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Abstract: Tacrolimus (TAC) is an immunosuppressant drug that prevents organ rejection after
transplantation. This drug is transported from cells via P-glycoprotein (ABCB1) and is a metabolic
substrate for cytochrome P450 (CYP) 3A enzymes, particularly CYP3A4 and CYP3A5. Several single-
nucleotide polymorphisms (SNPs) have been identified in the genes encoding CYP3A4, CYP3A5,
and ABCB1, including CYP3A4-392A/G (rs2740574), CYP3A5 6986A/G (rs776746), and ABCB1
3435C/T (rs1045642). This study aims to evaluate the association among CYP3A4-392A/G, CYP3A5-
6986A/G, and ABCB1-3435C/T polymorphisms and TAC, serum concentration, and biochemical
parameters that may affect TAC pharmacokinetics in Mexican kidney transplant (KT) patients.
Methods: Forty-six kidney transplant recipients (KTR) receiving immunosuppressive treatment with
TAC in different combinations were included. CYP3A4, CYP3A5, and ABCB1 gene polymorphisms
were genotyped using qPCR TaqMan. Serum TAC concentration (as measured) and intervening
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variables were assessed. Logistic regression analyses were performed at baseline and after one month
to assess the extent of the association between the polymorphisms, intervening variables, and TAC
concentration. Results: The GG genotype of CYP3A5-6986 A/G polymorphism is associated with
TAC pharmacokinetic variability OR 4.35 (95%CI: 1.13–21.9; p = 0.0458) at one month of evolution; in
multivariate logistic regression, CYP3A5-6986GG genotype OR 9.32 (95%CI: 1.54–93.08; p = 0.028) and
the use of medications or drugs that increase serum TAC concentration OR 9.52 (95%CI: 1.79–88.23;
p = 0.018) were strongly associated with TAC pharmacokinetic variability. Conclusion: The findings of
this study of the Mexican population showed that CYP3A5-6986 A/G GG genotype is associated with
a four-fold increase in the likelihood of encountering a TAC concentration of more than 15 ng/dL. The
co-occurrence of the CYP3A5-6986GG genotype and the use of drugs that increase TAC concentration
correlates with a nine-fold increased risk of experiencing a TAC at a level above 15 ng/mL. Therefore,
these patients have an increased susceptibility to TAC-associated toxicity.

Keywords: tacrolimus; SNPs; pharmacokinetics; kidney transplant recipients

1. Introduction

Chronic kidney disease (CKD) is a significant public health problem worldwide, with
increasing incidence [1,2] In Mexico, according to the Renal Data System of the United
States 2022 report, the incidence rate is 274 patients per million inhabitants, which is the
eighth highest in the world [3].

The most serious manifestation of CKD is end-stage renal disease (ESRD), which is
characterized by the presence of severe and irreversible kidney damage that results in a
glomerular filtration rate of less than 15 mL/min, leading to a clinical condition known as
uremia [4]. The primary treatment for ESRD is renal replacement therapy (RRT), which
includes peritoneal dialysis (PD), hemodialysis (HD), or kidney transplantation (KT) [5].
One of the mainstays of treatment after KT is immunosuppression, which must be individ-
ualized and tailored to each patient. Currently, the most widely used regimen consists of
tacrolimus (TAC), mycophenolic acid (MPA), and prednisone (PDN), immunosuppressive
treatment for KT involves thymoglobulin or basiliximab for initial induction. For mainte-
nance, anti-rejection agents include prednisone, mycophenolate, TAC, or cyclosporine [6,7].

TAC, also known as FK-506, is a macrolide that binds to an immunophilin known as
tacrolimus binding protein 12 (FKBP12). This protein, in turn, binds to calcineurin and
inhibits the phosphatase domain that facilitates the migration of NF-AT (nuclear factor of
activated T cells) from the cytoplasm to the nucleus. This process promotes the transcription
of the interleukin-2 gene and other cytokines, thereby blocking the proliferation and
function of T lymphocytes [8,9]. At the intestinal concentration, TAC acts as a substrate
for P-glycoprotein (PgP), which the ABCBI gene encodes. TAC is primarily metabolized in
the liver by the cytochrome P450 enzyme system, specifically by reductases of the CYP3A5
(60%) and CYP3A4 (40%) families, which are also present in the intestine but to a lesser
extent. Demethylation and hydroxylation are the main metabolic pathways. For renal
replacement, TAC ranges may vary according to KT time: ≤30 days, 10–15 ng/mL; 1 to
3 months, 10–12 ng/mL; 4 to 6 months, 8–10 ng/mL; 6 to 12 months, 6–10 ng/mL; less than
12 months, 6–8 ng/mL [10].

More than 15 metabolites have been isolated from plasma, urine, and bile [11,12]. TAC
exhibits significant inter- and intra-individual pharmacokinetic variability, requiring close
monitoring of its serum concentration to avoid rejection and toxicity. Genetic factors may
account for 20 to 95% of the pharmacokinetic variability of TAC. Demographic factors and
drug–drug interactions also contribute to patient variability in TAC pharmacokinetics [13].

It has been reported that genetic polymorphisms, clinical factors, and medication
accounted for TAC concentration variability in patients with KT [14].

Genetic factors (SNPs) in the CYP3A4, CYP3A5, and ABCB1 genes have been observed
to influence TAC pharmacokinetics [15,16]. The CYP3A4-392A/G (rs2740574), CYP3A5-
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6986A/G (rs776746), and ABCB1-3435C/T (rs1045642) polymorphisms are the genetic
factors most associated with TAC pharmacokinetic variability (over- or under-exposure).
Genotype frequencies have an important role in the clinical validity of genomic profiling
and the number of individuals who are at increased risk. Genotype frequencies should
therefore be given greater attention when reporting the results of association studies [17].

Genetic variability in the Mexican population has been reported. Polymorphisms
studies in particular populations are relevant, which could imply a diverse drug response,
and there is limited information regarding these polymorphisms and TAC in Mexican
KT patients [18,19]. Although the results vary depending on the population studied,
genotyping could be useful for the dosing approach and therapeutic drug monitoring in
the post-transplant phase [19–25]. The allele frequencies (AF) in Mexican population have
been reported for CYP3A4-392A/G, A 0.96, G 0.04, for CYP3A5-6986A/G, A 0.18, G 0.82
and ABCB1-3435C/T, C 0.52, T 0.48 [24].

This study aimed to evaluate the association among CYP3A4-392 A/G (rs2740574),
CYP3A5-6986 A/G (rs776746), and ABCB1-3435 C/T (rs1045642) polymorphisms with
TAC concentration, TAC doses and biochemical parameters that may impact the TAC
pharmacokinetics in Mexican patients with KTR.

2. Materials and Methods
2.1. Study Population

Forty-six Mexican patients with KT were selected from the Departamento de Ne-
frología, Centro Médico Nacional de Occidente (CMNO) IMSS, Guadalajara, Mexico.

This study included a prospective cohort of KT Mexican patients (self-reported of at
least three generations of Mexican ancestry), age >18 years, any gender, incident KT and
receiving TAC immunosuppressive treatment in any combination and with any donor type.
Patients diagnosed with conditions affecting gastrointestinal absorption or motility (such
as intestinal obstruction and diabetic gastroparesis), those with liver disease, and recipients
of combined transplants (liver and kidney) were excluded.

On day two after transplantation, TAC was administered orally under fast, starting
with a dosage between 3 and 5 mg twice daily. The basal TAC concentration (measured in
whole blood) and TAC dose were evaluated on the fifth day after transplantation and twice
weekly afterward for suspicion of graft rejection or adverse events. TAC troughs were
measured 12 h after the last dose was administered at a steady-state concentration of the
last administration, and the dose was adjusted to achieve the therapeutic window target
concentrations after a month of follow-up. Other biochemical parameters were measured
at basal and after one-month follow-up.

2.2. Polymorphisms Genotyping

Genomic DNA was extracted from the blood samples using the modified Miller tech-
nique [26]. Genotyping of CYP3A4-392A/G (rs2740574), CYP3A5-6986A/G (rs776746), and
ABCB1-3435C/T (rs1045642) polymorphisms were performed via real-time quantitative
polymerase chain reaction (qPCR) using TaqMan predesigned probes. TaqMan assays with
IDs C_1837671_50, C_26201809_30, and C_7586657_20 was used. The qPCR assay was
performed using StepOneTM system (Applied Biosystems, Thermo Fisher Sci, Waltham,
MA, USA) according to the manufacturer’s recommendations.

2.3. TAC Quantification and Biochemical Parameter Determination

Venous blood samples were obtained to quantify TAC levels and other biochemical
parameters. TAC concentration was measured by the microparticle chemiluminescent
immunoassay analytical method and equipment Architect® (Abbott, Chicago, IL, USA).
The therapeutic window was established between 5.0 and 15.0 ng/mL; levels higher than 15
ng/mL were considered toxic [10,27,28]. TAC concentration was established, representing
the threshold indicating the most significant risk of initial-month toxicity due to TAC
belongs methods. Other chemical parameters—hematocrit, albumin, and creatinine—
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were measured via an enzymatic colorimetric method in a VITROS 4600® (Ortho Clinical
Diagnostics, Raritan, NJ, USA). We report a month follow up one-time TAC measurement
because that is enough time to evaluate significant modifications that could reflect changes
in TAC pharmacokinetics like renal function, albumin concentration, dose-reduction of
steroids, antihypertensive drugs, and inhibitor pump inhibitors use [29].

2.4. Pharmacogenetic Analysis

The genetic profile was constructed from the allelic frequency and analyzed for their
association with response to treatment using an SNP analyzer.

2.5. Statistical Analysis

Data analysis was performed using the R programming language for statistical anal-
ysis, version 4.2. Quantitative variables with parametric distribution were presented as
means ± standard deviation, and those with non-parametric distribution as medians and
ranges (min–max). Dependent samples T-test (normal distribution) and the Wilcoxon
test (non-parametric distribution) were performed to compare baseline and one-month
evolution for serum TAC concentration, TAC doses, and intervening variables The U-
Mann–Whitney U test, Kruskal–Wallis test, Student’s t-test, or the one-way ANOVA test
was employed to compare serum TAC concentration across genotypes for each polymor-
phism. A logistic regression model was performed in which the independent variable was
low TAC levels (<15 ng/dL). The model was adjusted by variables that in the bivarized
bivariate analysis (<15 ng/dL vs. >15 ng/dL) had a p-value lower than 0.20 or by those
variables with biological plausibility. In the final model, three genetic variants were studied
(CYP3A4-392A/G, CYP3A5-6986A/G, ABCB1-3435C/T), as well as serum creatinine levels,
hematocrit after 1 month, and the use of drugs that raise TAC concentrations. The stepwise
method was utilized to select the final model. We computed the odds ratio (OR) and
their 95% confidence intervals (95%CI). A p-value of <0.05 was considered as indicative of
significance.

3. Results
3.1. Demographic and Clinical Features of the Study Population

Forty-six incidental KT patients undergoing TAC under immunosuppressive treatment
were enrolled. The mean age of the patients was 29.8 years (29.8 ± 5.3); 80% were male. The
median duration of CKD diagnosis was four years, and the etiology of CKD was unknown
in more than 90% of the patients. High blood pressure was the most common comorbidity,
affecting 83% of patients.

The demographic and clinical features of the study population are shown in Table 1.

Table 1. Demographic and clinical features of kidney transplant recipients.

Variables n = 46

Age (years) * 29.8 ± 5.3
Sex **
- Male
- Female

36 (80)
10 (20)

BMI (kg/m2) * 24.7 ± 4.1
Evolution time of CKD (years) *** 4 (2–10)
Etiology of CKD **
- Undetermined
- Focal segmental glomerulonephritis
- Lupus nephritis

43 (93.5)
2 (4.3)
1 (2.2)
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Table 1. Cont.

Variables n = 46

RRT pre-KT **
- PD
- HD
- None

19 (41.3)
22 (47.8)
5 (10.9)

Other comorbidities **
- HBP
- None

38 (82.6)
8 (17.4)

KT number **
- First
- Second

45 (97.8)
1 (2.2)

Donor type **
- Live related
- Live affective
- Deceased donor

34 (73.9)
6 (13.04)
6 (13.04)

Type of immune induction pre-KT **
- Basiliximabd
- Thymoglobulin

31 (67.4)
15 (32.60)

Maintenance immunosuppression **
- TAC-MPA-PDN 46 (100)
Other drugs
- Omeprazole 11 (23.9)
- Calcium channel inhibitors 27 (58.7)

Abbreviations: BMI, body mass index; CKD, chronic kidney disease; RRT, renal placement therapy; KT, kidney
transplant; PD, peritoneal dialysis; HD, hemodialysis; HBP, high blood pressure; TAC, tacrolimus; MPA, my-
cophenolic acid; PDN, prednisone. *: variables expressed as mean ± standard deviation. **: variables expressed
as n (%). ***: Variables expressed as median (min–max).

3.2. Analysis of the SNPs: CYP3A4-392A/G, CYP3A5-6986A/G, and ABCB1-3435C/T
Polymorphisms

The CYP3A4-392A/G polymorphism was identified in 45 patients. The most prevalent
genotype was AA, observed in 82% of the patients. None of the patients exhibited the
GG genotype. The most common allele was the wild-type allele (A), present in 91% of the
patients; CYP3A5-6986A/G polymorphism was identified in 46 patients. The GG genotype
was observed in 63% of the patients. The predominant allele was the variant allele (G),
present in 82% of the patients. None of the studied patients exhibited the AA genotype.
The prevalent allele was the variant allele (G) in 82% of the patients. The ABCB1-3435C/T
polymorphism was identified in 44 patients. The most prevalent genotype was CT, observed
in 66% of the patients. The prevalent allele was the variant allele (T), present in 60% of the
patients.

As to the genetic profile of CYP3A4-392A/G, CYP3A5-6986A/G, and ABCB1-3435C/T
polymorphisms, nine of the genetic profiles from three SNPs generated from the combi-
nations from the genotyping were analyzed. Only four were identified with a frequency
higher than 5% from these combinations. These four combined genotypes were present
in 90% of all patients. The genetic profile more frequently found was 1 (GAT) at 50%
following 2 (GAC) at 26%. The genotype and allele frequencies and genetic profile of
the study population for the CYP3A4-392A/G, CYP3A5-6986A/G, and ABCB1-3435C/T
polymorphisms are shown in Table 2.
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Table 2. Genotype and allele frequencies and genetic profile in 45 KTR.

SNPs Genotype n (%) Allele n (%) n

CYP3A4-392A/G
AA 37 (82) A 82 (91)

45AG 8 (18) G 8 (9)
GG 0 - -

CYP3A5-6986A/G
AA 0 A 17 (18)

46AG 17 (37) G 75 (82)
GG 29 (63) - -

ABCB1-3435C/T
CC 3 (7) C 35 (40)

44CT 29 (65) T 53 (60)
TT 12 (27) - -

Genetic profile
CYP3A4392

A/G
CYP3A5-6986

A/G
ABCB1-3435

C/T n (%)

1 G A T 46 (50)
2 G A C 24 (26)
3 A A T 4 (4)
4 A A C 9 (9)

Others – – – 9 (9)

Percentages were estimated using 46 patients in total, and a total of 92 were used for the alleles. The genetic
profiles were constructed from the genotyping of three SNPs: CYP3A4 (rs2740574), CYP3A5 (rs776746), and
ABCB1 (rs1045642).

3.3. CYP3A4-392A/G, CYP3A5-6986A/G, and ABCB1-3435C/T Genotypes, TAC Concentration,
and Dose

The genotypes were compared with the levels and doses of basal TAC at the baseline
and one month after transplant. At the baseline concentration, no statistically significant
difference was identified between the genotypes for either of the two variables However,
after one-month follow-up, a significant difference was shown between the genotypes for
the CYP3A5-6986A/G polymorphism and the TAC levels (p = 0.006). These findings are
shown in Table 3.

Table 3. Comparison of TAC concentration and doses according to genotype.

Baseline Determination One Month Later Determination

Gene
SNPs Genotype TAC Doses *** p-Value

TAC
Concentration

***
p-Value TAC Doses

*** p-Value
TAC

Concentration
***

p-Value

CYP3A4
392A/G

AA 0.12 (0.10–0.12)

0.98

8.8 (5.9–12.5)

0.30

0.11
(0.06–0.17)

0.98

13.90
(4.0–27.10)

0.77AG 0.12 (0.6–0.12) 7.45 (4.8–10.32) 0.12
(0.05–0.15)

12.25
(4.60–19.10)

GG - - - -

CYP3A5
6986A/G

AA -

0.71

-

0.30

-

0.34

-

0.006AG 0.12 (0.10–0.12) 6.9 (5.0–9.5) 0.11
(0.08–0.17)

9.20
(4.00–27.10)

GG 0.12 (0.6–0.12) 9 (7.1–12.5) 0.11
(0.05–0.17)

14.60
(4.60–23.90)

ABCB1
3435C/T

CC 0.12 (0.12–0.12)

0.35

8.2 (6.6–10.7)

0.99

0.10
(0.08–0.15)

0.45

14.20
(6.20–15.10)

0.79CT 0.12 (0.6–0.12) 8.2 (6.6–10.7) 0.11
(0.05–0.17)

13.90
(4.00–27.10)

TT 0.12 (0.10–0.12) 9.9 (6.45–11.7) 0.12
(0.06–0.15)

13.75
(7.70–18.90)

***: Variables expressed as median (min–max). TAC serum concentration are expressed in ng/dL; the TAC dose is
expressed in mg/kg/day.

3.4. TAC Concentration and Genetic Profile

TAC concentration was also assessed based on the different genetic profiles (Figure 1).
For the CYP3A5-6986-A/G variant, a remarkable distinction in TAC concentration was
identified when comparing different genetic profiles.
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3.5. Comparison of TAC Concentration TAC Dose, Biochemical Parameters, and Concurrent Drugs
at Baseline and One Month after Evolution

In comparison to their baseline measurements in KTR patients, it was observed that
after one month of treatment, the serum TAC median concentration increased from 8.1
(range: 5.0–11.8) to 13.5 ng/mL (range: 9.0–16.18), hematocrit concentration from 32.9
(±6.7) to 39.5% (±4.4). The median serum creatinine concentration decreased from 1.3
(range: 0.47–1.97) to 1.01 (range: 0.11–013) mg/dL.

The percentage of concurrent drugs that impact TAC’s pharmacokinetics decreased
from 65% to 39% (these drugs were omeprazole, amlodipine, or the omeprazole-nifedipine
combination). Conversely, serum albumin and TAC dosage remained unchanged. These
outcomes are detailed in Table 4.

Table 4. Comparison of TAC concentration, TAC dose, with biochemical parameters and drug
interaction. Baseline and one month follow-up.

Baseline One Month
Follow-Up p-Value

TAC concentration (ng/dL) *** 8.1(5.0–11.8) 13.5 (9.0–16.8) <0.001
TAC dose (mg/kg/day) *** 0.12(0.12–0.12) 0.11 (0.10–0.13) 0.619

Hematocrit (%) * 32.9 ± 6.7 39.5 ± 4.4 <0.001
Albumin (g/dL) * 4.11 ± 0.5 4.42 ± 0.4 0.074

Creatinine (mg/dL) * 1.3 (1.1–1.4) 1.01 (0.82–1.3) <0.001

Drug interaction ** No = 16 (35)
Yes = 30 (65)

No = 28 (61)
Yes = 18 (39) 0.019

TAC, tacrolimus. p-values ≤ 0.05 were considered statistically significant. Note: the statistical test used for serum
TAC and albumin levels, as well as for TAC dose. *: variables expressed as mean ± standard deviation. **:
variables expressed as n (%). ***: variables expressed as median (min–max).

3.6. Assessment of the Association of Genetic and Biochemical Parameters with TAC Concentration

Consequently, patients were categorized into two groups: those with TAC ≤15 ng/mL
(group 1) and those with TAC >15 ng/mL (group 2). A comparison of the main characteris-
tics between both groups is presented in Table 5. At baseline determination, TAC in group
1 was 7.35 ng/mL and 21.95 ng/mL in group 2, with no significant distinction observed
between genetic and biochemical parameters (creatinine serum, hematocrit, serum albumin,
hypoalbuminemia).
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Table 5. Assessment of the association of genetic parameters (SNPs), TAC concentration, TAC doses,
biochemical parameters, and drugs.

TAC Concentration

Variables Group 1: <15 ng/dL Group 2: >15 ng/dL p-Value

CYP3A4-392A/G **
AA 31 (68.9) 6 (13.3) 0.578 a

AG 8 (17.8) 0 (0)
CYP3A5-6986A/G **

AG 15 (32.6) 2 (4.3) >0.99 a

GG 25 (54.3) 4 (8.7)
ABCB1-3435C/T **

CC 3 (6.8) 0 (0) 0.239 a

CT 23 (52.3) 6 (13.6)
TT 12 (27.3) 0 (0)

TAC serum (ng/dL) *
concentration ** 7.35 (5.0–10.32) 21.95 (17.6–26.6) <0.001 b

TAC dose (mg/kg/day) *** 0.12 (0.12–0.12) 0.12 (0.12–0.12) 0.869 b

Serum creatinine (mg/dL) *** 1.32 (1.0975–1.43) 1.195 (1.10–1.39) 0.935 b

Hematocrit (%) *** 31.95 (27.60–36.27) 40.75 (37.75–43.82) 0.005 b

Serum albumin (g/L) *** 4.0 (3.7–4.5) 4.20 (4.2–4.4) 0.371 b

Hypoalbuminemia **
Yes 3 (10) 0 (0) >0.99 a

No 22 (73.3) 5 (16.7)
Use of drugs that elevate

serum TAC concentration ** 25 (54.3) 5 (10.9) 0.649 a

Yes 15 (32.6) 1 (2.2)
No

One-month follow-up
CYP3A4-392A/G **

AA 24 (53.3) 13 (28.9) 0.452 a

AG 4 (8.9) 4 (8.9)
CYP3A5-6986A/G **

AG 14 (30.4) 3 (6.5) 0.05 a

GG 15 (32.6) 14 (30.4)
ABCB1-3435C/T **

CC 2 (4.5) 1 (2.3) >0.99 a

CT 18 (40.9) 11 (25.0)
TT 7 (15.9) 5 (11.4)

TAC serum (ng/dL
concentration) *** 8.10 (4.00–11.90) 16.48 (12.00–27.10) <0.001 b

TAC dose (mg/kg/day) *** 0.11 (0.05–0.17) 0.12 (0.07–0.15) 0.598 b

Serum creatinine (mg/dL) * 0.98 (±0.23) 1.16 (±0.36) 0.039 c

Hematocrit (%) * 38.9 (±4.11) 40.5 (±4.78) 0.237 c

Serum albumin (g/L) * 4.21 (±0.31) 4.59 (±0.32) 0.034 c

Hypoalbuminemia:
Yes 0 (0) 0 (0) ---
No 7 (43.75) 9 (56.25)

Use of drugs that elevate
serum TAC concentration:

Yes 8 (17.4) 10 (21.7) 0.060 a

No 21 (45.7) 8 (15.2)
* variables expressed as mean ± standard deviation. ** variables expressed as n (%). *** variables expressed
as median (min–max). a: Mann–Whitney U test; b: Chi-squared test or Fisher exact test. c: student’s t-test.
At baseline, 40 patients were identified with TAC >15 concentration ng/dL. After one month, 9 patients were
identified with TAC concentration >15 ng/dL.

One month after progression, the TAC median concentration level in group one
was 10.02 ng/mL, while group two exhibited 18.18 ng/mL as median. The frequency of
CYP3A5-6986A/G genotypes in both groups displayed statistical significance, with p < 0.05.
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The CYP3A5-6986 GG genotype frequency was similar in both groups, whereas the AG
genotype was more prevalent in group one. Furthermore, serum creatinine demonstrated a
significant difference between the two groups, being higher in group one. Serum albumin
also exhibited a significant difference between the groups; however, it is essential to
highlight that none of the patients presented hypoalbuminemia (serum albumin <3.5 g/L)
after a month of progression (Table 5).

To assess the magnitude of the association between the polymorphisms and inter-
vening variables, a logistic regression analysis was conducted for both baseline and one-
month-later variables. In the baseline logistic regression model, none of the variables
demonstrated individual or collective significance. For the analysis one month later, the
variables showing a notable difference compared to their baseline measurements were inte-
grated. The presence of the GG genotype of the CYP3A5-6986A/G polymorphism showed
an OR of 4.35 (95%CI: 1.13–21.90; p = 0.0458) for serum TAC concentration > 15 ng/dL at
one month of evolution. In a combined analysis with the remaining included variables,
the GG genotype of the CYP3A5-6986-A/G polymorphism demonstrated an OR of 9.32
(95%CI: 1.54–93.08; p = 0.028), while the drug increasing serum TAC level presented an
OR of 9.53 (95%CI: 1.79–88.23; p = 0.018). The attributes of logistic regression models are
outlined in Table 6.

Table 6. Association of variables with TAC concentration >15 ng/mL at one-month follow-up.

Characteristics One Month Later Odds Ratio (OR) 95% CI p-Value

CYP3A5-6986A/G PM * 4.35 1.13–21.90 0.0458
CYP3A5-6986A/G PM ** 9.32 1.54–93.08 0.028
Serum creatinine (mg/dL) 7.05 0.45–177.12 0.191
Hematocrit 1.07 0.90–1.28 0.439
Drug use that increases TAC
concentration ‡ 9.53 1.79–88.23 0.018

* individual evaluation of the CYP3A5-6986A/G polymorphism (PM); ** integrated evaluation of the CYP3A5-
6986A/G polymorphism in the multivariate logistic regression model; ‡ drugs included: omeprazole and calcium
channel inhibitors (amlodipine or nifedipine).

4. Discussion

The influence of genetic factors on the pharmacokinetic variability of TAC appears
to be significant. In this study, we evaluated the relationship between CYP3A4-392A/G,
CYP3A5-6986A/G, and ABCB1-3435C/T polymorphisms with TAC concentration in KTR.
We identified an association between the CYP3A5-6986A/G polymorphism and TAC phar-
macokinetic variability. Using an adjusted logistic regression analysis, we determined that
the presence of CYP3A5-6986A/G increases the risk of TAC concentration. This increased
risk of TAC levels (>15 ng/mL) was independent from other factors, including biochemical
parameters like hematocrit, serum creatinine, and some known drugs that increase TAC
concentration. Although this association has been reported in other populations [16,30–32],
the genetic variability among different racial groups, and polymorphisms studies in par-
ticular populations, are relevant, with implications for drug response. To our knowledge,
there is limited information regarding these polymorphisms and TAC concentration in
Mexican KT patients [18,19].

We observed that patients with the CYP3A5-6986GG genotype had elevated serum
TAC concentration compared to heterozygotes (AG). This difference is because patients
with the GG genotype have a slower metabolism than heterozygotes, which serve as
intermediate metabolizers. This phenomenon is related to the biological effect of the A-to-G
substitution, which leads to a splicing defect in the mRNA. This modification generates
an unstable and non-functional protein, which ultimately affects the TAC concentration
in these patients [32–34]. The genetic profile encompassing the GG genotype of CYP3A5-
6986A/G showed a significantly elevated of concentration TAC when contrasted with those
with the AG genotype.
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Regarding the other polymorphisms analyzed, CYP3A4-392A/G, CYP3A5-6986A/G,
and ABCB1-3435C/T, our study did not show a significant difference between genotypes
and serum TAC concentration. The associations between these polymorphisms and serum
TAC are concentration inconsistent, probably due to the specific population studied [35–37].

In terms of overall population characteristics, most patients were men, and the under-
lying etiology of CKD remained undetermined in a considerable proportion of cases; this
has been reported in other studies in the Mexican population [38,39].

Other factors influence TAC pharmacokinetic variability, particularly liver dysfunction,
gastrointestinal motility disorders, food and/or drug interactions, hematocrit, albumin
concentration, and renal function [40].

In this study, the biochemical parameters evaluated were hematocrit, serum albumin,
serum creatinine, and drug interactions. Hematocrit and serum creatinine concentration
showed significant changes after one month of evolution, in contrast to baseline mea-
surements (as shown in Table 5). These changes are attributed to the physiological shifts
associated with satisfactory renal graft function observed in most subjects. Therefore,
while hematocrit may predict TAC concentration variability within whole blood, this
may not apply to therapeutically active concentrations [39]. Other studies have docu-
mented a substantial correlation between hematocrit and creatinine with concentration log
tacrolimus [41,42], suggesting the potential impact of these factors on TAC pharmacokinet-
ics. However, in our study, we included genetic and biochemical parameters. We did not
observe any divergence in hematocrit and serum creatinine concentration.

In terms of drug interactions, the most commonly co-administered drugs were omepra-
zole, nifedipine, amlodipine, or the omeprazole-nifedipine combination. After one month
of observation, a notable reduction in their use was observed, from 65% to 39%. However,
there was a significant increase in TAC concentration after one month, from 8.1 to 13.5
ng/mL. The interaction between TAC and omeprazole which are metabolized in the liver
by the CYP3A4 enzyme could be explained by the fact that omeprazole is a CYP2C19 and
CYP3A enzyme inhibitor that could modify TAC pharmacokinetics: CYP2C19 inhibition
may suppress omeprazole metabolism, leading to metabolic pathway alterations by the
CYP3A enzyme to maintain an adequate biotransformation. Subsequently, CYP3A4 com-
petition increases TAC serum concentration [24]. Concomitant administration of these
medications may affect TAC pharmacokinetics, particularly in patients with genetic SNPs
in CYP3A5 [43–46].

Amlodipine is metabolized in the liver by the CYP3A4 and CYP3A5 enzymes and
by PgP. In individuals with SNPs that render the CYP3A5 protein nonfunctional, the
CYP3A4 pathway assumes a major role in metabolism. This phenomenon appears to
increase TAC concentration in patients taking amlodipine due to potential interactions [47].
Therefore, despite the reduction in omeprazole and amlodipine use during the first month,
the TAC concentration increased. Multiple interactions among various drugs in CYP450
are well known, including inductions and inhibitions. However, the chemical structure of
CYP450 has a wide site of union to the substrate, suggesting that this enzyme can bind
simultaneously to diverse ligands during its biological functions [46].

Consequently, patients with CYP3A5-6986A<G genotype may require close therapeu-
tic monitoring when subjected to combined TAC/omeprazole/amlodipine therapies.

Therefore, a comprehensive analysis including genetic factors such as the identification
of CYP3A5-6986A<G polymorphism and drug interactions in Mexican KT patients may
provide a more robust assessment of TAC pharmaceutical variability. This, in turn, may
allow for more precise dose adjustments, thereby contributing to preventing toxicity events
in this population.

Study Strengths and Limitations

In the best of our knowledge, this study is the first to assess the relation between
CYP3A4-392A/G, CYP3A5-6986A/G, and ABCB1-3435C/T with TAC concentration in
KT Mexican patients. Additionally, in our research, using an adjusted logistic regression
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analysis, we can conclude that the presence of CYP3A5-6986A/G increase the risk of TAC
concentration. This increased risk of TAC concentration >15 ng/mL was independent from
other factors, including serum creatinine, hematocrit, and drugs that increase tacrolimus
concentration. This study in Mexican KT patients opens the possibility of reconsidering
the usefulness of establishing an initial TAC dose based on genotype, which could offer
benefits not only in reducing the number of dose modifications but also in reducing the
rates of nephrotoxicity and KT rejection.

There are some limitations in our research in relation to the findings of the main effects
of individual SNPs and the increase in TAC concentration. First, we cannot exclude the
possibility that other gene regions may be important. Second, TAC concentration could be
increased by multifactorial causes, and this finding supports the notion that risk factors may
be relevant only in a proportion of the population with underlying genetic susceptibility.
Future investigations that could replicate the findings in this research are necessary to
verify the biological precept of the plausibility of gene–environment interactions as they
relate to the genotypes and TAC concentration. Third, a limitation that must be considered
in this study is the low statistical power. Therefore, new studies are required in which the
sample size could be increased to validate the results shown in this study. Studies in larger
and different populations with a longer follow-up focusing on comparing the standard
dose of TAC with a genotype-adapted dose are required to evaluate whether genotype
determination in KT confers a benefit in terms of outcomes, such as TAC toxicity, rejection,
hospitalization time, costs, etc.

5. Conclusions

The findings of this study suggest that the CYP3A5-6986A/G GG genotype is associ-
ated with a four-fold-increased likelihood of experiencing serum TAC concentration greater
than 15 ng/mL after one month of KT. Co-occurrence of the CYP3A5-6986A/G GG geno-
type and use of TAC-increasing drugs correlates with a nine-fold-increased susceptibility
to increased TAC concentration exceeding 15ng/mL one month after KT. Therefore, close
monitoring of these patients is essential due to their increased susceptibility to TAC toxicity.
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