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Abstract
What is known and objectives: Tacrolimus is used to treat patients with lupus nephri-
tis; however, its time course and dose effect on proteinuria in lupus nephritis patients 
remain unknown. The purpose of this study was to determine the time course and 
dose effect of tacrolimus on proteinuria in lupus nephritis patients via model-based 
meta-analysis (MBMA).
Methods: PubMed, Web of Science, Cochrane Library and ClinicalTrials.gov data-
bases were systematically searched for information on the efficacy of tacrolimus 
against proteinuria in lupus nephritis patients. Useful data were extracted to build a 
model for the population studied using a non-linear mixed-effect model (NONMEM). 
This model was applied to simulate time course of tacrolimus on proteinuria using 
Monte Carlo simulations.
Results: Ten clinical studies that recruited 222 patients with lupus nephritis were 
included. Based on various diagnostic plots, we found that the established model 
described the observed data reasonably well. In addition, the typical Emax and ET50 
of tacrolimus for 24-hour proteinuria in lupus nephritis patients were −5.88 g and 
0.37 months, respectively. The baseline value of 24-hour proteinuria affected Emax. 
No significant dose-response relationship was observed in the range of tacrolimus 
concentration used in the present study (3-10 ng/mL), indicating that the effect of 
tacrolimus on proteinuria depends on effective concentration range and not the 
dose. However, the time course relationship was obvious; the efficacy of tacrolimus 
increased over time, reaching a plateau (80% Emax) at approximately 1.48  months 
from the beginning of treatment.
What is new and conclusion: When the concentration range of tacrolimus is main-
tained at 3-10 ng/mL, at least 1.48 months of treatment is required to achieve a bet-
ter outcome with regard to proteinuria in lupus nephritis patients.
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1  | WHAT IS KNOWN AND OBJEC TIVES

Systemic lupus erythematosus (SLE) is a chronic autoimmune dis-
ease that affects multiple organs.1 Complex interaction between the 
genetic environment and hormones leads to immune dysregulation 
and a subsequent breakdown in tolerance to autoantigens, result-
ing in inflammation of autoantibodies and destruction of organs.2 
Different organs are involved in various manifestations, at the same 
time or successively, including the urinary, nerve, cardiovascular, 
blood and other systems.3-6 Among these, lupus nephritis is one of 
the most severe complications of SLE and its incidence rate is up to 
60% of patients with SLE.7 If not treated with proper medication, 
lupus nephritis can lead to irreversible kidney damage and subse-
quently deteriorate into end-stage renal disease.

As is known to all, proteinuria is an important risk indicator for 
progression of kidney damage in lupus nephritis patients. Hence, con-
trolling proteinuria is particularly important for the treatment of lupus 
nephritis.8 Many studies have found that tacrolimus has been used to 
treat patients with lupus nephritis and has had a good effect on con-
trolling proteinuria.9-11 In addition, a published systematic review and 
meta-analysis also confirmed that tacrolimus may be more effective 
at reducing proteinuria, having potential implications for long-term 
outcome.12 However, the time course and dose effect of tacrolimus 
on proteinuria in patients with lupus nephritis remain unknown. This 
is because the meta-analysis methodology has its own limitations. For 
example, meta-analysis usually ignores the inter-trial heterogeneity of 
the included studies. In addition, traditional meta-analysis usually ana-
lysed only the endpoint efficacy; the entire time-effect process could 
not be described.13 In other word, it is unknown how long it takes 
for tacrolimus treatment on proteinuria in lupus nephritis patients. 
Therefore, a new method is needed to assess the time course and 
dose effect of tacrolimus on proteinuria in lupus nephritis patients.

Model-based meta-analysis (MBMA) is a key tool for model-in-
formed drug discovery and development,14 which enables accurate 
description of the time course and dose-effect relationships from 
drugs.15,16 Compared to the traditional meta-analysis, the efficacy 
data of each time point can be fully utilized by MBMA.15,16 Therefore, 
the purpose of this study was to explore the time course and dose 
effect of tacrolimus on proteinuria in lupus nephritis patients using 
MBMA.

2  | METHODS

2.1 | Search strategy

A comprehensive literature search was conducted using PubMed, 
Web of Science, Cochrane Library and ClinicalTrials.gov data-
bases up to December 2019, with the terms ‘lupus nephritis’ and’ 
tacrolimus’. Inclusion criteria were as follows: (I) clinical studies; 
(II) studies including tacrolimus dosing; (III) reports with details on 
tacrolimus dosing regimen and drug contact time; and (IV) studies 

with information about changes in proteinuria. Patient treatment 
information and data on 24-hour proteinuria were extracted from 
published studies qualifying all the inclusion criteria.

2.2 | Data extraction and model development

Data were extracted from the published studies, including country, 
number of patients, treatment duration, tacrolimus dose, sex, age, 
drug combination, baseline value of 24-hour proteinuria and the 
change in 24-hour proteinuria from baseline.

Owing to the change in 24-hour proteinuria, proteinuria varied 
with time and reached a plateau, which was in-line with the Emax 
model. Thus, the Emax model was used to assess the effect of tacro-
limus on proteinuria in lupus nephritis patients in the present study 
as shown in Equation (1):

Ei,j represents the change in 24-hour proteinuria from baseline 
at the observation time point j in the study i. Emax is the theoretical 
maximum change of 24-hour proteinuria from baseline. ET50 rep-
resents the treatment duration to reach half of the maximal change 
in 24-hour proteinuria from baseline. η1,i and η2,i are the inter-study 
variabilities of Emax and ET50, assumed to be normally distributed 
with a mean of 0 and variance of �2

1
 and �2

2
, respectively. εi,j rep-

resents the residual error of study i with j time, and Ni,j is the sam-
ple size in study i with time point j. εi,j is weighted by sample size, 
assumed to be normally distributed, with a mean of 0 and variance 
of σ2/(Ni,j/100).

When the covariate model was built, categorical covariates were 
evaluated according to Equation 2, whereas the continuous covari-
ates were evaluated using Equation 3 or Equation 4:

Ppopur is the model parameter for a patient with a covariate value 
of COVA. COVAmedia is the median value of the covariable in the 
population. PTyple is the typical value of the parameter when cate-
gorical covariates are equal to 0 or continuous covariates are equal 
to COVAmedia. θcovar is the correction coefficient of the covariate to 
the model parameter.

NONMEM was used for model development. Once the basic 
model is completed, potential covariates such as country, treatment 
duration, tacrolimus dose, sex, age, drug combination and baseline 
value of 24-hour proteinuria are considered to add into Emax. The co-
variate model was established using the forward inclusion-backward 

(1)Ei,j =
(Emax × exp(�1,i)) × Timej

(ET50 × exp(�2,i)) + Timej
+

�i,j
√

Ni,j

100

.

(2)Ppopur = PTyple + COV�covar,

(3)Ppopur = PTyple +
(

COVA − COVAmedia

)

⋅�covar,

(4)Ppopur = PTyple

(

COVA∕COVAmedia

)

, �covar.
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elimination method.17 During the forward addition, covariates at the 
P < .05 level were included in the model, and during backward elim-
ination, covariates at the P < .01 level were retained in the model.17

2.3 | Model validation

The accuracy of the final model fit was assessed by visual inspection 
of routine diagnostic plots. Monte Carlo simulations were performed 
1000 times to predict 95% confidence intervals of the parameters 
from the final model. Prediction-corrected visual predictive check 
plots were used for assessing final model predictive performance.

2.4 | Prediction

The curve of efficacy compared with Emax from the final model was 
simulated by Monte Carlo method, and the time required to achieve 

50%, 60%, 70%, 80%, 90%, and 95% Emax of tacrolimus on proteinu-
ria in lupus nephritis patients.

2.5 | Software

The model estimation and simulation were performed using 
NONMEM software (edition 7, ICON Development Solutions).

3  | RESULTS

3.1 | Included patients

An overview of the strategy for literature review is shown in Figure 1, 
which identified ten clinical studies and a total of 222 patients with 
lupus nephritis. As shown in Table 1, the sample size ranged from 7 to 
74; the treatment duration ranged from 6 to 36 months; tacrolimus 

F I G U R E  1   Overview of the strategy 
for literature review
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dosage was flexible, and the range of tacrolimus concentration used 
in the present study was 3-10 ng/mL.

3.2 | Model and evaluation

The parameter values of the final model are shown in Table 2. The 
typical Emax and ET50 of tacrolimus on 24-hour proteinuria in lupus 
nephritis patients were −5.88 g, and 0.37 months, respectively. The 
baseline value of 24-hour proteinuria had an impact on Emax, which 
can be quantified as follows:

For every 1g increased in the baseline value of 24-hour protein-
uria, the Emax increased by 0.98 g. No significant dose-response 

relationship was observed in the range of tacrolimus concen-
tration in the present study (3-10 ng/ml), thus showing that the 
effect of tacrolimus on proteinuria in lupus nephritis patients de-
pends on the effective tacrolimus concentration range, not the 
dose.

In addition, as shown in Table 2, 95% confidence intervals for 
the parameters of the final model from Monte Carlo simulations 
indicated the stability of the model well. Individual predictions 
vs. observations, population predictions vs. conditional weighted 
residuals (WRES) and conditional WRES vs. time are shown in 
Figure  2, showing the good fitting of the final model. The visual 
predictive check plots were used to assess the predictive perfor-
mance of the final model, as shown in Figure 3, and most observed 
data were included in the 95% prediction intervals produced by 

(5)Emax = −5.88 + (baseline − 4.41)(−0.98).

TA B L E  1   Characteristics of studies included in the model-based meta-analysis data set

Study Nationality Patients (n)

Treatment 
duration 
(mo) Tacrolimus dosage Male (%) Age (y)

Drug 
combination

Mok et al 2005 China 9 6 The initial dose was 0.1 mg/kg/day, 
beginning from the third month, and 
the dose of tacrolimus was reduced to 
0.06 mg/kg/day and maintained until the 
end of 6 months (flexible)

33.33 33.3 Prednisolone

Mok et al 2016 China 74 6 Tacrolimus initial dosage 0.1 mg/kg/day, 
reduced to 0.06 mg/kg/day if clinical 
response was satisfactory at month 3 
(flexible)

5.41 36.2 Prednisolone

Lee et al 2010 Korea 9 12 The starting dosage was 0.1 mg/kg/day 
(flexible)

11.11 31.0 Prednisolone

Mao et al 2019 China 11 36 Tacrolimus 0.05 mg/kg was administered 
at onset, and the maximum dose was 
2 mg (flexible)

27.27 10.5 Prednisolone, 
ciclosporin

Fei et al 2013 China 26 6 The initial dose was 2 mg/day (body 
weight < 60 kg) or 3 mg/day (body 
weight ≥ 60 kg). If patients did not 
respond after 2 months of treatment, the 
dosage was increased to a maximum of 
4 mg/day and maintained throughout the 
study period. Change in tacrolimus dose 
was generally made in steps of 0.5 mg per 
2 weeks (flexible)

15.38 29.4 Prednisolone

Kagawa 
et al 2012

Japan 8 6 The initial dosage was 3 mg/day (flexible) 0 48.5 Prednisolone, 
mizoribine

Bao et al 2008 China 20 9 The dosage of tacrolimus was initiated at 
4 mg/day (3 mg/day for patients weighing 
≤50 kg; flexible)

20.00 27.2 Prednisolone, 
Mycophenolate 
mofetil

Wang et al 2019 China 7 12 2-3 mg/day (flexible) 42.86 14.2 Prednisolone

Szeto et al 2008 China 18 6 Tacrolimus was started at daily dose of 
0.1-0.2 mg/kg/day (flexible)

11.11 38.2 Prednisolone

Wang et al 2012 China 40 12 The initial dosage was 0.08 mg/kg/day for 
patients with eGFR more than 40 mL/
min/1.73 m2 and 0.04 mg/kg/day for 
patients with eGFR <40 mL/min/1.73 m2 
(flexible)

20.00 33.9 Prednisolone
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simulation data, which demonstrated the predictive power of the 
final models.

3.3 | Prediction

The curve of efficacy compared with Emax with time is shown 
in Figure  4. The efficacy of tacrolimus at 0.37  months was only 
about 50% of the Emax drug value, and the ratio increased to 60% 
at 0.56  months, 70% at 0.87  months, 80% at 1.48  months, 90% 
at 3.33  months and 95% at 7.03  months. That is to say, at least 
1.48  months of treatment is required to achieve a plateau (80% 
Emax).

4  | DISCUSSION

Tacrolimus is a first-line immunosuppressant that has been widely 
used for liver,18 kidney,19 haematopoietic stem cell transplantations,20 

TA B L E  2   Parameter estimates of final model and 95% 
confidential interval

Parameter Estimate SE (%)

Simulation (n = 1000)

Median

95% 
confidence 
interval

Emax, g −5.88 67.9 −5.88 [−5.88, −5.88]

ET50, month 0.37 15.7 0.37 [0.37, 0.75]

θBaseline −0.98 – −0.98 [−0.98, −0.98]

�Emax
0.488 1.3 0.489 [0.003, 0.597]

�ET50
1.200 13.4 1.158 [0.003, 2.178]

ε 0.404 18.7 0.409 [0.249, 1.123]

Note: 95% confidential interval was displayed as the 2.5th and 97.5th 
percentiles of Monte Carlo simulations. Emax, Emax of tacrolimus on 24-h 
urine protein in lupus nephritis; ET50, ET50 of tacrolimus on 24-h urine 
protein in lupus nephritis; θBaseline, impact of baseline of 24-h urine 
protein in lupus nephritis on Emax; �Emax

, inter-study variability of Emax; 
�ET50

, inter-study variability of ET50; and ε, residual error.

F I G U R E  2   Visual inspection of routine diagnostic plots. A, Individual predictions vs. observations, B, population predictions vs. 
conditional weighted residuals (WRES) and C, conditional WRES vs. time
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systemic lupus erythematosus,21 lupus nephritis22 and other dis-
eases. The use of tacrolimus for the treatment of lupus nephritis, 
especially proteinuria, can be significantly reduced.23-32 The purpose 
of this study was to quantify the effect of tacrolimus on proteinuria 
and provide valuable information regarding proteinuria treatment in 
patients with lupus nephritis using MBMA.

In recent years, MBMA, a new quantitative analysis method, has 
been used in pharmaceutical research.15,33-44 The general steps of 
MBMA include (a) collecting clinical study data from relevant liter-
ature; (b) combining clinical studies and establishing a pharmacody-
namic model and statistical model; (c) introducing potential covariates 
to investigate the effect of drug dose, course of treatment, baseline 
and other factors on efficacy, and establishing a final model; and (d) 
predicting the efficacy of different drug regimens or time required 
to achieve the desired efficacy based on the simulation of the final 
model. For example, Luu et al reported a model-based meta-analysis 

of the effect of latanoprost chronotherapy on the circadian intra-
ocular pressure in patients with glaucoma or ocular hypertension.45 
Li et al reported the quantitative efficacy of soy isoflavones on 
menopausal hot flashes46; Renard et al reported characterization 
of the bronchodilatory dose response to indacaterol in patients 
with chronic obstructive pulmonary disease using model-based ap-
proaches.47 In summary, MBMA has become an important tool for 
comparing drug efficacy, making drug development decisions, and 
optimizing clinical delivery protocols for drug development.

To our knowledge, this is the first study to explore the quantitative 
efficacy of tacrolimus on proteinuria in lupus nephritis patients. A total 
of 222 patients with lupus nephritis were included from China, Japan 
and Korea. In the final model, the typical Emax and ET50 of tacrolimus 
on 24-hour proteinuria in lupus nephritis patients were −5.88 g and 
0.37 months, respectively. The baseline value of 24-hour proteinuria 
had an impact on Emax. For every 1 g increase in the baseline value of 

F I G U R E  3   Prediction-corrected 
visual predictive check plots. A: Mok et 
al 200523; B: Mok et al 201624; C: Lee 
et al 201025; D: Mao et al 201926; E: Fei 
et al 201327; F: Kagawa et al 201228; G: 
Bao et al 200829; H: Wang et al 201930; I: 
Szeto et al 200831; J: Wang et al 201232; 
Median, 2.5% CI and 97.5% CI were 
simulated by Monte Carlo (n = 1000); CI, 
confidence interval

F I G U R E  4   Model prediction. Emax, the 
theoretical maximum change of 24-hour 
proteinuria from baseline
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24-hour proteinuria, the Emax increased by 0.98 g. In addition, no signif-
icant dose-response relationship was observed in the range of tacroli-
mus concentration involved in the present study (3-10 ng/mL), showing 
that the effect of tacrolimus on proteinuria depended on its effective 
concentration range, not the dose. The result was explicable; tacroli-
mus was transported by P-glycoprotein,48 which is an energy-depen-
dent transmembrane efflux pump (adenosine triphosphate–binding 
cassette B1) encoded by the multidrug resistance 1 (ABCB1) gene.49 
In addition, it was metabolized via hepatic cytochrome P450 (CYP)3A4 
and CYP3A5 in the liver and intestine, and subsequently eliminated into 
the bile.50 Patients carrying uncertain gene polymorphisms can pro-
foundly influence the relationship between dose and tacrolimus con-
centration. In other words, its concentration may also vary significantly 
between patients with different genotypes at the same dose. Since 
there is no significant dose-response relationship, clinical efficacy is 
rarely measured by tacrolimus dose; instead, the drug concentration is 
controlled within a certain range. Many studies have reported that the 
clinical use of tacrolimus in transplantation,51 nephrotic syndrome52 
and SLE21 was also based on maintaining the concentration within a 
certain range using therapeutic drug monitoring. In fact, many drugs 
in combination can affect the metabolism of tacrolimus, and the ad-
vantage of using the tacrolimus window in this study is that we can 
adjust its flexible dose to keep the concentration within the window 
through routine therapeutic drug monitoring, simplifying the complex 
clinical problems. In other words, regardless of how other treatments 
affect tacrolimus concentration, there is need to flexibly increase or 
decrease the dose of tacrolimus to get to the required treatment win-
dow. The same is true for its usage in patients with kidney transplants; 
due to the inter- and intra-individual differences in pharmacokinetics 
of tacrolimus during treatment, its clinical dose is often flexible rather 
than fixed, and the relationship between tacrolimus and its efficacy is 
often measured by drug concentration rather than dose. For example, 
the target concentration of tacrolimus in patients with kidney trans-
plants within the therapeutic window of 5-15 ng/mL is considered ef-
fective,51,53 instead of a fixed dose.

Additionally, based on the clinical trials identified so far, partic-
ularly the ten clinical studies including a total of 222 patients with 
lupus nephritis, the range of tacrolimus concentration used in the 
present study was 3-10 ng/mL, in which the tacrolimus concentra-
tion is effective for the treatment of urinary protein in lupus ne-
phritis. In addition, while maintaining the tacrolimus concentration 
range at 3-10 ng/mL, the duration to achieve 50%, 60%, 70%, 80%, 
90% and 95% of efficacy against proteinuria in lupus nephritis pa-
tients was 0.37, 0.56, 0.87, 1.48, 3.33 and 7.03 months, respectively. 
This indicates that at least 1.48 months of treatment is required to 
achieve a plateau (80% Emax).

5  | WHAT IS NE W AND CONCLUSION

This is the first study to explore the quantitative efficacy of tacroli-
mus on proteinuria in lupus nephritis patients; it provides valuable 
quantitative information regarding the efficacy of tacrolimus against 

proteinuria in the population studied. With a tacrolimus concentra-
tion range of 3-10 ng/mL, a treatment duration of 1.48 months is re-
quired to achieve better outcome with regard to proteinuria in lupus 
nephritis patients.
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