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Object: To quantitatively investigate the influence of various factors, including nicotine, demographics, biochemical index, and 
genetic polymorphisms of PAHs and drug metabolising enzymes, on the steady-state trough concentrations of levamlodipine besylate 
and its therapeutic effects in smokers. Using models to promote rational and accurate medication dosing in smoking patients when 
administered as initial monotherapy.
Methods: A prospective study (NCT05126381) enrolled 43 patients receiving levamlodipine monotherapy. Pop PK/PD model of 
levamlodipine besylate was established to investigate the effects of nicotine concentration, demographics (age, sex, height, weight, 
BMI), biochemical index (ALT, AST, ALB, UA, eGFR), and the genetic polymorphisms (rs4646903, rs1048943, rs762551, 
rs12459249, rs776746, rs2740574) on the patients’ steady state trough concentrations and the antihypertensive efficacy (ΔSBP) of 
levamlodipine besylate after dosing.
Results: The Pop PK/PD model was conducted using the study data of 43 patients. One-compartment model was used to describe the PK 
characteristics, and the direct effect model was used to describe the antihypertensive effect of levamlodipine besylate. The final Pop PK/PD 
model showed that the typical value of V = 3521L, CL = 62.6L·h−1, E0 = 168mmHg, Imax = 31mmHg, IC50 = 1.71ng·mL−1; eGFR and UA 
were found in the model had significant effect on the CL of levamlodipine besylate.
Conclusion: Patients with lower eGFR and UA levels exhibited lower CL levels, higher dosages may be considered for initial 
monotherapy in such patients. The current study tentatively do not show that nicotine concentration and PAHs metabolizing enzymes 
have significant effect on PK and PD in patients taking the drug. More data may be needed in the future to refine the effects of the 
above covariates on the PK and PD parameters of the levamlodipine besylate.
Keywords: Levamlodipine besylate, model-informed precision dosing, pop PK/PD model, smoking patients

Introduction
Levamlodipine besylate is classified as the Calcium Channel Blockers (CCBs), as one of the first-line therapeutic agents 
for the initial treatment of hypertensive patients in China, which has a long-lasting and stable antihypertensive effect.1 It 
is well absorbed orally and is not significantly affected by food,2 and metabolized in the human body mainly by hepatic 
cytochrome P450 (CYP450) enzymes 3A4 / 3A5, and about 90% of the drug is metabolized in the liver to inactive 
products, and it is excreted in the body in the form of 10% of the prodrug and 60% of the metabolite via the kidneys.3

Polycyclic aromatic hydrocarbons (PAHs) and nicotine in tobacco compounds affect the metabolism and in vivo 
pharmacological effects of many drugs.4 This class of PAHs significantly induces the hepatic drug enzymes CYP1A1 and 
CYP1A2, thereby accelerating the metabolism of drugs such as propranolol, haloperidol, and olanzapine5,6 in vivo, and 
potentially affecting the metabolism of other drugs as well. Nicotine may have an effect on the pharmacological effects of 
the drug, especially its effects on the cardiovascular system,7 its ability to increase the level of catecholamine release in 
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the body and thus stimulate the central and peripheral nervous system, this stimulation may reduce the original 
pharmacological effects of the drug.

Parts of literature8–10 had reported that with regular use of medication following medical advice, some patients still 
had poor control of their blood pressure to the extent that they needed to be treated with other antihypertensive 
medications for better control. Therefore, it is important to further explore the factors that differentiate the efficacy of 
patients with different group characteristics after the same initial monotherapy in order to develop an individualised 
initial treatment regimen. In patients who smoke, it may be necessary to adjust the dosage administered according to the 
smoking behaviour of the smoker in order to achieve better therapeutic effects and improve the safety of the medication. 
The genetic polymorphisms of PAHs and nicotine metabolising enzymes may be significant contributors to the 
considerable inter-individual variability observed in PK and PD parameters11 following drug administration in patients 
with chronic diseases who smoke. However, there is a paucity of quantitative studies investigating the relationship 
between these genetic polymorphisms and the PK and PD parameters. This study aims to establish a population PK/PD 
model that incorporates the genetic polymorphisms of PAHs and nicotine-related metabolising enzymes, in conjunction 
with demographic and pathological factors. The objective of this study is to develop a population pharmacokinetic/ 
pharmacodynamic model to quantitatively investigate the effects of the aforementioned factors on steady-state blood 
concentrations and efficacy in smoking patients with chronic diseases. This will be achieved through simulation, which 
will enable the identification of the optimal dosage to be administered to patients in order to achieve individualised 
dosing, thus ensuring safe, effective and cost-effective treatment.

Methods
Study Design
A prospective study was conduct in which patients were selected from hospitals and community healthcare organizations. 
This study was performed in accordance with the principles stated in the Declaration of Helsinki, and it has received 
approval from the Ethics Committee of the Second Affiliated Hospital of Chongqing Medical University, with the 
approval number: 2021LCYJ094. It has also been registered on ClinicalTrails.gov, with the ClinicalTrials.gov ID: 
NCT05126. All patients provided written informed consent before participating in this study. All subjects were screened 
through the inclusion and exclusion criteria of the study protocol, and demographic information, medical history 
information, personal history, and medication information of the enrolled subjects were recorded. During the study 
period, a medication information record card was given to the subjects to record the time and dosage, and the number of 
cigarettes smoked (cigarettes were uniformly provided by investigator).

Subjects were enrolled in the group and underwent the necessary examinations and blood collection in D1 ~ D3. 
D1: 0 ~ 30 min before drug administration on the same day, PK blood samples of 4mL, blood biochemistry samples of 
4mL, genetic blood samples of 2mL were collected. Blood pressure was measured using a standardized mercury 
sphygmomanometer, with participants seated and after a 5-minute rest period. Measurements were taken in triplicate, 
and the average of three readings was recorded to ensure accuracy. And a new drug administration information card 
was collected and distributed. D2 ~ D3: 0 ~ 30 min before drug administration on the same day, PK blood samples of 
4mL were collected and blood pressure was measured, and a new drug administration information card was recovered. 
D2 ~ D3: 0 ~ 30 min before drug administration on the same day, 4mL of PK blood samples were collected and blood 
pressure values were measured.

Subjects were discharged from the group after completing the last blood sample collection and safety assessment by 
the investigator.

Inclusion and Exclusion Criteria
Inclusion
(1) Age: 18 ~ 70 years old (including borderline values), gender is not limited; (2) Patients with a previous diagnosis of 
hypertension, who are on antihypertensive treatment with levamlodipine besylate tablets alone and adhere to the long- 
term regular medication. (3) Use of a fixed antihypertensive drug regimen within 1 month prior to enrollment, and can 
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continue that dosing regimen after enrollment. (4) Subjects who understand the risks and regulations of the trial and are 
able to comply with the study protocol, participate voluntarily and sign the informed consent form.

Exclusion
(1) Subjects have combined other drugs with antihypertensive effects or Chinese herbal or proprietary medicines 
containing antihypertensive components during the study period. (2) Subject has combined drugs with strong inducing 
or inhibiting effects on CYP3A4 or CYP3A5 enzymes within the first 2 weeks of the study period or during the study 
period. (3) History of alcohol abuse (drinking more than 14 units of alcohol per week, 1 unit = 350 mL of beer or 44 mL 
of spirits with 40% alcohol or 150 mL of wine) or prior history of alcohol abuse with current abstinence less than 3 
months. (4) Subject has a pathophysiological condition that interferes with drug absorption or a history of surgery that 
interferes with drug absorption. (5) Subjects who have previously tested positive for HBsAg, HCV or syphilis antibodies. 
(6) Pregnant and lactating women. (7) Subjects who, in the opinion of the investigator, are not suitable for participation in 
this trial due to safety or compliance factors.

Data Collection
The following data were collected and recorded using the chart report form (CRF) and medication information diary 
card: (1) demographic information: including age, gender, height, weight, and race. (2) Medical history data: including 
current medical history, past history, surgical history; (3) Other data: including smoking history, alcohol consumption 
history. (4) Medication-related information: name of current medication, dosage, time of medication. (5) Sample 
collection time. (6) Blood biochemistry results: liver function (ALT, AST, ALB, TBIL), kidney function (Scr, UA, 
UREA). (7) Metabolic enzyme gene polymorphism results: cigarette PAHs: CYP1A1, CYP1A2; nicotine: CYP2A6; 
levamlodipine besylate tablets: CYP3A4, CYP3A5; (8) PK: plasma concentrations of the target drug were collected for 
each subject (3 portions), and plasma concentrations of nicotine (3 portions, only for the smoking group). (9) PD: 
baseline blood pressure values, follow-up blood pressure values. (10) Information on medication taken during the trial, 
number of cigarettes smoked per day in the smoking group.

Plasma Concentration Detection
Levamlodipine Besylate Plasma Concentration
After collecting whole blood from the study patients using anticoagulation blood collection tubes containing sodium 
citrate, the samples were processed under the conditions of sodium lamp, temperature: 4°C, rotational speed: 3000 r/ 
min, centrifugation time: 10 min, and the drug concentration was detected by the Research Center for Innovative 
Drugs and Excipients Analysis Technology of the School of Pharmacy, Chongqing Medical University, using the 
HPLC-MS / MS method. The chromatographic conditions were as follows: the chromatographic column was ACE 
Excel 2C18-PFP (2.1*100 mm); the flow rate was 0.4 mL-min-1; the column temperature was 35.0 °C; the mobile 
phases were: 0.1% formic acid solution for mobile phase A, 0.1% formic acid acetonitrile solution for mobile phase 
B, and gradient elution. Mass spectrometry conditions: multi-reaction ion monitoring was used, and ESI positive 
ionization was used for detection. 100 uL of plasma sample and 400 uL of internal standard working solution (0.1% 
formic acid acetonitrile solution containing fluoxetine hydrochloride 8.5 ng/mL), mixing and vortexing for 3 min, 
centrifuged at low temperature for 15 min, and the supernatant was injected into the sample for detection at 2 uL.

Nicotine Plasma Concentration
The detection was performed by LC-MS under the following chromatographic conditions: the column was an ACE Excel 
2 C18-PFP column (100×2.1 mm, 1.7 μmm; Waters); the mobile phase A was acetonitrile; and the mobile phase B was 
0.1% formic acid in water. Gradient elution was performed. Mass spectrometry was performed in positive ion mode 
(MRM mode) with capillary voltage of +0.35 kV, ion source temperature of 350 °C, desolventised gas flow rate of 10 L/ 
min, and conical pore gas flow rate of 11 L/min. 100 μL of plasma was transferred to a 1.5 mL centrifuge tube, and 10 μL 
of the internal standard working solution and 300 μL of ethyl acetate were added to the tube, and then the plasma was 
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vortexed and mixed for 5 min, and centrifuged for 15 min at 13000 rpm. The sample was centrifuged at 13000 rpm for 
15 min, and the supernatant was injected into the sample for detection at 2 uL.

Gene Polymorphism Detection
The study samples were collected from 2 mL of whole blood of the study patients using anticoagulation blood collection 
tubes containing sodium citrate, frozen in a refrigerator at −80°C, and handed over to Shanghai Tianhao Biotechnology 
Co. The target SNP loci were detected and typed using imLDR typing technology, and the priority of SNP loci selection 
for genotyping was as follows: loci reported in the literature > functional loci > high mutation rate loci > other loci. The 
SNP sites for polymorphisms in the metabolizing enzyme genes related to PAHs and nicotine were selected as CYP1A1: 
rs1048943, rs4646903;12 CYP1A2: rs762551;13 CYP2A6: rs12459249;14 and for drug metabolizing enzyme genes, the 
following were selected: CYP3A4: rs2740574; CYP3A5: rs776746.15

Pop PK / PD Model Construction
The Pop PK/PD model of levamlodipine besylate was constructed by using the “NLME” in the Phoenix 64 (V 8.3) 
software of Certara, and the FOCE-ELS was used to estimate the model parameters. The model was constructed by 
constructing a Pop PK model of levamlodipine besylate, followed by the Pop PK model based on Pop PK model. Since 
the study was designed for trough concentration sampling, the absorption phase could not be characterized, and the 
absorption rate constant Ka had little effect on the clearance rate, so it was fixed at the literature value of 0.79.16 Basic 
model equation with fixed and random effects was as follows:

Note: exp(nV, nCL, nE0, nImax, nIC50): inter-individual variation in V, CL, E0, Imax, IC50 corresponding to random 
effects in the model; which conforms to a normal distribution with a mean of 0 and variance of ω2.

Covariates of the study were assigned with the following rules: continuous covariate=original value; continuous 
covariate: male = 0, female = 1; non-smoking patient = 0, smoking patient = 1; rs2740574 phenotype for TT = 0, TC = 1; 
rs776746 phenotype for CC = 0, TC = 1, TT = 2. The inclusion criteria for covariates were “forward inclusion” and 
“backward exclusion” to investigate the effects of covariates on PK/PD parameters, with P < 0.05 for forward inclusion 
and P < 0.01 for backward exclusion. The value of the objective function (OFV) is used as a measure of the overall fit of 
the model, and the degree of influence of the covariates was assessed by comparing the decreasing values of the model 
OFV values. Similarly, covariates were screened stepwise to investigate the effect of covariates on PD parameters.

Results
General Information of Patients
The recruitment information for the study participants is presented in Figure 1. A total of 43 patients were included in 
this study, including 9 in the smoking group and 34 in the non-smoking group. Among them, 16 were males (smoker: 9, 
non-smoker: 7) and 27 were females (non-smoker). The general data information of the patients is shown in Table 1.

Concomitant Diseases and Combined Medications
In addition to the underlying disease of hypertension, some of the patients included in the study had other concomitant diseases 
including: hyperlipidaemia, hyperuricaemia, cerebral infarction, type 2 diabetes mellitus, and carotid plaque. The patients’ 
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combined medications were mainly glucose-lowering and lipid-lowering medications; the glucose-lowering medications: 
acarbose, gliclazide, glimepiride, miglitol, selegiline, and metformin; and lipid-lowering medications: atorvastatin calcium. 
The other combined medications included colchicine and aspirin. Overall the patients’ combined medications had no 
significant antihypertensive effect and did not significantly induce or inhibit CYP3A4 and CYP3A5 enzymes.

Figure 1 Recruitment flow of study. The figure illustrates the recruitment process and the number of patients included/excluded in the study and the number of research 
samples collected of the study.

Table 1 The General Information of Study Patients

Non-Smoker Smoker
N / Mean (SD) N / Mean (SD)

Male 7 9

Female 27 0
Age (years) 62.33 (6.05) 64 (4.12)

Height (cm) 156.04 (6.30) 167.63 (3.68)

Weight (kg) 61.08 (11.65) 66.05 (3.95)
BMI (kg·m−2) 25.25 (3.84) 23.5 (1.34)

ALB (g·L−1) 46.94 (3.00) 45.58 (0.99)

ALT (U·L−1) 25.23 (12.65) 33.75 (23.16)
AST (U·L−1) 24.92 (8.50) 35 (22.64)

TBIL (μmol·L−1) 10.04 (2.21) 15.33 (3.45)

UA (μmol·L−1) 311.0 (101.20) 357.8 (116.70)
Scr (μmol·L−1) 63.68 (11.08) 70.4 (9.67)

Urea (μmol·L−1) 5.35 (0.96) 5.19 (1.43)

eGFR (mL·min−1·(1.73m2)−1) 90.46 (17.60) 106.45 (20.15)

Notes: eGFR (IMDS-MDRD 2006): 186 × (Scr / 88.4) - 1.154 × Age - 0.203 × 
(0.742, Female).
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PK/PD Samples
During the study period, each patient collected 3 steady-state blood drug concentration data. A total of 125 steady-state 
trough concentration data are available for the Pop PK model, with 2 data points at the lower limit of detection were 
excluded. And 3 nicotine concentrations were collected from each of the smoking patients, and 27 nicotine concentra
tions were collected from nine smoking patients. Meanwhile, a total of 129 blood pressure values in 43 patients, with 
SBP as the primary indicator for the evaluation of PD. The results of the patients’ PK/PD Sample of the study period are 
shown in Table 2.

Gene Polymorphisms
2 mL of whole blood was collected from each patient for gene polymorphism testing, for a total of 43 study samples 
collected. The imLDR typing technique was used to detect and type each blood sample. The phenotypic results of the 
patients’ genes at the SNP loci are shown in Table 3.

Pop PK/PD Analysis
Base Model
The study data were import the model for analysis, and select the “exponential” model for the random effects model to 
describe the degree of variation. The population typical values of the base model are shown in Table 4. A one- 
compartment model is used to describe the pharmacokinetic characteristics of the drug. A direct effect model with 
baseline values and suppression effects was selected for the PD model of the cohort, and a “proportionality” model was 
selected to characterize the residual error of the model. The population typical value of the V is 3521 L, the typical value 
of the CL is 62.59 L·h−1, the typical value of E0 is 168 mmHg, the typical value of Imax = 31.1 mmHg, and the typical 
value of IC50 = 1.71ng·mL−1, with the OFV was −2604.25 and proportional residual value of the model is 0.22.

Table 2 Results of PK/PD Sample of the 
Study

Non-Smoker Smoker
Mean (SD) Mean (SD)

Concentrations of levamlodipine (ng/mL)

D1 1.60 (1.11) 1.71 (0.98)

D2 1.49 (0.91) 1.60 (0.76)
D3 1.45 (0.93) 1.52 (0.92)

Concentrations of nicotine (ng/mL)

D1 - 15.75 (8.00)

D2 - 15.30 (6.05)
D3 - 17.44 (7.45)

SBP (mmHg)

Base line 163 (24.54) 168 (24.54)

D1 136 (14.31) 142 (22.08)
D2 131 (13.49) 135 (21.44)

D3 128 (11.28) 136 (25.20)

DBP (mmHg)

Base line 103 (9.41) 106 (8.19)

D1 82 (8.21) 84 (7.66)

D2 76 (9.24) 78 (6.49)
D3 77 (8.49) 81 (7.98)
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Covariates and Final Model
By screening covariates with stepwise method, it was initially found that ALT and eGFR were significant covariates of CL. 
None smoking covariates, including nicotine concentration, cigarette metabolic enzyme polymorphism, drug metabolic 
enzyme polymorphism and other covariates, were found to have significant effects on the PK/PD of levamlodipine besylate.

The final Pop PK/PD model parameters including covariates are shown in Table 5. The text of the equations for the 
group PK model with covariates included is shown below:

Table 4 Parameters of the Pop PK/PD Base 
Model

Model Parameters Values Units

Base model tvKa 0.79 h−1

tvV 3383 L

tvCL 58.76 L·h−1

tvE0 168 mmHg
tvIC50 1.71 ng/mL

tvImax 31.1 mmHg

stdev0 0.22
OFV −2604.25

Note: stdev0 is the residual error of the model. 
Abbreviation: OFV, objective function value of the model.

Table 5 Parameters of the Pop PK/PD Final Model

Model Parameters Values Units

Covariate model tvKa 0.79 ·h−1

tvV 3383 L

tvCl 58.76 L·h−1

tvIC50 1.71 ng/mL
tvE0 168

tvImax 31.1

dCLdUA −0.69
dCLdeGFR 0.95

stdev0 0.06

OFV −2617.95

Notes: dCldUA, model-estimated coefficient of UA on CL. 
dCLdeGFR, model-estimated coefficient of eGFR on CL.

Table 3 SNP Locus Genotypes of Patients

SNP Genotypic Non-Smoker Smoker

CYP1A1 rs4646903 AA/AG/GG 13/16/5 6/2/1
rs1048943 CC/TC/TT 3/15/16 0/2/7

CYP1A2 rs762551 AA/CA/CC 15/15/4 3/4/2

CYP2A6 rs12459249 CC/TC/TT 8/12/14 2/4/3
CYP3A5 rs776746 CC/TC/TT 23/9/2 5/4/0

CYP3A4 rs2740574 TT/TC 33/1 9/0

Notes: For diploid organisms, alleles with identical bases are pure heterozygotes 
such as TT and CC, and those with different bases are heterozygotes such as TC.
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In the formula, the mean value of UA was 311.0 μmol·L−1; and the mean value of eGFR was 
90.5 mL·min−1·(1.73 m2)−1. Typical values of the model with the inclusion of covariates were altered compared to the 
base model, with a tvV of 3383 L and a tvCL of 58.76 L·h−1. The final model had an OFV of −2617.95, which decreased 
compared to the base model.

Goodness-of-Fit
The DV vs IPRED, ICWRES vs IPRED and CWRES-QQ plot are used to describe the prediction performance and 
stability of the model by the degree of fitting. Figures 2–4 shows the final Pop PK model; Figures 5–7 shows the Pop PD 
model of the final model. The final DV vs IPRED has a good degree of fit, indicating that the model has good enough 
prediction performance; IWRES vs IPRED has a better zero-line shrinkage trend and a more even distribution; The 
CWRES-QQ diagram deviates slightly from the reference line at the tail, but overall falls within On the reference line, it 
is suggested that the conditional weighted residuals of the model mostly conform to the normal distribution.

Bootstrap and VPC
Bootstrap with 1000 resampling times was used to evaluate the stability of the final model. The fitting parameters and 
Bootstrap results of the final model are shown in Table 6. In the output results, the estimated values of the final model are 
included in the 95% CI (2.5% ~ 97.5%) range of the calculated parameters, indicating that the final model has good 
stability. We assume that the patient takes levamlodipine besylate continuously once a day starting from 0h, and uses the 
VPC graph (Figures 8 and 9) to predict the three trough concentrations and systolic blood pressure valuesafter 7 days 

Figure 2 Pop DV vs IPRED of the final Pop PK model. The figure illustrates the comparison of population observed values and individual predicted values of the final Pop PK 
model.
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Figure 3 Pop IWRES vs IPRED of the final Pop PK model. The figure illustrates the comparison of individual weighted residuals values and individual predicted values of the 
final Pop PK model.

Figure 4 Pop CWERS - QQ of the final Pop PK model. The figure illustrates the quantiles of conditional weighted residuals to the quantiles of a standard normal distribution 
of the final Pop PK model.
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Figure 5 Pop DV vs IPRED of the final Pop PD model. The figure illustrates the comparison of population observed values and individual predicted values of the final Pop PD 
model.

Figure 6 Pop IWRES vs IPRED of the final Pop PD model. The figure illustrates the comparison of individual weighted residuals values and individual predicted values of the 
final Pop PD model.
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(168h, 192h, 216h). Most of the observed values fall within the corresponding centimeters. Within the 90% prediction 
interval of the quantiles, this indicates that the final model has better prediction performance.

Discussion
Levamlodipine is the active structural component of amlodipine, which exhibits the advantages of a prolonged 
antihypertensive effect and a low incidence of adverse effects.17 In the initial antihypertensive treatment of patients 

Figure 7 Pop CWERS - QQ of the final Pop PD model. The figure illustrates the quantiles of conditional weighted residuals to the quantiles of a standard normal 
distribution of the final Pop PD model.

Table 6 Bootstrap Parameters of the Final PK/PD Model

Parameter Final Model Bootstrap

Estimate RSE % Median 95% CI

tvKa 0.79 — 0.79 —
tvV 3572 23.57 3410 1723 ~ 4821

tvCl 59.61 8.35 58.71 51.82 ~ 69.27

tvIC50 1.71 19.34 1.65 1.35 ~ 2.31
tvE0 168 24.54 167 162 ~ 172

tvImax 31 23.26 28 19 ~ 43

dCldUA −0.69 18.75 −0.75 −0.82 ~ −0.54
dCldeGFR 0.95 27.61 0.86 0.64 ~ 1.21

stdev0 0.06 0.28 0.06 0.04 ~ 0.07
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with hypertension, a reasonable dose is significant to achieve the standard of blood pressure control. This study 
employed a “non-linear mixed-effects” model to quantitatively analyse the influence of smoking-related factors, 
including nicotine concentration, and cigarette metabolising enzyme gene polymorphisms on the PK/PD of levamlo
dipine besylate. Given that levamlodipine besylate is a long-acting antihypertensive drug with a peak drug 

Figure 8 VPC of the final Pop PK model. The figure illustrates the visual predictive check of the final Pop PK model.

Figure 9 VPC of the final Pop PD model. The figure illustrates the visual predictive check of the final Pop PD model.
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concentration of 6~12 h and a half-life of approximately 30~50 h,18 an intensive sampling design would introduce 
complications and present a significant challenge to the study’s implementation. Consequently, a trough concentration 
sampling design19 was employed in this investigation. In this study, the Ka values reported in the literature were 
fixed,16 and the steady-state trough concentration after multiple doses of the drug in patients was employed as the 
exposure parameter for the purpose of performing a quantitative and quantitative effect relationship analysis. The 
utilisation of a PK blood sampling design with three steady-state trough concentrations not only reduces the number of 
blood sampling points, but also allows for a more comprehensive assessment of intra-individual.20 Patients on 
monotherapy with antihypertensive agents were selected for this study to avoid the confounding effect of combining 
other antihypertensive drugs on PD outcomes. Furthermore, the distribution of patient medication diary cards during 
the study period may have effectively improved patient medication adherence and reduced the influence of medication 
irregularity or missed doses on therapeutic efficacy.

The final PK/PD model showed that the typical value of the V group was 3383 L and the typical value of the CL 
group was 58.76 L·h−1, which was analogous to the ranges of V and CL in the results of Courlet21 and Ngo.22 SBP was 
selected as the primary PD indicator in our study because levamlodipine besylate demonstrated a more pronounced effect 
in reducing SBP in patients. Preliminary findings revealed that the reduction in DBP after administration of levamlodi
pine besylate was not strongly correlated with the covariates. The Pop PK model exhibited good stability and predictive 
performance, as indicated by VPC. However, the Pop PD model’s VPC results were less satisfactory than PK, likely due 
to physiological fluctuations in blood pressure.

Nicotine’s cardiovascular effects may influence the PD of cardiovascular drugs.23–25 In the Pop PK/PD model, 
nicotine concentration was used as a covariate instead of the number of cigarettes smoked, allowing patients to smoke 
without restriction. Since polycyclic aromatic hydrocarbons (PAHs) could not be measured directly, polymorphisms in 
PAH-metabolizing enzymes were included as covariates. However, the model results suggested no significant differences 
in PK/PD parameters based on nicotine concentration or PAH-related genetic polymorphisms.

Regarding genetic polymorphisms, the National Center for Biotechnology Information (NCBI) database indicates that 
the reference allele for rs2740574 is C, with substitution alleles C > A, C > G, and C > T.26 The study conducted by 
Coto27 reported that patients with the GG genotype metabolized drugs faster than those with the CC wild type. However, 
the limited variability in rs2740574 genotypes in this study precluded a robust assessment of its influence on PK/PD. 
Similarly, rs776746 polymorphisms in the Chinese population did not significantly affect levamlodipine metabolism.

Levamlodipine and its metabolites are primarily renally excreted,28 making estimated glomerular filtration rate 
(eGFR) a key determinant of drug clearance. Given the correlation between uric acid levels and eGFR, dose adjustments 
based on eGFR are more clinically relevant than those based on uric acid levels.29 The established model indicated that 
a patient with an eGFR of 60 mL·min−1·(1.73 m2)−1 would have a CL approximately 46.94% of the tvCL. Lower eGFR 
levels result in prolonged drug retention, higher trough concentrations, and sustained antihypertensive effects. For 
smokers on levamlodipine besylate monotherapy, pretreatment dosing should consider baseline blood pressure and 
eGFR. Model simulations suggest that for patients with eGFR levels of 90 ~ 120 mL·min−1·(1.73 m2)−1, a daily dose 
of 2.5 mg is appropriate for those with baseline SBP ≤ 165 mmHg, maintaining SBP below 140 mmHg until the next 
dose. For baseline SBP > 165 mmHg, a daily dose of 5.0 mg or 2.5 mg combined with another antihypertensive agent 
may be necessary. Patients with eGFR > 120 mL·min−1·(1.73 m2)−1 may require additional medications due to increased 
drug clearance, while those with eGFR < 90 mL·min−1·(1.73 m2)−1 may experience prolonged drug exposure without 
requiring dose reductions, given levamlodipine’s favorable safety profile. However, adverse effects should be monitored 
during treatment.

This study has several limitations. First, the trough concentration sampling design and fixed Ka values limited the 
characterization of the drug’s absorption phase and compartmental structure, as well as inter-individual variability in 
absorption rates. Second, the accuracy of initial parameter estimates is constrained by the small sample size (n=43), 
which may affect population-typical values and covariate effects as the sample size increases. Additionally, the inclusion 
of only nine smokers limited the ability to quantitatively assess smoking’s influence on PK/PD parameters. The 
preliminary model did not reveal significant effects of genetic polymorphisms on PK/PD, suggesting the need for larger 
studies to better evaluate covariate influences.
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