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Tacrolimus, an immunosuppressant used in solid organ transplantation, has a narrow
therapeutic index and exhibits inter-individual pharmacokinetic variability. Achieving and
maintaining a therapeutic level of the drug by giving appropriate doses is crucial for
successful immunosuppression, especially during the initial post-transplant period. We
studied the effect of CYP3A5, CYP3A4, and ABCB1 gene polymorphisms on tacrolimus
trough concentrations in South Indian renal transplant recipients from Kerala to formulate a
genotype-based dosing equation to calculate the required starting daily dose of tacrolimus to
be given to each patient to attain optimal initial post-transplant period drug level. We also
investigated the effect of these genes on drug-induced adverse effects and rejection episodes
and looked into the global distribution of allele frequencies of these polymorphisms. One
hundred forty-five renal transplant recipients on a triple immunosuppressive regimen of
tacrolimus, mycophenolate mofetil, and steroid were included in this study. Clinical data
including tacrolimus daily doses, trough levels (C0) and dose-adjusted tacrolimus trough
concentration (C0/D) in blood at three time points (day 6, 6months, and 1-year post-
transplantation), adverse drug effects, rejection episodes, serum creatinine levels, etc.,
were recorded. The patients were genotyped for CYP3A5*3, CYP3A4*1B, CYP3A4*1G,
ABCB1G2677T, and ABCB1 C3435T polymorphisms by the PCR-RFLP method. We found
that CYP3A5*3 polymorphism was the single most strongly associated factor determining the
tacrolimusC0/D in blood at all three time points (p< 0.001). Usingmultiple linear regression, we
formulated a simple and easy to compute equation that will help the clinician calculate the
starting tacrolimus dose per kg body weight to be administered to a patient to attain optimal
initial post-transplant period tacrolimus level.CYP3A5 expressors had an increased chance of
rejection than non-expressors (p � 0.028), while non-expressors had an increased risk for
new-onset diabetes mellitus after transplantation (NODAT) than expressors (p � 0.018).
Genotype-guided initial tacrolimus dosing would help transplant recipients achieve optimal
initial post-transplant period tacrolimus levels and thus prevent the adverse effects due to
overdose and rejection due to inadequate dose. We observed inter-population differences in
allele frequencies of drug metabolizer and transporter genes, emphasizing the importance of
formulating population-specific dose prediction models to draw results of clinical relevance.
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INTRODUCTION

Tacrolimus, a calcineurin inhibitor immunosuppressant used in
solid organ transplant recipients, exhibits interindividual
pharmacokinetic variability that affects the dose required to
reach the target concentration in blood (Coto et al., 2011).
Attaining and sustaining a therapeutic level of the
immunosuppressants by administering appropriate doses is
crucial, particularly during the initial post-transplant period. The
success of a transplant depends on a fragile balance between
immunosuppression and rejection (Provenzani et al., 2013). Due
to the narrow therapeutic window of tacrolimus, therapeutic drug
monitoring (TDM) is essential to maintain adequate blood
concentrations to prevent graft rejection due to inadequate
immunosuppression and toxicity due to higher drug levels
(Brunet et al., 2019). Despite the advances in medicine, attaining
andmaintaining the optimal therapeutic range of tacrolimus specific
to different post-transplant time points remains a challenge (Herrero
et al., 2013; Ben-Fredj et al., 2020).

Tacrolimus is metabolized by the Cytochrome P450 3A5
and 3A4 enzymes (CYP3A5 and CYP3A4) in the gut and
liver, and transported in the gut by an efflux pump,
P-glycoprotein (P-gp) (Sakaeda et al., 2003; De Jonge et al.,
2012). CYP3A5 and CYP3A4 genes are part of a cluster of
Cytochrome P450 genes on the long arm of chromosome 7
(7q21.1) (Li et al., 2014). The ATP Binding Cassette Subfamily
B Member 1 (ABCB1) or Multi-Drug Resistance 1 (MDR1) gene,
which codes for P-gp, is also located nearby (7q21.12) (Chen
et al., 1990). Polymorphisms in CYP3A5, CYP3A4, and ABCB1
genes could have important roles in tacrolimus blood
concentration and dose requirement (Haufroid et al., 2006;
Mourad et al., 2006; Tamashiro et al., 2017). The gene
expression and enzyme activity of CYP3A5 depends mainly on
the CYP3A5*3 polymorphism (6986G > A, rs776746) located in
the intron 3. A nucleotide change from A to G creates a cryptic
splice site, which causes altered mRNA splicing resulting in a
premature termination codon and hence a non-functional
protein (Kuehl et al., 2001). Individuals with the CYP3A5*3/*3
genotype are considered to be CYP3A5 non-expressors. CYP3A4
gene expression is regulated by CYP3A4*1B and CYP3A4*1G
polymorphisms. The promoter polymorphism CYP3A4*1B
(-392A > G, rs2740574) may be associated with enhanced
CYP3A4 expression owing to reduced binding of a
transcriptional repressor (Amirimani et al., 2003). In the case
of CYP3A4*1G, the G to A substitution at IVS10 + 12 is correlated
with an increased transcription of the CYP3A4 gene (He et al.,
2011). A missense mutation in exon 21 of ABCB1 gene, G2677T,
results in an Ala to Ser amino acid change at position 893 of the
protein, and has been associated with altered P-gp expression
(Seven et al., 2014). The ABCB1 C3435T (I1145I) is a
synonymous polymorphism which has been shown to
correlate with the expression levels and function of P-gp. In
ABCB1 C3435T polymorphism, there is a C to T substitution at
nucleotide position 3435 in exon 26. Although it does not change
its encoded amino acid with Ile at position 114522, it can affect
the post-transcriptional processing of mRNA or affect the process
of alternative transcript splicing (Tamura et al., 2012).

Though many studies have been carried out concentrating on
the role of CYP3A5 on tacrolimus blood levels, the
pharmacogenetic factors identified so far were of insufficient
predictive value and not much of clinical use (Coto et al.,
2011; Boughton et al., 2013; Chen and Prasad, 2018).

There is a lack of data from South Indian patients on the effect
of multiple genes on tacrolimus trough concentrations in the
early post-transplantation period. This study was carried out to
investigate the effect of CYP3A5, CYP3A4, and ABCB1 genes on
dose-adjusted tacrolimus trough concentrations in South Indian
renal transplant recipients from Kerala. The study aimed to build
a pharmacogenetics-based dosing equation to calculate the
required starting daily dose to be administered to each patient
to attain optimal initial post-transplant period tacrolimus level
based on his genotype. Genotype-guided dosing, rather than
dosing based solely on the patient’s body weight, maybe a
preferred strategy to determine the initial dose of tacrolimus
in patients undergoing solid organ transplantation. This would
help prevent the adverse effects of overdose and transplant
rejection due to inadequate dose. We also looked into the
association of the selected gene polymorphisms with drug-
induced adverse effects and rejection episodes. In addition, we
analyzed the global variation in distribution of these
polymorphisms by comparing their allelic frequencies in our
population with the other world populations allele
frequencies data.

MATERIALS AND METHODS

Study Subjects
For this prospective study, 156 renal transplant recipients
belonging to an ethnically matched Malayalam-speaking
population of Kerala, South India, receiving tacrolimus as an
immunosuppressant were recruited from the Department of
Nephrology, Government Medical College,
Thiruvananthapuram. All 156 patients were genotyped. Since
follow-up data were available only for 145 patients, further
analyses were performed only using these patients. Patients
who were more than 15 years of age and less than 60 were
included in the study. Patients receiving mTOR inhibitors
(sirolimus, everolimus) along with tacrolimus, or medications
known to influence drug levels (diltiazem, fluconazole) were
excluded from the study. Patients with delayed graft function
and early graft dysfunction within 1-week post-transplantation
were excluded from the association analysis of genetic
polymorphisms with dose-adjusted tacrolimus trough
concentration (C0/D) since the treatment modalities for these
might affect tacrolimus levels and thus, the study results.

The study was approved by the Human Ethics Committees of
Rajiv Gandhi Centre for Biotechnology and Government Medical
College, Thiruvananthapuram. Informed, written consent in a
standard consent form was obtained from all the study subjects to
participate in the study after being provided with a full
explanation of study protocols, objectives, benefits, and risks.

All patients were on a triple immunosuppressive regime
[tacrolimus, mycophenolate mofetil (MMF), and steroid]. All

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7267842

Srinivas et al. Tacrolimus Dose Prediction in Renal Transplantation

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


study participants received an initial tacrolimus starting dose of
0.075–0.1 mg/kg body weight per day in 2 divided doses from day
minus 2 of transplantation as per the institutional protocol. The
dose was then adjusted to achieve a target tacrolimus trough
concentration (C0) of 7–10 ng/ml for first 3 months of
transplantation.

Sample Size Estimation
Sample size and statistical power were calculated by one-sample
t-test using nQuery Sample Size Software (Statistical Solutions,
Cork, Ireland) by comparing mean tacrolimus drug levels in the
whole population vs. patients with specific genotypes in CYP3A5,
ABCB1 (Vattam et al., 2013) and CYP3A4 (Li et al., 2014). The
required sample size to study the effects of CYP3A5, CYP3A4, and
ABCB1 polymorphisms on the dose-adjusted tacrolimus level
(with 80% power and test significance level, α � 0.05) was 137.

Clinical Data Collection
Patient demographic characteristics like age of the patient during
transplant, gender, body weight, etc., were recorded. Data
including tacrolimus daily doses (mg) and trough levels C0

(ng/ml) in blood on day 6, 6 months, and 1-year post-
transplantation, concomitant medications and events including
rejection and adverse drug effects like tacrolimus toxicity,
NODAT and post-transplant erythrocytosis, serum creatinine
levels and all lab investigation results were collected from the
medical record during the follow up visits. Liquid
chromatography coupled to tandem mass spectrometry (LC-
MS/MS) method was used to determine tacrolimus
concentration in blood. The daily tacrolimus dose was noted,
and the weight-adjusted tacrolimus dose was calculated using
daily tacrolimus dose/weight (mg/kg per day). The dose-adjusted
tacrolimus trough concentration (C0/D) was calculated by
dividing the measured C0 by the corresponding daily weight-
adjusted tacrolimus dose (ng/ml per mg/kg).

DNA Isolation and Genotyping
We collected 5 ml of peripheral blood from the patients in K2-
EDTA coated Vacutainer® for DNA isolation. Genomic DNAwas
isolated using the DNA Isolation Kit for Mammalian Blood
(Roche Life Science, United States).

The patients were genotyped for 5 SNPs from CYP3A5 (*3/
rs776746), CYP3A4 (*1B/rs2740574 and *1G/rs2242480) and
MDR1 or ABCB1 genes (Ex22 G2677T/rs2032582 and Ex27
C3435T/rs1045642). Genes and SNPs were selected based on
their functional significance and previous reports on association
with tacrolimus concentrations.

Genotyping was performed by the polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP) method.
PCR amplification was carried out using specific primers in the
Applied Biosystems® Veriti® or Eppendorf® Mastercycler®
thermal cyclers. PCR was done in a final volume of 10 µL.
PCR reaction mix consisted of 100 ng of genomic DNA,
5 pmol each of forward and reverse primers, and 1X
EmeraldAmp® PCR Master Mix (Clontech Laboratories, Inc.).
Cycling parameters were initial denaturation at 94°C for 1 min,

annealing for 30 s, extension at 72°C for 20 s, and a final extension
step at 72°C for 1 min; the number of cycles was 30. The amplified
PCR products was digested with 5 Units of the respective
restriction enzyme (NEB Inc., United States and ThermoFisher
Scientific, United States) and a specific 1X buffer in a final volume
of 15 µL. PCR primers, annealing temperature, restriction
enzymes, amplicon and allele sizes for each polymorphism are
summarized in Supplementary Table S1.

Statistical Analysis
Quantitative variables were summarized using mean and
standard deviation. Categorical variables were represented
using frequency and percentage. Independent sample t-test
and ANOVA were used for comparing continuous variables
between groups. Pearson Chi-square test was used for
comparing categorical variables between groups. Linear
regression was used to find out independent predictors of
tacrolimus C0/D ratio. All statistical analyses were performed
using the SPSS® statistical software package (version 22.0, IBM
Inc., Armonk, NY, United States). A p-value of <0.05 was
considered statistically significant. Pair-wise Linkage
disequilibrium (LD) between SNPs was calculated using
UNPHASED software for genetic association analysis, version
3.1.7. Deviations from the Hardy-Weinberg equilibrium (HWE)
were tested for all polymorphisms by comparing observed and
expected genotype frequencies using the miniPCR Hardy-
Weinberg calculator spreadsheet (https://www.minipcr.com/
wp-content/uploads/miniPCR-Hardy-Weinberg-Calculator.
xlsx). The global variation in distribution of the polymorphisms
was analyzed by comparing their allelic frequencies in our
population with the 1000 genomes browser Phase 3
populations allele frequencies data (https://www.ncbi.nlm.nih.
gov/variation/tools/1000genomes/) downloaded from the
Ensembl database (https://asia.ensembl.org/index.html). A
description of 1000 Genomes Project Phase 3 populations used
for comparison in the present study is given in Supplementary
Table S2.

TABLE 1 | Baseline characteristics of the study population.

Number of patients (N) 145

Age (years) (mean ± SD) 36.61 ± 10.58
Gender [male (%)/female (%)] 118(81.4)/27 (18.6)
Type of donor (n = 141) n (%)
Live 110(78)
Cadaver 31(22)
Native kidney disease n (%)
Chronic glomerulonephritis 82(56.6)
Reflux nephropathy 11(7.6)
Diabetic nephropathy 7(4.8)
Others 22(15.2)
Unknown 23(15.9)
Induction n (%)
Basiliximab 20(13.8)
ATG 20(13.8)
Rituximab 7(4.8)
None 98(67.6)
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TABLE 2 | Tacrolimus dosing in the study population at 3 time points.

6th day 6 months 1 year

(n = 139) (n = 89) (n = 66)

Bodyweight (kg) (mean ± SD) 59.55 ± 12.82 62.98 ± 12.58 63.63 ± 12.81
Tacrolimus dose (mg/day) 3.88 ± 1.17 3.58 ± 1.16 3.38 ± 1.21
Tacrolimus concentration (ng/ml) 7.11 ± 3.99 6.79 ± 2.5 6.68 ± 2.64
Weight adjusted tacrolimus dose (mg/kg/day) 0.06 ± 0.02 0.05 ± 0.02 0.05 ± 0.02
Concentration/Dose ratio (C0/D) (ng/ml)/(mg/kg) 113.87 ± 60.42 132.47 ± 69.65 139.44 ± 70.2

TABLE 3 | Genotype and allele frequencies of SNPs in the study population.

Polymorphism Genotype N (%) Allele N (%)

CYP3A5*3 rs776746 (N � 145) *3/*3 69(47.6) *3 199(68.6)
*1/*3 61(42.1) *1 91(31.4)
*1/*1 15(10.3)

CYP3A4*1G rs2242480 (N � 142) *1/*1 54(38) *1 176(62)
*1/*1G 68(47.9) *1G 108(38)
*1G/*1G 20(14.1)

CYP3A4*1B rs2740574 (N � 141) AA 126(89.4) A 267(94.7)
AG 15(10.6) G 15(5.3)

ABCB1 C3435T rs1045642 (N � 144) CC 21(14.6) C 102(35.4)
CT 60(41.7) T 186(64.6)
TT 63(43.8)

ABCB1 G2677T rs2032582 (N � 142) GG 19(13.4) G 102(35.9)
GT 64(45.1) T 182(64.1)
TT 59(41.5)

TABLE 4 | Association of SNP genotypes with tacrolimus C0/D.

6th day 6 months 1 year

Gene/genotype n C0/D p value n C0/D p value n C0/D p value

CYP3A5*3
*3/*3 50 145.45 ± 54.99 <0.001a 43 163.06 ± 74.29 <0.001a 32 176.1 ± 64.65 <0.001a
*1/*3 33 77.1 ± 38.43 38 107.38 ± 50.61 28 114.07 ± 57.21
*1/*1 9 66.46 ± 36.09 8 87.18 ± 53.18 6 62.38 ± 33.75
CYP3A5 Non-expressor 50 145.45 ± 54.99 <0.001a 43 163.06 ± 74.29 <0.001a 32 176.1 ± 64.65 <0.001a
CYP3A5 Expressor 42 74.82 ± 37.77 46 103.87 ± 51.04 28 104.95 ± 57.01
CYP3A4*1G
*1/*1 39 146.11 ± 58.02 <0.001a 33 168.89 ± 72.7 <0.001a 26 180.48 ± 63.39 <0.001a
*1/*1G 38 92.65 ± 49.31 41 109.5 ± 58.99 31 121.37 ± 60.75
*1G/*1G 13 72.02 ± 38.72 13 108.25 ± 55.88 8 66.21 ± 29.39
CYP3A4*1B
AA 80 117.36 ± 60.12 0.048a 81 132.12 ± 71.19 0.972 63 137.28 ± 70.85 0.472
AG 9 75.87 ± 44.56 5 133.26 ± 55.7 1 189
ABCB1 C3435T
CC 10 142.57 ± 71.69 0.193 12 125.08 ± 79.03 0.73 11 106.66 ± 56.38 0.216
CT 38 115.5 ± 54.5 33 140.33 ± 72.36 23 151.03 ± 69.46
TT 43 104.97 ± 60.14 43 129.2 ± 66.65 32 142.39 ± 73.43
ABCB1 G2677T
GG 8 147.86 ± 71.44 0.219 10 149.08 ± 75.37 0.706 8 133.32 ± 60.61 0.727
GT 42 107.75 ± 55.52 35 127.95 ± 74.06 28 146.16 ± 72.68
TT 39 111.87 ± 61.19 41 131.69 ± 66.48 28 131.38 ± 72.58

aStatistically significant.
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RESULTS

The baseline characteristics of the study population are given in
Table 1. Tacrolimus dosing and trough concentrations of the
patients at three time points (6th day, 6 months, and 1 year after
transplantation) are listed inTable 2. The genotype frequencies of
all the SNPs were similar to those expected under Hardy-
Weinberg equilibrium (p > 0.05). The observed genotype and
allele frequencies of the polymorphisms are presented in Table 3.

We observed no statistically significant differences in the
tacrolimus C0/D ratio between men and women (p > 0.5 at all
timepoints). Similarly, we observed no significant association
between patients’ age and tacrolimus C0/D ratio at any timepoint.

Association of SNP Genotypes With
Tacrolimus C0/D
We tested the association of the five SNPs with tacrolimus C0/D at
different time points after transplantation. Of these, CYP3A5*3
and CYP3A4*1G showed strong associations with tacrolimus C0/
D at all three time points after transplantation (Table 4).
Tacrolimus C0/D was highest in patients with homozygous
CYP3A5 *3/*3 genotype (non-expressors) compared to
CYP3A5*1/*3 and CYP3A5 *1/*1 genotypes (expressors)
(p < 0.001). Among the CYP3A4*1G genotypes, C0/D of the
patients with CYP3A4 *1/*1 was highest (p < 0.001). CYP3A4*1B
AA genotype showed a marginal association with higher C0/D on
post-operative day 6 (p � 0.048). The ABCB1 variants did not
demonstrate a significant association with C0/D at any of the
post-transplant time points.

CYP3A4 and CYP3A5 genes are both located in 7q21.1. We
found a moderate degree of linkage disequilibrium between
CYP3A5*3 (rs776746) and CYP3A4*1G (rs2242480)
polymorphisms (D’ � 0.922, r2 � 0.64).

Personalized Initial Dosing Equation Based
on Genotype, Age, and Gender
We performed a linear regression analysis to find the association
of 6th-day tacrolimus C0/D ratio with multiple factors, including
CYP3A5*3, CYP3A4*1G, CYP3A4*1B, ABCB1 C3435T, ABCB1
G2677T genotypes, age, and gender (Table 5). A dosing equation

to calculate the required tacrolimus dose/kg to attain the desired
target tacrolimus level during the initial post-transplant period
was built using this linear regression (Eq. 1). For uniformity,
tacrolimus trough levels of all the patients on day 6 post
transplantation were used for tacrolimus initial dose calculation.

Equation 1 Dosing equation to calculate starting tacrolimus
dose/kg to attain optimal initial post-transplant period tacrolimus
level

Required tacrolimus dose/kg � Desired tacrolimus level on Day 6
159 − (40 × CYP3A5 genotype)

(1)

CYP3A5 genotype � 0 for *3/*3, 1 for *1/*3, and 2 for *1/*1.

Association of CYP3A5 Expressor Status
With Drug-Induced Adverse Effects and
Rejection Episodes
The mean nadir serum creatinine was 1.2 ± 0.37 mg/dl. The mean
serum creatinine levels at the end of 6 months and 1 year were
1.41 ± 0.58 mg/dl and 1.44 ± 0.74 mg/dl respectively. We did not
find any association of any of the SNPs with renal allograft
function at the end of 1 year. In our study population, 22
(15.2%) patients developed post-transplant erythrocytosis
within a year. Sixty-seven patients (46.2%) had new onset of
diabetes mellitus (NODAT) within the 1st year of
transplantation. Biopsy proven tacrolimus toxicity was
observed in 40 (28%) patients. 24.1% of patients developed
graft rejection within a year. A total of 19 (13.1%) patients
had biopsy-proven acute graft rejection within first week of
transplant. Sixteen patients (11%) had delayed graft function.

The genetic associations of NODAT, renal allograft rejection,
and tacrolimus toxicity are summarized in Table 6. CYP3A5 non-
expressors (*3/*3 genotype) had a 2.22-fold higher risk of
developing NODAT compared to expressors (*1/*1 + *1/*3
genotypes) (p � 0.018, 95% CI � 1.14–4.33). CYP3A5
expressors had a 2.43 times higher chance of developing
rejection within a year of transplantation (p � 0.028, 95% CI
� 1.08–5.44). CYP3A5 expressor status showed a trend towards
association with biopsy-proven acute graft rejection within first
week of transplant (p � 0.052, 95% CI � 0.11–1.01). We did not
observe a significant association of CYP3A5 expressor status with
the development of tacrolimus toxicity.

Global Variation in Allele Frequency
Distribution of the Polymorphisms
Allele frequency distribution of the selected CYP3A5, CYP3A4,
and ABCB1 polymorphisms in our Kerala population and other
world populations is presented as bar diagrams in Figure 1 and
Supplementary Figure S1. Allele frequencies of drug metabolizer
and drug transporter gene polymorphisms in our study
population were found to be considerably different compared
to other populations worldwide. The CYP3A5*3 (G) allele, which
is the major allele in the South Asian (including our study
population), Ad Mixed American, East Asian, and European

TABLE 5 | Linear regression analysis to find independent predictors of 6th day
tacrolimus C0/D ratio.

Variable Coefficient (95% CI) p Value

Constant 158.74(103.01–214.46) <0.001a
Age −0.36(−1.41–0.69) 0.495
Male gender 3.95(−22.19–30.1) 0.764
CYP3A5a3 −40.48[−68.12–(−12.83)] 0.005a

ABCB1 C3435T −14.48(−40.56–11.59) 0.272
ABCB1 G2677T 12.66(−14–39.34) 0.348
CYP3A4a1G −11.54(−37.41–14.31) 0.377
CYP3A4a1B −14.66(−51.97–22.64) 0.436

R square � 0.353; p value <0.001.
aStatistically significant.
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populations was found in very low frequency in African
populations.

DISCUSSION

Therapeutic drug monitoring (TDM) has been an essential and
indispensable tool for tacrolimus dosing to control the drug blood
concentrations, owing to its narrow therapeutic index and
significant inter and intra individual variations in levels.
However, since dose modification based on TDM can be done
only after the patient is exposed to the drug, the development of a
pre-transplant drug level predictive marker is the need of the
hour. In our study, we attempted to develop pharmacogenetics-
based dose prediction model for initial dosing of tacrolimus in the
South Indian population from Kerala.

We investigated the contribution of five polymorphisms in
three genes involved in the metabolism and transport of
tacrolimus to the dose-adjusted tacrolimus concentration at
three different time points. Consistent with the results of
earlier studies (Li et al., 2014; Khan et al., 2020; Mendrinou
et al., 2020; Hannachi et al., 2021), we found a strong association
of CYP3A5*3 polymorphism with tacrolimus C0/D at different
time points after transplantation (p < 0.001). Differential

expression of CYP3A5 is known to influence the tacrolimus
bioavailability in individuals. The A > G substitution at
nucleotide 6936 in intron 3 of the CYP3A5 gene, referred to as
the *3 allele, results in a splicing defect and formation of a
truncated protein that is, not functional, unlike the A
nucleotide or *1 allele which is correlated with a high
expression of the CYP3A5 protein. Carriers of one or more
copies of the active or wild allele (*1) are CYP3A5 expressors
and have increased tacrolimus clearance. Individuals with
homozygous *3/*3 genotype are CYP3A5 non-expressors
(Chen and Prasad, 2018). Apart from CYP3A5, the functional
SNPs of CYP3A4 gene may also influence tacrolimus
pharmacokinetics. CYP3A4*1G (rs2242480) and CYP3A4*1B
polymorphisms are known to have an effect on CYP3A4
enzymatic activity (He et al., 2011; Pączek et al., 2012). Our
finding of association ofCYP3A4 polymorphisms with tacrolimus
trough levels was also in line with previous reports (Hesselink
et al., 2003; Tamashiro et al., 2017). The CYP3A4 and CYP3A5
genes are both located in 7q21.1 and the moderate degree of LD
between CYP3A4*1G (rs2242480) and the functional variant
CYP3A5*3 (rs776746) found in our study might also have an
influence on the effect of CYP3A4*1G on tacrolimus C0/D. We
found no association of CYP3A4 polymorphisms with tacrolimus
C0/D in multivariate regression analysis which suggests that the

TABLE 6 | Association of CYP3A5 expressor status with post-transplant complications.

Complication Occurrence CYP3A5 non-expressor CYP3A5 expressor OR (95%CI) p value

NODAT YES 39 28 2.22 (1.14–4.33) 0.018a

NO 30 48
Rejection NO 58 52 2.43 (1.08–5.44) 0.028a

YES 11 24
Tacrolimus toxicity YES 22 18 1.51 (0.72–3.15) 0.266

NO 46 57

aStatistically significant.

FIGURE 1 | Allele frequency distribution of CYP3A5*3 polymorphism in our Kerala study population compared to 1000 Genomes Project Phase 3 populations.
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strong association found in univariate analysis could be due to
this linkage disequilibrium.

We found no association of polymorphisms in the ABCB1
gene with tacrolimus level in our population. Prasad et al. (2020),
along with an association of CYP3A5 with tacrolimus level and
dose requirement, reported association of ABCB1 G2677T/A
polymorphism with tacrolimus level, dose requirement and
P-gp expression in North Indians. They also observed a
combined effect of these polymorphisms on tacrolimus dose
requirement. Studies on the association of ABCB1
polymorphisms with tacrolimus pharmacokinetics have yielded
inconsistent results across different populations. Positive
associations have been reported in Turkish (Ciftci et al., 2013),
Caucasian (Kravljaca et al., 2016), Chinese (Wei-lin et al., 2006)
and Egyptian (Helal et al., 2017) populations. Haufroid et al.
(2006) reported a significant effect of CYP3A5, but not ABCB1
polymorphisms on tacrolimus pharmacokinetic parameters in
renal transplant recipients from different ethnic groups. The
discrepancies observed in these studies may be due to the
ethnic differences in ABCB1 genotype and allele frequencies
between populations, which might affect the results of genetic
association studies (Seven et al., 2014).

In our study, CYP3A5*3 polymorphism emerged as the single
most strongly associated factor determining the dose-adjusted
tacrolimus concentration in blood. Using this information, we
formulated a simple and easy to compute equation that will help
the clinician to calculate, the starting tacrolimus dose per kg body
weight to be administered to a patient. The equation was
developed using multiple linear regression which also took
into account the CYP3A4 and ABCB1 polymorphisms, age and
gender which may have a minor, but vital role in a patient’s
tacrolimus concentration. This genotype-based tacrolimus dose
calculation may be beneficial in determining the first tacrolimus
dose to be given prior to transplantation. This may help in
choosing the individualized dose for each patient thereby
prevent rejections due to drug under-dosing and adverse
effects due to over-dosing.

Several attempts have been made to optimize tacrolimus
dosing based on the transplant recipient’s genotype. Haufroid
et al. (2006) observed no association of tacrolimus
pharmacokinetic parameters with ABCB1 polymorphisms, but
found a very significant effect of CYP3A5 polymorphism early
after the first administration of tacrolimus in a group of patients
belonging to different ethnic groups. They provided a strong
argument for a doubling of initial dose in patients carrying at least
one CYP3A5*1 allele identified by genotyping patients before
transplantation. The French Tactique trial (Thervet et al., 2010)
found that the initial tacrolimus dosing based on CYP3A5
genotype led to significantly more patients reaching the target
drug range 3 days after the start of treatment compared to typical,
bodyweight-based tacrolimus dosing. The Clinical
Pharmacogenetics Implementation Consortium (CPIC)
(Birdwell et al., 2015) recommended increasing the starting
dose by 1.5–2 times the recommended starting dose in
patients CYP3A5 intermediate (*1/*3 genotype) or extensive
metabolizers (homozygous *1/*1 genotype), though total
starting dose should not exceed 0.3 mg/kg/day. They

recommended that TDM should also be used to guide dose
adjustments. A new classification and regression tree model
was developed by Wang et al., in 2020 to establish the starting
dose of tacrolimus based on the CYP3A5 genotype and
hemoglobin values in Chinese renal transplant recipients. Our
results do not contradict these previous attempts to formulate
guidelines for genotype-based tacrolimus dosing.

We found that CYP3A5 expressors (*1/*1 + *1/*3) had an
increased chance of rejection than non-expressors (*3/*3).
CYP3A5 expressors, due to their high tacrolimus clearance,
have low drug trough concentrations, which may lead to
inadequate immunosuppression resulting in rejection.
Achieving target blood tacrolimus concentrations during the
early post-transplantation period is critical in preventing
rejection and improving graft survival. Our findings will help
in early identification of patients at a higher risk of developing
rejection and possibly prevent rejection by strengthening their
immunosuppression.

NODAT, defined as the development of diabetes for the first
time after transplantation is a common undesired consequence
following solid organ transplantation. It is associated with
reduced patient and graft survival and an increased
cardiovascular risk (Kasiske et al., 2003; Cosio et al., 2005;
Pham et al., 2011). The prevalence of NODAT in solid
transplant recipients has been reported to vary from 2 to 53%
(Choudhury et al., 2019). We observed a high prevalence of
NODAT (46.2%) in our study population, which was not quite
unexpected, given Kerala’s high incidence of type 2 diabetes
mellitus (21.9%) (Vijayakumar et al., 2019). We found that
CYP3A5 non-expressors had an increased risk of developing
NODAT than expressors (p � 0.018), owing to their higher
tacrolimus bioavailability. The calcineurin inhibitors,
tacrolimus and cyclosporine are known to have diabetogenic
effects (Heisel et al., 2004). Tacrolimus have been reported to
be associated with a higher risk for impaired glucose tolerance
(IGT) and NODAT compared to cyclosporine (Reisæter and
Hartmann, 2001; Gourishankar et al., 2004). Early identification
of patients at a higher risk of developing NODAT may help
mitigate NODAT by lifestyle and pharmacological interventions.

Our observation of strong inter-population variations on
comparing allele frequencies of CYP3A5, CYP3A4, and ABCB1
gene polymorphisms in our South Indian study population with
1000 genomes Phase 3 populations belonging to different ethnic
groups shows that our population is unique with respect to the
allele frequency distribution. These inter-ethnic differences in allele
frequencies of drug metabolizer and transporter genes emphasize
the importance of formulating population-specific dose prediction
algorithms based on these gene polymorphisms to draw results of
clinical relevance. Population-specific genetic backgrounds should
also be taken into account while carrying out pharmacogenetic
analyses and clinical trials.

To summarize, we developed a multiple linear regression
model-based equation specific to the South Indian population
from Kerala to calculate the initial tacrolimus dose/kg to attain
optimal initial post-transplant period tacrolimus level. Genotype-
guided initial tacrolimus dosing would help transplant recipients
achieve optimal tacrolimus levels and thus prevent the adverse
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effects due to overdose and rejection due to inadequate dose. We
envision to carry out further randomized control trial based on
this genotype-dependent dosing for tacrolimus efficacy and
toxicity minimization. We also found that CYP3A5 expressors
had an increased chance of rejection than non-expressors and
non-expressors had an increased risk of developing NODAT than
expressors. Our findings will help the clinicians to identify
patients at a higher risk of developing rejection and NODAT
at an early stage and possibly prevent these by pharmacological
interventions and lifestyle modifications.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Human Ethics Committees of Rajiv Gandhi
Centre for Biotechnology and Government Medical College,
Thiruvananthapuram. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

LS and RN contributed to conception and design of the study. LS
carried out sample collection, genotyping and statistical analysis.

NG coordinated the clinical part of the study. LS wrote the
manuscript and all authors contributed to manuscript revision,
read, and approved the final manuscript.

FUNDING

This work was supported by the National Post-Doctoral
Fellowship (PDF/2016/000139) from the Science and
Engineering Research Board (SERB), Department of Science
and Technology, Government of India, to LS as well as by
intramural funding from the Rajiv Gandhi Centre for
Biotechnology, an autonomous institute under the Department
of Biotechnology, Government of India.

ACKNOWLEDGMENTS

We gratefully acknowledge the critical suggestions of Dr. E. T.
Arun Thomas (Believers Church Medical College Hospital,
Thiruvalla, India), and Dr. T. L. Dhilmon (Department of
Health Services, Government of Kerala) in the statistical
analysis of the data. We also thank all the patients who
participated in the study.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.726784/
full#supplementary-material

REFERENCES

Amirimani, B., Ning, B., Deitz, A. C., Weber, B. L., Kadlubar, F. F., and Rebbeck, T.
R. (2003). Increased Transcriptional Activity of the CYP3A4*1B Promoter
Variant. Environ. Mol. Mutagen. 42, 299–305. doi:10.1002/em.10199

Ben-Fredj, N., Hannachi, I., Chadli, Z., Ben-Romdhane, H., A Boughattas, N.,
Ben-Fadhel, N., et al. (2020). Dosing Algorithm for Tacrolimus in Tunisian
Kidney Transplant Patients: Effect of CYP 3A4*1B and CYP3A4*22
Polymorphisms. Toxicol. Appl. Pharmacol. 407, 115245. doi:10.1016/
j.taap.2020.115245

Birdwell, K. A., Decker, B., Barbarino, J. M., Peterson, J. F., Stein, C. M., Sadee, W.,
et al. (2015). Clinical Pharmacogenetics Implementation Consortium (CPIC)
Guidelines for CYP3A5 Genotype and Tacrolimus Dosing. Clin. Pharmacol.
Ther. 98, 19–24. doi:10.1002/cpt.113

Boughton, O., Borgulya, G., Cecconi, M., Fredericks, S., Moreton-Clack, M., and
Macphee, I. A. (2013). A Published Pharmacogenetic Algorithm Was Poorly
Predictive of Tacrolimus Clearance in an Independent Cohort of Renal
Transplant Recipients. Br. J. Clin. Pharmacol. 76, 425–431. doi:10.1111/bcp.12076

Brunet, M., Van Gelder, T., Åsberg, A., Haufroid, V., Hesselink, D. A., Langman, L.,
et al. (2019). Therapeutic Drug Monitoring of Tacrolimus-Personalized
Therapy: Second Consensus Report. Ther. Drug Monit. 41, 261–307.
doi:10.1097/FTD.0000000000000640

Chen, C. J., Clark, D., Ueda, K., Pastan, I., Gottesman, M. M., and Roninson, I. B.
(1990). Genomic Organization of the Human Multidrug Resistance (MDR1)
Gene and Origin of P-Glycoproteins. J. Biol. Chem. 265, 506–514. doi:10.1016/
s0021-9258(19)40260-3

Chen, L., and Prasad, G. V. R. (2018). CYP3A5 Polymorphisms in Renal
Transplant Recipients: Influence on Tacrolimus Treatment. Pharmgenomics.
Pers. Med. 11, 23–33. doi:10.2147/PGPM.S107710

Choudhury, P. S., Mukhopadhyay, P., Roychowdhary, A., Chowdhury, S., and
Ghosh, S. (2019). Prevalence and Predictors of "New-Onset Diabetes after
Transplantation" (NODAT) in Renal Transplant Recipients: An Observational
Study. Indian J. Endocrinol. Metab. 23, 273–277. doi:10.4103/ijem.IJEM-178-
1910.4103/ijem.IJEM_178_19

Ciftci, H. S., Ayna, T. K., Caliskan, Y. K., Guney, I., Bakkaloglu, H., Nane, I., et al.
(2013). Effect of MDR1 Polymorphisms on the Blood Concentrations of
Tacrolimus in Turkish Renal Transplant Patients. Transpl. Proc 45,
895–900. doi:10.1016/j.transproceed.2013.02.055

Cosio, F. G., Kudva, Y., Van Der Velde, M., Larson, T. S., Textor, S. C., Griffin, M.
D., et al. (2005). New Onset Hyperglycemia and Diabetes Are Associated with
Increased Cardiovascular Risk after Kidney Transplantation. Kidney Int. 67,
2415–2421. doi:10.1111/j.1523-1755.2005.00349.x

Coto, E., Tavira, B., Suárez-Álvarez, B., López-Larrea, C., Díaz-Corte, C., Ortega, F.,
et al. (2011). Pharmacogenetics of Tacrolimus: Ready for Clinical Translation?
Kidney Int. Suppl. (2011) 1, 58–62. doi:10.1038/kisup.2011.14

De Jonge, H., De Loor, H., Verbeke, K., Vanrenterghem, Y., and Kuypers, D. R.
(2012). In Vivo CYP3A4 Activity, CYP3A5 Genotype, and Hematocrit Predict
Tacrolimus Dose Requirements and Clearance in Renal Transplant Patients.
Clin. Pharmacol. Ther. 92, 366–375. doi:10.1038/clpt.2012.109

Gourishankar, S., Jhangri, G. S., Tonelli, M., Wales, L. H., and Cockfield, S. M.
(2004). Development of Diabetes Mellitus Following Kidney Transplantation:
A Canadian Experience. Am. J. Transpl. 4, 1876–1882. doi:10.1111/j.1600-
6143.2004.00591.x

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7267848

Srinivas et al. Tacrolimus Dose Prediction in Renal Transplantation

https://www.frontiersin.org/articles/10.3389/fphar.2021.726784/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.726784/full#supplementary-material
https://doi.org/10.1002/em.10199
https://doi.org/10.1016/j.taap.2020.115245
https://doi.org/10.1016/j.taap.2020.115245
https://doi.org/10.1002/cpt.113
https://doi.org/10.1111/bcp.12076
https://doi.org/10.1097/FTD.0000000000000640
https://doi.org/10.1016/s0021-9258(19)40260-3
https://doi.org/10.1016/s0021-9258(19)40260-3
https://doi.org/10.2147/PGPM.S107710
https://doi.org/10.4103/ijem.IJEM-178-1910.4103/ijem.IJEM_178_19
https://doi.org/10.4103/ijem.IJEM-178-1910.4103/ijem.IJEM_178_19
https://doi.org/10.1016/j.transproceed.2013.02.055
https://doi.org/10.1111/j.1523-1755.2005.00349.x
https://doi.org/10.1038/kisup.2011.14
https://doi.org/10.1038/clpt.2012.109
https://doi.org/10.1111/j.1600-6143.2004.00591.x
https://doi.org/10.1111/j.1600-6143.2004.00591.x
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Hannachi, I., Chadli, Z., Kerkeni, E., Kolsi, A., Hammouda, M., Chaabane, A., et al.
(20212021). Influence of CYP3A Polymorphisms on Tacrolimus
Pharmacokinetics in Kidney Transplant Recipients. Pharmacogenomics
Journalpharmacogenomics J. 21 (169-77), 69107–69177. doi:10.1038/s41397-
020-00179-410.1038/s41397-020-00184-7

Haufroid, V., Wallemacq, P., VanKerckhove, V., Elens, L., De Meyer, M., Eddour, D.
C., et al. (2006). CYP3A5 and ABCB1 Polymorphisms and Tacrolimus
Pharmacokinetics in Renal Transplant Candidates: Guidelines from an
Experimental Study. Am. J. Transpl. 6, 2706–2713. doi:10.1111/j.1600-
6143.2006.01518.x

He, B. X., Shi, L., Qiu, J., Tao, L., Li, R., Yang, L., et al. (2011). A Functional
Polymorphism in the CYP3A4 Gene Is Associated with Increased Risk of
Coronary Heart Disease in the Chinese Han Population. Basic Clin. Pharmacol.
Toxicol. 108, 208–213. doi:10.1111/j.1742-7843.2010.00657.x

Heisel, O., Heisel, R., Balshaw, R., andKeown, P. (2004). NewOnsetDiabetesMellitus
in Patients Receiving Calcineurin Inhibitors: A Systematic Review and Meta-
Analysis. Am. J. Transpl. 4, 583–595. doi:10.1046/j.1600-6143.2003.00372.x

Helal, M., Obada, M., Elrazek, W. A., Safan, M., El-Hakim, T. A., and El-Said, H.
(2017). Effect of ABCB1 (3435C>T) and CYP3A5 (6986A>G) Genes
Polymorphism on Tacrolimus Concentrations and Dosage Requirements in
Liver Transplant Patients. Egypt. J. Med. Hum. Genet. 18, 261–268. doi:10.1016/
j.ejmhg.2016.10.005

Hesselink, D. A., Van Schaik, R. H., Van Der Heiden, I. P., Van Der Werf, M.,
Gregoor, P. J., Lindemans, J., et al. (2003). Genetic Polymorphisms of the
CYP3A4, CYP3A5, and MDR-1 Genes and Pharmacokinetics of the
Calcineurin Inhibitors Cyclosporine and Tacrolimus. Clin. Pharmacol. Ther.
74, 245–254. doi:10.1016/S0009-9236(03)00168-1

Jose, M., Boso, V., Rojas, L., Bea, S., Sanchez, J., Hernandez, J., et al. (2013).
Practical Pharmacogenetics and Single Nucleotide Polymorphisms (SNPs) in
Renal Transplantation. Curr. Issues Future Dir. Kidney Transplant. 16 (9),
20168–20182. doi:10.5772/54733

Kasiske, B. L., Snyder, J. J., Gilbertson, D., andMatas, A. J. (2003). DiabetesMellitus
after Kidney Transplantation in the United States. Am. J. Transpl. 3, 178–185.
doi:10.1034/j.1600-6143.2003.00010.x

Khan, A. R., Raza, A., Firasat, S., and Abid, A. (2020). CYP3A5 Gene
Polymorphisms and Their Impact on Dosage and Trough Concentration of
Tacrolimus Among Kidney Transplant Patients: a Systematic Review andMeta-
Analysis. Pharmacogenomics J. 20, 553–562. doi:10.1038/s41397-019-0144-7

Kravljaca, M., Perovic, V., Pravica, V., Brkovic, V., Milinkovic, M., Lausevic, M.,
et al. (2016). The Importance of MDR1 Gene Polymorphisms for Tacrolimus
Dosage. Eur. J. Pharm. Sci. 83, 109–113. doi:10.1016/j.ejps.2015.12.020

Kuehl, P., Zhang, J., Lin, Y., Lamba, J., Assem, M., Schuetz, J., et al. (2001).
Sequence Diversity in CYP3A Promoters and Characterization of the Genetic
Basis of Polymorphic CYP3A5 Expression. Nat. Genet. 27, 383–391.
doi:10.1038/86882

Li, C. J., Li, L., Lin, L., Jiang, H. X., Zhong, Z. Y., Li, W. M., et al. (2014). Impact of
the CYP3A5, CYP3A4, COMT, IL-10 and POR Genetic Polymorphisms on
Tacrolimus Metabolism in Chinese Renal Transplant Recipients. PLoS One 9,
e86206. doi:10.1371/journal.pone.0086206

Mendrinou, E., Mashaly, M. E., Al Okily, A. M., Mohamed, M. E., Refaie, A. F.,
Elsawy, E. M., et al. (2020). CYP3A5 Gene-Guided Tacrolimus Treatment of
Living-Donor Egyptian Kidney Transplanted Patients. Front. Pharmacol. 11,
1218. doi:10.3389/fphar.2020.01218

Mourad, M., Wallemacq, P., De Meyer, M., Brandt, D., Van Kerkhove, V., Malaise,
J., et al. (2006). The Influence of Genetic Polymorphisms of Cytochrome P450
3A5 and ABCB1 on Starting Dose- and Weight-Standardized Tacrolimus
Trough Concentrations after Kidney Transplantation in Relation to Renal
Function. Clin. Chem. Lab. Med. 44, 1192–1198. doi:10.1515/CCLM.2006.229

Pączek, L., Wyzgał, J., and Paczek, L. (2012). Impact of CYP3A4*1B and CYP3A5*3
Polymorphisms on the Pharmacokinetics of Cyclosporine and Sirolimus in
Renal Transplant Recipients. Ann. Transpl. 17, 36–44. doi:10.12659/aot.883456

Pham, P. T., Pham, P. M., Pham, S. V., Pham, P. A., and Pham, P. C. (2011). New
Onset Diabetes after Transplantation (NODAT): an Overview. Diabetes Metab.
Syndr. Obes. 4, 175–186. doi:10.2147/dmso.s19027

Prasad, N., Jaiswal, A., Behera, M. R., Agarwal, V., Kushwaha, R., Bhadauria, D.,
et al. (2020). Melding Pharmacogenomic Effect of MDR1 and CYP3A5 Gene
Polymorphism on Tacrolimus Dosing in Renal Transplant Recipients in
Northern India. Kidney Int. Rep. 5, 28–38. doi:10.1016/j.ekir.2019.09.013

Provenzani, A., Santeusanio, A., Mathis, E., Notarbartolo, M., Labbozzetta, M.,
Poma, P., et al. (2013). Pharmacogenetic Considerations for Optimizing
Tacrolimus Dosing in Liver and Kidney Transplant Patients. World
J. Gastroenterol. 19, 9156–9173. doi:10.3748/wjg.v19.i48.9156

Reisæter, A. V., and Hartmann, A. (2001). Risk Factors and Incidence of
Posttransplant Diabetes Mellitus. Transpl. Proc. 33. doi:10.1016/S0041-
1345(01)02229-1

Sakaeda, T., Nakamura, T., and Okumura, K. (2003). Pharmacogenetics of MDR1
and its Impact on the Pharmacokinetics and Pharmacodynamics of Drugs.
Pharmacogenomics 4, 397–410. doi:10.1517/phgs.4.4.397.22747

Seven, M., Batar, B., Unal, S., Yesil, G., Yuksel, A., and Guven, M. (2014). The
Drug-Transporter Gene MDR1 C3435T and G2677T/A Polymorphisms and
the Risk of Multidrug-Resistant Epilepsy in Turkish Children. Mol. Biol. Rep.
41, 331–336. doi:10.1007/s11033-013-2866-y

Tamashiro, E. Y., Felipe, C. R., Genvigir, F. D. V., Rodrigues, A. C., Campos, A. B.,
Hirata, R. D. C., et al. (2017). Influence of CYP3A4 and CYP3A5
Polymorphisms on Tacrolimus and Sirolimus Exposure in Stable Kidney
Transplant Recipients. Drug Metab. Pers. Ther. 32, 89–95. doi:10.1515/
dmpt-2016-0036

Tamura, M., Kondo, M., Horio, M., Ando, M., Saito, H., Yamamoto, M., et al.
(2012). Genetic Polymorphisms of the Adenosine Triphosphate-Binding
Cassette Transporters (ABCG2, ABCB1) and Gefitinib Toxicity. Nagoya
J. Med. Sci. 74, 133–140. doi:10.18999/nagjms.74.1-2.133

Thervet, E., Loriot, M. A., Barbier, S., Buchler, M., Ficheux, M., Choukroun, G.,
et al. (2010). Optimization of Initial Tacrolimus Dose Using Pharmacogenetic
Testing. Clin. Pharmacol. Ther. 87, 721–726. doi:10.1038/clpt.2010.17

Vattam, K. K., Mukkavilli, K. K., Moova, S., Upendram, P., Saha, T. K., Rao, P., et al.
(2013). Influence of Gene Polymorphism on the Pharamacokinetics of
Calcineurin Inhibitors: In Renal Transplant Patients from India. Int. Res.
J. Pharm. Pharmacol. 3 (1), 9–15.

Vijayakumar, G., Manghat, S., Vijayakumar, R., Simon, L., Scaria, L. M.,
Vijayakumar, A., et al. (2019). Incidence of Type 2 Diabetes Mellitus and
Prediabetes in Kerala, India: Results from a 10-year Prospective Cohort. BMC
Public Health 19, 140. doi:10.1186/s12889-019-6445-6

Wang, P., Zhang, Q., Tian, X., Yang, J., and Zhang, X. (2020). Tacrolimus Starting
Dose Prediction Based on Genetic Polymorphisms and Clinical Factors in
Chinese Renal Transplant Recipients. Genet. Test. Mol. Biomarkers 24,
665–673. doi:10.1089/gtmb.2020.0077

Wei-lin, W., Jing, J., Shu-sen, Z., Li-hua, W., Ting-bo, L., Song-feng, Y., et al.
(2006). Tacrolimus Dose Requirement in Relation to Donor and Recipient
ABCB1 and CYP3A5 Gene Polymorphisms in Chinese Liver Transplant
Patients. Liver Transpl. 12, 775–780. doi:10.1002/lt.20709

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Srinivas, Gracious and Nair. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 7267849

Srinivas et al. Tacrolimus Dose Prediction in Renal Transplantation

https://doi.org/10.1038/s41397-020-00179-410.1038/s41397-020-00184-7
https://doi.org/10.1038/s41397-020-00179-410.1038/s41397-020-00184-7
https://doi.org/10.1111/j.1600-6143.2006.01518.x
https://doi.org/10.1111/j.1600-6143.2006.01518.x
https://doi.org/10.1111/j.1742-7843.2010.00657.x
https://doi.org/10.1046/j.1600-6143.2003.00372.x
https://doi.org/10.1016/j.ejmhg.2016.10.005
https://doi.org/10.1016/j.ejmhg.2016.10.005
https://doi.org/10.1016/S0009-9236(03)00168-1
https://doi.org/10.5772/54733
https://doi.org/10.1034/j.1600-6143.2003.00010.x
https://doi.org/10.1038/s41397-019-0144-7
https://doi.org/10.1016/j.ejps.2015.12.020
https://doi.org/10.1038/86882
https://doi.org/10.1371/journal.pone.0086206
https://doi.org/10.3389/fphar.2020.01218
https://doi.org/10.1515/CCLM.2006.229
https://doi.org/10.12659/aot.883456
https://doi.org/10.2147/dmso.s19027
https://doi.org/10.1016/j.ekir.2019.09.013
https://doi.org/10.3748/wjg.v19.i48.9156
https://doi.org/10.1016/S0041-1345(01)02229-1
https://doi.org/10.1016/S0041-1345(01)02229-1
https://doi.org/10.1517/phgs.4.4.397.22747
https://doi.org/10.1007/s11033-013-2866-y
https://doi.org/10.1515/dmpt-2016-0036
https://doi.org/10.1515/dmpt-2016-0036
https://doi.org/10.18999/nagjms.74.1-2.133
https://doi.org/10.1038/clpt.2010.17
https://doi.org/10.1186/s12889-019-6445-6
https://doi.org/10.1089/gtmb.2020.0077
https://doi.org/10.1002/lt.20709
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Pharmacogenetics Based Dose Prediction Model for Initial Tacrolimus Dosing in Renal Transplant Recipients
	Introduction
	Materials and Methods
	Study Subjects
	Sample Size Estimation
	Clinical Data Collection
	DNA Isolation and Genotyping
	Statistical Analysis

	Results
	Association of SNP Genotypes With Tacrolimus C0/D
	Personalized Initial Dosing Equation Based on Genotype, Age, and Gender
	Association of CYP3A5 Expressor Status With Drug-Induced Adverse Effects and Rejection Episodes
	Global Variation in Allele Frequency Distribution of the Polymorphisms

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


