hemoglobin (HB), hematocrit, white blood cell count, total 
bilirubin, aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, γ-glutamyl transpeptidase, uric 
acid, and creatinine, were also collected. The co-medications (amlodipine, WZ capsule, metoprolol, omeprazole) were 
recorded to investigate their potential interactions with tacrolimus. Moreover, fasting plasma glucose (FPG) and the 
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estimated glomerular filtration rate (eGFR) were used as indicators of the level of blood glucose and renal function, 
respectively.

Population PK Modeling
Because only C0 of tacrolimus was available in this study, a one-compartment model with first-order conditional 
estimation was selected to describe the PK parameters using a nonlinear mixed effects model (NLME) in Phoenix 
(version 8.3.5). In addition, the absorption rate constant (Ka) was 3.09 h−1 and 4.5 h−1 on the basis of previous 
studies.16,24 An exponential random effect model was applied to describe the interindividual variability (IIV):

where Pi represents the parameter estimate for the ith individual, tvP is the population typical value of the parameter, and 
ηi is a random variable of assumed normal distribution with a mean of zero and variance of ω2. Additive residual, 
proportional, and mixed error models were tested separately to account for residual variability.

After the base population PK model was determined, the potential covariates were analyzed, including demographic 
information, genotype of CYP3A5, and laboratory tests, as well as co-medications. Fewer than 10% of the patients were 
not of Han nationality, and fewer than 5% of patients were not treated with omeprazole; thus, ethnicity and omeprazole 
were not included in the covariate analysis. Genotypes of CYP3A5*1/*1 and CYP3A5*1/*3 seem to accelerate 
tacrolimus metabolism in renal transplant patients;16,17 therefore, both genotypes were mixed as CYP3A5*1. The 
investigated covariates were analyzed using the stepwise approach, and those whose objective function values (OFVs) 
decreased by more than 6.64 (p < 0.01, df = 1) in forward inclusion and increased by more than 10.83 (p < 0.001, df = 1) 
in backward elimination were considered significant. Apart from the statistical significance, the biological and clinical 
implications of the covariates were also considered when developing the covariate model.

Goodness-of-fit (GOF) plots were drawn to evaluate the model fits, and the relative standard error (RSE) was used to 
evaluate the precision of the parameter estimates for the final PK model. Additionally, a bootstrap method with 1000 
replicates was applied to assess the model’s stability and robustness. Moreover, a prediction-corrected visual prediction 
check (pcVPC) with 1000 replicates and external data was performed to evaluate the predictive performance of the final 
model.

Exposure‒Response Analysis
To investigate the relationships between tacrolimus exposure and adverse effects, FPG and the eGFR were used as PD 
indicators to establish PK/PD models. The PK/PD models were sequentially built following the population PK model. 
The following models were tried out to correlate C0 with FPG and eGFR: direct effect, indirect effect, and linear model. 
Ultimately, the PK/linear model and the maximal inhibitory effect (Imax) model described the relationships between C0 
and FPG and eGFR, respectively, as follows:

where FPG is the estimate of fasting plasma glucose in patients with renal transplant; FPG0 represents the baseline FPG 
before renal transplantation; and β is the slope. The eGFR is the patient’s estimated glomerular filtration rate; eGFR0 is 
the eGFR at baseline, which is the time at which renal function reaches stability after transplant; Imax represents the 
maximum renal injury that tacrolimus might cause; IC50 is the concentration required to achieve half of Imax; and Cp,t is 
the trough concentration of tacrolimus at time t.

The IIVs of the PK/PD models were utilized via an exponential random effect model, and additive, proportional and 
mixed residual error models were tested for residual variability. In addition, the covariate screening process and the 
evaluation of the two PK/PD models were similar to those of the population PK model. Selected PD parameters (β, IC50, 
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and Imax) were fixed in the final model, and we assessed the robustness of this approach through sensitivity analyses 
examining ±30% variations in these parameters and their effects on key output metrics.

Simulations
Patients were divided into four subpopulation groups based on the significant covariate of the PK model: the CYP3A5*1 
genotype combined with or without the WZ capsule and the CYP3A5*3/*3 genotype combined with or without the WZ 
capsule. For the C0-FPG model, simulations were first conducted to display the time courses of C0 and FPG in four 
subpopulations given dosing regimens of 1~4 mg q12 h for one month after renal transplantation. In clinical treatment, 
the dose of tacrolimus is often adjusted early based on C0 to rapidly reach the target TDM range and reduce adverse 
effects. The TDM range was set at 6~10 ng/mL on the basis of Chinese guidance14 and the doctor’s experience. 
Therefore, we simulated tacrolimus dose gradually increasing or decreasing by 0.5 mg on day 3, 7, 11, 14 after first dose 
(day 1) in the base of monitor frequency and finally stopped at a maintenance dose in different subgroups. When FPG is 
greater than 7.0 mmol/L, PTDM might be more likely to occur.25

For the C0-eGFR model, the relative estimated glomerular filtration rate (ReGFR) was utilized as an index to evaluate 
the degree of renal injury.26 When the ReGFR decreased by more than 20%, renal function impairment was considered. 
The ReGFR can be described by the following equation:

where eGFR is the observation at a given time and eGFR0 is the eGFR when renal function reached stability after renal 
transplant, we assumed that the time was the seventh day after surgery on the basis of the phenomenon that most patients’ 
renal function returned to stability on the seventh day after transplantation in our study. Similarly, 1~4 mg dosing 
regimens of tacrolimus were firstly simulated in the four subgroups to explore the effect of covariates on PK curves and 
ReGFR. Then the dose was gradually adjusted by 0.5 mg on each of postoperative day 7, 11, 14, and 21, at which point 
adjusts stopped and patients received the maintenance dose.

Results
Patient Characteristics
The total dataset of 126 renal transplant recipients with 2279 C0 samples, 2055 FPG points and 2334 eGFR values was 
analyzed in this study. The characteristics of the patients in the index group and validation group are presented in Table 1. 
The median age of the index population was 38 years, and more than half of the patients had the CYP3A5*3/*3 
genotype. Nearly one-third of the population took WZ capsules. The C0 values of tacrolimus, FPG, and eGFR used in the 
population PK model and PK/PD models are displayed in Figure 1.

Population PK Model
In this study, the PK properties of tacrolimus were described by a one-compartment model with a first-order conditional 
estimation in renal transplant patients, and the Ka was fixed to 3.9 h−1 on the basis of the OFV value and GOF plots. The 
additive error model best described the residuals of the PK model. Furthermore, the parameter estimates of the base 
model and final model are listed in Table 2, and the GOF plots for the final PK model are shown in Supplementary 
Figure 1. The CYP3A5 genotype, WZ capsule, and POD significantly affected the apparent clearance (CL/F) of 
tacrolimus after covariate screening. A brief summary of the covariate screening process is displayed in 
Supplementary Table 1. The PK parameters of the final model for tacrolimus were as follows:

WZ = 1 if WZ is present; otherwise=0
Genotype = 1 if the genotype is CYP3A5*3/*3; otherwise, it = 0
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where 2248 L is the tacrolimus apparent volume of distribution (V/F). No significant covariate was found for V/F. 
The CL/F typical value of tacrolimus was 33.7 L/h, CL/F increased with POD, while WZ capsule usage and CYP3A5*3/ 
*3 genotype reduced the tacrolimus CL/F. Bootstrap results of the final population PK model are presented in Table 2. 
The results demonstrated that the model was robust, with a 100% success rate of simulation in Phoenix NLME. The 
estimate of WZ capsule alone was not precise enough (RSE > 30%), but the 95% confidential interval did not cross zero, 

Table 1 Summary of Characteristics of Renal Transplant Patients

Characteristics Index Dataset (n = 100) Validation Dataset (n = 26)

Number 
(%)

Mean (± SD) Median (Range) Number 
(%)

Mean (± SD) Median (Range)

Sex

Male 64 (64.00) 16 (61.54)

Female 36 (36.00) 10 (38.46)

Age (years) 38.3 ± 11.61 38 (19, 65) 36.94 ± 12.08 36 (18, 65)

Weight (kg) 59 ± 11.85 60 (31, 99) 63.19 ± 10.06 63 (41, 85)

Height (m) 1.64 ± 0.08 1.65 (1.43, 1.80) 1.67 ± 0.07 1.68 (1.50, 1.78)

BMI (kg/m2) 21.66 ± 3.34 21.3 (14.57, 34.66) 22.7 ± 2.7 22.99 (16.42, 27.76)

Postoperative days 50.98 ± 49.27 34 (0, 182) 34.62 ± 34.83 19.5 (0, 134)

Tacrolimus dosage (mg) 2.35 ± 0.85 2.5 (0.5, 5.5) 2.55 ± 0.89 2.5 (0.5, 6.0)

C0 (ng/mL) 6.88 ± 2.52 6.4 (1.2, 28.2) 6.89 ± 2.64 6.7 (1.7, 27.8)

C0/Dose (ng/mL/day) 1.78 ± 1.16 1.51 (0.15, 16.30) 1.58 ± 0.95 1.40 (0.28, 9.20)

Ethnicity

Han 92 (92.00) 25 (96.15)

Others 8 (8.00) 1 (3.85)

Genotype

CYP3A5*1/*1 8 (8.00) 2 (7.69)

CYP3A5*1/*3 31 (31.00) 10 (38.46)

CYP3A5*3/*3 61 (61.00) 14 (53.85)

Donor type

Corpse 76 (76.00) 20 (76.92)

Living body 24 (24.00) 6 (23.08)

Laboratory tests

Hematocrit (%) 35.13 ± 5.52 34.8 (15, 56.6) 33.6 ± 5.39 34.2 (18.7, 46.5)

Hemoglobin (g/L) 112.22 ± 17.23 111 (50, 178) 108.98 ± 17.15 111 (60, 152)

Albumin (g/L) 42.43 ± 3.19 42.3 (26.7, 56) 42.56 ± 4.63 42.6 (0.8, 56.3)

White blood cells (109/L) 8.56 ± 3.3 8.17 (1.09, 28.3) 8.11 ± 3.32 7.51 (1.99, 32.66)

Neutrophils (109/L) 6.68 ± 4.09 6.1 (0, 152) 6.25 ± 3.21 5.46 (0.38, 31.92)

Total bilirubin (μmol/L) 9.32 ± 3.87 8.67 (2.3, 42.3) 8.95 ± 3.8 8.15 (0.1, 38.7)

Aspartate aminotransferase (U/L) 18.63 ± 9.1 17 (2, 122) 19.74 ± 10.72 17 (6, 111)

Alanine aminotransferase (U/L) 22.35 ± 18.27 17 (1, 223) 27.83 ± 26.55 20 (3, 206)

Alkaline phosphatase (U/L) 90.61 ± 134.37 71.7 (3.4, 2047) 83.68 ± 43.31 74 (25, 251)

γ-glutamyltranspeptidase (U/L) 31.36 ± 25.87 24 (7, 518) 32.5 ± 17.55 30 (7, 111)

Uric acid (μmol/L) 325.5 ± 85.88 327.05 (81, 711) 315.68 ± 87.27 322.8 (75, 573)

Creatinine (μmol/L) 201.89 ± 194.59 137.85 (0.3, 1497.4) 207.1 ± 213.99 137.7 (0.1, 1629.8)

Estimated glomerular filtration   
rate (mL/min/1.73 m2)

55.18 ± 27.87 54.5 (3.1, 171.3) 52.05 ± 26.04 50.4 (2.9, 122.5)

Fasting plasma glucose (mmol/L) 6.01 ± 1.55 5.66 (1.45, 20.79) 6.17 ± 1.83 5.6 (3.74, 23.02)

Comedications

Mycophenolate (g) 0.69 ± 0.14 0.75 (0.25, 2.00) 0.71 ± 0.12 0.75 (0.25, 1.00)

Wuzhi capsule 33 (33.00) 7 (26.92)

Amlodipine 73 (73.00) 21 (80.77)

Metoprolol 65 (65.00) 18 (69.23)

Omeprazole 99 (99.00) 25 (96.15)

Abbreviations: BMI, body mass index; C0, trough concentration.
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which indicated that this parameter was relatively stable. The pcVPC plot in Supplementary Figure 2 and the external 
validation result in Supplementary Table 2 indicated that the final population PK model had good predictive performance.

Exposure‒Response Analysis
Equations 2 and 3 were applied to describe the relationships between tacrolimus C0 and FPG and eGFR, respectively. 
The proportional error model was found to best describe the residuals of the PK/PD models. In the C0-FPG model, β was 
fixed at 0.264, and in the C0-eGFR model, Imax was fixed at 30 mL/min/1.73 m2, and the IC50 was fixed at 10 ng/mL. 
The results of the parameter estimates are presented in Table 2, and the covariate screening process of the PK/PD models 
is summarized in Supplementary Tables 3 and 4. Only age had a significant effect on FPG0 (ΔOFV = 18.765, df = 1, p < 
0.001), the relationship of which is described below.

Figure 1 Trough concentrations of tacrolimus and FPG and eGFR versus time. Concentration versus time since first dose (a) and time since last dose (b), FPG versus time 
since first dose (c) and eGFR versus time since stable renal function (d). 
Abbreviations: FPG, fasting plasma glucose; eGFR, estimated glomerular filtration rate.
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where 4.2 is the typical value of FPG before transplantation and 38 is the median age of renal transplant patients in the 
index group. FPG0 increased with age.

Additionally, age (ΔOFV = 39.013, df = 1, p < 0.001) and HB (ΔOFV = 17.784, df = 1, p < 0.001) significantly 
affected the eGFR0 in the C0-eGFR model. This relationship can be described as follows:

where 52.3 is the typical value of the baseline eGFR when renal function has recovered to stability after renal 
transplant, and 111 represents the median HB value of the index population.

The parameter estimates of the final PK/PD models and the bootstrap results listed in Table 2 indicated that all the 
parameters were estimated precisely (RSE < 30%). The GOF plots of the final models are shown in Figure 2, and the 
external validation results are presented in Supplementary Table 2. As shown in Figure 3a, the pcVPC results showed 
that the FPG predictions might be greater than the observations 500 h after the first administration of tacrolimus in the 
C0-FPG model. Most of the observations were within the 90% forecast range, the eGFR could be well predicted in 
Figure 3b. The fixed PD parameters demonstrated less than 15% impact on effect values (Supplementary Table 5), and 
combined with the diagnostic plot results presented above, we conclude that the fixed PK parameters are acceptable for 
this model.

Table 2 Parameter Estimates of the Population PK/PD Models and the Bootstrap Results

Parameter Base Model Final Model Bootstrap Results of the Final Model

Estimate RSE (%) Estimate RSE (%) Median RSE (%) 95% CI

PPK model

Ka (h
−1) 3.09 FIX 3.09 FIX 3.09 FIX

V/F (L) 1497 11.1 2248 10.4 2217 12.9 1660 - 2789

CL/F (L/h) 24.7 4.2 33.7 6.9 33.4 9.3 27.3–39.4

POD on CL/F 0.109 4.7 0.105 27.5 0.052–0.164
WZ on CL/F −0.211 8.5 −0.204 64.7 (−0.433 to −0.047)

CYP3A5*3/*3 on CL/F −0.381 21.1 −0.38 25.3 (−0.554 to −0.188)

IIV CL/F (%) 35.7 18.7 32.6 17.1 32.6 15.9 27.0–37.3
IIV V/F (%) 89.6 25.1 88.6 19.3 88.5 22.8 65.5–122.5

Residual errorAdditive (ng/mL) 2.31 0.7 2.20 1.0 2.19 3.6 2.02–2.33

C0-FPG model
FPG0 (mmol/L) 4.1 2.4 4.2 2.3 4.2 1.7 4.1–4.3

β 0.264 FIX 0.264 FIX 0.264 FIX

Age on FPG0 0.232 23.9 0.233 22.7 0.131–0.345
IIV FPG0 ((%) 18.9 19.8 17.0 19.9 16.8 17.4 13.6–19.5

Residual errorProportional (%) 23.2 1.2 23.1 1.2 23.1 3.2 21.7–24.6

C0-eGFR model
eGFR0 (mL/min/1.73 m2) 71.9 2.8 52.3 2.8 52.0 9.4 42.6–61.2

IC50 (ng/mL) 10 FIX 10 FIX 10 FIX

Imax (mL/min/1.73 m2) 30 FIX 30 FIX 30 FIX
Age on eGFR0 −0.403 14.8 −0.403 16.4 (−0.525 to −0.254)

HB on eGFR0 0.254 4.9 0.256 28.6 0.132–0.417

IIV eGFR0 (%) 26.9 12.9 22.1 13.8 21.8 16.6 18.1–25.6
Residual errorProportional (%) 17.4 0.5 17.2 0.6 17.1 4.6 15.6–18.7

Abbreviations: PK/PD, pharmacokinetic/pharmacodynamic; RSE, relative standard error; CI, confidential interval; PPK, population pharmacokinetic; Ka, 
absorption rate constant; V/F, apparent volume of distribution; CL/F, apparent clearance; POD, postoperative days; WZ, Wuzhi capsule; IIV, interindividual 
variability; C0, trough concentration; FPG, fasting plasma glucose; FPG0, baseline fasting plasma glucose; β, slope; eGFR, estimated glomerular filtration rate; 
eGFR0, baseline estimated glomerular filtration rate; IC50, concentration for 50% of maximal inhibitory effect; Imax, maximal inhibitory effect; HB, hemoglobin.
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Figure 2 GOF plots for the final PK/PD models of tacrolimus in patients with renal transplant. (A) is for C0-FPG model, (B) is for C0-eGFR model. (A and B) both show 
observations versus IPRED (a); observations versus PRED (b); CWRES versus PRED (c); CWRES versus time after first dose or stable renal function (d). 
Abbreviations: GOF, goodnessof-fit; PK/PD, pharmacokinetics/pharmacodynamics; C0, trough concentration; FPG, fasting plasma glucose; eGFR, estimated glomerular 
filtration rate; IPRED, individual predictions; PRED, population predictions; CWRES, conditional weighted residual error.

Figure 3 Prediction-corrected visual predictive checks based on 1000 simulations of the final PK/PD models. (a) is for C0-FPG model, (b) is for C0-eGFR model. The red 
solid line is the median line of observations, the red shaded area stands for its 90% prediction interval. The red dashed lines are the 5% and 95% percentile of the 
observations, and the blue shaded area stand for their 90% prediction intervals, respectively. The blue circles refer to observations. 
Abbreviations: PK/PD, pharmacokinetics/pharmacodynamics; C0, trough concentration; FPG, fasting plasma glucose; eGFR, estimated glomerular filtration rate.
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Simulations
The profiles of tacrolimus C0 and the FPG of the four subpopulation groups were derived from simulations (Figure 4). 
C0 and FPG increased with increasing tacrolimus dosage. Additionally, C0 decreased with time after transplantation in 
the simulations because the CL/F of tacrolimus increased with POD. Because the CYP3A5*3/*3 genotype and WZ 
capsule were associated with a lower CL/F of tacrolimus, the other three subgroups needed a larger dose to reach the 
target TDM range than did the subgroup of patients with CYP3A5*3/*3 who took WZ capsules. In addition, an FPG 
higher than 7.0 mmol/L could not be detected when tacrolimus was dosed at 1~2 mg q12 h in the four subpopulations. 
Nevertheless, when dosed at 4 mg q12 h, PTDM was more likely to occur in almost all the groups.

The adaptive simulations shown in Figure 5 demonstrate that that individuals with the CYP3A5*3/*3 genotype 
treated with the WZ capsule should start with an initial dose of 2~3 mg q12h and maintain a dose of 2 mg q12 h to 
achieve TDM range quickly and with a low probability of PTDM; individuals with CYP3A5*3/*3 who are not treated 
with the WZ capsules should be dosed with 2~3 mg q12 h and be maintained at 2~2.5 mg q12 h; the dose selection range 
for the group of the CYP3A5*1 genotype combined with the WZ capsules is relatively broad, it can start with 2~3 mg 
q12 h and maintain a dose of 2~3 mg q12 h; and patients with CYP3A5*1 not treated with the WZ capsule, starting with 
an initial dose of 2 mg, are difficult to reach the TDM range within 7 days of administration, therefore, it is necessary to 
start with an initial dosage of 3~4 mg q12 h, and the maintenance dose can be selected at 2.5~3.5 mg.

Simulations were conducted in the C0-eGFR model with different dose regimens for one month beginning 7 days 
after surgery to explore the relationship between tacrolimus exposure and renal toxicity. As illustrated in Supplementary 
Figure 3, in concordance with the results of simulations in the C0-FPG model, the probability of renal damage in the four 
subgroups was very small, but the TDM range was not reached when tacrolimus was dosed at 1 mg q12 h. Additionally, 
renal function could fall by 20% in four subgroups at a 4 mg q12 h of tacrolimus. For all the subgroups, it is difficult to 

Figure 4 Simulations for the time course of tacrolimus trough concentrations (a) and FPG (b) in the four subpopulation groups under various daily doses. The dash lines in 
(a) represent the criteria of 6~10 ng/mL, and the dashed line in (b) stands for the 7.0 mmol/L. 
Abbreviation: FPG, fasting plasma glucose.
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keep a balance between achieving the TDM range and avoiding renal injury (Supplementary Figure 4), and the group of 
CYP3A5*3/*3 combined with the WZ capsules can occur renal damage even with a low dose of 2 mg q12 h. In any case, 
avoiding the problem of rejection is the priority. Therefore, individuals with CYP3A5*3/*3 combined without the WZ 
capsule, 2~3 mg q12 h as the initial dose regimen and 2 mg as the maintaining dose were acceptable; patients with 
CYP3A5*1 who were treated with the WZ capsule could start with 2~3 mg q12 h and maintain a dose of 2~2.5 mg 
q12 h; and those with CYP3A5*1 who were not treated with the WZ capsule using a starting dose of 3~4 mg and 
maintaining a dose of 2.5~3 mg were better (Supplementary Figure 4).

Discussion
Because of the high individual variability and narrow therapeutic range of tacrolimus, C0 is monitored in the clinical 
treatment of renal transplant. Some covariates that significantly influence tacrolimus PK parameters have been found and 
multiple population PK models for tacrolimus have been established and utilized in dose adjustment for kidney transplant 
patients.15,27,28 In addition, several studies have revealed the relationship of tacrolimus PKs and therapeutic effect 
biomarkers using exposure-response analysis, including such measures as calcineurin and activated T lymphocytes.29–31 

However, how to integrate the PK parameters and clinical outcomes remains to be solved, and solving that problem will 
make bigger difference for clinical treatment. The pioneering work by Campagne’s group linked tacrolimus exposure 
(dose-adjusted AUCss,0–12h and CL) to specific non-renal toxicities (diarrhea, dyspepsia, insomnia) in renal transplant 
patients.22 Notably, critical exposure–response relationships for PTDM and nephrotoxicity still await systematic inves
tigation. In this study, we sequentially developed a population PK model for tacrolimus and established exposure- 

Figure 5 Simulations for the time course of tacrolimus trough concentrations (a) and FPG (b) in the four subpopulation groups under adaptive dosing regimen. After 3 days 
at a single dose level, the tacrolimus daily doses were increased or decreased by 0.5 mg and finally stopped at a maintaining dose. The dash lines in (a) represent the criteria 
of 6~10 ng/mL, and the dashed line in (b) stands for the 7.0 mmol/L. 
Abbreviation: FPG, fasting plasma glucose.
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response models linking C0 to FPG and eGFR to quantitatively demonstrate the relationships between tacrolimus 
exposure and adverse effects to optimize tacrolimus dose adjustments in early vs late post-transplantation phases in 
patients with different genotypes and co-medications.

Because only trough concentrations of tacrolimus were collected and absorption phase data were lacking in this 
cohort, a one-compartment model was selected. Previous studies lacking absorption-phase data typically fixed the Ka at 
either 3.09 h−¹ or 4.5 h−¹.16,24 In developing our population pharmacokinetic model, we evaluated both values. Both 
tested values yielded acceptable precision for the model-estimated volume of distribution and clearance (RSE < 30%). 
However, when Ka was set at 3.09 h−¹, the OFV value and GOF plots demonstrated significantly better performance 
compared to Ka = 4.5 h−¹. We therefore fixed Ka at 3.09 h−¹ as the final parameter. Three genotypes of CYP3A5 were 
initially investigated in the covariate screening process of the population PK model, and the results showed that they all 
significantly influenced the tacrolimus CL/F, while the parameters could not be well estimated (RSE >30%). Previous 
researchers have reported that CYP3A5 genotype strongly affects tacrolimus clearance, in which CYP3A5*1/*1 and 
CYP3A5*1/*3 accelerate metabolism and individuals with CYP3A5*3/*3 have the lowest clearance rate.16,17,24 

Therefore, we combined CYP3A5*1/*1 and CYP3A5*1/*3 as CYP3A5*1 to go through the screening; as a result, the 
parameters were finally estimated precisely.

Population differences may be the reason for the somewhat larger value of V/F in the final PK model in this study 
(2248 L) compared to earlier investigations.24,32 Additionally, as our model was developed using C0 without absorption- 
phase or distribution-phase sampling, this could potentially introduce some bias in the V/F estimation. However, our 
sensitivity analysis demonstrated that varying V/F by ±30% resulted in predicted concentration changes ranging from 
−6% to +8%, all within the pre-defined acceptable threshold of ±15%. When combined with the diagnostic plots from the 
final population PK model and external validation results, we conclude that the estimated V/F remains pharmacologically 
plausible and clinically reasonable for our study population. Some potential covariates that had a significant influence on 
V/F in other reports, such as body weight, hematocrit, and co-medications, were also tested in this study. However, none 
of the variables was included in the population PK model after covariate screening, which process is summarized in 
Supplementary Table 1. For the CL/F of tacrolimus, three significant covariates (CYP3A5 genotype, WZ capsule, POD) 
were discovered, consistent with previous studies.19,24,33

To investigate the relationship between tacrolimus exposure and adverse drug reactions, PK/PD models were 
developed using FPG and eGFR as PD biomarkers. Research shows PTDM significantly raises cardiovascular risks 
and mortality in transplant patients.34 A Spanish study found that kidney transplant recipients with impaired glucose 
tolerance or elevated FPG within the first year had higher cardiovascular event rates.35 Furthermore, patients showing 
consistently high FPG (≥7.0 mmol/L) or abnormal glucose tolerance tests (≥11.1 mmol/L) in the initial 10 postoperative 
weeks faced increased mortality risk.36 For practical clinical application, this study uses FPG as the primary glucose 
monitoring parameter. Additionally, current quantitative pharmacology models typically assess kidney function in 
transplant recipients using either eGFR or serum creatinine. However, creatinine’s variable reference ranges based on 
age and gender limit its comparability across populations.37 To ensure consistent renal function evaluation, this study 
employs eGFR as the primary metric for post-transplant kidney function assessment. C0 was correlated with FPG and 
eGFR by direct effect, indirect effect, and linear models. However, none of the models could estimate well (RSE < 30%) 
and explain reasonably for all PD parameters simultaneously. Therefore, some PD parameters were fixed to avoid 
overparametrization as well as to obtain fitting models. Some PK/PD models reported in the past also fixed the PD 
parameter or fixed the IIV value of the PD parameter to zero.26,38 The FPG prior to renal transplantation was used as the 
baseline in the C0-FPG model, and the cumulative incidence rate of PTDM within six months following renal 
transplantation (0.264) was set as the slope β.39 Because most of the FPG observations were collected 3 months after 
transplantation in our study and we did not rule out the possibility that blood glucose might increase as a stress response 
after renal transplantation,40 the model might overestimate FPG, which is a limitation of this study. As the pcVPC plot in 
Figure 3a illustrates, the model might predict that FPG is higher than that observed in the first 500 hours after the first 
dose of tacrolimus.

Approximately 2% of tacrolimus is excreted in the urine, and bile is the main elimination route; thus, tacrolimus 
exposure is not significantly affected by renal function.41 However, high concentrations of tacrolimus may cause renal 
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injury.42 Renal function improved a few days after transplantation, and the nephrotoxicity of tacrolimus could not be 
reflected at that time. Therefore, the eGFR at the time of renal function recovery stabilization after transplantation was 
regarded as the baseline rather than the eGFR after the first dose of tacrolimus in the C0-eGFR model. The time to get 
stable renal function varies from person to person due to individual differences, in our data, the vast majority of patients 
returned to stable state by day 7 after surgery. Different effect models were explored to link C0 and eGFR, but it was 
discovered that the parameter estimates of IC50 and Imax cannot be reasonably interpreted in clinical practice. As previous 
studies reported that the incidence of nephrotoxicity will greatly increase when the C0 of tacrolimus is higher than 10 ng/ 
mL,43 10 ng/mL was assumed to be the IC50. Additionally, Imax was fixed at 30 mL/min/1.73 m2 because if the eGFR was 
lower than 30 mL/min/1.73 m2, the patient would reach stage 4 chronic kidney disease,44 implying severe renal 
impairment, which also occurred in several patients in this study. By fixing these parameters, the model was successfully 
established, but to some extent it also made it difficult to estimate the inter-individual variation of PD indicators. 
Furthermore, eGFR is going to be affected by the compound too; therefore, it is essential to explore a more physiolo
gically relevant model that assesses the impact of both the transplant and tacrolimus on eGFR changes in the future.

Age was a significant covariate of the baseline FPG and eGFR in the PK/PD models. FPG0 increased with age, while 
eGFR0 decreased with age, which could be explained by the biological fact that blood glucose metabolism and renal 
function decline with age.45,46 In addition, eGFR0 also increased with increasing HB. Erythropoietin (EPO), which is 
secreted by kidney, participates in the production of red blood cells; thus, as renal function is damaged, EPO secretion 
decreases, and HB is eventually reduced. HB is an indirect predictor of renal function.47 As Supplementary Table 3 and 4 
presented, amlodipine showed a significant effect on FPG0 (ΔOFV = −8.613, p < 0.01), POD and body weight 
significantly influenced on eGFR0 in forward inclusion respectively (ΔOFV = −8.000 for POD, ΔOFV = −8.451 for 
body weight, p < 0.01), but none of them was ultimately included in the final model because they did not meet the criteria 
for backward exclusion (p < 0.001). More information is needed to quantify the relationships between demographics, 
drug combinations, and PK or PD parameters.

In the simulations, the target TDM range of tacrolimus was set at 6~10 ng/mL 3 months after renal transplant, on the 
basis of the Chinese kidney transplantation guidelines14 and clinical experience. FPG was set to 7.0 mmol/L by the 
diagnostic criteria of diabetes after renal transplant,25 and the decrease in eGFR relative to eGFR0 was taken as an 
indication of the degree of renal function damage. WZ capsule is often prescribed for patients with CYP3A5*1/*1 but 
rarely for patients with CYP3A5*3/*3, while patients with CYP3A5*1/*3 may or may not be treated with it in clinical 
practice. As we pooled CYP3A5*1/*1 and CYP3A5*1/*3 into the CYP3A5*1 group in this study, there were individuals 
with CYP3A5*1 combined with WZ capsule or not. In addition, as shown in Supplementary Table 6, 11 individuals had 
CYP3A5*3/*3 combined with WZ capsule, therefore, we decided to run simulations for the four subgroups. Although 
age and HB influenced FPG0 and eGFR0 significantly, they did not affect the FPG and eGFR values after tacrolimus 
treatment, so these two covariates were not simulated in subgroups.

A limitation of this study is that the population PK model was established only from trough concentrations of 
tacrolimus and lacked the necessary information to estimate the absorption parameters, which could compromise the 
model’s predictive performance. Previous reports including intensive blood sampling data have shown that the Area 
Under the Curve (AUC) may be a more appropriate PK indicator for establishing PK/PD models,17,22 Our next work will 
employ Bayesian estimation of AUC from limited samples or incorporate early-phase PK sampling to better characterize 
the dose-exposure-response relationship. On the other hand, since the stress response after transplantation could not be 
excluded and the observed values of FPG at 3~6 months did not collect sufficient data in the C0-FPG model, the model 
might overestimate the FPG value. Furthermore, the parameters associated with changes (β for FPG and Imax/IC50 for 
eGFR) are fixed, and there is no way to account for individual variability in PD, limiting the model’s ability to provide 
accurate predictions; thus, more reasonable models still need to be explored and we will prospectively evaluate whether 
model-informed dosing achieves target drug concentrations while mitigating adverse effects for clinical implementation. 
It should be noted that this is a single-center study, so its broader applicability across ethnic groups, especially in 
populations where WZ capsules are not administered or CYP3A5 genotypes cannot be known warrants further 
investigation. Moreover, clinical implementation of the models presents several practical challenges, including licensing 
requirements, specialized technical infrastructure, and the need for dedicated personnel training. The model’s dosing 
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simulations and real-world clinical implementation require further validation. Nevertheless, this study developed 
population PK/PD models that could quantitatively describe the relationship between tacrolimus exposure and adverse 
reactions in renal transplant patients, which might provide some insights into choosing individual tacrolimus regimens.

Conclusion
In summary, this is the first study to quantitatively reveal the relationship between the dose, exposure, and adverse effects 
of tacrolimus in patients with renal transplant through PK/PD models. The CYP3A5 genotype and WZ capsule are 
crucial for choosing the appropriate dose of tacrolimus. Individuals with CYP3A5*3/*3 who not combined with the WZ 
capsule or with CYP3A5*1 combined with the WZ capsule have the advantage of quickly reaching the TDM range while 
reducing the risk of PTDM and nephrotoxicity. Patients with the CYP3A5*1 genotype who are not treated with WZ 
capsules should be given a dose of no less than 3 mg to reach the TDM range within 7 days after administration. The 
group of CYP3A5*3/*3 patients treated with the WZ capsule achieved the TDM range, and the FPG value was at 
a controllable level within 1 month after surgery under the tacrolimus dosage regimen of 2 mg q12h, while the eGFR 
decreased by 20% compared with the baseline value. Patients with a CYP3A5*3/*3 mutation treated with the WZ 
capsule should be aware of nephrotoxicity even when tacrolimus is administered at a low dose.
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