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Xian-Li Meng ™ and Ping Wang ™

" College of Pharmacy, Chengdu University of Traditional Chinese Medicine, Chengdu, China, 2 Chengdu Pharmoko Tech LTD
corp., Chengdu, China

Monitoring of the inhibition of TNF-a, IL-6, INOS, and NO is used to effectively evaluate
anti-inflammatory drugs. Baicalein was found to have good anti-inflammatory activities,
but its detailed cellular pharmacodynamic events have not been expatiated by any other
study. The inflammatory mediators, including TNF-a, IL-6, INOS, and NO production
in RAW264.7 macrophage induced by LPS, were measured. It was found that these
data showed a sequential pattern on time and based on these points a cellular
pharmacodynamic model was developed and tested. TNF-a and IL-6 were quantified
by ELISA, NO was detected by Griess and iNOS expression was measured by Western
blot. The pharmacodynamic model was developed using a NLME modeling program
Monolix® 2016R1.!The results showed that baicalein quickly suppressed release of
TNF-a in a concentration-dependent manner, and consequently causing the diminution
of IL-6 and iINOS/NO. The pharmacodynamic model simulation successfully described
the experimental data, supporting the hypothesis that IL-6 and iINOS /NO release after
LPS stimulation is mediated by TNF-a rather than LPS directly. The pharmacodynamic
model allowed a well understanding of the cellular pharmacodynamic mechanism of
baicalein in the treatment of inflammatory diseases.

Keywords: baicalein, LPS, inflammation, pharmacodynamic, TNF-o, mathematical model

INTRODUCTION

Inflammation, a common immune and physiological response, is caused by germs invasion,
tissue injury, or cellular damage (Oh et al, 2013). In general, among the diverse immune
cells which are activated by inflammatory response, macrophages play major roles in
both innate and adaptive inflammation and are correlated with multiple disease such as
autoimmunity, sepsis, inflammatory disorders, different liver diseases, allergy, and cancer
(Tracey, 2002; Hotamisligil, 2006; Russell, 2006).Lipopolysaccharide (LPS), a primary constituent

"Monolix version 2016R1. Antony, France: Lixoft (Monolix version, 2016), http://lixoft.com/products/monolix/.

Frontiers in Pharmacology | www.frontiersin.org 1

July 2018 | Volume 9 | Article 793


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2018.00793
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2018.00793&domain=pdf&date_stamp=2018-07-18
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xlm999@cdutcm.edu.cn
mailto:viviansector@aliyun.com
https://doi.org/10.3389/fphar.2018.00793
https://www.frontiersin.org/articles/10.3389/fphar.2018.00793/full
http://loop.frontiersin.org/people/484438/overview
http://loop.frontiersin.org/people/586005/overview
http://loop.frontiersin.org/people/376603/overview
http://loop.frontiersin.org/people/585984/overview
http://loop.frontiersin.org/people/586246/overview
http://loop.frontiersin.org/people/586067/overview
http://loop.frontiersin.org/people/586022/overview
http://loop.frontiersin.org/people/586028/overview
http://lixoft.com/products/monolix/

Xiang et al.

Anti-Inflammatory Mechanism of Baicalein

of Gram-negative bacteria cell membrane, is a significant inducer
of inflammation (Heine et al., 2001; Rossol et al, 2011).
Activation of macrophages by LPS results in the increase of
numerous proinflammatory cytokines, such as tumor necrosis
factor alpha (TNF-a), interleukin-6 (IL-6), nitric oxide (NO)
(Noguchi et al., 2003; Becker et al, 2005; Kim et al.,, 2007;
Szekanecz and Koch, 2007; Ronis et al., 2008; Jung et al., 2009).
As the most proximal regulator of the cytokine cascade in
inflammation, TNF-a plays an important role in antibacterial
immunity (Pennica et al., 1984; Old, 1985; Creasey et al., 1991;
Song et al,, 2012; Caldwell et al.,, 2014). Interestingly, TNF-a
is also one of the mediators causing iNOS overexpression in
a complimentary way (ter Steege et al., 1998), which in turn,
causes NO secretion (Thiemermann, 1997; Chakraborty et al.,
2005). IL-6, a remarkable activator of the acute inflammatory
response, is also stimulated by LPS, TNF-a, or IL-1(Nemzek
et al, 2001). Produced by iNOS, NO is an important and
widespread cell-signaling mediator in plenty of physiological
processes (Moncada et al., 1992; Liu and Motchkiss, 1995;
Tungtan et al., 1998; Zamora et al., 2000; Sukumaran et al.,
2012). Thus, these proinflammatory mediators could be worthy
biomarkers on the pathogenesis, diagnosis, and prognosis of the
inflammation. Studying the changes of these proinflammatory
cytokines could be helpful to assess the therapeutic effect and the
prognosis of various inflammatory disorders.

Baicalein (5,6,7-trihydroxy-2-phenyl-4H-1-benzopyran-
4-one; Figurel) is one of the primary active flavonoid
separated from the roots of Scutellaria baicalensis Georgi,
an important Chinese medicinal herbs Huanggin. Recent
investigations showed that baicalein exhibit a therapeutic
effect in LPS-related multiple tissue injury including acute
lung injury (Tsai et al, 2014), acute liver failure (Wu et al,
2010), myocardial dysfunction (Lee et al., 2011), and endotoxic
shock in rats (Cheng et al., 2007). And baicalein was found
to suppress LPS-induced TNF-a formation, iNOS mRNA
expression, NO production (Wakabayashi, 1999; Kim et al,
2014), as well as IkBa phosphorylation (Wakabayashi, 1999;
Chen et al.,, 2001; Woo et al, 2006) in vitro and in vivo
(Chen et al., 2004; Woo et al., 2006; Cheng et al., 2007;
Wu et al, 2010). Furthermore, it has been reported that
baicalein inhibited the activation and nuclear translocation
of STAT1 and STAT3 in LPS-stimulated RAW264.7 cells
(Qi et al, 2013). These findings suggest that baicalein is
a potential therapeutic drug for LPS-related inflammatory
diseases.

Cellular pharmacodynamic, an emerging branch of traditional
pharmacodynamic, recently has attracted much attention for
evaluating and improving the antibiotic and anticancer drugs
(Jung and Zamboni, 2001; Siebert et al., 2004; Van Bambeke
et al., 2006; Barcia-Macay et al., 2008; Halder et al., 2008).
In this field, cellular pharmacodynamic directly utilize the
target cell as the study object to quantitatively analyze the
dynamic features of drug pharmacodynamic properties in the
cellular microenvironment. Subsequently, the mathematical
models will be developed to describe the intracellular target
ability and drug activity (Zhou et al, 2011). In this way,
pharmacodynamic research could facilitate to overcome

inappropriate cellular pharmacodynamic of drugs and effectively
promote drug discovery by transporting from macrocosm
into microcosm. However, at present, majority of the relevant
studies put much emphasis on the prediction of the drugs
intracellular activities, and few researches refer to the dynamic
process and parameters of drugs cellular pharmacodynamic.
Although, some pharmacokinetic models have been developed
to explain the disposition of the drugs, the combination of
pharmacodynamic properties was scarce (Hung et al., 2005;
Zhang et al, 2006). It would be better to combine the drug
pharmacodynamic properties with mathematical models
to describe the dynamic process of intracellular drug and
calculate the related pharmacodynamic parameters. More effort
remains to be made to establish a pharmacodynamic model to
better understand the correlation between drug efficacy and
intracellular pharmacodynamic processes. (Zhang et al., 2012).

Although various anti-inflammatory activities and the related
mechanism of baicalein have been reported, the detailed
cellular pharmacodynamic mechanisms based on the anti-
inflammatory activities of baicalein has not been proved
by any other study. Therefore, in the present research, we
evaluated the anti-inflammatory effect of baicalein on LPS-
induced inflammation in RAW264.7 macrophage cells and
develop a cellular pharmacodynamic model to fully understand
the correlation between cellular pharmacodynamic properties
and anti-inflammatory action of baicalein.

MATERIALS AND METHODS

Chemicals

Baicalein (purity 98.58%) was purchased from Chengdu
MUST Bio-Technology Co. Ltd. (Chengdu, China). LPS
from Escherichia coli 055: B5 and Dimethyl sulfoxide(DMSO)
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Fetal bovine serum (FBS) was got from Hyclone (Thermo
Scientific, Waltham, MA, USA). Dulbecco’s modified Eagle’s
medium (DMEM) was acquired from Gibco (Invitrogen,
Carlsbad, CA, USA). RIPA buffer and phenylmethanesulfonyl
fluoride (PMSF) were gained from Wuhan Boster Bio-
Technology Co. Ltd. (Wuhan, China). 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenylthiazolium bromide (MTT) was purchased

HO 0]
HO
OH O
Baicalein
FIGURE 1 | Chemical structures of baicalein.
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from Beyotime Bio-Technology Co. Ltd. (Shanghai, China).
NO Griess reagent was purchased from Beyotime (Shanghai,
China). Mouse TNF-a and IL-6 ELISA kits were obtained
from MULTI SCIENCES (Hangzhou, China). Rabbit monoclonal
antibody against iNOS and mouse monoclonal antibody
against Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were acquired from Abcam (Abcam Limited, Cambridge,
United Kingdom). Peroxidase-conjugated affinipure goat anti-
rabbit IgG and peroxidase-conjugated affinipure goat anti-
anti-mouse IgG were obtained from Zen BioScience Co. Ltd
(Chengdu, China). All other reagents were analytical grade.

Cell Culture

Murine macrophage RAW 264.7 cells were acquired from the
Center of Cellular Resources, Chinese Academy of Sciences
(Shanghai, China). All cells were cultured in cell culture medium
(DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin) and incubated in a humidified incubator with a 5%
CO; atmosphere at 37°C.

MTT Assay

Cell viability was evaluated by MTT assay. In brief, 1.5
x 10° RAW264.7 cells were inoculated into 96-well plates
and incubated at 37°C with 5% CO; overnight. Blank wells
(cell culture medium) was reserved in advance. Different
concentrations of baicalein (0, 10, 20, and 40 wM) mixed with
LPS (1 pg/mL) were added to the cells followed by incubation
for 1, 2, 4, 8, 12, and 24h, respectively. And then, the cells in
each well were added MTT solutions and cultured for another
4h. After the cells dissolving in dimethyl sulfoxide (DMSO), the
optical density (OD) was read at 490 nm using microplate reader
(Thermo, M Ltiskan MK3, USA). OD values of the cell were
defined as the OD values in test wells compared to the blank
wells. Besides, the cell numbers in a random view in each well
were counted under the microscope. Reported data are the mean
of sextuplicate analyses.

Measurement of the Production of TNF-«,

IL-6 and NO

RAW 264.7 cells with 1 x 10° cells/mL, at logarithmic phase,
were inoculated into 24-well plates overnight, and pretreated
with three concentrations of baicalein (10, 20, and 40 wM) for
0.5 h, followed by stimulation with 1 wg/mL LPS for additional 1,
2, 4, 8, 12, and 24 h, respectively. After stimulation, cell culture
media were collected and centrifuged at 300g for 10 min at
4°C. The supernatants were sampled for TNF-q, IL-6 and NO
assays. Concentrations of TNF-o and IL-6 were quantitated using
a Mouse TNF-a and IL-6 ELISA kits following manufacturer
protocols, respectively. The intra and inter assay variability
for the assays of TNF-a and IL-6 were 2.3~3.0 and 2.1~5.3,
respectively. NO was quantitated by detecting its stable oxidative
metabolite, nitrite. Briefly, 50 pL culture media was blended with
Griess reagent (Beyotime) of the same volume and incubated
for 30min at 37°C. Absorbance was read at 540nm by the
microplate reader. The nitrite concentration was calculated by
the calibration curve using sodium nitrite standard solutions
(Lin et al., 2013).

Western Blotting

RAW 264.7 cells with 1 x 10° cells/mL, at logarithmic phase,
were inoculated into 6-well plates overnight, and pretreated with
three concentrations of baicalein (40, 20, and 10 wM) for 0.5h,
followed by stimulation with 1pg/mL LPS. After another 0,
1, 2, 4, 8, 12, and 24h incubation, respectively, the cells were
washed with cold phosphate-buffered saline (PBS) and then
lysed in 125 pL RIPA buffer added with PMSF and cocktail
of protease and phosphatase inhibitors (Pierce, Rockford, IL,
USA). Cell samples were collected into 0.5 mL centrifuge tubes
and separated by centrifugation at 1 x 10* rpm for 10 min at
4°C. The supernatants were sampled and stored at —80°C until
analysis.

The contents of protein were detected by the bicinchoninic
acid method using BCA protein assay kit (Pierce Chemical).
Aliquots of total cell lysates were blended in loading buffer and
boiled for 5min for the protein denaturation. Equivalent
amounts of denatured protein were separated by 10%
SDS-PAGE electrophoresis, subsequently transferred to
PVDF membrane, and then blocked with 5% bovine serum
albumin (BSA) under room temperature for 1h. After
blocking, membranes were incubated with the primary
monoclonal antibody against iNOS and GAPDH (both
at 1:1000 dilution) respectively, overnight at 4°C. After
being washed, the PVDF membranes were subsequently
incubated with HRP-conjugated secondary antibody (goat
anti-rabbit or goat anti-mouse antibodies, 1:5000) under room
temperature for 1h. After being marked by an enhanced
chemiluminescence kit (MULTI SCIENCES (Hangzhou,
China), the chemiluminescent signal was detected by Bio-Rad
ChemiDoc™ XRS+ System (Bio-Rad, USA). The intensity
of each signal was quantified by a computer image analysis
system (Quantity One, Bio-Rad). The expression levels of iNOS
at different time points were standardized by the iNOS level
at Oh point (control), which was described by the following
equation.

iNOS/GAPDH

Relative INOS ratio = ——————
iNOSy/GAPDH,
Pharmacodynamic Modeling
The schematic diagram of the integrated pharmacodynamic
model that described the dynamic changes of the TNF-a, IL-6,
NO in culture media supernatant and iNOS expression in cells is
shown in Figure 2. Pharmacodynamic analysis was implemented
with a non-liner mixed effects modeling (NLME) program,
Monolix® 2016R1 software (Lixoft, France). The first-order
conditional estimation with the extended least-squares (FOCE-
ELS) method was carried out to estimate the pharmacodynamic
parameters and their variability. Structural pharmacodynamic
model selection and diverse weighting strategies (additive,
power, multiplicative) were all based on goodness-of-fit plots,
Akaike’s information criteria (AIC), comparison of the observed
and individual predicted concentrations, and the coefficient of
variation (CV) in parameter estimations.

The dynamic changes of TNF-a concentrations were modeled
by the indirect response model with LPS stimulation and
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FIGURE 2 | Model schematic of the pharmacodynamic model for the effects of LPS and baicalein on TNF-a, IL-6, and NO production and iNOS expression dynamics
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line represents the model group stimulated by LPS, and the blue line represents dada of baicalein (40 uM) inhibiting stimulation of LPS.
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baicalein reducing its release (Dayneka et al., 1993). The model
is shown in the following equations:

dTNF«a

T = kinTNFot X (1 _f(Bal)) - koutTNFa x TNFa (1)
f (Bai) = a x In(Cgg) (2)
TNFay = Control(TNFa) (3)

where kinrNpo represents the zero-order rate constant of the
TNF-a production, it reflects the effect of LPS stimulation
on induction of TNF-a. The inhibition of baicalein on TNF-
a production was described by Equation (2) (f(Bai)), which
was assumed that the inhibition effect of baicalein has a
logarithmic linear correlation with the TNF-a concentration.
TNFa represents the concentration in culture media supernatant,
and TNFaqy is the TNF-a production at the point of 0 h (control),

which was shown in Equation (3). This model was proposed
by Wyska to show the inhibitory effect of methylxanthine
derivatives on TNF-a production in LPS-stimulated mice
(Wyska, 2010).

Macrophages also secrete IL-6, a remarkable activator of the
acute inflammatory response. It has been reported that IL-6
production is induced by TNF-a as well as LPS (Nemzek et al,,
2001). It is also found that the production of IL-6 was mediated
by TNF-a (Yao et al.,, 1997). Based on these reports and our
observed data sequential pattern, an indirect response model
was carried out in this part and described by the following
equations:

dIL — 6

dt
IL — 6

kiniL—6 x TNFa (t — 71) — Kou—6 x IL — 6(4)

Control(IL — 6) (5)
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where TNF-a represents the TNF-a concentration, Kinjp—¢ is
an intercompartmental rate constant describing the secretion
of IL-6 from TNF-a, kouur—e represents the first-order
elimination rate constant of IL-6. The t7; is the lag time
in the production of IL-6 from TNF-a. IL-6y is the IL-6
production at the point of 0h (control), which was shown in
equation (5).

Previous researches have shown that TNF-a is one of
the mediators resulting in the iNOS overexpression in a
complimentary way (ter Steege et al., 1998), which in turn, causes
NO secretion (Chakraborty et al., 2005). Besides, TNF-a induced
the overexpression of iNOS by activating nuclear factor-kappa
B (NF-kB) (Thiemermann, 1997). Based on these reports and
our observed data of TNF-a and iNOS sequential cascade, the
dynamic changes of iNOS expression were modeled with TNF-
a inducing the iNOS secretion. The model is described by the
following equations:

diNOS
dt

= kinivos X TNFa (t — 72) — kouinos x iNOS  (6)

Where TNF-a represents the TNF-a concentration, kipinos is the
intercompartmental rate constant representing the production of
iNOS from TNF-a. The 7, is the lag time in the production of
iNOS from TNF-a. Kouinos is the first-order elimination rate
constant of iNOS.

The dynamic change of NO production was modeled by an
indirect response model with linear systemic elimination. The
equations were shown below:

d%O = kinvo X INOS™® — ko x NO (7)
Where iNOS represents the expression of iNOS. kizno is the
intercompartmental rate constant describing the production of
NO from iNOS, kouno is the first-order elimination rate constant
of NO. The delta is the exponential term of NO from iNOS
expression, which expresses an amplifying effect of iNOS to NO
production. A similar model was applied by Sukumaran et al.
(2012).

Since the levels of TNF-qa, IL-6, iNOS, and NO showed no
difference compared with the levels in the model after 24.5h
treatment of baicalein, only the data of TNF-a, IL-6, iNOS, and
NO production after 1.5, 2.5, 4.5, 8.5, and 12.5h (without 24.5h)
treatment of baicalein were used in this model. To check the
stability of the final pharmacodynamic model, the model was
assessed by Monolix® 2016R1 software (Lixoft, France).

Statistical Analysis

All data were graphically performed by GraphPad Prism
7.0 (GraphPad, Avenida, CA, USA) and statistically analyzed
using IBM SPSS 23.0 software. Data were presented as the
mean = standard deviation (SD) of individual values from
three independent experiments. One-way analysis of variance
(ANOVA) followed by a Dunnett post hoc test was applied for
significance analysis. The differences were adjudged statistically
significant when P < 0.05 and very significant when P < 0.01.

RESULTS

Analysis of the Data Sequential Pattern of
TNF-«, IL-6, INOS, and NO

To explore cellular pharmacokinetic mechanisms underlying
the anti-inflammatory action of baicalein, we firstly analyze
the data changing pattern on each time point of LPS-induced
inflammatory mediators. As shown in Figure 2B, firstly, the
stimulus of LPS caused immediate release of TNF-a, which
rapidly increased to peak at 1h and gradually declined until
12h. And then TNF-a had a slow rise during 12-24h after
LPS stimulated. IL-6 increased slowly between 1 and 2h after
stimulating, but significantly reached a peak at 4 h. Subsequently,
after LPS stimulated, the concentration of IL-6 peaked at 8.5h
and barely changed until the last observing time. The iNOS
expression showed a similar change comparing with IL-6 except
a delayed increase. As we known, the change of NO release
correlated with the iNOS contents. Furthermore, the present
study also showed that different doses of baicalein, especially
40 wM, could reduce the elevated level of TNF-a, IL-6, iNOS
and NO (P < 0.05 and P < 0.01). Besides, cell viability and cell
counts analysis showed that baicalein did not affect the reduced
cell viability (OD value of MTT) and cell counts induced by LPS
(shown in Supplementary Material).

Model Simulation

The goodness-of-fit plots for the pharmacodynamic model are
shown in Figure 3. In this figure, the dots of observed values
respectively vs. the population predicted value (PRED) and
individual predicted value (IPRE). The trend lines of both
population and individual predicted values of TNF-a, IL-6 were
well close to x=y. Besides, the trend lines of individual predicted
values of iNOS and NO also close to x=y. The observed values
of the TNF-q, IL-6, iNOS, and NO were well correlated with the
PRED and IPRE.

The observed data of iNOS expression and NO level
maintained a proper balance after 12.5h treatment of baicalein,
Koutinos, and kouino were fixed to 0 to reduce the model volatility.
In general, the maximum coefficient of variation (CV%) of the
estimate parameters was 37%, —2xlog-likelihood was 2818.03,
Akaike Information Criteria (AIC) was2866.03, and Bayesian
Information Criteria (BIC) was 2873.29, which mean the model
shown a good estimation with appropriate precision. This
illustrated that the model well described the data pattern of the
effects of baicalein on TNF-a and the next cascaded regulatory of
IL-6, iNOS, and NO.

The estimates of pharmacodynamic parameters are listed in
Table 1. In this model, one of the important parameter o was
0.0832 (15 CV%), representing the logarithm-linear coefficient of
TNF-a inhibited by baicalein. The low value of o showed that
TNF-a inhibition may just increase about 8.32% for each degree
rise in baicalein concentration, which suggested that baicalein
may have a weak inhibitory effect on TNF-o..The zero-order rate
constant of the TNF-a production (kirnra) was 3.74 x 10° h=1(6
CV%), which suggested that TNF-a production is very fast to
respond to LPS stimulation.
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Pharmacodynamics Model

The pharmacodynamics model reasonably described the
pharmacodynamic profiles of these data. The observed and
model-simulated TNF-a, IL-6, and NO concentration and
iNOS expression are graphically presented in Figure 4. In our
pharmacodynamic model, the anti-inflammatory property of
baicalein was log-linearly related to TNF-a in a concentration-
dependent manner, that is, the elevated TNF-a just be reduced
about 10% for each degree rise in baicalein concentration, and the
elevated IL-6, iNOS and NO production may be reduced about
10% for each degree rise in TNF-a production as well. The results
showed that baicalein quickly suppressed release of TNF-a in
a concentration-dependent manner, and consequently causing
the diminution of IL-6 and iNOS/NO. The pharmacodynamic
model simulation successfully described the experimental data,
supporting the hypothesis that IL-6 and iNOS /NO release after
LPS stimulation is mediated by TNF-a rather than LPS directly.

DISCUSSION

Inflammation has been generally considered as an immune
response to multiple pathological conditions, which exists
in various diseases (Bradford et al., 2015). Proinflammatory
cytokines such as TNF-a, IL-6, and NO are important biomarkers

in inflammation and monitoring these biomarkers’ release is
commonly used to evaluate anti-inflammatory drugs (Song et al.,
2012; Sukumaran et al., 2012; Raposo et al., 2013; Lu et al., 2015).
In recent years, baicalein was found to have anti-inflammatory
activities (Wakabayashi, 1999; Chen et al., 2001, 2004; Woo
et al., 2006; Cheng et al., 2007; Wu et al,, 2010). But its detailed
pharmacodynamic mechanisms especially underlying the anti-
inflammatory action remains unclear.

The results showed that the stimulus of LPS caused immediate
release of TNF-o in RAW264.7 macrophage, which rapidly
increased to peak at 1h after LPS stimulus. This result is
consistent with the researches of Song R. et al. which showed that
TNF-a in serum of beagles peaked at 1h and rapidly decreased
by 6h after administration of LPS (Song et al., 2012). Previous
research has also shown that the time required to trigger the
TNF-a secretion from the monocytes activated by LPS is only
5 + 15min (Gallay et al., 1993). These results indicated that
TNF-a is the earlier inflammatory cytokine that activated by LPS
in macrophage compared with IL-6, iNOS, and NO. Moreover,
some previous studies have shown that TNF-a is one of the
mediators causing iNOS overexpression, which in turn, causes
NO release. Besides, TNF-a activated NF-kB, and brought the
overexpression of iNOS (Kubo et al., 1994; Asai et al., 1996; Chen
et al.,, 1996). Similar to iNOS, it is also found that the production
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of IL-6 was mediated by TNF-a. Yao YM et al. found that the
activation and the release of IL-6, at least in part, be mediated via
TNF-dependent mechanisms (Yao et al., 1997).

Various lines of evidence have shown that mathematical
models studying the interaction between TNF-a and NO in

LPS-induced inflammation have enhanced the interpretation
of the data. Veszelovszky et al. developed a PK-PD model
to describe the development of TNF-a concentration induced
by FAA, the increased iNOS production in answer to TNF-a
(Veszelovsky et al., 1995). Chakraborty et al. modeled the

effect of IL-10 with prednisolone on concentration of NO in
mouse after LPS administration with noncompetitive interaction

TABLE 1 | Estimates of parameters for Pharmacodynamics models.

models. They described the production of TNF-a and IFN-y
respond to LPS administration, and the secretion of NO was

a cascading result of the TNF-a and IFN-y concentrations in

Parameter Definition Estimate CV%
plasma (Chakraborty et al., 2005).
a Linear coefficient of TNF-a 0.0832 15 Based on these researches and our results about the
inhibition induced by sequential pattern of these cytokines release, we established the
E;izlt:i: concentration of pharmacodynamic model in two separate ways: (a) TNF-a is the
P Production constant of 374 x 105 5 early and crucial cytokine responding to stimulation of LPS; (b)
inTNFa 74 % . . .
1) TNF-o induced by LPS and then secretlonsiof IL-6 and iNOS are mediated by TNE—a
KoutTNFe Elimination constant of 0.0463 39 rather thar.l by LPS directly. And .the datta showed that proslucthlo.n
h) TNF-a of TNF-a is very fast after LPS stimulation, a zero-order kinetic is
Kinll 6 Production constant of 0.353 9 used to describe the process of producing TNF-a.
th=1) IL-6 induced by TNF-o In our pharmacodynamic model, the anti-inflammatory
KoutiL—6 Elimination constant of 0.143 23 property of baicalein was logarithmly related to TNF-a.
h=) IL-6 The quantitative relationship of TNF-a with IL-6, iNOS,
7 Lag time in the production 1.38 " and NO could be described by our model well. This may
1 of IL-6 from TNF-o provide an effective method from a unique perspective to
Kininos(™") F’i‘rgcé“:t'O”TCﬁESta”t of 000169 9 understand the pharmacodynamic relevance and mechanism
I rom - . . . . .
) . ¢ g » 1 of baicalein efficacy. Although, the simulative result of iNOS
() ag time in the production . . . .
of INOS from TNF-q exprgssu;n see;lefl not V\fnough alccuéate},1 it 5;111 showe.d t.he
konoth=1) Production constant of 0.0605 37 trend o p}re iction. [S spe_:cu _ate ' t‘ jat the quantljcatlve
NO from INOS method, which used three continuing division to express iNOS
delta Exponential term of NO 135 9 mass [(iNOS/GAPDH)/(iNOSy/GAPDHj)], would make some
from INOS deviation signal to the model parameters estimation.
C
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FIGURE 4 | Experiment measured and model-simulated TNF-a, IL-6 and NO concentration in cell culture media and iNOS expression in cell. Cells were incubated
with 40, 20, 10, and O (control) M baicalein for 1.5, 2.5, 4.5, 8.5, 12.5, and 24.5 h. Except the control, the RAW264.7 macrophages cells were stimulated with LPS
0.5 h after incubating with baicalein. TNF-a (A) and IL-6 (B) concentration were quantified by ELISA, iNOS expression (C,E) was measured by Western blot and NO
(D) was detected by Griess. The pharmacodynamic model of the TNF-a production network accounts for experimental data. Measured values and model fittings were
shown in symbols and lines, respectively. For experimental data points, except iNOS (n = 6), n = 3.
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The pharmacodynamic model could provide a more intuitive
viewpoint on where and how the baicalein is targeting and
its potency in a quantitative way. Meanwhile, this model
may be useful for arranging baicalein’s dose regimen. The
pharmacodynamic model concentrated on the pro-inflammatory
factors and directly connected these cytokines response to anti-
inflammation, which could provide a deep understanding of
the pharmacological activity of drugs. In the present study,
the observed values at different dosages of baicalein were well
predicted by the model.

CONCLUSION

In conclusion, the pharmacodynamic model simulation
successfully described the experimental data, supporting the
data’s cascading pattern after LPS stimulation in RAW264.7
macrophages. The reason for the delay of IL-6 and iNOS/NO
production after LPS stimulation may be mediated by TNF-a
rather than by LPS. Baicalein showed a weak anti-inflammatory
property. It inhibited the release of TNF-a in LPS-stimulated
RAW264.7 in a concentration-dependent manner, and then
sequentially decrease the production of IL-6, iNOS, and NO.
The pharmacodynamic model allowed the better understanding
of the pharmacological potential and cellular pharmacodynamic

REFERENCES

Asai, K., Kato, H., Kimura, S., Mukai, S., Kawahito, Y., et al. (1996). Induction
of gene expression for nitric oxide synthase by immunomodulating drugs in
the RAW264.7 murine macrophage cell line. Cancer Immunol. Immunother.
42, 275-279. doi: 10.1007/5002620050282

Barcia-Macay, M., Mouaden, F., Mingeot-Leclercq, M. P., Tulkens, P. M., and
Van Bambeke, F. (2008). Cellular pharmacokinetics of telavancin, a novel
lipoglycopeptide antibiotic, and analysis of lysosomal changes in cultured
eukaryotic cells (J774 mouse macrophages and rat embryonic fibroblasts). J.
Antimicrob. Chemother. 61, 1288-1294. doi: 10.1093/jac/dkn120

Becker, S., Mundandhara, S., Devlin, R. B., and Madden, M. (2005). Regulation
of cytokine production in human alveolar macrophages and airway epithelial
cells in response to ambient air pollution particles: further mechanistic studies.
Toxicol. Appl. Pharmacol. 207, 269-275. doi: 10.1016/j.taap.2005.01.023

Bradford, B. J., Yuan, K., Farney, J. K., Mamedova, L. K., and Carpenter,
A. J. (2015). Invited review: inflammation during the transition to
lactation: new adventures with an old flame. J. Dairy. Sci. 98, 6631-6650.
doi: 10.3168/jds.2015-9683

Caldwell, A. B., Cheng, Z., Vargas, ]. D., Birnbaum, H. A., and Hoffmann, A.
(2014). Network dynamics determine the autocrine and paracrine signaling
functions of TNF. Genes. Dev. 28, 2120-2133. doi: 10.1101/gad.244749.114

Chakraborty, A., Yeung, S., Pyszczynski, N. A, and Jusko, W. J. (2005).
Pharmacodynamic interactions between recombinant mouse interleukin-10
and prednisolone using a mouse endotoxemia model. J. Pharm. Sci. 94,
590-603. doi: 10.1002/jps.20257

Chen, B., Stout, R., and Campbell, W. F. (1996). Nitric oxide production:
a mechanism of Chlamydia trachomatis inhibition in interferon-y-
treated RAW264.7 cells. FEMS. Immunol. Med. Microbiol. 14, 109-120.
doi: 10.1111/§.1574-695X.1996.tb00277.x

Chen, C.J., Raung, S. L, Liao, S. L., and Chen, S. Y. (2004). Inhibition of inducible
nitric oxide synthase expression by baicalein in endotoxin/cytokine stimulated
microglia. Biochem. Pharmacol. 67, 957-965. doi: 10.1016/j.bcp.2003.10.010

Chen, Y. C, Shen, S. C, Chen, L. G., Lee, T. J, and Yang, L. L. (2001).
Wogonin, baicalin, and baicalein inhibition of inducible nitric oxide synthase
and cyclooxygenase-2 gene expressions induced by nitric oxide synthase
inhibitors and lipopolysaccharide. Biochem. Pharmacol. 61, 1417-1427.
doi: 10.1016/S0006-2952(01)00594-9

mechanisms of baicalein in the treatment of inflammatory
disorders.

AUTHOR CONTRIBUTIONS

LX, PW, and X-LM conceived and designed the experiments;
LX conducted the experiments and wrote the manuscript; LX,
Y-FH, J-SW, LW, and W-GH performed the experiments; PW
and C-SX analyzed the data generated from the experiments,
conducted statistical analysis; PW and X-LM participated
in the critical analysis of the data and revisions of the
manuscript. All authors reviewed and approved the final
manuscript.

FUNDING

This study was supported by National Natural Science
Foundation of China (NO. 81274111 and 81773974).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2018.00793/full#supplementary-material

Cheng, P. Y., Lee, Y. M., Wu, Y. S., Chang, T. W, Jin, J. S., and Yen, M. H. (2007).
Protective effect of baicalein against endotoxic shock in rats in vivo and in vitro.
Bio. Chem. Pharmacol. 73, 793-804. doi: 10.1016/j.bcp.2006.11.025

Creasey, A. A, Stevens, P., Kenney, J., Allison, A. C., Warren, K., Catlett, R,, et al.
(1991). Endotoxin and cytokine profile in plasma of baboons challenged with
lethal and sublethal Escherichia coli. Circ. Shock 33, 84-91.

Dayneka, N. L., Garg, V., and Jusko, W. J. (1993). Comparison of four basic
models of indirect pharmacodynamic responses. J. Pharmacokinet. Biopharm.
21, 457-478. doi: 10.1007/BF01061691

Gallay, P., Jongeneel, C. V., Barras, C., Burmier, M., Baumgartner, J., Glauser, M. P.,
et al. (1993). Short time exposure to lipopolysaccharide is sufficient to activate
human monocytes. J. Immunol. 150, 5086-5093.

Halder, B., Bhattacharya, U., Mukhopadhyay, S., and Giri, A. K. (2008). Molecular
mechanism of black tea polyphenols induced apoptosis in human skin cancer
cells: involvement of Bax translocation and mitochondria mediated death
cascade. Carcinogenesis 29, 129-138. doi: 10.1093/carcin/bgm233

Heine, H., Rietschel, E. T., and Ulmer, A. J. (2001). The biology of endotoxin. Mol.
Biotechnol. 19, 279-296. doi: 10.1385/MB:19:3:279

Hotamisligil, G. S. (2006). Inflammation and metabolic disorders. Nature 444,
860-867. doi: 10.1038/nature05485

Hung, D. Y., Siebert, G. A., Chang, P., and Roberts, M. S. (2005). Hepatic
pharmacokinetics of taurocholate in the normal and cholestatic rat liver. Br.
J. Pharmacol. 145, 57-65. doi: 10.1038/sj.bjp.0706148

Jung, H. W,, Seo, U. K., Kim, J. H., Leem, K. H,, and Park, Y. K. (2009).
Flower extract of Panax notoginseng attenuates lipopolysaccharide-induced
inflammatory response via blocking of NF-kappaB signaling pathway in murine
macrophages. J. Ethnopharmacol. 122, 313-319. doi: 10.1016/j.jep.2008.12.024

Jung, L. L., and Zamboni, W. C. (2001). Cellular, pharmacokinetic, and
pharmacodynamic aspects of response to camptothecins: can we improve it?
Drug Resist. Updat. 4, 273-288. doi: 10.1054/drup.2001.0222

Kim, J. B., Han, A. R, Park, E. Y., Kim, J. Y., Cho, W., Lee, J., et al. (2007). Inhibition
of LPS-induced iNOS, COX-2 and cytokines expression by poncirin through
the NF-kappaB inactivation in RAW 264.7 macrophage cells. Biol. Pharm. Bull.
30, 2345-2351. doi: 10.1248/bpb.30.2345

Kim, K. H., Park, Y. D., Park, H, Moon, K. O, Ha, K. T., Baek, N.
L, et al. (2014). Synthesis and biological evaluation of a novel baicalein
glycoside as an anti-inflammatory agent. Eur. J. Pharmacol. 744, 147-156.
doi: 10.1016/j.ejphar.2014.10.013

Frontiers in Pharmacology | www.frontiersin.org

July 2018 | Volume 9 | Article 793


https://www.frontiersin.org/articles/10.3389/fphar.2018.00793/full#supplementary-material
https://doi.org/10.1007/s002620050282
https://doi.org/10.1093/jac/dkn120
https://doi.org/10.1016/j.taap.2005.01.023
https://doi.org/10.3168/jds.2015-9683
https://doi.org/10.1101/gad.244749.114
https://doi.org/10.1002/jps.20257
https://doi.org/10.1111/j.1574-695X.1996.tb00277.x
https://doi.org/10.1016/j.bcp.2003.10.010
https://doi.org/10.1016/S0006-2952(01)00594-9
https://doi.org/10.1016/j.bcp.2006.11.025
https://doi.org/10.1007/BF01061691
https://doi.org/10.1093/carcin/bgm233
https://doi.org/10.1385/MB:19:3:279
https://doi.org/10.1038/nature05485
https://doi.org/10.1038/sj.bjp.0706148
https://doi.org/10.1016/j.jep.2008.12.024
https://doi.org/10.1054/drup.2001.0222
https://doi.org/10.1248/bpb.30.2345
https://doi.org/10.1016/j.ejphar.2014.10.013
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Xiang et al.

Anti-Inflammatory Mechanism of Baicalein

Kubo, M., Asano, T., Shiomoto, H., and Matsuda, H. (1994). Studies on
Rehmanniae radix. I. Effect of 50 % ethanolic extract from steamed and dried
rehmanniae radix on hemorheology in arthritic and thrombosic rats. Biol.
Pharm. Bull. 17,1282-1286. doi: 10.1248/bpb.17.1282

Lee, Y. M., Cheng, P. Y., Chim, L. S.,, Kung, C. W., Ka, S. M., Chung, M.
T., et al. (2011). Baicalein, an active component of Scutellaria baicalensis
Georgi, improves cardiac contractile function in endotoxaemic rats via
induction of heme oxygenase-1 and suppression of inflammatory responses.
J. Ethnopharmacol. 135, 179-185. doi: 10.1016/j.jep.2011.03.009

Lin, Y., Wang, F., Yang, L. J, Chun, Z, Bao, J. K, and Zhang, G.
L. (2013). Anti-inflammatory phenanthrene derivatives from stems of
Dendrobium. Denneanum. Phytochem. 95, 242-251. doi: 10.1016/j.phytochem.
2013.08.008

Liu, R. H., and Motchkiss, J. H. (1995). Potential genotoxicity of
chronically elevated nitric oxide: a review. Mutat. Res. 339, 73-89.
doi: 10.1016/0165-1110(95)90004-7

Lu, P, Liu, J,, and Pang, X. (2015). Pravastatin inhibits fibrinogen- and FDP-
induced inflammatory response via reducing the production of IL-6, TNF-a
and iNOS in vascular smooth muscle cells. Mol. Med. Rep. 12, 6145-6151.
doi: 10.3892/mmr.2015.4149

Moncada, S., Palmer, R. M., and Higgs, D. A. (1992). Nitric oxide: physiology,
pathophysiology and pharmacology. Pharmacol. Rev. 43, 109-142. e

Monolix version (2016). R1. Antony, France: Lixoft SAS, (2016), http://lixoft.com/
products/monolix/.

Nemzek, J. A., Siddiqui, J., and Remick, D. G. (2001). Development and
optimization of cytokine ELISAs using commercial antibody pairs. J. Immunol.
Methods 255 , 149-157. doi: 10.1016/S0022-1759(01)00419-7

Noguchi, S., Nakatsuka, M., Konishi, H. Kamada, Y. Chekir, C., and
Kudo, T. (2003). Nafamostat mesilate suppresses NF-kB activation and
NO overproduction in LPS-treated macrophages. Int. Immunopharmacol. 3,
1335-1344. doi: 10.1016/S1567-5769(03)00146-2

Oh, Y. C, Cho, W. K., Jeong, Y. H., Im, G. Y., Lee, K. ], Yang, H. ], et al. (2013).
Anti-inflammatory effect of Sosihotang via inhibition of nuclear factor-kB and
mitogen-activated protein kinases signaling pathways in lilpopolysaccharide-
stimulated RAW 264.7 macrophage cells. Food Chem. Toxicol. 53, 343-351.
doi: 10.1016/j.fct.2012.12.006

Old, L. J. (1985). Tumor necrosis factor (TNF). Science 230, 630-632.
doi: 10.1126/science.2413547

Pennica, D., Nedwin, G. E., Hayflick, J. S., Seeburg, P. H., Derynck, R,
Palladino, M. A., et al. (1984). Human tumour necrosis factor: precursor
structure, expression and homology to lymphotoxin. Nature 312, 724-729.
doi: 10.1038/312724a0

Qi, Z., Yin, F., Lu, L., Shen, L., Qi, S., Lan, L., et al. (2013). Baicalein
reduces  lipopolysaccharide-induced  inflammation  via  suppressing
JAK/STATs activation and ROS production. Inflamm. Res. 62, 845-855.
doi: 10.1007/s00011-013-0639-7

Raposo, C., Nunes, A. K, Luna, R. L., Aragjo, S. M., da Cruz-Hoéfling,
M. A, and Peixoto, C. A. (2013). Sildenafil (Viagra) protective
effects on neuroinflammation: the role of iNOS/NO system in an
inflammatory demyelination model. Mediators Inflamm. 2013:321460.
doi: 10.1155/2013/321460

Ronis, M. J., Butura, A., Korourian, S., Shankar, K., Simpson, P., Badeaux, J., et al.
(2008). Cytokine and chemokine expression associated with steatohepatitis and
hepatocyte proliferation in rats fed ethanol via total enteral nutrition. Exp. Biol.
Med. 233, 344-355. doi: 10.3181/0707-RM-203

Rossol, M., Heine, H., Meusch, U., Quandt, D., Klein, C., Sweet, M. J., et al. (2011).
LPS-induced cytokine production in human monocytes and macrophages. Crit.
Rev. Immunol. 31, 379-446. doi: 10.1615/CritRevimmunol.v31.i5.20

Russell, J. A. (2006). Management of sepsis. N. Engl. ]. Med. 355, 1699-1713.
doi: 10.1056/NEJMra043632

Siebert, G. A., Hung, D. Y., Chang, P, and Roberts, M. S. (2004). Ion-
trapping, microsomal binding, and unbound drug distribution in the
hepatic retention of basic drugs. J. Pharmacol. Exp. Ther. 308, 228-235.
doi: 10.1124/jpet.103.056770

Song, R., Kim, J., Yu, D., Park, C., and Park, J. (2012). Kinetics of IL-6 and TNF-
a changes in a canine model of sepsis induced by endotoxin. Vet. Immunol.
Immunopathol. 146, 143-149. doi: 10.1016/j.vetimm.2012.02.008

Sukumaran, S., Lepist, E. I, DuBois, D. C., Almon, R. R., and Jusko, W. J.
(2012). Pharmacokinetic/ pharmacodynamic modeling of methylprednisolone
effects on iINOS mRNA expression and nitric oxide during LPS-induced

inflammation in rats. Pharm. Res. 29, 2060-2069. doi: 10.1007/s11095-012-
0733-5

Szekanecz, Z., and Koch, A. E. (2007). Macrophages and their products
in rheumatoid arthritis. Curr. Opin. Rheumatol. 19, 289-295.
doi: 10.1097/BOR.0b013e32805e87ae

ter Steege, J. C., van de Ven, M. W, Forget, P. P., Brouckaert, P., and Buurman,
W. A. (1998). The role of endogenous IFN-gamma, TNF-alpha and IL-10 in
LPS-induced nitric oxide release in a mouse model. Cytokine 10, 115-123.
doi: 10.1006/cyt0.1997.0263

Thiemermann, C. (1997). Nitric oxide and septic shock. Gen. Pharmacol. 29,
159-166. doi: 10.1016/S0306-3623(96)00410-7

Tracey, K. J. (2002). The inflammatory reflex. Nature 420, 853-859.
doi: 10.1038/nature01321

Tsai, C. L., Lin, Y. C., Wang, H. M., and Chou, T. C. (2014). Baicalein, an active
component of Scutellaria baicalensis, protects against lipopolysaccharide-
induced acute lung injury in rats. J. Ethnopharmacol., 153, 197-206.
doi: 10.1016/j.jep.2014.02.010

Tungtan, B., Uludag, O., Altug, S., and Abacioglu, N. (1998). Effects of nitric oxide
synthase inhibition in lipopolysaccharide-induced sepsis in mice. Pharmacol.
Res. 38, 405-411. doi: 10.1006/phrs.1998.0381

Van Bambeke, F., Barcia-Macay, M., Lemaire, S., and Tulkens, P. M. (2006).
Cellular pharmacodynamics and pharmacokinetics of antibiotics: current views
and perspectives. Curr. Opin. Drug Discov. Dev. 9, 218-230.

Veszelovsky, E., Holford, N. H., Thomsen, L. L., Knowles, R. G., and Baguley, B. C.
(1995). Plasma nitrate clearance in mice: modeling of the systemic production
of nitrate following the induction of nitric oxide synthesis. Cancer Chemother.
Pharmacol. 36, 155-159. doi: 10.1007/BF00689201

Wakabayashi, I. (1999). Inhibitory effects of baicalein and wogonin on
lipopolysaccharide-induced nitric oxide production in macrophages.
Pharmacol. Toxicol. 84, 288-291. doi: 10.1111/j.1600-0773.1999.tb01496.x

Woo, K. J.,, Lim, J. H., Suh, S. I., Kwon, Y. K,, Shin, S. W., Kim, S. C., et al.
(2006). Differential inhibitory effects of baicalein and baicalin on LPS-induced
cyclooxygenase-2 expression through inhibition of C/EBPbeta DNA-binding
activity. Immunobiology 211, 359-368. doi: 10.1016/j.imbi0.2006.02.002

Wu, Y. L, Lian, L. H., Wan, Y., and Nan, J. X. (2010). Baicalein inhibits nuclear
factor-kappaB and apoptosis via c-FLIP and MAPK in D-GaIN/LPS induced
acute liver failure in murine models. Chem. Biol. Interact. 188, 526-534.
doi: 10.1016/j.cbi.2010.09.008

Wyska, E. (2010). Pharmacokinetic-pharmacodynamic = modeling of
methylxanthine  derivatives in mice challenged with high-dose
lipopolysaccharide. Pharmacology 85, 264-271. doi: 10.1159/000288734

Yao, Y. M., Bahrami, S., Redl, H., Fuerst, S., and Schlag, G. (1997). IL-6 release after
intestinal ischemia/ reperfusion in rats is under partial control of TNF. J. Surg.
Res. 70, 21-26. doi: 10.1006/jsre.1997.5074

Zamora, R., Vodovotz, Y., and Billiar, T. R. (2000). Inducible nitric oxide
synthase and inflammatory diseases. Mol. Med. 6, 347-373.

Zhang, J., Zhou, F., Wu, X,, Zhang, X, Chen, Y., Zha, B. S,, et al. (2012). Cellular
pharmacokinetic mechanisms of adriamycin resistance and its modulation by
20(S)-ginsenoside Rh2 in MCF-7/Adr cells. Br. J. Pharmacol. 165, 120-134.
doi: 10.1111/j.1476-5381.2011.01505.x

Zhang, X., Shedden, K., and Rosania, G. R. (2006). A cell-based molecular transport
simulator for pharmacokinetic prediction and cheminformatic exploration.
Mol. Pharm. 3, 704-716. doi: 10.1021/mp060046k

Zhou, F., Zhang, J., Li, P., Niu, F., Wu, X., Wang, G., et al. (2011). Toward a new age
of cellular pharmacokinetics in drug discovery. Drug Metab. Rev. 43, 335-345.
doi: 10.3109/03602532.2011.560607

Conflict of Interest Statement: 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.

The reviewer SU and handling Editor declared their shared affiliation.

Copyright © 2018 Xiang, Hu, Wu, Wang, Huang, Xu, Meng and Wang. 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

July 2018 | Volume 9 | Article 793


https://doi.org/10.1248/bpb.17.1282
https://doi.org/10.1016/j.jep.2011.03.009
https://doi.org/10.1016/j.phytochem.2013.08.008
https://doi.org/10.1016/0165-1110(95)90004-7
https://doi.org/10.3892/mmr.2015.4149
http://lixoft.com/products/monolix/
http://lixoft.com/products/monolix/
https://doi.org/10.1016/S0022-1759(01)00419-7
https://doi.org/10.1016/S1567-5769(03)00146-2
https://doi.org/10.1016/j.fct.2012.12.006
https://doi.org/10.1126/science.2413547
https://doi.org/10.1038/312724a0
https://doi.org/10.1007/s00011-013-0639-7
https://doi.org/10.1155/2013/321460
https://doi.org/10.3181/0707-RM-203
https://doi.org/10.1615/CritRevImmunol.v31.i5.20
https://doi.org/10.1056/NEJMra043632
https://doi.org/10.1124/jpet.103.056770
https://doi.org/10.1016/j.vetimm.2012.02.008
https://doi.org/10.1007/s11095-012-0733-5
https://doi.org/10.1097/BOR.0b013e32805e87ae
https://doi.org/10.1006/cyto.1997.0263
https://doi.org/10.1016/S0306-3623(96)00410-7
https://doi.org/10.1038/nature01321
https://doi.org/10.1016/j.jep.2014.02.010
https://doi.org/10.1006/phrs.1998.0381
https://doi.org/10.1007/BF00689201
https://doi.org/10.1111/j.1600-0773.1999.tb01496.x
https://doi.org/10.1016/j.imbio.2006.02.002
https://doi.org/10.1016/j.cbi.2010.09.008
https://doi.org/10.1159/000288734
https://doi.org/10.1006/jsre.1997.5074
https://doi.org/10.1111/j.1476-5381.2011.01505.x
https://doi.org/10.1021/mp060046k
https://doi.org/10.3109/03602532.2011.560607
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Semi-Mechanism-Based Pharmacodynamic Model for the Anti-Inflammatory Effect of Baicalein in LPS-Stimulated RAW264.7 Macrophages
	Introduction
	Materials and Methods
	Chemicals
	Cell Culture
	MTT Assay
	Measurement of the Production of TNF-α, IL-6 and NO
	Western Blotting
	Pharmacodynamic Modeling
	Statistical Analysis

	Results
	Analysis of the Data Sequential Pattern of TNF-α, IL-6, iNOS, and NO
	Model Simulation
	Pharmacodynamics Model

	Discussion
	Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References


