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Purpose: Inflammation has a significant impact on CYP3A activity. We hypothesized that 
this effect might be age dependent. Our objective was to conduct a population pharmacoki-
netic study of midazolam in mice at different developmental stages with varying degrees of 
inflammation to verify our hypothesis.
Methods: Different doses (2 and 5 mg/kg) of lipopolysaccharide (LPS) were used to induce 
different degrees of systemic inflammation in Swiss mice (postnatal age 9–42 days, n = 220). 
The CYP3A substrate midazolam was selected as the pharmacological probe to study 
CYP3A activity. Postnatal age, current body weight, serum amyloid A protein 1 (SAA1) 
levels and LPS doses were collected as covariates to perform a population pharmacokinetic 
analysis using NONMEM 7.2.
Results: A population pharmacokinetic model of midazolam in juvenile and adult mice was 
established. Postnatal age and current body weight were the most significant and positive 
covariates for clearance and volume of distribution. LPS dosage was the most significant and 
negative covariate for clearance. LPS dosage can significantly reduce the clearance of 
midazolam by 21.8% and 38.7% with 2 mg/kg and 5 mg/kg, respectively. Moreover, the 
magnitude of the reduction was higher in mice with advancing postnatal age.
Conclusion: Both inflammation and ontogeny have an essential role in CYP3A activity in 
mice. The effect of LPS-induced systemic inflammation on midazolam clearance in mice is 
dependent on postnatal age.
Keywords: CYP3A activity, ontogeny, inflammation, pharmacokinetic, mice

Introduction
CYP3A is the most important member of the CYP450 family in both the liver and 
intestine as it metabolizes approximately 50% of currently labelled drugs.1 CYP3A 
metabolic activity can be influenced simultaneously by various factors, including 
age, sex, disease, gene polymorphism, and drug–drug interactions.2

Inflammation is a universal and variable clinical symptom of many diseases. 
Several studies have shown that inflammation inhibits the metabolic activity of 
CYP3A, utilizing clearance (CL) of midazolam as a substrate in humans.3,4 For 
children, CYP3A activity also changes significantly with age.5–7

The concurrent effects of both inflammation and ontogeny on CYP3A activity 
in humans still show contradictory results. Brussee et al8 and Vet et al9 devel-
oped a PK model which suggests that the CL of midazolam decreases along with 
the increases of C-reactive protein concentrations in critically ill children aged 1– 
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18 years. Ince et al4 showed that critical illness is 
a major determinant of midazolam clearance in children 
aged 1 month to 17 years. However, Altamimi10 inte-
grated multiple studies and reevaluated the covariate 
analysis, and the result indicated that critical illness 
might not be a statistically significant predictor of mid-
azolam clearance after adjusting for age and body 
weight, and there was no significant difference between 
the variation in critically ill and non-critically ill children 
aged 2–11 years. In critically ill adult patients, serum 
albumin levels were more correlated with midazolam 
clearance than C-reactive protein level, which indicated 
that impaired liver function has a more significant effect 
on CYP3A activity in adults than inflammation itself.3 

Moreover, the clearance of midazolam seems to decrease 
faster in adults than that in children along with the 
C-reactive protein level increases, but it is difficult to 
determine with certainty due to the lack of data of older 
children and adults.9

We hypothesized that inflammation affects midazolam 
clearance in children in an age-dependent manner. To 
verify this hypothesis, we conducted a developmental 
population pharmacokinetic study of midazolam in matur-
ing mice with different degrees of inflammation.

Materials and Methods
The test procedures are summarized in Figure 1.

Inflammatory Mouse Model
220 Swiss mice, born with a gestational age of 19–21 
days, were placed in a clean room with a 12-h light–dark 
cycle. Mice (n = 184) who aged for 9–28 days were not 
differentiated in gender, whereas mice (n = 36) who aged 
for 35–42 days were 50% males and 50% females. 
Approval for the study was granted by the Laboratory 
Animal Ethical and Welfare Committee (AEWC) of 
Shandong University Cheeloo College of Medicine 
(ref. 21055). All experiments were performed in accor-
dance with the principles and guidelines of AEWC. They 
were divided into two experimental groups and a control 
group after weighing. The two experimental groups were 
intraperitoneally injected with 2 mg/kg and 5 mg/kg LPS 
solution (E. coli 055:b5, L2880, Sigma-Aldrich, USA), 
respectively, to induce different degrees of systemic 
inflammation, and the control group was intraperitoneally 
injected with an amount of saline equal to the volume of 
LPS solution used in the experimental groups. SAA1 
levels of mice and current body weight (CW) were 

measured, at 20–23 h after the LPS injection based on 
a previous study11 and our own preliminary analysis, to 
determine whether a systemic inflammatory response was 
induced. SAA1 levels were measured by ELISA (Cusabio, 
CSB-EL020656MO, Wuhan, China) in plasma samples.

Pharmacokinetic Study
All mice were given 0.2 mg/kg of midazolam subcuta-
neously. The volume of midazolam that was injected was 
50 µL for mice ≤18 d and 100 µL for mice >18 d. Blood 
samples were collected at 5, 15, 45, 120, and 180 min after 
midazolam administration. In order to collect enough sam-
ples and increase the performance of the PK modeling in 
mice, 3 mice per sampling time per age were used. 
Samples were collected from the arteria cervicalis of 9– 
12 days old mice and collected from tail tip and eyeball of 
15–42 days old mice. Three samples were combined for 
mice aged 9 d and 12 d because the volume of one sample 
was not enough for concentration detection. Samples were 
centrifuged and stored frozen at −80°C before analysis.

Quantitation of Midazolam Plasma 
Concentration
Midazolam samples were analysed by LC-MS with an 
ODS-4 column (Shimadzu, Japan). First, 50 µL of sample, 
5 µL of diazepam (1 µg/mL), and 120 µL of acetonitrile 
were vortex-mixed at high speed for 1 min and centrifuged 
at 12,000 rpm for 10 min. Then, 5 µL of supernatant was 
injected onto the LC-MS system, and analysis was carried 
out at 40°C. Analytes were separated using the aqueous 
mobile phase A (0.1% formic acid) and the organic phase 
B (acetonitrile) with a flow rate of 0.3 mL/min. The initial 
conditions for the gradient consisted of 30% solvent B, 
which was increased to 95% at 3 min and returned to 30% 
after 1 min. Single-quadrupole MS was used with a single- 
ion monitor in the positive ion mode. Mass transitions for 
midazolam and diazepam were 326.05 and 285.05, 
respectively.

Calculation of PK Parameters in Mice
The nonlinear mixed-effects modeling program 
NONMEM V7.2 (Icon Development Solutions, Ellicott 
City, MD, USA) and the first-order conditional estimation 
method with interaction options were used to analyze and 
estimate the PK parameters. An exponential model was 
used to estimate the inter-individual variability of the PK 
parameters; it was expressed as follows:
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θi ¼ θmean � eηi (1) 

where θi and θmean are the parameter value of the ith 
subject and the typical parameter value in the population, 
respectively, and ηi is the variability between subjects 
(assumed to obey a normal distribution with a mean 
value of 0 and variance of ω2).

A forward and backward selection was used to analyze 
covariates. The continuous covariates evaluated were post-
natal age (PNA), CW and SAA1 level. Categorical covari-
ates included LPS doses. The effect of each variable was 
evaluated by stepwise covariate modelling12 and the like-
lihood ratio test. In the first step of building the covariate 
model, a covariate was included if the objective function 
value (OFV) obtained from the basic model was signifi-
cantly reduced (decrease >3.84, p < 0.05, χ2 distribution 
with one degree of freedom). Then, all significant covari-
ates were added to a “full” model at the same time. 
Subsequently, each covariate was removed independently 
from the full model. If the increase of OFV was >6.635 (p 
< 0.01, χ2 distribution), the covariates were considered to 
be significantly correlated with PK parameters and were 
therefore included in the final model.13

Graphical and statistical criteria were used for 
model validation. Goodness-of-fit plots, including 
observed concentration versus individual prediction 
(IPRED) and population prediction (PRED) and condi-
tional weighted residuals (CWRES) versus time and 
population prediction (PRED), were used initially for 
diagnostic purposes.14 Then, the means of 
a nonparametric bootstrap with re-sampling and repla-
cement were used to assess the stability and perfor-
mance of the final model. Re-sampling was repeated 
500 times in an automated fashion using PsN (v2.30),15 

and the values of estimated parameters from the boot-
strap procedure and the original data set were com-
pared. The final model was also evaluated graphically 
and statistically by normalized prediction distribution 
errors (NPDE).16 A total of 1000 datasets were simu-
lated using the final population model parameters in the 
NPDE R package (v1.2).17 NPDE results were sum-
marised graphically by the defaults provided in R: (i) 
QQ-plot of the NPDE and (ii) histogram of the NPDE. 
The NPDE is expected to follow the N (0, 1) 
distribution.

Figure 1 Test flow chart.
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Results
A total of 354 plasma samples (0.22–79.16 ng/mL) were 
available from 220 mice. The SAA1 level in plasma was 
measured. As shown in Table 1, after 20 h of LPS admin-
istration, the SAA1 level increased with the higher dose of 
LPS (P < 0.01), whereas the body weight of the mice in 
the experimental group decreased significantly (P < 0.01) 
(Table 1). This indicated that the inflammatory model of 
mice was constructed successfully after LPS administra-
tion for 20 h.

Model Development and Covariate 
Analysis
A one-compartment model with first-order elimination 
fitted the data. Interindividual variability of CL and 
volume of distribution (Vd) were best described by an 
exponential model. Residual variability was also best 
described by an exponential model.

The covariate analysis identified that PK parameters 
were significantly impacted by PNA, CW, and LPS dose. 
The relationship between PNA and PK parameters (CL 
and Vd) was investigated using a PNA-based sigmoid 
hyperbolic model which was defined as FPNA with the 
following equations:

FPNA ¼ EXP
θa � PNA3

θPNA50
b

4
þ PNA4

 !

(2) 

Where θa is the coefficient and θPNA50
b is the PNA in days 

at which half-maximal PK value is obtained.
In the process of covariate analysis, CW caused 

a significant drop in the OFV of 148.9 points for CL and 
Vd (P < 0.01), and FPNA-Vd caused a significant drop in the 
OFV of 291.6 points for CL and Vd (P < 0.01). The model 
was further improved by introducing the LPS dose as the 
third covariate of CL (∆OFV 6.8 points, P < 0.01). The 
correlation with CL of SAA1 level was worse than that of 
LPS dosage (∆OFV 2.1 point, P > 0.05). A detailed pre-
sentation of the covariate analysis results is presented in 
Table 2. CW and FPNA-CL explained about 62.7% and LPS 
dose explained 1.4% of midazolam CL variability in the 
final model.

Final Model
Table 3 summarizes parameter estimates for the final PK 
model. The medians (ranges) of estimated CL and Vd were 
0.124 (0.006 to 0.263) L/h and 0.093 (0.009 to 0.217) L, 
respectively. CL of midazolam first increased and then 

decreased with the PNA of mice (Figure 2A), which was 
related to the ontogeny of CYP3A activity. The CL peaked 
at about 28–35 d without the impaction of LPS. The 
medians (ranges) of estimated CL for 3 LPS dosages 
were 0.156 (0.007 to 0.263) L/h, 0.124 (0.006 to 0.221) 
L/h and 0.096 (0.013 to 0.201) L/h, respectively. LPS 
dosage can significantly reduce CL of midazolam by 
21.8% and 38.7% with 2 mg/kg and 5 mg/kg, respectively 
(P < 0.01) (Figure 2B). However, a comparison of the data 
dispersion and significant difference between the two LPS 
dose groups showed that different doses of LPS have 
different effects on CL in mice of different ages 
(Figure 2C). Compared with the control group, 2 mg/kg 
of LPS caused no significant change for CL in younger 
mice (P > 0.05) but caused more significant decrease for 
CL in older mice (P < 0.05). When LPS dose was 
increased to 5 mg/kg, significant change for CL in younger 
mice also appeared (P < 0.05). In summary, LPS had less 
effect on the CL of midazolam on juvenile mice and more 
effect on older mice. Because PNA was better than CW in 
the correlation with CL, and CW was related to PNA, we 
did not compare the weight-normalized CL.

The formula structure of the factor of PNA on Vd was 
same to that on CL, indicating that Vd also showed a trend 
of first increasing and then decreasing with the PNA of 
mice. LPS had no significant effect on Vd.

Model Diagnosis
Median parameter values were in agreement with the 
model estimations and standard errors (Table 3). The 
mean parameters estimated by the bootstrap program 
(500 iterations) are in good agreement with the corre-
sponding values in the final population model (Table 3), 
indicating that the estimated values of population PK 
parameters in the final population model are accurate and 
the model was stable. In addition, model diagnosis showed 
that the final models were acceptable (Figure 3A–F). The 
mean and variance of NPDE were 0.0057 (Wilcoxon 
signed rank test p = 0.795) and 1.11 (Fisher variance test 
p = 0.150), respectively.

Discussion
This is the first time that a PK model of midazolam in 
mice, maturing from juveniles to adults, has been con-
structed with inflammation as a covariate. We estimated 
the PK parameters and covariates of midazolam in mice. 
A one-compartment model with first-order elimination 
with FPNA, CW and LPS dosage had the best fit with the 

https://doi.org/10.2147/JIR.S321492                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 3700

Zheng et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


PK parameters of midazolam. CL had a significant posi-
tive correlation with CW and FPNA-CL (P < 0.01) and 
negative correlation with LPS dosage (P < 0.01). Vd had 
a significant positive correlation with CW and FPNA-Vd 

(P < 0.01).
At present, no unique formula can describe liver 

CYP3A maturation. The sigmoid hyperbolic model was 
the general model to describe the ontogeny of the 
kidney.18 But it cannot describe the ontogeny of CYP3A 
very well, especially in infants.19 We tested the traditional 
sigmoid hyperbolic model in our data and found that it was 
not suitable for the ontogeny of liver CYP3A activity in 
mice neither (the final OFV= 1549.0) because the liver 
CYP3A activity does not peak at the adult stage. In 

humans, the metabolic activity of CYP3A began to 
increase rapidly in children aged 1 month and then 
declined slowly until it stabilizes at the adult level after 
reaching its peak concentration at about 1 year.5–7 In mice, 
although the ontogeny of CYP3A activity is still unclear, 
the mRNA expression of the CYP3A family and the level 
of liver transaminase increased rapidly in mice aged 1–3 
wks and then decreased slowly to the adult level.20,21 

Based on the development trends of mRNA expression 
of the CYP3A family and the level of liver transaminase, 
we developed a PNA-based sigmoid hyperbolic model 
with the formula of FPNA-CL for the liver CYP3A matura-
tion in mice as the dependent variable. It should be noted 
that θ1 no longer representsθmean after introducing FPNA- 

Table 1 Data Comparison Between Experimental and Control Groups of Mice

Control Group LPS 2 mg/kg LPS 5 mg/kg

Median (Range) Median (Range) P valuea Median (Range) P valueb P valuec

Postnatal age (d) 18 (9–42) 18 (9–42) 18 (12–42)&

Number of subjects 77 77 66
Total number of samples 119 119 116

Previous body weight (g)I,Ɨ 10.0 (5.4–33.0) 9.8 (5.33–32.9) 0.99 10.1 (7.3–33.1) 0.55 0.47

Current body weight (g)II,Ɨ 10.4 (5.6–33.7) 9.3 (5.1–28.0) 0.0025*** 9.2 (6.8–28.0) 0.0020*** 0.0937
Serum SAA1 (µg/mL)ɸ 0.96 (0.14–4.22) 105.75 (26.62–268.33) 2.25E-39*** 276.61 (74.82–851.75) 8.28E-27*** 4.44E-12***

Notes: aP value of control group and LPS 2mg/kg; bP value of control group and LPS 5mg/kg; cP value of LPS 2mg/kg and LPS 5mg/kg. &Mice of 9 d old with 5 mg/kg of LPS 
were not available. IThe body weight of mice before LPS. IIThe body weight of mice at 20 hours after LPS and before midazolam. ƗStatistically significant differences of mean 
values were calculated with paired-samples t-test; ɸstatistically significant differences of mean values were calculated with independent-samples t-test. ***P ≤ 0.01.

Table 2 Covariate Analysis

Selection 
Process

Covariates Pharmacokinetic 
Parameter(s)

Objective Function Value 
(OFV)

Interindividual Variability 
(%)

Structural model — 1950.8a 87.7

Allometric model with CW CL, Vd 1801.9 64.3

Forward 
selection

FPNA-CL CL 1575.5 25.2

FPNA-Vd Vd 1750.8

Basic ontogeny 
model

CL, Vd 1510.3 25.0

LPS dose CL 1503.5 23.6

SAA1 level 1508.2 24.4

Final model CW, FPNA-CL, LPS 

dose

CL 1503.5 23.6

CW, FPNA-Vd Vd

Note: aOFV values of model with significant improvement are indicated in boldface. 
Abbreviations: CL, clearance; Vd, volume of distribution; CW, current body weight; FPNA-CL, FPNA-Vd PNA-based sigmoid hyperbolic model for CL and Vd.
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CL. Our final model was successful, indicating that the 
ontogeny trend of CYP3A activity in mice and humans 
is similar.

Vd of midazolam also showed a trend of first increas-
ing and then decreasing with the PNA of mice. This trend 
is not only affected by body weight but also affected by 
body composition including body fat and plasma protein 
content.22–24 The total protein content of the newborn is 
about 86% of the adult level, reaching the adult level in 
infancy.23,24 The trend of fat content in human body is 
complex. The weight of adipose tissue is about 10–15% 

of body weight at birth of newborn, increases to 28–30% 
at the end of infancy, and then decreases to 10–15% at 
the end of adolescence.25–27 This trend is similar to that 
of liver CYP3A maturation. The above changes in body 
composition may lead to a greater volume of drug dis-
tribution in children than in adults. Ginsberg compared 
the Vd of 22 drugs in children and adults. The Vd of these 
drugs in all age groups of children was larger than that in 
adults.28 The decrease of adipose tissue may be related to 
the increase in activity ability and muscle content of 
children after one year old.26 When the mice grew to 3 

Table 3 Parameter Estimates of the Final Model

Pharmacokinetic Parameters Final Model

Model Fit (CV %) Bootstrap Median (5th–95th)

Absorption rate constant ka (1/h) 15.3 (9.9) 15.3 (13.1–17.9)

Clearance CL (L/h)

CL ¼ θ1 � ðCW=9:4Þ0:75
� FPNA� CL � FLPS

θ1 0.00454 (12.2) 0.00454 (0.00357–0.00544)

FPNA� CL ¼ EXP θ2�PNA3

θPNA50
3

4
þPNA4

� �

θ2 106 (3.5) 106 (101–114)

θ3 17.6 (1.2) 17.6 (17.2–18.0)

FLPS ¼ θ2mg=kg
4 � θ5mg=kg

5

θ4 if LPS = 2mg/kg; if LPS = 0mg/kg, θ4= 1 0.991 (6.0) 0.987 (0.901–1.090)

θ5 if LPS = 5mg/kg; if LPS = 0mg/kg, θ5= 1 0.859 (6.7) 0.859 (0.773–0.963)

Volume of distribution Vd (L)

Vd ¼ θ6 � CW=9:4ð Þ � FPNA� Vd

θ6 0.0124 (14.9) 0.0124 (0.0097–0.0154)

FPNA� Vd ¼ EXP θ7�PNA3

θPNA50
8

4
þPNA4

� �

θ7 53.4 (9.9) 53.0 (45.5–62.9)

θ8 17.8 (3.0) 17.8 (16.9–18.7)

Interindividual variability (%)

CL 23.6 (7.5) 22.9 (19.8–25.8)

Vd 25.2 (13.7) 24.3 (17.9–29.6)

Residual variability

Proportional (%) 26.6 (7.9) 26.4 (23.1–29.8)

Abbreviations: CL, clearance; Vd, volume of distribution; CW, current body weight; PNA, postnatal age in days; FPNA-CL, FPNA-Vd, PNA-based 
sigmoid hyperbolic model for CL and Vd; FLPS, impact of LPS dose on CL.
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wks, they were weaned and fed in separate cages. The 
activity space, activity ability and muscle content 
increased. In conclusion, the life pattern of mice is simi-
lar to that of human beings, and the change of fat content 
in mice may also be similar. Therefore, the Vd of mid-
azolam in mice is similar to the mature change of 
CYP3A in liver.

Our results showed that LPS-induced system inflam-
mation reduced midazolam CL in juvenile mice 
(Figure 2B). Our results are similar to those of previous 
studies on the reduction of CL of midazolam in children 
by inflammation,4,8,9 which suggests that inflammation has 
the same inhibitory effect on CYP3A activity in mice as in 
humans.

We further analyzed our hypothesis that the reduction 
of midazolam clearance in juvenile mice caused by LPS- 
induced systemic inflammation is age dependent. The 
results showed that the effects of LPS-induced systemic 
inflammation on CYP3A activity were weaker in younger 

mice. We suggest that these age-dependent changes may 
be related to the ontogeny of immune function in juvenile 
mice. LPS can induce immune cells to produce tumor 
necrosis factor-α (TNF-α), which can damage liver cells 
and tissues, and even liver function.29 TNF-α is secreted 
by monocytes, macrophages, B cells, and T cells. 
Nakagaki et al21 showed that the immune cells in newborn 
mice were mainly composed of myeloid cells and imma-
ture B cells, and the proportion of lymphoid cells rapidly 
increased at about 1–3 wk and then gradually increased to 
adult levels. Therefore, LPS stimulation may produce 
a small amount of TNF-α due to the immature immune 
system in juvenile mice with PNA ≤24 d, with less 
damage to the liver, thus producing the characterization 
that CYP3A activity of mice is not sensitive to LPS. After 
the mouse immune system matures, a large amount of 
TNF-α was produced by LPS stimulation. Liver cells are 
severely damaged, and CYP3A activity is significantly 
decreased. Jeljeli et al30 also found that TNF-α levels 

Figure 2 Comparison of CL between experimental and control groups of mice. (A) Scatter diagram of CL of midazolam at different LPS doses. (B) Boxplot of the individual 
predicted CL values for each individual in the study versus dosage of LPS after removing the impact of CW and PNA. ***Statistically significant differences in mean values 
between control, 2 mg/kg LPS, and 5 mg/kg LPS groups (p < 0.01). (C) Bar chart of CL of midazolam at different LPS doses. 
Notes: aStatistically significant differences in mean values between 2 mg/kg LPS and control groups (p < 0.05); bstatistically significant differences in mean values between 5 
mg/kg LPS and control groups (p < 0.05); cstatistically significant differences in mean values between 5 mg/kg LPS and 2 mg/kg LPS groups (p < 0.05). All statistically significant 
differences in mean values were calculated with independent samples t-test. 
Abbreviations: CL, clearance; PNA, postnatal age in days.

Journal of Inflammation Research 2021:14                                                                                          https://doi.org/10.2147/JIR.S321492                                                                                                                                                                                                                       

DovePress                                                                                                                       
3703

Dovepress                                                                                                                                                           Zheng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 3 Routine diagnostic goodness-of-fit plots of midazolam: (A) population predicted (PRED) versus observed concentrations (DV); (B) individual predicted (IPRED) 
versus observed concentrations (DV); (C) conditional weighted residuals(CWRES) versus time; (D) conditional weighted residuals (CWRES) versus population-predicted 
concentrations; (E) QQ-plot of the distribution of the normalized prediction distribution errors (NPDE) versus the theoretical N (0,1) distribution; (F) histogram of the 
NPDE distribution with a density of the standard Gaussian distribution overlaid.
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stimulated by phytohemagglutinin were lower in new-
borns and then gradually increased to adult levels. Our 
prediction of TNF-α levels in mice is the same as that in 
humans.

Our study also has a limitation that we failed to 
collect samples from 9-d-old mice treated with 5 mg/kg 
of LPS because they had poor tolerance to LPS, with 
high mortality of 25% for 2 mg/kg in 9-d-old mice and 
16.7% for 5 mg/kg in 12-d-old mice. We proposed FPNA- 

CL for liver CYP3A maturation and estimated the effects 
of FPNA-CL and LPS dosages on CYP3A activity in mice. 
The construction of the PK model was successful, but 
more data are needed to verify its accuracy and stability. 
Our hypothesis that the reduction of midazolam clear-
ance in juvenile mice caused by LPS-induced systemic 
inflammation is age dependent was proven. We further 
hypothesized that immature immune cells in juvenile 
mice might be related to less liver damage after LPS 
induction, and further verification is needed to support 
our hypothesis.

Conclusion
A population developmental pharmacokinetic study of 
midazolam in maturing mice with different degrees of 
inflammation was conducted. Inflammation and ontogeny 
had concurrent effects on CYP3A activity in juvenile 
mice. LPS-induced system inflammation can strongly inhi-
bit mice CYP3A activity as shown by a decreased CL of 
midazolam, and the inhibition is both age dependent and 
LPS-dosage dependent in juvenile mice. Our study sug-
gests that the clinical treatment of children with inflamma-
tion should take into account that the inhibition of liver 
metabolism due to inflammatory stimulation may be 
weaker in children than in adults. Our results also provided 
a preliminary empirical basis for the influence of ontogeny 
and inflammation on liver metabolism in mice.
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