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Editorial on the Research Topic
Drug metabolism and transport: the Frontier of personalized medicine

Current personalized drug therapy presents many unique challenges (Pristner and
Warth, 2020; van Groen et al., 2022). Pharmacokinetic (PK) and pharmacodynamic (PD)
investigations of drugs contribute to ensuring the safety and efficacy of clinical use. In
particular, understanding PK properties is essential for drug development and precision drug
use. Research on drug metabolizing enzymes and transporter proteins in PK assays is
advancing rapidly and accurately provides a new understanding of the transcriptional and
post-transcriptional regulatory mechanisms that lead to inter-individual variability in drug
therapy (Li et al, 2019). Clinical research on drug-drug interactions (DDI) of drug
metabolism or transport is also attracting attention (Tornio et al, 2019). In addition,
recent advances such as changes in metabolic enzymes and transporter proteins, and gut
bacteria with disease progression help standardize personalized drugs and promote rational
clinical use (Zhang et al., 2018; Zhang and Wang, 2022).

This Research Topic includes manuscripts covering the studies focusing on PK,
excretion, metabolism, and distribution characteristics of drugs, the elucidation of in
vivo targets of action, metabolites, metabolic enzymes, and pathways of active molecules
of herbal medicines based on metabolomics, network pharmacology, and transcriptomics,
the influence of transporters, cytochrome P450, metabolite gene polymorphisms on drug
metabolism kinetics, the studies of the complex interactions between the gut microbiota and
bile acids, all that have a significant impact on the rational drug use.

First, multiple reports focus on the pharmacokinetics, excretion, metabolism, and
distribution characteristics of drugs to contribute to clinical translation or rational drug
use. He et al. reported the pharmacokinetics, excretion, metabolism, and distribution
characteristics of a body-protective compound 157 (BPC157) in rats and dogs. The
results revealed that the main excretion pathways of compound BPC157 involved urine
and bile. These results contribute to the clinical translation of the target compound. A study
by Shen et al., in which 376 steady-state trough concentrations of valproic acid (VPA) were
collected from 103 children with epilepsy, aimed to establish a population pharmacokinetic
(PPK) model of VPA in children with epilepsy in southern China to provide guidance for
individualized dosing of VPA therapy. Fu et al. identified the pharmacokinetics of unbound
teicoplanin in Chinese adult patients and proposed an adjusted dosing regimen depending
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on glomerular filtration rate (eGFR) and serum albumin
concentration to serve as a rationale for unconjugated drug-
guided dosing. Liu et al. presented the pharmacokinetics and
tissue distribution of cryptotanshinone in the treatment of
bleomycin-induced idiopathic pulmonary fibrosis in rats. The
findings suggest that the pathological changes of pulmonary
fibrosis favor the pulmonary exposure of cryptotanshinone and
serve as a therapeutic target organ for cryptotanshinone. These
results offer new references for pharmacokinetic and
pharmacodynamic research on experimental drugs.

Secondly, several works illustrate the in vivo targets, metabolites,
metabolic enzymes and pathways for the active molecules of herbal
medicines using metabolomics, network pharmacology and
transcriptomics. Song et al. demonstrated a therapeutic effect of
crocin I (CR) on intrahepatic cholestasis (IC) by combined
metabolomic and transcriptomic analysis. This therapeutic effect
is attributed to the regulation of bile acid and bilirubin biosynthesis
in the bile secretion pathway and the expression of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase, sulfotransferase 2A1, and
ATP-binding cassette transporter G5. Deng et al. elucidated the
mechanism of dracorhodin perchlorate topically applied to diabetic
foot ulcer (DFU) rats using a combination of metabolomics and
network pharmacology. The findings suggest that dracorhodin
perchlorate improves wound healing in DFU through multiple
targets and pathways and is potentially useful for the treatment
of DFU. A study performed by Sun et al. reports the establishment of
an “active compound-target-metabolic pathway” network based on
an integrated GC-TOF/MS

pharmacology analysis strategy. This approach identified the

metabolomics and  network
active compounds, targets and metabolic pathways involved in
the Epimedium fried with suet oil to warm kidney and enhance
yang. The authors finally revealed that the mechanism of action of
Epimedium fried with suet oil to warm kidney and enhance yang is
primarily involved in oxidative stress and amino acid metabolism.
By analyzing the plasma metabolomics of liver transplant recipients,
Zhu et al. identified microbiota-derived uremic retention solutes,
bile acids, steroid hormones, and medium- and long-chain
acylcarnitines as the major metabolites associated with dose-
adjusted trough concentrations of tacrolimus in liver transplant
recipients. This work provides a rationale for predicting the optimal
dose of tacrolimus to be administered to liver transplant recipients.

Additionally, several research and reviews focused on the effect

of transporters, cytochrome P450, and metabolite gene
polymorphisms on the pharmacokinetics of drugs. Annisa et al.
reviewed the effect of transporter and metabolite gene

polymorphisms on the kinetic parameters of fluoroquinolone,
suggesting that the presence of gene polymorphisms can affect
the pharmacokinetic parameters of fluoroquinolone such as area
under the curve (AUC), creatinine clearance (Cg,), maximum
plasma concentration (Cp,y), half-life (t;;), and time to peak
(tmax). Zhu et al. revealed a novel mechanism by which testis-
(TSPYL1)
expression of cholesterol metabolizing cytochrome P450s (CYPs),

specific  Y-coding-like protein 1 regulates  the
especially CYP1B1, through Wnt/B-catenin signaling. Their results
increase the possibility that TSPYL 1 might be a molecular target
affecting cholesterol homeostasis. Xin et al. established a combined
population pharmacokinetic (PPK) model of aripiprazole (ARI) and

its main active metabolite dehydroaripipiprazole (DARI) in

Frontiers in Pharmacology
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pediatric patients with tic disorders (TD) and investigated inter-
individual variability in ARI pharmacokinetics/pharmacodynamics
caused by physiological and genetic factors to optimize dosing
regimens in pediatric patients. The findings showed that the
pharmacokinetics of ARI and DARI in pediatric patients with
TD were
CYP2D6 genotype. The authors recommend an individualized

significantly influenced by body weight and
dosing regimen for pediatric patients with TD to ensure clinical
efficacy. Sato et al. examined the relationship between methotrexate
(MTX) accumulation and gene expression levels of solute carrier
(SLC) and ATP-binding cassette (ABC) transporters in cancer cells
after single and high doses of X-ray irradiation. Their results indicate
that single high-dose irradiation alters the accumulation of MTX
and the gene expression levels of SLC and ABC transporters in
cancer cells. Li et al. investigated the metabolic stability and
enzymatic kinetics of carboxylesterase-mediated hydrolysis and
cytochrome P450 (CYP)-mediated oxidation of Eupalinolide A
(EA; Z-configuration) and Eupalinoide B (EB; E-configuration) in
human liver microsomes. The results revealed that EA and EB were
promptly eliminated compared to CYP-mediated oxidation, largely
through carboxylesterase-mediated hydrolysis. EA and EB were
CYPs, with CYP3A4 playing a
particularly important role. The findings from Wang et al.

metabolized by multiple

revealed that Myriocin enhances the antifungal activity of
fluconazole by blocking the membrane localization of the efflux
pump Cdrl. Another study by Jiang et al. identified two functional
polymorphisms in the ABCC4 gene that may affect transcriptional
activity and thus directly or indirectly affect the release of
atorvastatin and its metabolites from hepatocytes into the
circulation. These results provide a strong rationale for the
clinical use of drugs.

There are also two more interesting studies on the combined use
of herbal ingredients and Chinese compound prescription. A study
by Chen et al. reported on the evaluation and clinical significance of
the interaction of compound Danshen dropping pill (CDDP) with
epoxide hydrolase gene-related warfarin. The findings indicated that
a reasonable combination of CDDP and warfarin is safe without risk
of bleeding, but also requires therapeutic management. In another
study, Lin et al. reported the effect of ethyl acetate extract (SDEA
extract) from Selaginella doederleinii hieron on human cytochrome
P450 enzymes (CYP450). The results revealed that amentolavone
may be one of the main reasons for the inhibition of CYPs by SDEA.
When SDEA or amentolavane is used in combination with other
clinical drugs, potential herbal interactions should be considered.

In addition, the findings from Malinska et al. that the
hypolipidemic effect of salsalate was implicated in the differential
expression of genes regulating lipid metabolism in the liver,
indicating that the administration of salsalate in prediabetic
patients with symptoms of non-alcoholic fatty liver disease
(NAFLD) may be beneficial.
therapeutic prospects of N-acetylgalactosamine-siRNA couples,
highlighting the efficiency and stability of GalNAc-siRNA
couples. Their results imply that new approaches to developing

Zhang et al. reviewed the

oligonucleotide drugs hold promise for gene therapy.

Even though pharmacokinetics, pharmacogenetics and
pharmacogenomics have been at the forefront of research aimed
at finding new personalized therapies, the focus of recent research

has been extended to the potential of the gut microbiota to affect
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drug efficacy. The complex interactions of the gut microbiota with
bile acids may have a significant impact on the pharmacokinetics of
drugs. Pani¢ et al’s findings suggest that bioaccumulation and
biotransformation of simvastatin through gut bacteria may be a
potential mechanism for its altered bioavailability and therapeutic
efficacy. Li et al. utilized an integrated metabolomics, culturomics
and bionomics framework to discover that multiple drugs are
metabolized by selected probiotic bacteria, providing practical
guidance for probiotic drug combinations and new insights into
precision probiotics.

Altogether, the focused release of these results provides sufficient
reference data to standardize personalized drugs and promote
rational clinical use. We hope you enjoy them.
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Plasma metabolomic profiling
reveals factors associated with
dose-adjusted trough
concentration of tacrolimus in
liver transplant recipients
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Affiliated Hospital of Zhengzhou University, Zhengzhou, China, *State Key Laboratory of Quality
Research in Chinese Medicine and School of Pharmacy, Macau University of Science and Technology,
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Inter- and intrapatient variability of tacrolimus exposure is a vital prognostic risk
factor for the clinical outcome of liver transplantation. New factors or
biomarkers characterizing tacrolimus disposition is essential for optimal dose
prediction in recipients of liver transplant. The aim of the study was to identify
potential plasma metabolites associated with the dose-adjusted trough
concentration of tacrolimus in liver transplant recipients by using a global
metabolomic approach. A total of 693 plasma samples were collected from
137 liver transplant recipients receiving tacrolimus and regular therapeutic drug
monitoring.  Untargeted metabolomic analysis was performed by
ultraperformance liquid chromatography-quadrupole time-of-flight mass
spectrometry. Univariate and multivariate analyses with a mixed linear model
were conducted, and the results showed that the dose-adjusted tacrolimus
trough concentration was associated with 31 endogenous metabolites,
including medium- and long-chain acylcarnitines such as stearoylcarnitine
(B = 0.222, p = 0.001), microbiota-derived uremic retention solutes such as
indolelactic acid (8 = 0.194, p = 0.007), bile acids such as taurohyodeoxycholic
acid (B = =0.056, p = 0.002), and steroid hormones such as testosterone (8 =
0.099, p = 0.001). A multiple linear mixed model including 11 metabolites and
clinical information was established with a suitable predictive performance
(correlation coefficient based on fixed effects = 0.64 and correlation
coefficient based on fixed and random effects = 0.78). These data
demonstrated that microbiota-derived uremic retention solutes, bile acids,
steroid hormones, and medium- and long-chain acylcarnitines were the
main metabolites associated with the dose-adjusted trough concentration of
tacrolimus in liver transplant recipients.
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1 Introduction

Tacrolimus is considered the primary immunosuppressant in
solid organ transplantation and has been used in liver transplant
recipients for approximately two decades (Muduma et al., 2016).
recommended  to
the
therapeutic window and wide interindividual pharmacokinetic

Pharmacokinetics-guided ~ dosing  is

individualize tacrolimus treatment due to narrow
variability (Brunet et al., 2019). Although the dose-interval area
under the curve (AUC) of tacrolimus would be best associated
with clinical effects, a multiple sampling strategy is not feasible in
clinical practice. A limited sampling strategy with trough
concentration (C0) is regularly adopted in most center for
therapeutic drug monitoring (TDM) (Brunet et al, 2019;
Birdwell et al., 2015). Pharmacogenomics is also essential in
pharmacokinetics of tacrolimus, with CYP3A5 genotypes used to
guide initial tacrolimus dosing (Brunet et al., 2019). Nevertheless,
limitations and challenges for tacrolimus use exist. In liver
CYP3A5 genotype

tacrolimus dosing are recommended only when the donor and

transplantation, guidelines for and
recipient genotypes are identical (Birdwell et al, 2015).
Furthermore, genotypes provide less information and low
predictive value for intrapatient variability (IPV) (Shuker
et al, 2015), whereas a recent study identified IPV of
tacrolimus exposure as a crucial prognostic risk factor for the
clinical outcome in solid organ transplantation, including liver
transplantation (Del Bello et al, 2018). Although the most
important clinical cause influencing such IPV is medication
nonadherence, which is modifiable by clinical interventions,
other factors, including drug-drug interactions, food intake,
herbal

disorders, also have shown significant roles (Gonzales et al.,

or nutritional constituents and gastrointestinal

2020). Pathophysiological changes such as graft function

recovery, inflammation, and altered plasma protein
concentrations may affect the tacrolimus disposition of
recipients after liver transplantation (Ganesh et al, 2017).
Thus, the

characterizing tacrolimus disposition is essential for predicting

identification of novel factors or biomarkers

the optimal dose in liver transplant recipients.

Cytochrome P450 3A isoenzymes (CYP3A), mainly
CYP3A4 and CYP3AS5, are involved in tacrolimus metabolism.
Several human studies have been conducted to identify
endogenous biomarkers of CYP3A activity. With the advent
of serendipity and hypothesis-driven processes, urinary and
plasma metabolites were evaluated as endogenous metrics
through the main phenotyping validation criteria (Magliocco
et al., 2019). The ability to provide insights into phenotypic
metabolite changes with wide coverage and high throughput
allows metabolomics to be a promising method for biomarker
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discovery (Tolstikov et al., 2020). Mass spectrum (MS)-based
metabolomic methods involving targeted or untargeted
approaches have also been used to detect novel CYP3A
biomarkers. Urinary cortisol/6B-hydroxycortisol, cortisone/6f3-
hydroxycortisone, dehydroepiandrosterone (DHEA)/(73-OH-
DHEA plus 16a-OH-DHEA), and plasma cholesterol/4p-
hydroxycholesterol are reliable predictive markers of hepatic
CYP3A activity (Shin et al., 2013). Phapale et al. conducted a
pharmacometabolomic study on the urine of healthy volunteers
to identify a predictive metabolic phenotype of individualized
tacrolimus pharmacokinetics and identified four metabolites,
namely, cortisol, methylguanosine, acetyl-arginine, and
phosphoethanolamine, representing steroid-related, nucleotide/
purine, amino acid-related, and glycerophospholipid
metabolism, respectively, to predict the pharmacokinetic
parameters of tacrolimus (Phapale et al., 2010).

With respect to liver transplant recipients, many clinical
factors and drugs could alter the metabolomic profile (Oweira
et al., 2018). Thus, the biomarkers for tacrolimus disposition
identified in healthy controls should be applied in clinical
practice with caution, and a study performed in liver
transplant recipients may provide more insight views for
metabolomics-guided dosing. Additionally, dose-adjusted
tacrolimus trough concentration (C0/D) was commonly used
as a surrogate marker for dose response or an index of clearance
in most of the studies conducted in patient (Riva et al., 2019).
Thus, the present study attempted to identify potential plasma
endogenous metabolites associated with tacrolimus C0/D in
liver transplant recipients by using a global metabolomic

approach.

2 Materials and method

2.1 Subjects

The present retrospective study was conducted at the
Hepatobiliary Center, the Affiliated Drum Tower Hospital of
Nanjing University Medical School. Adult patients receiving liver
transplantation between January 2018 and July 2019 were
included. All the
regimens and TDM. Subjects with incomplete electronic

recipients received tacrolimus-based

medical records, and patients undergoing multivisceral
transplantation or other additional organ transplantation were
excluded. Plasma samples for metabolomics study were available
residual biosamples for TDM assay from the biobank of our
laboratory. Samples with a CO of tacrolimus lower than the
quantitation limit or with a volume not enough for such

analysis were excluded. The enrolled subjects were randomly
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Flow diagram of the study. The enrolled recipients were divided into the model development group (112 recipients and 570 samples) and a
validation group (25 recipients and 123 samples). The model development group data were used to identify potential metabolites detected by
UHPLC-QTOF-MS and clinical factors associated with CO/D and to construct the multivariate model using LMM with LASSO, whereas validation
group data were used to evaluate the model. UHPLC-QTOF-MS: ultrahigh-performance liquid chromatography-quadrupole time-of-flight
mass spectrometry; CO/D: dose-adjusted tacrolimus trough concentration; LMM: linear mixed model; LASSO: least absolute shrinkage and selection

operator.

divided into the model development group and a validation
group. The model development group data were used to
identify potential metabolites associated with CO0/D and to
construct the multivariate model, whereas validation group
data were used to evaluate the results (Figure 1). The study
was carried out in accordance with the principles of the Helsinki
Declaration and approved by the Institutional Review Board at
Nanjing Drum Tower Hospital (No. 2020-053-01). Informed
consent was waived due to the deidentified data provided to
researchers and residual biosamples used.

2.2 Treatment and TDM

Recipients received a tacrolimus-based immunosuppressive
regimen including mycophenolate mofetil and corticosteroids.
The initial dose of tacrolimus (Prograf® , Astellas, Killorglin,
Ireland; or Saifukai’, Huadong Medicine, Hangzhou, China)
the
posttransplantation CO target levels were 8-12 ng/ml in the

was generally 2-3mg orally twice daily, whereas
first month, 7-10 ng/ml during the next months, and 5-7 ng/
ml after the first year. TDM was performed for patients receiving
tacrolimus at a fixed dose for about 3 days, and whole blood
samples for CO detection were taken within 1 hour before the

morning dose. The concentration of tacrolimus was determined
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by the enzyme multiplied immunoassay technique (EMIT) using
a drug testing system (Viva-E, Siemens Healthcare Diagnostics
Inc, Erlangen, Germany) and EMIT® 2000 tacrolimus assay kit
(Siemens Healthcare Diagnostics Inc, Erlangen, Germany). The
procedures were conducted according to the manufacturer’s
instructions. The calibration range of the assay was 2.0-30 ng/
ml, and samples with a CO level lower than 2.0 ng/ml were
excluded from the study. The performance of the tacrolimus
assay in our laboratory was verified in an external quality
assessment organized by the National Center for Clinical
Laboratories. The internal quality assessment during the study
was regularly performed, while the average bias was
6.47%, —1.67% and 1.35%, and the average coefficient of
variation was 13.44%, 7.69% and 6.30% for low-, medium-
and high-quality controls, respectively. An aliquot of 500 pL
of whole blood was also centrifuged at 2,500 g for 10 min at
4°C once the sample was received in the clinical laboratory. The
plasma and blood cells were stored at —80°C for further analysis.

2.3 Data collection

data around CO collected

retrospectively from the hospital information system (HIS)

Patient sampling were

and included daily doses of tacrolimus, weight, concomitant
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TABLE 1 Demographic and medical information of liver allograft recipients®.

Characteristics

Number of subjects (n)
Age (years)
Sex (n)
Female
Male
Weight (kg)
Height (cm)
BMI (kg/m?)
History of smoking (n)
History of alcohol consumption (n)
Hypertension (n)
Diabetes (n)
Graft type (n)
Deceased
Living
Primary diagnosis (n)
End-stage liver cirrhosis
Malignancies
Acute liver failure
Cholestatic liver disease
Metabolic liver disease
Concomitant medication (n)
Voriconazole
Fluconazole
Wuzhi capsule
Omeprazole/Esomeprazole
Caspofungin
DHP CBB
Warfarin
Mycophenolic acid/Mycophenolate mofetil
Magnesium isoglycyrrhizinate
Clinical biochemistry parameters
ALT (IU/L)
AST (IU/L)
GGT (IU/L)
Total bilirubin (umol/L)
Direct bilirubin (umol/L)
Albumin (g/L)
Glucose (mmol/L)
Creatinine (pmol/L)
Cholesterol (mmol/L)
Hematocrit (%)
Tacrolimus
Total number of samples (N)
Number of samples per patients
CO (ng/ml)
Sampling time point (day after surgery)
Daily dose (mg)

Frontiers in Pharmacology

Total subjects

137
49 (43-57)

35 (25.55%)

102 (74.45%)

65 (56-73.5)

169 (163-173)
2331 (20.64-25.25)
15 (10.95%)

15 (10.95%)

21 (15.33%)

16 (11.68%)

131 (95.62%)
6 (4.38%)

78 (56.93%)
27 (19.71%)
19 (13.87%)
11 (8.03%)
2 (1.46%)

8 (5.84%)

17 (12.41%)
85 (62.04)
43 (31.39%)
41 (29.93%)
24 (17.52%)
10 (7.30%)
129 (94.16%)
99 (72.26%)

47.02 (22.55-91.03)
34.53 (24.04-57.70)
61.80 (42.13-105.60)
22.57 (12.92-37.43)
10.57 (5.23-23.77)
40.70 (38.83-42.97)
6.08 (5.34-7.64)
67.82 (58.22-94.17)
3.18 (2.70-3.70)
34.40 (30.35-38.17)

693

4 (3-6)

750 (6.35-9.53)
89 (51.67-150.4)
3.16 (2.50-3.73)

Model development group

112
49 (42-56)

28 (25.00%)

84 (75.00%)

63.75 (56-72.5)
169 (163-173)
23.03 (20.69-25.01)
11 (9.82%)

11 (9.82%)

17 (15.18%)

15 (13.51%)

106 (94.64%)
6 (5.36%)

62 (55.36%)
22 (19.64%)
17 (15.18%)
9 (8.04%)
2 (1.79%)

6 (5.36%)

15 (13.39%)
66 (58.93%)
35 (31.25%)
32 (28.57%)
22 (19.64)
10 (8.93%)
104 (92.86%)
79 (70.54%)

4495 (22.35-89.03)
32.85 (23.04-54.97)
63.87 (41.27-105.60)
22.53 (12.65-37.50)
10.30 (4.93-24.70)
40.73 (38.87-42.97)
6.08 (5.28-7.64)
67.00 (58.22-90.33)
3.19 (2.70-0.68)
34.40 (30.36-37.68)

570
4 (3-6)

7.42 (6.41-9.56)
92.81 (52.33-153.67)
3.15 (2.50-3.79)

12

10.3389/fphar.2022.1045843

Validation group

25
50 (43-58)

7 (28.00%)

18 (72.00%)

68 (55-75)

169 (161-171)
24.08 (20.40-25.95)
16.00%)

16.00%)

12.00%)

1 (4.00%)

4(
4(
3(
(

25 (100.00%)
0 (0.00%)

16 (64.00%)
5 (20.00%)
2 (8.00%)
2 (8.00%)
0 (0.00%)
2 (8.00%)
2 (8.00%)
19 (76%)

8 (32.00%)
9 (36.00%)
2 (8.00%)
0 (0.00%)
25 (100%)
20 (80%)

50.67 (26.28-121.08)
4134 (31.69-76.72)
60.84 (50.25-96.90)
28.45 (15.87-35.05)
13.42 (7.03-23.36)
40.59 (38.67-42.97)
6.16 (5.55-7.06)
71.50 (58.20-101.33)
3.15 (2.55-3.77)
33.74 (29.25-40.58)

123

3 (3-5)

8.03 (6.32-9.25)
78.25 (48.67-118.00)
3.25 (2.67-3.67)

p Value

0.781

0.753
0.628
0.414
0.444
0.371
0.371
0.684
0.182

0.237

0.905

0.572
0.460
0.112
0.942
0.463
0.166
0.208
0.350
0.339

0.493
0.077
0.787
0.607
0.486
0.902
0.483
0.444
0.670
0.834

0.528
0.732
0.311
0.776

(Continued on following page)
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TABLE 1 (Continued) Demographic and medical information of liver allograft recipients®.

Characteristics Total subjects

Daily dose normalized (mg/kg)
C0/D [(ng/ml)/(mg/kg)]

log, (CO/D) {log, [(ng/ml)/(mg/kg)]}

0.048 (0.036-0.060)
178.08 (129.85-244.58)

7.33 (6.90-7.86)

Model development group Validation group p Value
0.048 (0.036-0.060) 0.045 (0.039-0.060) 0.843
180.48 (128.04-244.46) 170.33 (140.83-251.21) 0.585
7.31 (6.90-7.86) 7.34 (6.92-7.82) 0.734

*Continuous variables are presented as median (25th-75th percentiles), whereas categorical variables are expressed as frequency and percentage. The Mann-Whitney U test and chi-square

test (or Fisher’s exact test as appropriate) were used to compare the continuous and categorical data, respectively between the model development and validate groups. BMI: Body Mass

Index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma-glutamyl transpeptidase; CO: trough concentration; C0/D: trough concentration normalized by daily

dose (normalized by weight); DHP CCB: dihydropyridine calcium channel blockers.

drugs (voriconazole, fluconazole, Wuzhi capsule, omeprazole or
esomeprazole, caspofungin, and dihydropyridine calcium
[DHP CCB]), and blood biochemistry

parameters. Wuzhi capsule is a Chinese patent medicine, and

channel blockers

its abundant active ingredients include deoxyschizandrin,
schisantherin A, schisandrol B and schisandrin (Qin et al,
2014). This is a common drug used to increase the exposure
to tacrolimus in most transplantation centers in China.

2.4 Untargeted metabolomics

Plasma samples were thawed on ice, and a 40-pL aliquot was
mixed with 160 uL of cold acetonitrile by vortexing for 5 min.
After centrifugation at 20,000g for 15min at 4°C, the
supernatant was collected and centrifuged again. The new
supernatant was prepared for injection and separation using
ultrahigh-performance liquid chromatography (UHPLC)
(ExionLC AD UHPLC, ABSciex, MA,
United States) with a Kinetex C18 (2.6 um, 100 mm X
2.1 mm, Phenomenex, CA, United States) column at 40°C. All
samples were analyzed using a TripleTOF 5,600 + system

Framingham,

(ABSciex, Framingham, MA, United States) in positive and

negative  electrospray  ionization = modes.  Untargeted
metabolomics methods and metabolomics data analysis are

shown in the Supplementary Material.

2.5 Statistical analyses

The CO/D of tacrolimus was calculated by dividing the trough by
the daily dose (D) normalized to actual body weight, whereas the
log-transformed C0/D (log,C0/D) was investigated as the dependent
variable in the subsequent univariate and multivariate analyses. The
enrolled subjects were randomly divided into the model
development group and a validation group using the function of
“createDataPartition” in “caret” package in R software, and
unsupervised principal component analysis (PCA) was adopted
to evaluate the assay quality and the homogeneity of the
metabolic data by using the SIMCA 14.1 (Umetrics, Uppsala,
Sweden) software package. Considering the log,C0/D variation at
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two levels (between subjects and within subjects due to the repeated
measures), metabolites associated with log,C0/D were identified
using a linear mixed model, with each feature as the fixed effect and
subject as the random effect on log,C0/D. p values of the fixed effect
were adjusted by the false discovery rate (FDR) (“qvalue” package in
R software) for multiple comparisons, and power was estimated by a
simulation-based method (“simr” package in R software).
(Li et 2013)
performed to identify enriched pathways.

Mummichog algorithm prediction al,, was

To build a multivariate model in the model development group,
all the metabolites and other factors including demographic
information, biochemistry parameters and concomitant drug use
with statistically significance in univariate analysis were included,
and variable selection and penalization were performed by
minimizing Akaike information criteria (AIC) using the method
of least absolute shrinkage and selection operator (LASSO)
augmented with 10-fold cross-validation. The predictive accuracy
of the final model was assessed numerically in the model
development and validation group through calculation of the
correlation coefficient (R) by the fixed effects and full model, the
mean error (ME), the mean absolute error (MAE), the mean relative
error (MRE), and the relative root mean squared error (RMSE).

All statistical analyses were performed using STATA MP 16.0
(StataCorp, TX, United States), RStudio 1.3.959 (R Foundation
for Statistical Computing, Vienna, Austria), and R-3.6.3 (R
Foundation for Statistical Computing, Vienna, Austria). p
values were two-sided, and values <0.05 were considered
statistically significant.

3 Results
3.1 Subjects

A total of 137 liver transplant recipients and 693 samples
were finally include in the study (Supplementary Figure S1). The
median age of the patients was 49 years [interquartile range
(IQR): 43-57 years], with a body mass index (BMI) of 23.31
(20.64-25.25) kg/m’>. Most of the recipients were primarily
end-stage (56.9%)
malignancies (19.7%) and underwent transplantation from a

diagnosed with liver cirrhosis and
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FIGURE 2

(A) Different distributions of log,CO/D of tacrolimus between female and male subjects. (B—F) Median spline plots of Z score of biochemical
parameters versus log,CO/D of tacrolimus. All the plotted parameters were identified to be significantly associated with the log,C0/D of tacrolimus
by a linear mixed model.

deceased donor (95.6%). Data regarding the concomitant exhibited a higher log,C0/D than females (3 = 0.432, SE=0.138, p =

medications were retrieved from HIS. Voriconazole was 0.002) (Figure 2. A). Cholinesterase, adenosine deaminase, total
observed in 22 samples from eight patients, fluconazole in protein, globulin, and hemoglobin were positively associated with
65 samples from 17 patients, omeprazole or esomeprazole in log,C0/D. Tacrolimus pharmacokinetics were negatively associated
68 samples from 43 patients, and DHP CCB in 50 samples from with renal function and positively associated with parameters related
24 patients. Additionally, Wuzhi capsule was concomitantly to lipids (Figures 2B-F).

administered in 198 samples from 85 subjects. The differences

in

the demographic information, clinical biochemistry

parameters, and tacrolimus dose and concentration between 3.3 Metabolites identification by
the two groups were statistically nonsignificant (Table 1). unta rgeted metabolomics analysis

The features were subjected to PCA after data

3.2 Associations of demographic normalization, and the results are illustrated in
information and biochemistry parameters Supplementary Figures S2A,B. Quality control samples were
with l092C0/D in model development clustered well in both ion modes, indicating platform stability
group and metabolomics data reliability. The illustration of grouping
homogeneity suggested no evident separation trends between

The linear mixed model exhibited that log,C0/D increased with the model development and validation groups in either mode.
postoperative days [ = 0.002, standard error (SE) = 0.0003, p < Pearson’s correlation analysis exhibited good agreement of
0.001] and height (8 = 0.026, SE = 0.009, p = 0.005). Male subjects creatinine, urea, and uric acid levels between the levels
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Enriched metabolic pathways predicted by the mummichog algorithm with a p value <0.05. Colors with gradients of the bars represent

relatively high to low values of the enrichment factor.

obtained in the clinical laboratory and intensity in the
metabolomics data (creatinine: R = 0.95, p < 0.001; urea:
R 0.94, p < 0.001; uric acid: R 0.90, p < 0.001;
Supplementary Figure S2C). Obvious differences were also

observed for voriconazole, fluconazole, and omeprazole at the

metabolomics level between samples with and without drug

use, indicating high reliability of the metabolomics data

(Supplementary Figure S2D).

the
metabolomics,

of
features

chemical
with
MS2 information were included in the subsequent analysis.

Considering inherent limitation

identification  in only
The linear mixed model with the subjects as the random
effect was performed in the model development group to
the fixed effect of The

Mummichog algorithm using the m/z and p value indicated

evaluate each feature.
that the metabolic pathways were significantly enriched in
Vitamin D3 (cholecalciferol) metabolism, squalene and
cholesterol biosynthesis, bile acid biosynthesis, C21-steroid
hormone biosynthesis and metabolism, aminosugars
metabolism and so on (Figure 3). The results from the
linear mixed model are illustrated as a volcano plot in
Figure 4, exhibiting 633 features with significance, of which
112 were identified by accurate m/z and MS2 spectra
The identified

was evaluated, and the metabolite with a value

matching. power for each significant

metabolite

of power >0.80 was retained. Finally, 31 endogenous

metabolites were revealed as potential markers of

tacrolimus pharmacokinetics (Table 2).
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3.4 Association between concomitant
drug use and log,C0O/D and metabolites

The mixed model analysis exhibited higher log,C0/D in the
samples taken after voriconazole or Wuzhi capsule use than the
samples not related to drug use (voriconazole: § = 1.878, SE =
0.203, p < 0.001; Wuzhi capsule: 3 = 0.485, SE = 0.085, p < 0.001)
(Figure 5A), confirming significant pharmacokinetic interactions
of voriconazole and Wuzhi capsule with tacrolimus. Conversely,
DHP CCB and caspofungin exhibited an inhibitory effect on
log,CO/D (DHP CCB: B = -0.611, SE = 0.130, p < 0.001;
caspofungin: f = -0.309, SE 0.130, p 0.017). The
31 endogenous metabolites with significance were compared

between the samples with and without the four drug uses.
The Venn diagram demonstrated two overlapping metabolites,
namely, carnitine and testosterone, among all the comparisons
17alpha-
hydroxyprogesterone, monoolein, and taurohyodeoxycholic
acid, among the comparisons of Wuzhi capsule, DHP CCB,

and five metabolites, phenylalanine, uric acid,

and caspofungin (Figures 5B,C).

3.5 Multiple regression model analysis

The multivariate model included 11 endogenous metabolites
and 12 clinical characteristics as fixed effects (Table 3). A visual
inspection of the residual distribution exhibited no obvious
deviation from homoscedasticity or normality (Supplementary
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Volcano plot of the association of 2,110 features with

MS2 information and log,CO/D evaluated by linear mixed model
with the fixed effect of each feature and the subjects as the
random effect. Horizontal dotted line represents -log10 (p
value) of 1.823 controlling FDR at 0.05. Black and white dots
represent unidentified metabolites with g value >0.05 and <0.05,
respectively. Blue dots below the horizontal dotted line represent
identified metabolites with g value >0.05, whereas blue dots above
the dotted line represent identified metabolites with g

value <0.05 but power <0.8. Red and yellow dots represent
endogenous metabolites and drugs or drug metabolites with g
value <0.05 and power >0.8, respectively. Labels on dots represent
the number of metabolites in Table 2.

Figures S3A,B). Figure 6 illustrates the correlations between
log,C0/D and predictions based on the estimated fixed and
fixed plus random effects in the model-developed group
(Rfixed = 0.64 and Ry = 0.78) and predictions based on the
estimated fixed effects in the validation group (Rgyeq = 0.57). The
predictive performance of the multiple regression model in the
model development and validation groups is presented in
Table 4. No significant difference of prediction error (%)
between the two groups was found (f = 0.871, SE = 1.894,
p = 0.645) (Supplementary Figure S4).

4 Discussion

The present study applied the method of plasma
of

pharmacokinetics in liver transplantation recipients. Results of

metabolomics in  biomarker finding tacrolimus
metabolomics identified steady state CO/D of tacrolimus was
associated with several endogenous metabolites mainly including

medium long chain acylcarnitines, microbiota-derived uremic
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retention solutes, bile acids, and steroid hormones. Furthermore,
levels of several metabolites were obviously altered according to
inhibitor or inducer use. A multiple linear mixed model was
established and factors including 11 metabolites and clinical
information presented a suitable predictive performance for
log,C0/D.

Our study suggested that biochemistry parameters and
metabolites related to renal function, such as creatinine, uric
acid, pseudouridine, and eGFR, were associated with tacrolimus
log,C0/D. Studies have reported creatinine as a factor influencing
tacrolimus pharmacokinetics. Fukudo et al. treated serum
creatinine as a categorical covariate in adult liver transplant
recipients, and tacrolimus clearance was decreased by 19% in
subjects with creatinine greater than 1 mg/dl (Fukudo et al,
2003). A linear relation described the serum creatinine effect on
clearance, with a coefficient of 0.0801 in adult and pediatric liver
transplant recipients (Sam et al., 2006). Pseudouridine and uric
acid were also in the list of biomarkers for chronic kidney disease
progression using a metabonomic approach (Ye and Mao, 2016;
Niewczas et al., 2017).

The observed association between tacrolimus disposition
and renal function remains to be explained because tacrolimus
undergoes almost no renal elimination (Yu et al., 2018). Studies
have demonstrated a twofold higher peak tacrolimus
concentration after intraintestinal administration in rats with
experimental renal dysfunction than in normal controls (Okabe
et al., 2000). The absorption rate of tacrolimus in the intestine
might be elevated due to the enhanced nonspecific permeability
during renal failure. P-glycoprotein (Pgp) function was
suppressed in the liver as opposed to that in the kidney in
rats with glycerol-induced acute renal failure, resulting in an
increase in tacrolimus bioavailability (Okabe et al., 2002; Huang
2000).
retention solutes with drug metabolizing enzymes and
that
(Prokopienko and Nolin, 2018). Endogenous metabolites

et al, Interactions of microbiota-derived uremic

transporters were considered to account for
associated with tacrolimus log,C0/D in the present study
also comprised microbiota-derived uremic retention solutes
such as hippuric acid, 3-indoxylsulfate, indolelactic acid, and
substances involved in the metabolism of such solutes,
including  indole-3-carboxaldehyde,  tryptophan,  and
phenylalanine. These results confirmed the significance of
tryptophan metabolism by intestinal microorganisms into
indole and its derivatives, some of which are ligands of the
aryl hydrocarbon receptor (AhR) regulating the expression of
genes encoding drug metabolizing enzymes and transporters
involved in tacrolimus pharmacokinetics (Agus et al., 2018).
Although indoxylsulfate is also considered a ligand to AhR, an
inhibitory effect on CYP3A was reported in studies by Hubbard
et al. and Prokopienko et al. (Hubbard et al., 2015; Prokopienko
and Nolin, 2018). These findings are partially concurrent with
the findings of the present study. Additionally, indole-3-

carbinol, a dietary indole from cruciferous vegetables, has
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TABLE 2 Identified endogenous metabolites with significance using generalized linear mixed model®.

Metabolites RT (min) Mass (m/z)
1 Creatinine® 0.57 114.0660
2 Indole-3-carbinol® 2.06 130.0637
3 Indole-3-carboxaldehyde* 1.2 146.0589
4 Carnitine? 0.56 162.1126
5 Phenylalanine® 0.64 166.0855
6 Uric acid® 0.6 169.0360
7 Hippuric acid® 1.66 180.0654
8 Tryptophan® 12 205.0969
9 Indolelactic acid® 2.07 206.0798
10 3-Indoxylsulfate® 1.74 212.0029
11 Pseudouridine’ 0.6 243.0611
12 Car 8:0° 2.57 288.2178
13 Testosterone” 5.13 289.2155
14 Car 9:1¢ 2.59 300.2173
15 Car 9:0¢ 3.18 302.2317
16 Car 10:2¢ 2.95 312.2166
17 Car 10:1¢ 3.29 314.2335
18 Car 10:0° 3.94 316.248
19 17 alpha-hydroxyprogesterone® 243 331.2255
20 Car 12:2¢ 4.23 340.2463
21 Car 12:1¢ 4.67 3422631
22 Monoolein® 145 357.2992
23 Car 14:2¢ 5.53 368.28
24 Car 14:0¢ 7.29 3723104
25 Car 16:2¢ 6.92 396.3098
26 Car 18:3¢ 7.53 422.3235
27 Car 18:0¢ 10.42 428.3743
28 Car 20:1¢ 10.72 454.3878
29 Taurohyodeoxycholic acid® 3.55 464.2837
30 Glycocholic acid® 4.05 466.3155
31 LPC 16:1¢ 8.08 538.3124

Database Estimate () SE q value SLC
HMDB0000562 0421 0.060 2482 x 10° 1
HMDB0005785 0.147 0.042 0.003 1
HMDB0029737 ~0.270 0.086 0.009 1
HMDB0000062 -0225 0.058 0.001 1
HMDB0000159 -0.248 0.088 0.021 1
HMDB0000289 0302 0.071 <0.001 1
HMDB0000714 0.057 0.018 0.008 1
HMDB0000929 -0.326 0.098 0.005 1
HMDB0000671 0.194 0.061 0.007 1
HMDB0000682 0.048 0015 0.006 2
HMDB0000767 0307 0.089 0.004 1
HMDB0000791 0.106 0.036 0.014 2
HMDB0000234 0.099 0.026 0.001 2
CID138309474 0.168 0.042 0.001 2
HMDB0013288 0.146 0.046 0.007 2
CID138251486 0.111 0.028 0.001 2
HMDB0240585 0.104 0.037 0.019 2
HMDB0000651 0.099 0.034 0.016 2
HMDB0000374 0.168 0.035 1.822 x 10° 2
CID138257751 0.130 0.042 0.010 2
CID138234473 0.111 0.028 0.001 2
HMDB0011567 -0.152 0.028 1.700 x 10 2
CID138240173 0.143 0.033 <0.001 2
HMDB0005066 0.166 0.054 0.010 2
CID138145981 0.152 0.038 0.001 2
CID138158433 0.154 0.042 0.002 2
HMDB0000848 0222 0.058 0.001 2
CID138158433 0.158 0.048 0.006 2
CID119046 -0.056 0.015 0.002 1
HMDB0000138 ~0.049 0015 0.006 1
HMDB0010383 ~0.149 0.050 0.014 2

“Estiamtes (f) and standard error (SE) were obtained by linear mixed effects model with each feature as the fixed effect and subject as the random effect on log2C0/D.

"Metabolites with expected effect on dose-adjusted tacrolimus trough concentration (C0/D) supported by clinical study.

‘Metabolites with effects on or as the substrates of cytochrome P450 (CYP450) enzymes or transporters involving in tacrolimus pharmacokinetics, supported by animal or cell experiments.

“Metabolites not yet explained. g value was calculated by adjusting p value using the Benjamini-Hochberg procedure for multiple comparisons. Car, acylcarnitine; LPC,

lysophosphatidylcholine; RT, retention time; SLC, Schymanski level of confidence.

been reported to reverse multidrug resistance to vinblastine and
doxorubicin mediated by Pgp (Arora and Shukla, 2003). The
inhibitory effect of indole-3-carbinol on Pgp may account for
the positive association between indole-3-carbinol and
tacrolimus CO/D in the present study.

Glycocholic acid and taurohyodeoxycholic acid are the
primary and secondary conjugated bile acids, respectively.
Zhang et al. proposed taurohyodeoxycholic acid as a tertiary
bile acid because it is derived from redox modification by the
host on the steroid skeleton of secondary bile acid, which is
produced by microbial enzymes (Zhang et al., 2019). CYP3A4 is
the predominant enzyme involved in the transformation (Chen
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et al.,, 2014). However, the apparent Km for hydroxylation by
human liver microsomes was high, resulting in limited levels of
taurohyodeoxycholic acid. These levels increased when bile

acids accumulated in cholestatic liver disease. Thus,
taurohyodeoxycholic acid may be an indicator of
CYP3A4  activity and  biomarker of  tacrolimus
pharmacokinetics in liver transplant recipients, as the

incidence of biliary complications after liver transplantation
was up to 50% (Watt and McCashland, 2008). Collectively, the
complex relationships among microbiota-derived uremic
retention metabolites involved in

solutes, tryptophan

metabolism, bile acid metabolism influencing the effects of
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FIGURE 5

Associations of drug use with log,CO/D of tacrolimus and the significant metabolites. (A) Wuzhi capsule and voriconazole use exhibited an
increased log,C0/D, whereas dihydropyridine calcium channel blockers and caspofungin indicated a decreased effect by mixed model analysis. n:
number of subjects; N: number of samples; *: p < 0.05; ***: p < 0.001. (B) Comparisons of 31 endogenous metabolites between the samples with and
without use of Wuzhi capsule (black), dihydropyridine calcium channel blockers (blue), caspofungin (red), and voriconazole (ochre) by linear
mixed model. Each dot represents the estimated coefficient of the metabolites, and the vertical lines with caps represent the 95% confidence interval
of estimates. (C) Venn diagram of significant metabolites from the comparisons. Wuzhi: Wuzhi capsule; DHP CCB: dihydropyridine calcium channel

blockers; VRZ: voriconazole; CAS: caspofungin.

gut bacteria, and tacrolimus log,C0/D indicate the significance
of the microbiome on the liver and interorgan communication
through the gut-liver-kidney axis proposed in other studies
(Patel and Shawcross, 2018; Nigam and Bush, 2019).
Univariate analysis also revealed a positive association
between several medium- and long chain acylcarnitines and
tacrolimus CO/D. Kim et al. identified five w- or (w-1)-
hydroxylated medium-chain acylcarnitines as novel urinary
biomarkers for CYP3A activity in healthy subjects (Kim et al.,
2018). The previous study demonstrated that hydroxylated
medium-chain acylcarnitine levels in wurine correlated
positively with tacrolimus clearance. However, a negative
correlation was observed in our study. Recently, negative

effects of a high-fat diet on intestinal permeability were
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summarized, and such effects were related to modulation of
the expression and distribution of tight junctions, stimulations of
a shift to barrier-disrupting hydrophobic bile acids, and
induction of oxidative stress and apoptosis in intestinal
epithelial cells (Rohr et al., 2020). Tomita et al. evaluated the
effects of acylcarnitines on the transporting system in Caco-2 cell
monolayers and observed that lauroylcarnitine (acylcarnitine 12:
0, Car 12:0) and palmitoylcarnitine (acylcarnitine 16:0, Car 16:0)
increased influx and decreased efflux in a manner dependent on
their concentration and acyl chain lengths (Tomita et al., 2010).
The association of the acylcarnitine profile with tacrolimus C0/D
may be attributed to the hydroxylation of medium-chain
acylcarnitines by CYP3A4, detergent effects on membranes
disrupting membrane barriers, and increasing membrane
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TABLE 3 Parameter estimates of the multiple regression model using LASSO?.

Parameters

Endogenous metabolites (a.u.)
Creatinine
Indole-3-carbinol
Uric acid
17alpha-Hydroxyprogesterone
Car 12:1
Monoolein
Car 14:2
Car 16:2
Car 18:3
Car 18:0
Taurohyodeoxycholic acid
Clinical and basic information
Days after transplantation (days)
Cholinesterase (KU/L)
Total protein (g/L)
Globulin (g/L)
Potassium (mM/L)
Cholesterol (mM/L)
High-density lipoprotein (mM/L)
eGFR (MDRD)
Hemoglobin
Wuzhi capsule use
Voriconazole use
DHP CCB use

Intercept

Estimate

0.328
-0.108
0.061
-0.080
-0.001
-0.060
-0.316
0.445
0.123
—-0.058
0.019

0.001
—-0.015
-0.014
0.038
0.184
-0.042
-0.339
0.0002
0.009
0.288
1.669
—-0.548
5.959

SE

0.146
0.076
0.126
0.067
0.107
0.048
0.179
0.190
0.084
0.115
0.028

0.001
0.050
0.010
0.016
0.102
0.085
0.206
0.002
0.003
0.150
0.314
0.203
0.064

2.238
—1.422
0.480
—-1.198
-0.005
—1.248
-1.765
2.339
1.462
-0.506
0.692

1.597
-0.300
—-1.393
2.399
1.792
—-0.490
—-1.642
-0.096
2.570
1.918
5.323
-2.697
92.649

10.3389/fphar.2022.1045843

p Value

0.025
0.155
0.631
0.231
0.996
0.212
0.078
0.019
0.144
0.613
0.489

0.110
0.764
0.164
0.016
0.073
0.624
0.101
0.924
0.010
0.055
<0.001
0.007
<0.001

95% CI

0.042-0.614

-0.257-0.041
—0.186-0.308
-0.211-0.051
-0.211-0.209
—0.154-0.034
-0.667-0.035
0.073-0.817

—0.042-0.288
—-0.283-0.167
—-0.036-0.074

—-0.001-0.003
—0.113-0.083
—0.034-0.006
0.007-0.069
—-0.016-0.384
-0.209-0.125
—0.743-0.065
—0.004-0.004
0.003-0.015
—0.006-0.582
1.054-2.284
—0.946-0.15
5.834-6.084

“Estimates and standard error (SE) were obtained by multiple linear mixed effects model with subject as the random effect on log,C0/D using the method of least absolute shrinkage and

selection operator (LASSO) augmented with 10-fold cross-validation. Wuzhi capsule, voriconazole, and DHP CCB, use: 0: no use, 1: use. Car, acylcarnitine; DHP CCB: dihydropyridine

calcium channel blockers; eGFR: estimated glomerular filtration rate (MDRD).
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Correlations of observed log,C0/D with predictions based on the estimated fixed (blue dots and fitted line) and fixed + random effects (red dots
and line) in the model development group. (A) Predictions based on the estimated fixed effects (blue dots and fitted line) in the validation group. (B)

Black lines are the reference line (y = x).
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TABLE 4 Predictive performance of the multiple regression model in model development group and validation group.

log,C0/D Model development group
Fixed effects

ME -0.010

MAE 0.563

MRE 0.077

RMSE 0.704

Validation group

Fixed Fixed effects

+ random effects

<0.001 0.148
0.450 0.611
0.062 0.081
0.575 0.788

ME: mean error; MAE: mean absolute error; MRE: mean relative error; RMSE: root-mean-square error.

solubility of long chain acylcarnitines. The exact mechanism of
these actions must be further investigated.

Significantly, our results indicated that tacrolimus CO0/D
increased with days after transplantation in univariate and
multivariate regression analysis. Tacrolimus is largely bound
to erythrocytes (Woillard et al., 2018), and the increased
tacrolimus CO/D with postoperative days in our study may be
related to the increase of hematocrit over time after liver
transplantation. Additionally, increased bioavailability and the
variation of drug-drug interaction could also attribute to that
(Riva et al., 2019). In fact, the frequency of comedication with
Wuzhi capsule was increased when the graft function was stable
in our study.

Multiple regression model established in the study included
11 factors of metabolites, nine factors of clinical biochemistry,
and three comedications. There is no significant difference of
prediction error (%) between the model development and
validation group, indicating a successful application of the
model to validation dataset. Inter- and intra-individual
variability of tacrolimus pharmacokinetics are relatively large,
and most published models performed inadequately in adult liver
transplant recipients (Cai et al, 2020). The prediction
performance for CO/D (or trough) of the multiple regression
model in validation group are relative superior among the
published models (Cai et al, 2020). Our findings will also
provide an insight into candidate covariates for further model
development.

The present study has certain limitations. Firstly, some
metabolites exhibiting significance in metabolomics data
were not confirmed using authentic standards, which limited
the confidence levels of the identification. The identification
confidence level is at least two according to the method
proposed by Schymanski et al. (Schymanski et al., 2014).
The high correlations of typical metabolites between levels
obtained in the clinical laboratory and

data the acceptable
identification confidence of these approaches. Secondly, we

intensity in

metabolomics have confirmed

did not incorporate the genotypic information in recipients
and donors, which was suggested to play important roles in
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tacrolimus pharmacokinetics. The primary objective of the
present study is to identify potential plasma metabolomic
factors, and metabolomics reflects the comprehensive effects
of genetic, environmental, and physiological impacts (Pang
et al,, 2019). Further studies taking genotypes into account
may provide more insights about the interactions between gene
and metabolites. Thirdly, the present study is repeated cross-
sectional designed, and the limitations inherent to this type of
descriptive study do not allow it to establish a causal
relationship between metabolic factors and tacrolimus CO/D.
Therefore, the ability of the metabolites level prior to the drug
administration for predicting of tacrolimus C0/D and guiding
tacrolimus dosing should be verified in a cohort study with
longitudinal design.

5 Conclusion

Thus, the present study focused on metabolomics in liver
transplant recipients to identify potential factors associated
with tacrolimus dose-adjusted concentration. Microbiota-
bile

medium- and long-chain acylcarnitines

derived uremic retention solutes, acids, steroid

hormones, and
were the main metabolites identified with significance.
Although a multiple regression model incorporating such
metabolites was established, further investigation in a
larger, more balanced panel is required with additional
information on both donor and recipient genotypes and the
integration of innovative strategies such as machine learning.
Our findings provide valuable insight into metabolomics on
individual dosing and guide research on transporters and

metabolizing enzymes.
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Combined metabolomics and
network pharmacology to
elucidate the mechanisms of
Dracorhodin Perchlorate in
treating diabetic foot ulcer rats

Pin Deng™?!, Huan Liang*', Shulong Wang™?!, Ruinan Hao**',
Jinglu Han'?, Xiaojie Sun'?, Xuyue Pan?, Dongxiao Li%?,
Yinwen Wu?, Zhichao Huang'?, Jiajia Xue*** and

Zhaojun Chen?*

School of Graduates, Beijing University of Chinese Medicine, Beijing, China, 2Department of Hand and
Foot Surgery, Beijing University of Chinese Medicine Third Affiliated Hospital, Beijing, China,
SDepartment of Orthopedics, Beijing Longfu Hospital, Beijing, China, “State Key Laboratory of
Organic-Inorganic Composites, Beijing University of Chemical Technology, Beijing, China, *Beijing
Laboratory of Biomedical Materials, Beijing University of Chemical Technology, Beijing, China

Background: Diabetic foot ulcer (DFU) is a severe chronic complication of
diabetes, that can result in disability or death. Dracorhodin Perchlorate (DP) is
effective for treating DFU, but the potential mechanisms need to be investigated.
We aimed to explore the mechanisms underlying the acceleration of wound
healing in DFU by the topical application of DP through the combination of
metabolomics and network pharmacology.

Methods: A DFU rat model was established, and the rate of ulcer wound healing
was assessed. Different metabolites were found in the skin tissues of each
group, and MetaboAnalyst was performed to analyse metabolic pathways. The
candidate targets of DP in the treatment of DFU were screened using network
pharmacology. Cytoscape was applied to construct an integrated network of
metabolomics and network pharmacology. Moreover, the obtained hub targets
were validated using molecular docking. After the topical application of DP,
blood glucose, the rate of wound healing and pro-inflammatory cytokine levels
were assessed.

Results: The levels of IL-1, hs-CRP and TNF-a of the Adm group were
significantly downregulated. A total of 114 metabolites were identified. These
could be important to the therapeutic effects of DP in the treatment of DFU.
Based on the network pharmacology, seven hub genes were found, which were
partially consistent with the metabolomics results. We focused on four hub
targets by further integrated analysis, namely, PAH, GSTM1, DHFR and CAT, and
the crucial metabolites and pathways. Molecular docking results demonstrated
that DP was well combined with the hub targets.
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Conclusion: Our research based on metabolomics and network pharmacology
demonstrated that DP improves wound healing in DFU through multiple targets
and pathways, and it can potentially be used for DFU treatment.

KEYWORDS

diabetic foot ulcer, Dracorhodin Perchlorate, metabolomics, network pharmacology,

mechanisms
1 Introduction

Diabetic foot ulcer (DFU), which can cause disability or
death in severe cases, is a common chronic complication of
diabetes mellitus (DM) (Deng et al., 2022). Reportedly, 19%-34%
of people would be afflicted with DFU in a lifetime (Bonnet JB,
2021). DFU is the cause of 50%-70% of limb amputations. One
leg is amputated due to DFU every 30 s in the world (Alven et al,
2022). Most wound dressing scaffolds currently in use are
ineffective for treating DFU. Amputations are common when
ulcer wounds are not adequately treated. The International
Working Group on the Diabetic Foot (IWGDF) indicated that
the severity of the diabetic foot is largely related to differences in
the standard care of the foot (Bus et al., 2020). The guidelines
suggest that the best dressing selection should be based primarily
on secretion control, comfort and cost to promote wound healing
based on the usual optimal care in individuals with DFUs
(Rayman et al., 2020). Dracaena Draconis (DD) has been used
topically to treat foot ulcers. DD is also known as “Kirin
Draconis”, which tastes sweet and salty. It has a flat nature, enters
the liver and heart meridians, and has the following effects: promotes
blood circulation and removes blood stasis, haemostasis, analgesia,
astringent sores and regenerating muscles. It is extensively applied in
traditional Chinese Medicine surgery to repair the wound. The
Compendium of Materia Medica calls it “the holy medicine for
activating blood circulation”. Its effectiveness has been highly praised
by doctors in all dynasties and is an essential medicine for muscle
regeneration. According to the summary of predecessors, Dracaena
Draconis is the most frequently used drug in Shengji prescriptions
recorded in ancient books of traditional Chinese medicine (Yanliang
Yan, 2002). Dracorhodin perchlorate (DP, C17H15ClO7, 366.75 g/
mol, Supplementary Figure S1) is the main extract of dracorhodin
and currently used as substitute of Draconis in scientific research; it is
widely used by researchers. Research pointed out that draconisin
perchlorate preferentially activates EGFR on the surface of fibroblasts
and then activates the phosphorylation of downstream pathways ERK
and PI3K, resulting in the activation of a series of cell proliferation-
related pathways. Thus, the regulation of cell proliferation is realised,
promoting ulcer wound healing (Lin). This finding gives a theoretical
foundation for the use of Dracaena Draconis to treat wound repair.
The mechanisms and targets of DP in the treatment of DFU remain
obscure. Similar to DP, potential treatments for DFU exist, such as
paeoniflorin, mangiferin, and luteolin. Paeoniflorin effectively inhibits
NLRP3 and NF-kB-mediated inflammation in DFU by inhibiting
CXCR2 (Sun et al, 2021). Topical application of mangostin inhibits
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the prolongation of the inflammatory phase of diabetic wounds by
suppressing inflammation and oxidative stress (Lwin et al., 2021).
Luteolin promotes wound repair in DFU rats by inactivating NF-xB
and upregulating Nrf2 to improve inflammation and oxidative stress
(Chen et al., 2021).

DFU is associated with the variations of complicated
metabolic physiologies. Meanwhile, as a helpful method,
metabolomics can track the dynamic changes of pathological

metabolites (Li et al., 2021). Nevertheless, traditional
metabolomics is used to reflect the ultimate changes in disease
and treatment (Fu C, 2019). Endogenous mechanisms

underlying the changes of metabolites are unknown; these
involve the producing process of these metabolites, their
related proteins and pathways and which proteins DP acts on.
As a result, metabolomics alone may limit DP’s application.
The concept of “network pharmacology” was first proposed
by Hopkins. It is a method to analyse the potential therapeutic
targets of drug intervention and disease (Deng et al., 2021).
However, it is constrained by a single calculation method that
relies on a publicly accessible database. Based on network
pharmacology, it only predicts the possibilities of pathway
analysis and compound-target combination (Zhong et al,
2018). Whether DP binds to target cells in vivo and whether
DP has an inhibitory, activating, or ineffective combination effect
on target cells are unknown. Metabolomics is a promising
histological method for understanding biological mechanisms.
Based on untargeted or targeted metabolomics analysis,
metabolites in biological samples (tissues, cells, and others)
were identified by comparing controls with altered groups,
receiving different treatments, undergoing different levels of
stress, dietary modifications or disease or condition-specific
promotions using sophisticated  analytical techniques,
advanced data processing and statistical analysis (Canuto
et al, 2017). Network pharmacology and metabolomics are
bioinformatic approaches that enrich the analysis of pathways.
Hence, we used a method based on combination of network
pharmacology and metabolomics. The untargeted metabolomics
was undertaken to explore DP’s effects on DFU and confirm the
key metabolites. After that, with network pharmacology, we
investigated the targets on which DP acted in the treatment of
DFU and the targets and reactions that regulated the metabolites.
The advantage of this strategy is as follows. On the one hand,
short of validation with experiment of network pharmacology
can be compensated; on the other hand, it addresses the shortness

of targets’ binding to drug and molecular mechanisms in
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Molecular docking

The flowchart of the integrated methods. The mechanisms of DP in treating DFU was explored with metabolomics of skin tissues (Part 1).
Network pharmacology was performed to extract hub gene (Part 2). Through Part 1 and 2, important targets and metabolites were identified and
connected. Molecular docking was conducted to further verify these core targets (Part 3).

metabolomics. This method could help researchers better
understand the therapeutic principles of natural compounds
used to treat DFU. In this research, we applied for the first
time a combined metabolomics and network pharmacology
approach to explore the core targets and mechanisms of DP
for DFU treatment. It sheds new light on the mechanistic study of
DP in treating DFU. Figure 1 depicts the research flowchart.

2 Material and methods

2.1 Chemicals and kits

DP was purchased from Shanghai Yuanye (China). No:
B21414-20 mg.

Jishuitan Hospital kindly donated L929 mouse fibroblasts cells.
Hyclone provided Cell Counting Kit-8 (CCK-8), tryptone,
Dulbecco’s modified eagle medium (DMEM), foetal bovine
serum (FBS) and phosphate buffer saline (PBS, PH = 7.4)
(United States). Methacrylate Gelatin (GelMA) was obtained
from Suzhou Yongqinquan Intelligent Equipment Co., Ltd.
Sigma-Aldrich (United States) provided streptozotocin (STZ),
and citric acid/sodium citrate buffer was provided by Beijing
Chengxin Kangrun Medical Equipment Co., Ltd. Ethacridine
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lactate solution (ELS) was from Hebei Wuluo Pharmaceutical
Co., Ltd., Hebei, China. TNF-a, hs-CRP and IL-1 kits were from
Quanzhou Ruixin Biotechnology Co., Ltd., Quanzhou, China. All
chemicals in the experiment were analytical grade.

2.2 Cell proliferation experiment

The viability of L929 cells on a hydrogel/nanofiber dressing
loaded with DP at various concentrations was assessed using the
CCK-8 assay. The dressing was fixed in a 24-well plate, and 100
uL of £929 cells suspension (20000 cells/well) and 300 uL of cell
culture medium were plated onto the sample and incubated at
37°C. The CCK-8 assay for testing cells viability on the dressing at
each time interval (days 1, 3 and 5).

2.3 Experimental animals

Beijing University of Chinese Medicine Laboratory Animal
Centre (Beijing, China) provided 7-week-old -specific-pathogen-
free Sprague Dawley male rats weighing 200-250 g each (the
production license number of animals was SCXK (jing) 2021-
0006). All male rats were housed in a well-ventilated room with a
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temperature of 25°C and a 12-h dark-light cycle. They were given
free access to water and food for free. The Animal care was
carried out in accordance with the Beijing University of Chinese
Medicine Laboratory Animal Centre Animal Care and Use
Guidelines. Beijing University of Chinese Medicine approved
the protocol of the Medical Ethics Committee under approval
number 4-2021120302-4121.

2.4 Experimental animal design

2.4.1 DM experimental model

After 40 SD rats were acclimatised to the basal diet for 1 week.
Ten of them were randomly selected and fed with a normal diet
to serve as the control group (Con). The remaining 30 rats were
fed with high-fat and high-sugar diets for 1 month. Then all rats
fasted for 12h, a diabetic rat model was prepared by the
intraperitoneal injection of 40 mg/kg streptozotocin (STZ, STZ
injection dose formula: body weight x STZ preset dosage)/
1,000 = stz dosage (mg) solution. STZ is prepared into a
solution with 1% concentration with citric acid/sodium citrate
buffer before use, PH4.2 (Bonner-Weir S et al., 1983). Rats in the
Con group were injected intraperitoneally with an equal volume
of 0.1 mol/L citric acid/sodium citrate buffer without STZ. The
diabetic rat was evaluated by drawing blood from the tail vein and
measuring fasting blood glucose (FBG) 3 days after the injection
of STZ with an Accu-Chek glucometer (Roche, Germany). The
rats were observed to have polydipsia and polyuria, dirty back
hair, wet padding and others. Having an FBG value of greater
than 16.7 mmol/L was considered a sign of diabetes.

2.4.2 DFU experimental model

Rats in the Con group and the diabetes model group were
anaesthetized by intraperitoneal injection of 1% concentration
of pentobarbital (40mg/kg) at a dose of 0.4ml/100g. The long
hairs on the spine of the rats were removed with an electric
razor. The modelling area was marked in the depilation area
with a circular seal. Under sterile conditions, the skin in the
modelling area was cut off to reach the fascia. A circular
wound with a diameter of 1.5cm was formed, and the
animals were fed in a single cage. The wound was coated
with glacial acetic acid once a day. A 5 cm *7 cm* 4-layer gauze
block was used for binding and fixing. The diabetic skin ulcers
were formed 1 week later. The success of the skin ulcer model
was evaluated by the absence of granulation tissue growth
around the wound, the appearance of swelling and abscesses in
the skin and the absence of oozing blood with a large-headed
needle prick (Jia et al., 2018).

FBG measurements were taken on days 0, 3, 7, 10, 14, 21, and
28 following the start of topical DP treatment on the wound.
Wound area and wound healing rate were recorded on days 0, 3,
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7, 10, 14, 21, and 28. The size of the wound area was measured
using Image], which is a java-based public image processing tool
designed by the National Institutes of Health. Wound healing
rate (%) was determined as follows (wound area before
administration-unhealed wound area)/the wound area before
administration) x 100%.

2.4.3 Preparation of DP dressing (bilayer
hydrogel/nanofiber dressing)

To prepare a homogeneous GelMA (20 w/v %) solution, 0.2 g
GelMA was added to a PBS solution containing a photoinitiator
and heated for 30 min at 60°C. Then, DP (3 pg) was added to the
GelMA solution (1ml) to form a homogeneous loaded-DP
precursor solution. The electrospun mats were put in moulds to
create the bilayer hydrogel/nanofiber dressing, and 400 ul of the
loaded-DP hydrogel precursor solution (before UV crosslinking)
was added to each mould. After that, UV crosslinking was done for
60s. Eventually, DP dressing was made (Each DP dressing
contains 1.2 ug DP).

2.4.4 Grouping of experimental animals and
methods of intervention

All male rats were assigned to four groups at random: Normal
wound group (Con); Model group (Mod); Western medicine group
(Wmg), in which the wound surface was externally applied with
Ethacridine lactate solution (ELS) (Jia et al, 2018), wrapped and
fixed with medical paper tape, once a day; and DP group, also
known as Adm group. The topical application of DP dressing was
performed in the Adm group. There was no need to change the DP
dressing during the treatment. No intervention was applied to rats in
the Con and Mod groups.

2.5 Blood sample and skin tissue collection

Blood samples were extracted from the abdominal aorta of
the rat, placed in a 4°C refrigerator refrigerated for 30 min and
centrifuged at 3,000 rpm for about 15 min for obtaining serum.
The serum levels of TNF-a, IL-1 and hs-CRP were determined by
using Enzyme-linked immunosorbent assay (ELISA). After the
male rats were sacrificed, the wound skin tissue was removed and
rapidly frozen in liquid nitrogen, transferred to a -80°C
refrigerator, and subsequently used for the assays.

2.6 Pathological analysis

The dermal tissues around the wound of DFU rats on the
28th day were collected for pathological analysis to observe the

microscopic  changes during wound healing. The re-

epithelialisation of damaged skin was estimated by
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hematoxylin-eosin (H&E)staining. To assess collagen formation
and deposition, Masson staining was used.

Skin tissue fixed in 4% paraformaldehyde was subsequently
cut into 1 cm diameter coin-sized tissue sections, which were
then embedded in paraffin wax and transformed into
pathological sections. Sections were dewaxed.

H&E staining: the dewaxed tissue sections were stained in
hematoxylin staining solution for 3-5 min, washed in tap water,
fractionated in fractionation solution, washed in tap water, returned
to blue in return blue solution and rinsed in running water. Slices
were dehydrated in 85% and 95% gradient alcohol for 5 min each
and stained in eosin staining solution for 5 min. Slices are placed in
anhydrous ethanol I for 5 min, anhydrous ethanol II for 5 min,
anhydrous ethanol III for 5 min, dimethyl | for 5 min and xylene Il
for 5 min for transparency and sealed with neutral gum.

Masson staining: dewaxed tissue sections were soaked in
potassium dichromate overnight and washed in tap water. Ferric
hematoxylin A solution was mixed with B solution in equal
proportions to form ferric hematoxylin staining solution. Slices
were placed into ferric hematoxylin for 3 min, washed with tap
water, differentiated with differentiation solution, washed with
tap water, returned to blue with blue return solution and rinsed
with running water. Slices were stained in Ponceau acid fuchsin
staining buffer for 5-10 min and then rinsed with tap water.
Phosphomolybdic acid in aqueous solution for 1-3 min After
phosphomolybdic acid, without washing, directly into aniline
blue staining solution for 3-6 min. The slices were divided with
1% glacial acetic acid and dehydrated in two tanks of anhydrous
ethanol. The sections were placed in a third tank of anhydrous
ethanol for 5 min, xylene for 5 min for transparency and neutral
gum to seal the sections.

The H&E and Masson sections were then magnified and
photographed using a light microscope (ZEISS ZEN3.4,
Germany). Wound healing, collagen deposition and
inflammation were examined using Image-Pro Plus 6.0
(Media Cybernetics, Inc, Rockville, MD, United States).

2.7 Cytokine assays
The TNF-a, hs-CRP and IL-1 were detected through ELISA.

The the
manufacturer’s instructions. A microplate reader (Thermo

experiments were carried out according to
Scientific Microplate Reader, United States) was used to

measure the absorbance at 450 nm.

2.8 Skin tissue metabonomic analysis

2.8.1 Metabolite extraction

Metabolite extraction (Dunn et al., 2011) was performed
to control the quality of sample preparation. Tissue (25 mg)
was weighed. The extraction reagent at 800 ul was added after
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precooling (methanol: acetonitrile: water (2:2:1, v/v/v) along
with internal standard mixture 1 (ISI: L-Leucine-d3,
L-PHENYLALANINE) and 2 (IS2: L-Tryptophan-d5,
Progesterone-2,3,4-13C3). Then, metabolites were extracted.
After homogenising the samples for 5 min with a TissueLyser
(JXFSTPRP, China), they were sonicated for 10 min and
incubated for 1h at —20°C. After centrifuging the samples
at 25,000 rpm and 4°C for 15 min, the transferred supernatant
was subjected to vacuum freeze drying. We resuspended the
metabolites in 200 pl of 10% methanol and then sonicated for
10 min at 4°C before centrifugation for 15 min at 25,000 rpm.
The supernatants were transferred to autosampler vials for
LC-MS analysis. For evaluating the reproducibility of the
entire Liquid Chromatography-Mass Spectrometry (LC-MS)
analysis, quality control (QC) was prepared by pooling the
same volume of all samples.

2.8.2 LC-MS/MS analysis

Using a Waters 2D UPLC (Waters, United States) tandem Q
Exactive high resolution mass spectrometer (Thermo Fisher
Scientific, United States), metabolite was separated and detected.
A Waters 2D UPLC (Waters, United States) coupled to a Thermo
Fisher Scientific Q-Exactive mass spectrometer with a heated
electrospray ionisation (HESI) source and controlled by the
Xcalibur 2.3 software program (Thermo Fisher Scientific,
Waltham, MA, United States) was used for sample analysis.
Waters ACQUITY UPLC BEH Cyg column (1.7 pm, 2.1 mm X
Waters, United States)
chromatographic separation. We set the temperature of a column
to 45°C. There were 0.1% formic acid (A) and acetonitrile (B) in the
mobile phase in the positive mode and 10 mM ammonium formate

100 mm, was used to perform

(A) and acetonitrile (B) in the negative mode. The gradient
conditions are shown in Supplementary Table S1. The flow rate
was 0.35 ml/min, and the injection volume was 5 pl. We injected one
QC sample for every 10 samples.

2.8.3 Data processing and analysis

Using Compound Discoverer 3.1 (Thermo Fisher
Scientific, United States), the LC-MS/MS raw data (raw file)
was processed, including retention time correction, peak
extraction, additive ion pooling, background peak labelling,
missing value filling and metabolite identification, before
information on retention time, molecular weight and peak
area was exported. The identification of metabolites was the
result of a combination of mzCloud, Human Metabolome
Database (HMDB), Kyoto Encyclopedia of Genes and
(KEGG) and LipidMaps. Mass
Tolerance lower than 10 ppm, Precursor Mass Tolerance

Genomes Fragment
lower than ppm and Tolerance for RT lower than 0.2 min
are the main parameters of metabolite identification.

We imported result data into metaX for preprocessing to
do the following: 1. To obtain relative peak area, normalise the
data using Probabilistic Quotient Normalization [PQN (Di
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Guidaetal., 2016)]; 2. To use QC-RLSC (quality control-based
robust LOESS signal correction) to correct the batch effect;
and 3. To determine the relative peak area’s CV (Coefficient of
Variation) in each QC sample, and remove compounds with a
CV of more than 30%.

After standardisation, we screened different metabolites
based on VIP>1 and p < 0.05 with principal component
analysis (PCA), partial least-squares discrimination analysis
(PLS-DA), and T-test. Using the HMDB database, the names
of each metabolite were standardised. Using the PeakView
software, potential endogenous metabolites were identified. It
was possible to predict the metabolic pathways connected to
DFU by using MetaboAnalyst 5.0 (https://www.metaboanalyst.
cal).

2.9 The construction of network
pharmacology

With cytoscape 3.8.2, the network was constructed to
visualise the the relationship of metabolite-protein-pathway
and to elaborate the hub metabolites and related proteins. The
steps were as follows (Figure 1). 1) The targets of DFU were
obtained via searching the keywords “diabetic foot ulcer” in the
gene maps of Disgenet (https://www.disgenet.org/), NCBI
(https://www.ncbinlm.nih.gov/), Therapeutic Target Database
(TTD, http://db.idrblab.net/ttd/) and genecards (https://www.
gene-cards.org/). 2) The molecular targets of DP were filtered
by searching Pharmmapper (lilab-ecust.cn/Pharmmapper/index.
chromatographic separation.html) and SwissTargetPrediction
the
“Dracorhodin Perchlorate”. To screen the related proteins in

(http://www.swisstargetprediction.ch/)  for keywords
Rattus norvegicus, the structure of DP was imported into
SwissTargetPrediction and Pharmmapper, respectively. 3) The
intersection of 1) and 2) was thought to be a potential target of
DP in the treatment of DFU. With UniProtKB (http://www.
uniprot.org/), the names of targets were standardised. 4) Targets
were imported into STRING 11.0 (https://string-db.org/) and
protein-protein interaction (PPI) network was constructed using
Cytoscape 3.8.2. 5) Through the DAVID (https://david.ncifcrf.gov/)
database, the pathway and Gene Ontology (GO) enrichments of
potential targets were analysed. We set the p < 0.05 for the standard
of the KEGG pathway. 6) To achieve the compound-reaction-
enzyme-gene network, we imported the identified differential
metabolites in metabolomics and the intersection targets of DP
in treating DFU into MetScape of Cytoscape. Then, the crucial
metabolites and proteins were recognised.

2.10 Molecular docking

PubChem
term) was used to obtain the 3D structure of DP (PubChem

(https://www.ncbi.nlm.nih.gov/pccompound/?
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FIGURE 2
Effect of DP with different concentration on fibroblast
viability in different days. *p<0.05, **p<0.01 and ***p<0.001.

CID: 6443665). With RCSB Protein Data Bank (https://www.
rcsb.org/), we downloaded the structures of targets. Seven
targets were investigated: Glutathione S-Transferase Mu 1
(GSTM1, PDB ID:1YJ6), Thymidylate Synthetase (TYMS,
PDB ID:1RTS) (Rogerio R. Sotelo-Mundo, 1999), and
Phenylalanine Hydroxylase (PAH, PDB ID: 3PAH) (Heidi
Erlandsen, 1998), and Dopa Decarboxylase (DDC, PDB ID:
3RCH) (Giardina et al, 2011), Dihydrofolate Reductase
(DHFR, PDB ID:4M6J) (Bhabha et al., 2013), Catalase (CAT,
PDB ID:1dgb) and Phosphoglucomutase 1 (PGM1, PDB ID:
6uiq) (Stiers and Beamer, 2018). AutoDockTools 1.5.6 was used
to convert DP (mol2 format) and targets (pdb format) to pdbqt
format (Deng et al, 2021). Molecular docking was then
conducted with Autodock Vina. Supplementary Table S2 lists
coordinates of active pockets in targets. Discovery Studio
2019 was used to visualise the docking results.

2.11 Statistical analysis

Presented data as mean+standard deviation (mean+SD). With
one-way ANOVA, statistical analysis was performed. GraphPad
Prism (Inc, La Jolla, CA, United States) 9.1 was used for Dunnett’s
multiple comparisons. p < 0.05 was defined as the significance.
T-tests were conducted on skin metabolome data.

3 Results
3.1 Results of cell proliferation experiment

The 1929 cells showed a trend of increment on GelMA
hydrogels loaded with Draconis perchlorate. The results of the
cell proliferation experiment revealed that DP could promote
the proliferation and vitality of fibroblasts and had the
potential to promote DFU wound healing. We found the
optimal dose of DP to be 3 pug (as shown in Figure 2).
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DP improves the wounds of DFU rats. (A) The time diagram of the experiment. (B) Representative figures of different time points of healing area
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3.2 Animal experiment results

3.2.1 General conditions of rats

Thirty rats on a high-fat and high-sugar diet were
injected with 40 mg/kg streptozotocin (STZ)
intraperitoneally, and the blood glucose was continuously

solution
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measured for 3 days. Finally, 18 diabetes rats with blood
glucose >16.7 mmol/L were included for the modelling of
the DFU model. In the Con group, six rats were made
normal wound models. During the modelling period, rats
that failed or died were excluded. Finally, 24 rats were
included, six each in the Con, Mod, Wmg and Adm groups.
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Compared with the Con, all diabetes rats showed poor mental
state, withered and yellow hair, obvious depilation,
significantly reduced activity and other symptoms. At the
same time, they could drink more, eat more, urinate more
and lose weight obviously. The longer the time was, the more
obvious the symptoms were.

3.2.2 Topical application of DP on FBG levels in
DFU rats

The level of FBG remained stable in all experimental groups
throughout the treatment period, i.e., on days 0, 7, 14, 21, and 28,
respectively (Figure 3D). This finding showed that the DFU rat
model in this study was successful. The blood glucose
concentration of the Adm group was lower than that of the
Mod group, suggesting that topical application of DP had a
certain hypoglycaemic effect.

Frontiers in Pharmacology

3.2.3 Macroscopic effect of DP treating wound

Figure 3A depicts the timing diagram of the experiment,
divided into three periods, the diabetic rat modeling phase, the
DFU rat modeling phase, and the DP dressing administration
phase. Figure 3B depicted the closure area of wound after the
topical application of DP from days 0-28. The DP group showed
more enhanced and faster wound closure than the Wmg and
Mod groups. In terms of wound healing rates, on the seventh day,
the wound healing rates were higher in the Adm group than those
in the Mod and Wmg groups, as shown in Figure 3C. However,
the wound healing rates of the Con group were great on the
seventh day. Possibly, the metabolic disorder and inflammatory
state in DFU rats influenced the wound closure. On the 14th day,
a lower rate of wound healing was found in the Wmg group
compared with the Adm group. On the 28th day, 99.6% of the
Adm group’s wounds were closed. The rates of wound closure
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were 98.8% and 77% in the Wmg and Mod groups. Macroscopic
analysis showed that the DP accelerated healing more quickly
than the Wmg treatment.

Compared with the Con group, the Mod had poorer wound
healing by day 28, and this finding was associated with high blood
glucose and inflammation in the Mod. These inhibited the
wound healing rate. When compared with the Mod group, the
Adm group wound healed better. Compared with the Wmg
group, the Adm group showed better results. The study’s
findings revealed that the wound healing rate of the Adm
group was greater than that in the Wmg group and greater
than that in the Mod group.

3.2.4 H&E and masson staining

Chronic wound healing is a complex process that includes
wound contraction, granulation formation, re-epithelialisation
and collagen deposition. As a result, histological analysis was
performed to assess the quality of regenerated epidermis in the
defect. The re-epithelialisation of damaged skin was estimated by
H&E staining. H&E staining revealed that a new epidermis
formed in the damaged area, and the dermis was repaired by
large amounts of connective tissue. Compared with the Mod
group, the Adm group had a complete epidermis covering the
wounds and more apparent granulation tissue on the 28th day
after the application of DP. The tissue was closer to the structure
of normal skin (Figures 4A,B). At the same time, the quantitative
statistics of the thickness of regenerated epidermis showed that
the thickness of the new epidermis in the Adm group was
47.5 um, which was obviously greater than that in other
groups (Figure 4C). The Adm group would show an
effectively enhanced re-epithelialisation process compared
with other groups.

The abundant deposition of collagen fibres in the dermis can
strengthen newly formed skin tissue and constitute a suitable
microenvironment for wound closure. To assess collagen
formation and deposition, Masson staining was used. In the
Adm group, the dermis had large deposits of collagen fibres and
good collagen bundles, whereas, in the Mod group, the wounds
had only small deposits of collagen fibres and poorly developed
collagen bundles (Figures 4D,E). Quantitative analysis also
revealed that the proportions of collagen volume in the
dermis were 51.7%, 48.1%, 52.8%, and 59.5% in Con, Mod,
Wmg and Adm, respectively (Figure 4F). Therefore, the Adm
group healed the fastest wounds and promoted collagen
deposition, thereby accelerating wound healing.

3.2.5 Elisa analysis

This study found that the Adm group’s TNF-a level was
lower than that in the Mod group, and the Adm group’s TNF-a
content was only 0.255 times that of the Mod group and
0.5 times that of the Wmg group, which was similar to that of
the Con group (Figure 4G). The IL-1 content of the Adm
group was lower than that in Mod and Wmg groups in
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Figure 4H. Similarly, as shown in Figure 4I, the hs-CRP
content of the Adm group was lower than those in Mod
and Wmg groups. DP could effectively alleviate the
inflammatory response of DFU rat wounds, regulate
macrophage transformation from pro-inflammatory M1 to
repair M2, accelerate the transformation from inflammation

to proliferation and maintain stable wound remodelling.

3.3 Metabolomics profiling

Following data preprocessing, a total of 1983 features in
skin tissue were determined (Supplementary Material S1). By
using Quality Control (QC) samples, the stability and
repeatability of metabolomics were assessed. Supplementary
Figure S2 depicts that the QC samples were within the range
of + 2std, regardless of the positive and negative ion modes,
suggesting that the equipment was stable and reliable, and the
method was reproducible. There were large peak capacities
and good peak shapes in the sample, as can be seen from the
base peak chromatogram (BPC) char (Supplementary
Figure S3).

We used the PCA and PLS-DA to examine the separation
among the Adm, Mod and Con groups. From the PCA of positive
(pos) and negative (neg) models, the samples of different groups
have been separated (Figure 5A). PLS-DA disclosed that the same
group clustered together, whereas different groups distinguished
well (Figure 5B). The PLS-DA parameters of skin tissue samples
were R2>0, Q2<0 (Validation parameters) (Supplementary Table
S3), which indicated that the model is not over-fitted and is

relatively stable.

3.4 Metabolites identification and pathway
analysis

PLS-DA was performed to identify the differently expressed
metabolites. There was good separation in each PLS-DA model,
suggesting that sample classification information had a good
explanatory ability. Additionally, permutation test demonstrated
that the models were
5C), which
Supplementary Table S3.

According to p < 0.05 and VIP >1, 183 differentially
expressed metabolites were identified between the Con and
S2).
114 metabolites that differed in expression between the Adm

trustworthy and non-overfitting

(Figure consistent with the result of

Mod groups (Supplementary Material There were
and Mod groups (Supplementary Material S3). The two groups
were intersected  (http://jvenn.toulouse.inra.fr/app/example.
html), and then, 37 differential metabolites of the effect of DP
on DFU are presented (Figure 6A).

We established heat maps to depict the distinctions in

metabolites between the three groups. According to
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Score chart of PCA, PLS-DA model and PLS-DA model response permutation testing (RPT). (A) Score chart of PCA analysis model pos and neg

(B). Score chart of PLS-DA analysis model pos and neg. (C) PLS-DA model validation diagram.
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Adm vs Mod

Mod vs Con

FIGURE 6

The heat map of potential metabolites.

The differential metabolites in DFU rats treated with DP. (A) Venn diagrams of the common metabolites related to DFU and DP treatment. (B)

Figure 6B, all candidate metabolites were altered in the Mod
group, and the majority were reversed in the Adm group,
reflecting that DP treatment could improve metabolic
disorder.

We imported 114 different metabolites into MetaboAnalyst
5.0 to investigate the metabolic pathways of DP in the
treatment of DFU rats. As shown in Figure 7A, six pathways
were screened based on pathway impact> 0.1, including the
following: Glycine, serine and threonine metabolism; Tyrosine
metabolism; One carbon pool by folate; Pyrimidine
metabolism; Glyoxylate and dicarboxylate metabolism;
Amino sugar and nucleotide sugar metabolism. The metabolites
related to these pathways were as follows: Glycine; Dopamine;
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2,5-Dihydroxybenzoate; 5,10-Methenyltetrahydrofolate; Uridine;
Cytidine 5'-monophosphate (CMP); Thymidine; Thymine;
N-Acetylneuraminate; N-Acetyl-alpha-D-glucosamine 1-
phosphate; and D-Glucosamine 6-phosphate. Tyrosine
metabolism is most relevant to the effects on skin tissues. As
shown in Figure 7B, three pathways had an impact of >0.1,
including the following: ascorbate and aldarate metabolism;
citrate cycle (TCA cycle); and alanine, aspartate and glutamate
metabolism.

Furthermore, we made a correlation heatmap by “corrplot”
package in R language to explore the correlation of different
metabolites. As shown in Figure 8A, Pearson correlation
that the C03690 and C04590,

analysis demonstrated
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Correlation matrix of interaction in 37 differential metabolites. Coefficients of negative correlation (blue) and positive correlation (red) were
plotted. The closer that the correlation coefficient was to 1, the redder the colour was, and the greater the positive correlation was. The closer that
the correlation coefficient was to -1, the bluer the colour and the greater the negative correlation were. (A) The correlation heatmap of Adm and Mod

groups. (B) The correlation heatmap of Mod and Con groups.

C00628 and C01586 and C07565, C01586 and C07565 were
strongly correlated, and their correlation coefficients were 0.98,
0.96, 0.98, and 0.99, respectively. Figure 8B shows that the
highest correlation was observed for C08005 and C1465 with a
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correlation coefficient of 1.

C08005 and C03690 and

C16891 and C04590 were also strongly correlated, and their
correlation coefficients were 0.99. The names of 37 metabolites

are presented in Table 1 and Supplementary Material S4.
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TABLE 1 The differential metabolites in DP-treated DFU rats.

Rank Metabolites

10

11
12

13

14

15

16

17

18

19

20

21

22

23

24
25

26
27

28

29

8-hydroxyquinoline

Binapacryl

Cyproconazole

Thiodicarb

Callystatin a

2062850

Furaspor

Aklavinone

2-oxindole

Iproniazid

R-soterenol

Stachydrine

Gitogenin

(+)-cassaine

Indospicine

Alfentanil

Benzyl succinate

4-methylene-2-oxoglutarate

Glycochenodeoxycholate

Bis(2-ethylhexyl) phthalate

Phosphocreatine

Epiguanine

Hippurate

B-nicotinamide mononucleotide

D-sphingosine

4-phenolsulfonic acid

90,049

Cucurbitacin s

Convicine
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Formula

C9H7NO

C15 H18 N2 06
C15 H18 CI N3 O

C10 H18 N4 O4 S3

C29 H44 O4

C23 H34 O3
C6 H7 N O4

C22 H20 08

C8 H7 N O

C9 H13 N3 O

C12 H20 N2 04 S
C7 H13 N O2

C27 H44 O4

C24 H39 N 04

C7 H15 N3 O2

C21 H32 N6 O3

C18 H18 O4

C6 H6 O5

C26 H43 N O5

C24 H38 O4

C4 HI10 N3 O5 P

C6 H7 N5 O

C9 H9 N O3

C11 H15 N2 O8 P
C18 H37 N 02

C6 H6 04 S
C14 H18 O7

C30 H42 06

C10 H15 N3 08

Molecular RT

weight

145.053

322.1165
291.1141

354.0498
456.3221

358.2508
157.0378

412.1164
133.053
179.1062

288.1144
143.0947

432.324

405.288

173.1168
416.2541
298.1218
158.0218
449.3143
390.2771
211.0361
165.0654
179.0586

334.0566
299.2824

173.9986
298.1048

498.3005

305.0854

(min)

2.358

3.374
5322

0.62
9.366

7.277
4.361

2.754
4.945

3.528

6.327
2.965
7.273
4.975
4.403
7.697
7.834
0.741
1.028
3.845

1.221
8.271

2.93
4.532

9.827

2.787

35
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MS/MS  Keggid Adm vs. mod Mod vs. con
VIP p-value VIP p-value

0.0003; C19434 23506  0.0084 1386  0.0478

1.8363

0;-0.006 C19022 21745 0.0147 1.8152  0.003

0.0002; C18456  1.6722  0.0261 15941 0.0227

0.7606

0.0008; C18423 13454 0.024 10393 0.0181

2.1597

-0.0019; C16891 17808  0.0207 34022 0

-4.1474

0;-0.0539  Cl4658  2.3474  0.0208 31382 0

0.0003; C14293 17549 0.018 1.5618  0.007

1.9149

0.0006; Cl2424  2.8943  0.0014 16729 0.0096

15147

0.0002; C12312  2.0915 0.0027 1.5062  0.006

1.7935

0.0003; C11777  1.9009  0.044 13339 0.0018

1.9039

0;-0.0067  Cl1769 13351 0.0316 1733 0.0071

0.0001; C10172  2.0737  0.0096 1.1946  0.0082

0.6792

0.0001; C08899 17512 0.0046 12122 0.035

0.1832

0.0001; C08670 14728  0.0453 35603 0

0.1614

0.0004; C08288  3.0717  0.0007 26712 0.0003

2.1138

0.0005; C08005 23074  0.0204 27639 0.0003

1.1703

0.0013; C07332 39133  0.0107 36341 0

44335

0.0003; C06035  1.1701  0.0467 20472 0.0089

1.7232

0.0001; C05466 22593 0.0175 1.0836  0.028

03032

0.0001; C03690 15677  0.0487 33478 0

03222

0.0003; C02305  2.1276  0.0059 11389 0.0159

1.2875

0.0003; C02242  2.163  0.0001 1.0414  0.0178

1.8545

0.0003; C01586  2.6146  0.0003 20338 0.0005

1.7581

0;0.0514  C00455  1.5921 0.0426 1.5837  0.0008

-0.0001;- C00319 14659  0.0068 1.064 00127

02512

0;-02785  Cl12849  1.6561 0.0196 1.8013  0.0007

-0.0004;- C10720  1.6011  0.0198 1.1469  0.0209

1.3638

0.0024; C08806  1.4406  0.0256 14663 0.0261

47174

-0.0005;- C08430 21701 0.0011 11435  0.0231

1.5802

(Continued on following page)
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TABLE 1 (Continued) The differential metabolites in DP-treated DFU rats.

Rank Metabolites Formula Molecular
weight

30 Acetanilide C8 HON O 135.0684

31 Medroxyprogesterone C22 H32 03 344.2347

32 Sulfanilic acid C6 H7 N O3 § 173.0146

33 Sn-3-o-(geranylgeranyl)glycerol 1-  C23 H41 O6 P 444.2638
phosphate

34 N4-(beta-n-acetyl-d- C12 H21 N3 O8 335.1324
glucosaminyl)-l-asparagine

35 Valeric acid C5 H10 02 102.0681

36 Gentisic acid C7 He6 O4 154.0266

37 N-acetylneuraminate CI11 HI9 N 09 309.1055

3.5 Result of network pharmacology

For further investigating the mechanisms of DP in treating DFU,
we conducted network pharmacology. First, the targets of DFU
through Disgenet, NCBIL, TTD and Genecards and targets of DP
from Pharmmapper and SwissTargetPrediction were gathered. After
the intersection of DP and DFU-related targets, we identified
108 potential targets for DP-treating DFU (Supplementary Figure
S4). With the UniProt database, we normalised common targets to
the official symbols.

Subsequently, DAVID was used for gene ontology and
pathway analysis. The findings revealed that the biological
process (BP) of DP in the treatment of DFU evolved primarily
in response to drugs, cellular response to growth factor stimulus,
hypoxia and positive regulation of cell proliferation. The cellular
component (CC) was primarily involved in the cytoplasm,
macromolecular complex, cytosol and perinuclear region of the
cytoplasm. The molecular function (MF) was principally engaged
in enzyme, protein and macromolecular complex binding. The
KEGG enrichment analysis revealed that the HIF-1 signaling,
TGF-beta signaling and metabolic pathways were the pathways
most significantly impacted (Figure 9.)

We constituted a PPI network through Cytoscape to pinpoint
key genes of DP in the treatment of DFU. An overview of the
relationships between 108 targets was presented in Supplementary
Figure S5. The top seven genes were chosen as hub genes (TGFBRI1,
ENIENG, Src, EN1, Hsp90aal, Cat and Notchl).

3.6 Integration of network pharmacology
and metabolomics

We built a network based on the integration of network
pharmacology and metabolomics to gain a deeper understanding
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RT MS/MS  Keggid Adm vs. mod Mod vs. con
(min)
VIP p-value VIP p-value
2955 0; 0.148 C07565  2.4849  0.0004 1.8611  0.0007
8.933 -0.0004;- C07119 12394  0.0448 13328 0.0188
1.2028
4528 0:-0.0987  C06335  1.5748  0.0436 1.3003  0.041
7.595 -0.0002;- C04590  1.4605  0.0266 33553 0
0.5344
0.695 -0.0004;- C04540 11283 0.016 11051 0.0034
1.2919
3456 0;00327  CO0803 16896 0.0078 12316 0.0283
3552 0;-0.1854  C00628 22384  0.0024 19753 0.0015
0.696 -0.0005;- C00270  1.0222  0.0063 1.6635  0.0001
15163

of the mechanisms of DP in treating DFU. (Figure 10). By
importing 114 different metabolites and 108 targets into
Cytoscape’s networks
reaction-enzyme-gene were built. Seven critical targets,
namely, GSTM1, TYMS, PAH, DDC, DHFR, PGMI and

ABAT, were found by matching the genes in MetScape

MetScape plug-in, of compound-

analysis with the potential targets found in the network
pharmacology (Table 2). The key metabolites were Glycine;
Thymine; Thymidine; Cytidine 5’-monophosphate (CMP);
Uridine; 4-(2-Aminoethyl),2-benzenediol; D-Glucosamine 6-
phosphate; N-Acetyineuraminate; and Imidazole-4-acetate.
These were nine significant metabolites. The affected pathways
were as follows: Leukotriene and Pyrimidine metabolism;
Vitamin B9 (folate) metabolism; Urea cycle and metabolism
of arginine, proline, glutamate and asparagine; Tyrosine
and Histidine

metabolism. They might be key players in how DP treated

metabolism, Amino sugar metabolism;
DFU therapeutically. Combined with network pharmacology
and metabonomics, PAH, DHFR, GSTM1 and CAT were

found to be the key genes.

3.7 Molecular docking analysis

Molecular docking was used explore interaction between key
targets and DP. With molecular docking, the binding energies of
DP with PAH, DHFR, TYMS, DDC, GSTMI1, CAT and
PGMI1 were —8.7 (RMSD:1.105), 7.9 (RMSD: 1.952), —7.3
(RMSD: 1.345), -53 (RMSD: 0.886), -52 (RMSD:
1.753), =9.6 (RMSD:1.710) and —6.5 (RMSD: 1.311) kcal/mol,
respectively. The docking results revealed that DP had a high
affinity for the key targets, particularly PAH, DHFR GSTM1 and
CAT. Van der Vaals and Pi-Alkyl were the primary forces
between the ligand and the receptors (Figure 11).
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MF analysis; and (D) KEGG pathway analysis.

4 Discussion

The wound healing of DFU is challenging. The healing process
of a DFU is divided into three main periods, namely, the
inflammatory, granulation tissue formation and remodelling
stages. Traditional Chinese medicine, Dragon’s blood, can
hasten the healing of wounds of DFU rats. It produces anti-
inflammatory and antioxidant benefits for the wound (C.
Desmarchelier, 1997; Lopes et al., 2004; Gupta et al, 2008).
Moreover, it might accelerate epithelial cell differentiation and
fibroblast proliferation (A. J. Vaisberg, 1989; Porras-Reyes et al.,
1993). In the present research, whether DP, a key component of
Dragon’s blood, improves wound healing was explored. Our
findings showed that the DP could hasten the wound closure of
DFU rats, especially during the inflammatory and granulation
tissue formation stages. It inhibits the inflammatory response in
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the DFU during the inflammatory stage and stimulates collagen
deposition to promote wound healing in the granulation tissue
formation stage. Furthermore, this is the first-time study to
investigate the mechanisms of DP promoting wound healing in
DFU rats through the integration of metabolomics and network
pharmacology. DP dressing (multi-layered hydrogel/nanofiber
dressing loaded with DP) is a novel dressing for the treatment
of chronic skin ulcers. The multilayer grade hydrogel/nanofibre
dressing is a cured laminate of electrostatic spinning technology
and methacrylate-based gelatin, which has the advantages of high
porosity, mutual macropore network connectivity, large specific
surface area, strong ability to absorb tissue exudate and suitable
biodegradability (Hao et al, 2021). DP dressing has unique
advantages in the treatment of DFU, because it eliminates the
need for repeated routine dressing changes after application,
reduces wound irritation and facilitates wound healing. In
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FIGURE 10

The compound-reaction-enzyme-gene networks of the crucial targets and metabolites. The red hexagons represent the active compounds.

The grey diamonds represent the reaction. The green round rectangle represent enzyme. The light purple circles present general genes, and the blue
circles represent key genes. (A) Leukotriene metabolism. (B) Pyrimidine metabolism. (C) Amino sugars metabolism. (D) Tyrosine metabolism. (E)
Vitamin B9 (folate) metabolism. (F) Histidine metabolism. (G) Urea cycle and metabolism of arginine, proline, glutamate and asparagine.

Histidine metabolism

Urea cycle and metabolism of
arginine,proline,glutamate and asparagine

addition, gelatine provides the arginine-glycine-aspartate (RGD)
peptide sequence; this gives the hydrogel made from this polymer
good cell adhesion and higher haemostatic capacity (Hao et al.,
2021). These are the innovations of our study. We found that
Leukotriene metabolism and Pyrimidine metabolism, Urea cycle
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and metabolism of arginine and proline were important for DP’s
DFU treatment. The PAH, DHFR, GSTM1 and CAT are the key
genes of DP for the treatment of DFU.

The inflammatory microenvironment plays an essential role
in DFU wound repair. In chronic wounds, the inflammation
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TABLE 2 The information of key targets, metabolites and pathways.

Related pathway

Leukotriene metabolism

Pyrimidine metabolism

Tyrosine metabolism

Urea cycle and metabolism of arginine, proline, glutamate and asparagine
VitaminB9 (folate)metabolism

Amino sugars metabolism

Histidine metabolism

phase is significantly prolonged or even prevented from
transitioning into the proliferation phase. As a result,
macrophages primarily have a pro-inflammatory M1 phenotype,
releasing inflammatory cytokines that cause tissue destruction
and organ dysfunction. To further evaluate the internal
causes of the wound healing process, the contents of TNF-a,
IL-1 and hs-CRP were detected in the wound by ELISA assays.
Hs-CRP, the acute phase reactant protein, is used to study the
association between inflammation and various chronic diseases,
such as metabolic and heart diseases (Doumatey et al., 2014).
DFU is a chronic wound, and the sustained high level of hs-CRP
is among the factors of wound ischemia; this is not conducive to
wound healing. As a well-known pro-inflammatory cytokine,
TNF-a is produced by macrophages and monocytes, which are
involved in the inflammatory response and immune response.
It is a type of polypeptide cytokine secreted by monocyte-
macrophages with a variety of biological activities related to the
acute phase response, collective immune response and
inflammation (Vandekerckhove, 1991).

IL-1 is involved in various inflammatory phenomena,
metabolism and cell repair. In addition, as an internal
release hormone, it can stimulate the systemic inflammatory
response, make the body show a stress state, regulate the cells
in the immune system and is closely related to wound repair
(Wang, 1997). Several studies showed the proliferation and
differentiation of fibroblasts could be influenced by the
discharge and secretion of inflammatory cytokines,
including IL-1 and TNF-a (P. Qian, 2003). According to
Figures 4G-I, the levels of TNF-a, IL-1 and hs-CRP
decreased in the Adm group compared with the Wmg and
Mod groups. This research demonstrates that DP could
by
Topical administration of DP treatment to DFU wounds

enhance wound closer suppressing inflammation.
sustained low inflammation levels, which could effectively
stop the inflammatory stage in hyperglycaemic wound
tissue from being prolonged. This is consistent with the
study of Jiang et al. (2017). Some researchers discovered
that Dragon’s blood, as a traditional Chinese medicine, has
a noticeable effect on wounds, ulcers, inflammation, diarrhoea

and cancer (Z.-P. Chen, 1994; L. Pieters and Berghe, 1995).
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Key target Key metabolite

GSTM1 Glycine

TYMS Thymine, Thymidine, CMP, Uridine

GSTM1, PAH, DDC 4-(2-Aminoethyl)-1,2-benzenediol

GSTM1 Glycine

DHER, TYMS Glycine; 5,10-Methenyltetrahydrofolate

PGM1 D-Glucosamine 6-phosphate; N-Acetyineuraminate
ABAT; DDC Imidazole-4-acetate
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However, the effect of DP on wound closure has received little
attention.

The field of metabolomics is becoming increasingly popular
among researchers as a tool for investigating illness processes
and potential treatment options. We discovered nine important
metabolites and associated pathways of DP in the treatment of
DFU. Nevertheless, teamwork is necessary for data analysis and
interpretation in the field of metabolomics because of its
complexity and heterogeneity (Eicher et al., 2020). Network
pharmacology optimised the screening of metabolites of DP
in treating DFU and revealed its mechanisms of action. Using
a methodology that considers both metabolomics and
network pharmacology, we found eight key targets (GSTM1,
TYMS, PAH, DDC, DHFR, PGM1, ABAT and CAT), nine
key metabolites (Glycine; Thymine; Thymidine; CMP;
Uridine; 4-(2-Aminoethyl),2-benzenediol; D-Glucosamine 6-
phosphate; N-Acetyineuraminate; and Imidazole-4-acetate)
and seven related pathways (Leukotriene metabolism; Vitamin
B9 (folate) metabolism; Pyrimidine metabolism; Amino sugars
metabolism; Tyrosine metabolism; Urea cycle and metabolism
of arginine, proline, glutamate and asparagine; and Histidine
metabolism). This strategy provides an appropriate method
for validating the results of the two approaches. Screening
for metabolites and targets in other natural compounds is
also feasible.

DP is a man-made synthetic analogue of dracorhodin. It is a
popular choice for

use as a high-performance

chromatography (HPLC) standard and for researching the

liquid

biological functions of dracorhodin. It possesses wound
healing action on rats, in vitro angiogenic activity on HUVEC
cells and in vivo angiogenic activity on zebrafish embryos (Jiang
et al, 2017; Krishnaraj et al, 2019). Previous studies have
investigated the possible pathways that could be involved
when using DP to treat DFU. According to the findings of
some research, DP sped up the process of skin wound healing
in DFU rats by regulating the expression of pro-inflammatory
cytokines that were triggered by the TLR4 pathway (Li et al,
2016). Additionally, experts elaborated that DP accelerates
wound healing by increasing late wound NO levels and eNOS
protein expression. Furthermore, according to Jiang X report, DP
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FIGURE 11

Molecular docking. Note. Binding mode of proteins and ligands. (A) Binding mode of GSTM1 with DP. (B) Binding mode of TYMS with DP. (C)
Binding mode of PAH with DP. (D) Binding mode of DDC with DP. (E) Binding mode of DHFR with DP. (F) Binding mode of CAT with DP. (G) Binding
mode of PGM1 with DP.
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regulates fibroblast proliferation to expedite rat wound healing
(Jiang et al., 2018), which is consistent with this research. Zhang
et al. (2014). Found that DP significantly inhibited cell
proliferation. It also caused cell cycle arrest and apoptosis in
fibroblasts, at least in part by modulating caspase-3 expression
and activity, indicating that DP is a feasible choice for
hypertrophic scar treatment. DP has been shown by Jiang
et al. (2017) to inhibit TNF-a and IL-1pB secretions, thereby
reducing inflammation. It stimulates TGF and VEGF protein
expression, collagen deposition and microvessel formation and
then promotes wound closure. He (2011) reported that the
therapeutic effect of dragon’s blood on diabetes ulcers was
better than that of the insulin in the insulin control group,
and the down-regulation of Smad3 and Smad4 expression was
the mechanism involved in the promotion of wound healing. In
this study, we researched the metabolic changes in the skin tissue
of DFU rats. The higher significant number of metabolites and
pathways affected by DFU in the skin tissue and the more
complex network of interactions are evidence of a more severe
metabolic disturbance in DFU rats.

Metabolomics research is limited to metabolites and
pathways; no deeper investigation in their interactions has
been conducted. Network pharmacology is a method based on
bioinformatics and systems pharmacology (Zhong et al., 2018),
which assess drug polypharmacological effects at the molecular
level to investigate the interaction between natural products and
targets and confirm major mechanisms (Sheng et al., 2014).
Network pharmacology can help investigate reaction networks
and key targets and metabolites (Yu et al., 2012). This integrated
strategy discovers the crucial targets and important mechanisms
of DP treating DFU rat by integrating network pharmacology
and metabolomics.

Arginine is important in cellular physiology. Like other
amino acids, it plays a role in the production of proteins. The
conversion of arginine to nitric oxide and other polyamines has a
role in cell signalling and cell proliferation. Arginine is an
essential substrate for wound healing processes due to its
multiple functions. In numerous studies, supplying arginine
alleviates or improves healing (Witte, 2003). A previous study
suggested that arginine metabolite-nitric oxide played a key role
in wound healing. As a semi-essential amino acid, arginine is
metabolised by arginase and nitric oxide synthase. Wound-
healing emphasises the important role of strict reciprocal
control among these enzymes (Stechmiller, 2008).

Arginase signalling plays a vital role in chronic wound
pathophysiology and healing. As an evolutionarily conserved
enzyme, arginase (ARG) can be expressed in a variety of cells. In
the last stage of the urea cycle, arginine protects excess ammonia
under homeostatic conditions by producing L-ornithine and
urea. L-ornithine is located at the intersection of Arg
dependent pathway and urea cycle, contributing to collagen
production, cell proliferation and detoxification (Szondi et al.,
2021). Collagen is an important component of connective tissue;
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thus, healing requires collagen formation and deposition (B.
Behm, 2012). L-proline is an important collagen building
block (Shih et al, 2010). Raised synthesis of proline, a
component of collagen, leads to post-traumatic increases in
wound tensile strength, and wound hydroxyproline levels are
increased by parenteral L-arginine injection in both normal and
diabetic Lewis rats (Witte, 2003; Caldwell et al., 2018). According
to this study, the density of collagen content in Adm group was
higher than of Wmg and Mod groups, indicating that DP
promoted proline secretion during wound healing. We
speculate that DP promotes the production of more arginine
and proline in skin tissue to improve the wound and then
promotes collagen synthesis and deposition.

Oxidative stress is a major resource of the inflammatory
response, and the markers of oxidative stress, such as catalase
(CAT) and plasma total antioxidants, play a significant role in
non-healing of DFUs. Vairamon et al. discovered factors that
influence foot ulcer healing in type 2 diabetics. This research
focused on oxidative stress, which is the cause of inflammation.
Researchers examined oxidative stress markers in blood samples,
such as lipid peroxidation, CAT and others. Catalase levels were
higher in subjects with neuroischemic noninfectious ulcers than
those with neuroischemic infectious ulcers (p < 0.001). The total
antioxidant status in plasma gradually decreased in subjects from
uninfected ulcer to ischemic infection (p < 0.0001). We
concluded that level of lipid peroxidation in plasma was high.
The decrease of total antioxidant status and the deficiency of
antioxidant enzymes are the main reasons for the prolonged
inflammatory reaction and chronic ulcer. In type 2 diabetes
patients, oxidative stress may be one of the factors leading to
the nonhealing of diabetes foot ulcers (Viswanathan, 2010).
Based on our study, DP treatment reduced the inflammatory
response compared with the control group. This result implied
that DP shields organisms from oxidative stress. According to the
network pharmacology analysis, the mechanism may involve
CAT, which activates
application of DP increased the activity of antioxidant

metabolic pathways. The topical
enzymes such as CAT, which promotes wound healing.
Molecular docking also showed that DP and CAT are well
combined. In DFU, where tissue inflammation and oxidative
stress were elevated primarily due to an increase in reactive
oxygen species (ROS) (Busik et al, 2008), the topical
administration of DP alleviates the ROS thus
protecting the wound skin tissue from oxidative injuries.

The enzyme dihydrofolate reductase (DHFR) is a validated
target for several antimicrobials. Meanwhile, it is necessary for

insults,

the de novo biosynthesis of folate species. Gustavo P. ribodi et al.
of
Mpycoplasma ulcerum DHEFR, and explored its interaction with
P218. This research revealed the P218 could be further developed
as a therapeutic strategy for Buruli ulcer (Riboldi et al, 2021).
Shailesh K et al. discovered Klebsiella pneumoniae containing DHFR
in eight out of (18.18%) of 44 different DFU patients. Based on case

investigated the structural and biochemical properties
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FIGURE 12

The mechanism diagram of DP in treating DFU rats.

analysis, they proposed a great need to develop a treatment that
inhibits the growth of multidrug-resistant K. pneumoniae in DFU
patients. Simultaneously, it can reduce or even eliminate the risk of
amputation (Shahi et al, 2013). GutGards has activity of anti-
Helicobacter pylori through inhibiting DNA gyrase, protein
synthesis and DHFR, according to Mannanthendil Kumaran
Asha et al, to treat peptic ulcer disease (Asha et al, 2013). In
this study, the molecular docking binding energy of DP and DHFR
was —7.9 kcal/mol. We hypothesised that DP might exert anti-
inflammatory activity by inhibiting DHFR in the treatment of
wound skin ulcers.

The nucleophilic assault of reduced glutathione (GSH) on
electrophiles or other compounds that are attracted to electrons
is facilitated by glutathione s-transferases (GSTs). GSTs occupy
important positions in two ways, as follows: the binding of
glutathione and endogenous products of lipid peroxidation; and
protecting cells from harmful oxidative stress. GSTM1 and GSTT1,
two isoforms of GST with functional polymorphisms, have been
investigated in many chronic diseases. Romério Alencar de Oliveira
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Filho et al. reported that patients with GSTM1 null had 3.9 times
higher risk of stroke, and a high risk of acute chest syndrome or
malleolar ulcers (OR = 4.2 and 6.9, respectively). GSTMI null
genotypes had a high risk of developing malleolar ulcer, acute chest
syndrome and femoral head aseptic necrosis (de Oliveira Filho
et al, 2013). By combining metabolomics and network
pharmacology, we created a compound-enzyme-reaction-gene
network and detected that the hub target, GSTM1, was involved
in the metabolic pathway response of DFU rats treated with DP.
Molecular docking showed a better binding ability of DP and
GSTML1.

The liver produces phenylalanine hydroxylase (PAH), an amino
acid metabolic enzyme that catalyses the reaction of phenylalanine
to tyrosine, thus participating in the gluconeogenesis process. In
diabetes, the activity of this enzyme is obviously increased,
gluconeogenesis is accelerated, and blood sugar is increased
(Liang., 1996). In this study, we discovered that compared with
the Mod group, blood glucose of Adm group decreased significantly
after DP treatment. Further molecular docking analysis (the binding
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energy of DP and PAH is —8.7 kcal/mol) indicated that the
mechanisms of DP’s promotion of wound closure in DFU rats
may be through the inhibition of the activity of PAH, thereby
exerting a hypoglycaemic effect.

Tyrosine metabolism is also implicated in DFU. The
concentration of L-tyrosine is significantly elevated in DFU
patients. This is fatal in the chronic state and can lead to
amputation in severe cases (Roy, 2020). The Mod group had
more L-tyrosine than that of the Con group, which may have a
negative impact on wound healing. Bonner-Weir S, 1983, Liang,
1996, Lin, 2018.

Collectively, the main action mechanisms for treating DFU
by DP was attributed to the regulation of pyrimidine metabolism
and alanine, aspartate and glutamate metabolism and other
pathways and metabolites, as well as the regulation of protein
synthesis, energy supply, immune function and other biological
processes that promote wound healing (Figure 12).

However, this study has some limitations. We still need to
verify the precise mechanisms via systematic molecular biology
experiments. For example, this study will be more perfect if WB
and Q-PCR were added to detect the expression of important
targets in different groups and proteomics and transcriptomics
are used to further explore the mechanism of DP treatment of
DFU at different levels.

5 Conclusion

In this study, we used a combined metabolomics and network
pharmacology approach for the first time to elucidate the
mechanisms of DP in treating DFU rats. The topical application
of DP promotes wound healing in the DFU rats via various
mechanisms that result in the maintenance of tissue growth and
proliferation at the wound site. By inhibiting inflammation response
and oxidative stress, DP may suppress the prolonged inflammatory
phase in DFU wounds and stimulate collagen deposition to promote
wound healing. The results obtained in this study indicated the core
targets and mechanisms of DP in treating DFU rats. In DFU rats, DP
could regulate the metabolic response of skin tissue and accelerate
wound healing. The integration revealed four core targets with
associated metabolites and pathways. Molecular docking was
performed to further validate the interaction between targets and
DP. Our study provides theoretical and data support for a more in-
depth study of the mechanisms of DP in the treatment of DFU and
provides an experimental basis for the development of a new type of
dressing to promote the wound healing of DFU.
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Objectives: To develop a population pharmacokinetic (PopPK) model
describing unbound teicoplanin concentrations in Chinese adult patients and
perform Monte Carlo simulations to optimize the dosing regimens.

Methods: The raw data for PopPK analysis in this study were collected from
Chinese adult patients. A PopPK model of unbound teicoplanin was developed
and Monte Carlo simulations were used to optimize the dosing regimens. The
trough concentrations of unbound teicoplanin were targeted at 0.75 mg/L and
113 mg/L for most infection induced by Gram-positive bacteria and
endocarditis or severe infections, respectively.

Results: A total of 103 teicoplanin unbound concentrations were collected from
72 Chinese adult patients. A one-compartment pharmacokinetic model with
first-order elimination was established. The typical values of clearance and the
volume of distribution were 11.7 L/h and 811 L, respectively. The clearance and
volume of distribution of unbound teicoplanin were positively correlated with
estimated glomerular filtration rate (eGFR) and serum albumin concentrations,
respectively. Dosing simulation results showed that standard dosing regimens
were unable to meet the treatment needs of all patients, and the dosing regimen
need optimize based on eGFR and serum albumin concentrations. The high
eGFR and serum albumin concentration were associated with reduced
probability of achieving target unbound trough concentrations.

Conclusion: We successfully characterized the pharmacokinetics of unbound
teicoplanin in Chinese adult patients. Importantly, we further highlight the
importance of guiding dosing through unbound drugs. To achieve safe and
effective treatment, the dosing regimens need to be adjusted according to
eGFR and serum albumin concentrations.

KEYWORDS

unbound teicoplanin, Chinese adult patients, population pharmacokinetics, dosing
optimization, Monte Carlo simulation
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Introduction

Teicoplanin is a glycopeptide antibiotic and is widely used in
the treatment of serious infections caused by drug-resistant
Gram-positive  bacteria, such as  methicillin-resistant
Staphylococcus aureus (MRSA), methicillin-resistant coagulase-
negative Staphylococci and penicillin-resistant  Streptococcus
pneumonia (Lu and Song 2014). A review and meta-analysis
that included 24 randomized controlled trials concluded that
teicoplanin is not inferior to vancomycin with regard to efficacy
and is associated with lower adverse events rate than vancomycin
(Svetitsky et al., 2009).

Teicoplanin has time-dependent antibacterial activity with
evident post-antibiotic effects and has a long half-life of
elimination (30-180h) (Li and Wang, 2016; Gao et al., 2020).
Teicoplanin clinical efficacy is closely associated with trough
concentration (Cyougn). For most infection induced by Gram-
positive bacteria, the suggested therapeutic total Cy;oygh is no less
than 10 mg/L (detected by HPLC method); For endocarditis and
severe infection, the suggested therapeutic total Cougp is no less
than 15 mg/L (detected by HPLC method). Previous studies have
shown that adverse events increased significantly when Cirough
exceeds suggested range. Thrombocytopenia was more common
at total Cyougn > 60 mg/L (Pauluzzi et al, 1987), so the
therapeutic total Cirougn is suggested to not exceed 60 mg/L
(Tobin et al., 2010). At present, total Cyougn is used to guide
dosing, however, the standard dosing regimens (three loading
doses of 400 mg q12h followed by maintenance doses of 400 mg/
200mg qd) may not consistently achieve the therapeutic
concentrations.

Importantly, teicoplanin is highly bound to serum albumin
(90%-95%) (Gao et al.,, 2020) and the majority of drug is excreted
unchanged in the urine by glomerular filtration (Rowland, 1990;
Tobin et al., 2010). Only the unbound (free) teicoplanin is able to
distribute

(antibacterial) activity. Previous studies demonstrated the level

into body tissues and exert pharmacological
of serum albumin was an important determinant of teicoplanin
pharmacokinetic (PK) variability. Hypoproteinemia (serum
albumin < 25g/L) could result in higher unbound fractions
and large variability of protein binding ratio (Yano et al,
2007; Roberts et al., 2014; Byrne et al., 2017a). Theoretically,
one can expect higher active concentrations in patients with
hypoproteinemia. However, increased unbound fractions may
result in increased distribution and clearance (because glomeruli
only filtrate the unbound drug), which could reduce total
concentrations (Ulldemolins et al.,, 2011). Therefore, it might
be not comprehensive to evaluate the efficacy and safety of
teicoplanin only by total concentrations (Aulin et al., 2021).
Meanwhile, for the antibacterial drugs whose efficacy are
evaluated by trough concentrations, the correlation between
unbound concentrations and efficacy is greater than that of
total concentrations (Brink et al., 2015). Consequently, in the
clinical, while monitoring the total concentrations, it is also
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necessary to focus on the unbound concentrations of the
patients.

According to the estimation method in previous study (Byrne
et al,, 2018), the therapeutic unbound teicoplanin Ciougn Was
calculated based on the suggested therapeutic total Cirough
described above and the protein binding ratio (90%-95%). In
this study, the protein binding ratio was calculated as the average
value of 92.5%. For the most infection induced by Gram-positive
bacteria, the suggested therapeutic unbound Ci;ougn Was no less
than 0.75 mg/L. For endocarditis and severe infection, the
suggested therapeutic unbound Cgouen Was no less than
1.13 mg/L. And the unbound Ciougn Was suggested to not
exceed 4.5 mg/L.

Recently, Therapeutic drug monitoring (TDM) combined
with population pharmacokinetics (PopPK) are commonly used
to achieve individual dosing (Su et al., 2015). Since the 1990s,
there have been several teicoplanin PopPK studies (Ramos-
Martin et al., 2014; Byrne et al., 2017b; Kasai et al., 2018), but
most studies to date were based on foreign population, and
focused on total teicoplanin concentrations rather than unbound
concentrations. Considering the ethnic differences, it might not
be appropriate to directly extrapolate the PopPK model to the
Chinese population. To ensure the safety and efficacy of
teicoplanin in Chinese adult patients, this study collected
unbound teicoplanin concentrations and other clinical data of
Chinese adult patients, developed a PopPK model describing
unbound teicoplanin and performed Monte Carlo simulations to
propose optimal dosing regimens likely to achieve suggested
therapeutic unbound concentrations in Chinese adult patients.

Materials and methods
Study population and data collection

This was a prospective study, the raw data of teicoplanin used
for the PopPK analysis were collected from patients treated with
teicoplanin at 900th Hospital of Joint Logistics Support Force
between January 2019 and December 2019. Patients aged
18 years or older treated with teicoplanin intravenously were
included. The pregnant female patients, hemodialysis patients,
disseminated intravascular coagulation patients, and continuous
renal replacement therapy patients were excluded.

Data used for PopPK analysis in this study included, but were
not limited to, demographics (gender, age, and weight [WT]),
physiological and biochemical parameters (serum creatinine
[Scr], blood urea nitrogen [BUN], cystatin C [Cys C], white
blood cell [WBC] and serum albumin), dosing information
infusion time, administration
and PK
(sampling time, unbound concentrations), etc. Estimated
glomerular filtration rate (eGFR) was estimated by CKD-EPI
equations (Center for Drug Evaluation, 2021):

(trade name, dose, rate,

administration  interval), sampling information
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~0.329
x 0.993%% if female and Scr< 0.7

(1)

eGFR = 144 x (i>
0.7

-1.209
eGFR = 144 x (ﬁ) % 0.993%%¢ if female and Scr > 0.7
(2)
-0.411

Scr
x 0.993%8 if maleand Scr<0.9 (3)

eGFR = 141 x (—)
0.9

(@)
0.9

Note: Age: years, Scr: mg-dL™", 1 mgdL™" = 88.4 umol L'

-1.209

eGFR = 141 x x 0.993%8 if maleand Scr>0.9 (4)

This study has been approved by the Ethics Committee of
900th Hospital of Joint Logistics Support Force, and all subjects
signed informed consent form.

Teicoplanin dosing, blood sampling, and
measurement

Teicoplanin was administered intravenously by infusion for
40 min. According to the relevant guidelines (Li and Wang,
2016), the standard dosing regimens of teicoplanin was
400 mg every 12 h for three doses followed by 400 mg/200 mg
once daily. However, prescribed dosing regimens were at the
discretion of treating physicians based on the severity of the
patient’s disease and the standard dosing regimen was not always
followed. The daily dose range of patients included in this study
was 50-1,600 mg.

Blood samples were typically collected within 30 min to 1h
preceding the 4th dose and the 6th dose, and depending on the
actual clinical situation, blood samples might be taken at other
time for TDM during the treatment. The Plasma samples were
placed in a Centrifree” ultrafiltration device and placed in a 37°C
water bath for 30 min, followed by centrifugation at 37°C, 1,500 x g
for 30 min, and the ultrafiltrate was directly used for the
determination of unbound concentration by ultra-performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/
MS) method. The calibration curve of unbound teicoplanin in
plasma was linear over the range of 0.10-8.00 pg/ml (r = 0.999).
The intra-assay precision and the inter-assay precision of samples
did not exceed 7.00%. The average relative recovery ratio was
97.9%, and the matrix effect factor was 0.97. Details of blood
handling, storage and measurement have been described
previously (Fu et al., 2020).

Population pharmacokinetic analysis
The PopPK modeling was performed using NONMEM
(non-linear mixed effects modeling, v7.2, Globomax Corp,

United States), and Wings for NONMEM (v6.1, Nick Holford,
University of Auckland, New Zealand) was used as an auxiliary
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software for NONMEM execution. R (v3.6.1, Saik Urien, U.R.C.
Paris Centre, Hopital Tarnier, France) was used for exploratory
data analysis, data assembly, and graphical presentation of
modeling and simulation results.

One-compartment (ADVANI TRANS2) and two-
compartment (ADVAN3 TRANS4) PK models with first-
order elimination were used to fit the PK observations of
unbound teicoplanin. The parameter estimation method for
PopPK model was FOCEI (first order conditional estimation
with n-¢ interaction option). The inter-individual variability
(IIV) of the parameters were estimated using exponential
random effects.

0,=0-¢" (5)

Where ; is the estimated parameter value of the individual i, 6
represents the typical population parameter, and n; (IIV) is
assumed to follow the normal distribution with mean of
0 and variance of w” and was estimated during model fitting.

The additive, proportional, and mixed residual error models
were compared separately, and finally the mixed residual error
model was selected for data fitting.

Y=Fx (l+&)+& (6)

where Y represents the observed unbound teicoplanin
concentrations, F is the individual prediction, and ¢; and e,
are the proportional error and additive error, respectively, which
followed the normal distributions with mean of 0 and variance of

0,” and 0, respectively.

Covariate analysis

Covariate modeling analysis was used to explore the source of
variability. Age, gender, WT, Scr, BUN, Cys C, serum albumin,
eGFR, WBC and the teicoplanin type (teicoplanin produced by
Sanofi-Aventis S. p.A or HISUN) received during teicoplanin
therapy were investigated as potential variables on PK
parameters.

The stepwise covariate modeling approach was used to
establish the covariate model in this analysis. During the
forward selection step, all covariates were added to the PK
parameters in the base model one by one. Covariates were
screened based on the changes in objective function values
(OFV) and graphical evaluation. The covariate with a
significant effect (p < 0.05, e.g., df = 1, AOFV > 3.84) would
be added to the basic model to build a full model. Based on the
full model, the existing covariates were deleted one by one as the
backward elimination step. For each deleted covariate, the
increase in OFV should be > 10.83 (p < 0.001, df = 1),
otherwise, this covariate should be excluded from the final model.

Continuous covariates (e.g., WT) were added to the model
according to the following equation.
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cov;

O«
61 = GTV X
COVmedian

Where 6; is the parameter value of the ith individual; 01y is the

™)

population typical value of PK parameters; cov; is the covariate
value of the ith individual; covyegian is the median value of this
covariate; 0, is the influence coefficient of the covariate on the
parameters.

Categorical covariates (e.g., gender) were added to the model
according to the following equations:

ei = GTV + ex,wv:xl if Cov = X
91 = GTV if Cov = XO

®)
)

Where 6y cov-x is the change in a parameter when covariate X is
at level 1 compared with the reference level (0).

Model evaluation

To evaluate the accuracy, appropriateness and stability of the
final model, goodness-of-fit plots, non-parametric bootstrap,
normalized prediction distribution errors (NPDE) were
performed.

Goodness-of-fit plots were used to assess the appropriateness
of the model. It included the plots of observed values against
individual or population predictions and conditional weighted
residuals (CWRESs) against time or population predictions.

The performance and stability of the final model were
estimated using non-parametric bootstrap. 1,000 datasets
generated by random sampling were evaluated. The 95%
confidence interval and median of the final parameters were
calculated and compared to the final parameters estimated by
NONMEM program.

The descriptive performance of the model was evaluated by
calculation of the NPDE.

performed based on the final model. The results were used for

1,000 times simulations were

plotting, including quantile-quantile plot, the NPDE histogram,
NPDE versus time and PRED plots.

Simulation and dosing optimization

Monte Carlo simulations were performed for adult
patients (n = 1,000) based on the final PopPK model. Six
levels of eGFR (20, 30, 45, 60, 90, and 130 ml/min) and six
levels of serum albumin concentrations (15, 20, 25, 30, 35, and
40 g/L) were evaluated. Three loading doses (q12h) followed
by maintenance doses (qd) were simulated. The probability of
target attainment (PTA) for achieving a target unbound
Cthrough of 0.75mg/L (most infection induced by Gram-
positive bacteria) or 1.13 mg/L (endocarditis and severe
infection) at 48 h and 96 h was calculated. The PTA (risk)
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of achieving the unbound Cyp,ougn 0f 4.5 mg/L at 96 h (Cihrough
> 4.5 mg/L means more adverse events)was also calculated.
The optimal dosing regimens were finally selected based on
above PTA calculations.

Results
Study population

Data for the PopPK analysis were obtained from 72 subjects,
including 26 female patients and 46 male patients. A total of 103
PK observations were obtained. Demographic information and
physiological or biochemical parameters for this analysis are
presented in Table 1.

Population pharmacokinetics modeling

In this analysis, one-compartment and two-compartment
models were used as structural models to fit the PK observations.
The results showed that one-compartment model could successfully
minimize and the parameters were estimated reasonably
(OFV = -244, condition number = 18.8). Compared with one-
compartment model, the two-compartment model showed no
significant change in OFV value (AOFV = -024), and the
condition number was large (condition number = 1.16e + 007),
at the same time, the IIV of the clearance between peripheral and
central compartments and the volume of distribution in peripheral
compartment could not be accurately estimated. Based on above
analyses, the one-compartment PopPK model with first-order
elimination was selected as the basic structural model describing
the PK characteristics of unbound teicoplanin.

The results of covariate analysis showed that eGFR was a
significant covariate of the clearance (CL) of the unbound
teicoplanin, serum albumin concentrations significantly
affected the volume of distribution (V) of the unbound
teicoplanin, and the model OFV values decreased by
11.037 and 13.442, respectively. Type of teicoplanin,
gender, age, WT, Scr, BUN, WBC and Cys C were not
significant covariates of the PK parameters of the unbound
teicoplanin. The final model could be described using
following equations:

GFR 0.476
CL(L/h) = 11.7 x (684 ) x el (10)
ALB\'
V(L) = 811 x (?) x e (11)

where CL is clearance, eGFR is estimated glomerular filtration
rate, ALB is serum albumin concentrations, V is the volume of
distribution. The final model parameter estimates are shown in
Table 2.
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TABLE 1 Characteristics of patients included in the study.

Parameters
(unit)

Number of patients (male/female)
Number of PK observations
Age (years)
WT (kg)
Type of teicoplanin/(teicoplanin produced by Sanofi-Aventis or HISUN)
Daily dose (mg)
Unbound teicoplanin concentrations (ug/ml)
Scr (umol/L)
BUN (mmol/L)
Cys C (mg/L)
eGFR (ml/min)
Albumin (g/L)
WBC (10°/L)
The infection type (%)
Pulmonary infection
Bacteremia
Pyemia
Abdominal infection
Skin infection
Hepatapostema

Biliary tract infection

10.3389/fphar.2022.1045895

Value*

72 (46/26)

103

69 + 20 (18-99)

61.0 + 9.8 (40-85)
44/28

50-1,600

1.5 % 0.9 (0.4-4.4)

86.2 + 48.3 (32.1-263.0)
95 + 7.4 (1.6-36.8)

1.4 + 0.8 (0.6-3.7)

80.8 + 27.1 (17.4-134.0)
31.0 + 5.1 (18.3-46.0)
10.6 + 5.3 (2.1-32.5)

58 (80.6)
3 (42)
4 (5.6)
2 (2.8)
6 (8.3)
1(1.4)
2 (2.8)

Note: BUN, blood urea nitrogen; Cys C, cystatin C; eGFR, estimated glomerular filtration rate; PK, pharmacokinetic; Scr, serum creatinine; WBC, white blood cell; WT, weight.

“values are expressed as mean + SD (range) or as n.

TABLE 2 PK parameter estimates and results of bootstrap analysis for the final model.

Parameter NONMEM Bootstrap Bias (%)
Estimates RSE (%) Shrinkage (%) Median 95% CI

Ocy (L/h) 11.7 7.4 — 11.38 9.06-13.4 -2.72

Oy (L) 811 111 — 822 616-1,025 1.42

OaLs (g/L) 1.60 27.4 — 1.55 0.690-2.55 -3.11
Becrr (ml/min) 0.476 50 — 0.501 0.229-1.40 521

new (%) 38.6 165 35 362 17.9-49 -6.17

nv (%) 53.7 132 31 51.9 23.6-71.0 -3.34

& (%) 183 14.5 36 17.8 9.04-25.0 -3.03

€, (ug/ml) 0.122 413 36 0.119 0.0207-0.198 -233

Note: Oy, The population parameters typical value of clearance; 6y, The population parameters typical value of the volume of distribution; 6 51 5, The population parameters typical value of
ALB; 0.Grr, The population parameters typical value of eGFR; ey, Inter-individual variation in clearance; ny, Inter-individual variation in the volume of distribution; ¢, Residual variation;
CI, Confidence interval; RSE, relative standard error; Bias, prediction error; Bias% = (Bootstrap Median-NONMEM Estimates)/ NONMEM Estimates x 100%.

Model evaluation

The goodness-of-fit plots for final model are presented in
Figure 1. The results of model diagnosis showed that
population predicted versus observed concentrations were
evenly distributed around the line of y = x, and less scatter
points deviated far from the line of y = x. The individual
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predicted versus observed concentrations were evenly
distributed around the line of y = x. Conditional weighted
residuals versus population predictions and time after the
first dose were evenly distributed around the line of y = 0.
The model diagnostic plots showed that the established
model fit the data well, and the selected error model was
adequate.
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predicted concentrations, respectively (A,B); the lower left and lower right panels represent conditional weighted residuals versus population
predicted concentrations and the time after the first dose, respectively (C,D). The line in the upper panelis y = x; the line in the lower panelisy = 0.

The parameter estimates of the final model and the
results of non-parametric bootstrap analysis are shown in
Table 2. The bootstrap results showed the successful
minimization in 875 of the 1,000 simulations. The median
values were close to the final parameters estimated by
NONMEM program, with <6.5% bias, and the final model
parameter estimates were within the 95% confidence
intervals of bootstrap results, indicating that the
performance of the model was stable.

Evaluation of the NPDE distribution showed that the
mean of the NPDE was not significantly different from 0
(Wilcoxon signed rank, p = 0.131 > 0.05), the variance was not
significantly different from 1 (Fisher test, p = 0.142 > 0.05) and
the NPDE distribution was not significantly different from a
normal distribution (Shapiro-Wilks, p = 0.561 > 0.05). The
NPDE plots of the final model are presented in Figure 2. It can
be seen that the NPDE followed a normal distribution and no
trend in the scatterplots was observed. The results confirmed
that the final model could adequately describe the
observed data.
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Simulation and dosing optimization

Monte Carlo simulations were performed based on the final
model and the simulated population was stratified by the various
eGFR and serum albumin levels. The PTA for achieving a target
unbound Cyrougn of 0.75 mg/L (most infection induced by Gram-
positive bacteria) or 1.13 mg/L (endocarditis and severe infection) at
48h or 96h were calculated. The PTA results for the various
teicoplanin loading dose regimen simulations for unbound Crougn
at 48 h are shown in Figure 3. The simulation results showed that PTA
decreased as eGFR and serum albumin concentration increased, and
PTA increased as the loading dose increased. The standard loading
dose regimen of 400 mg for three doses could only achieve PTA >
80% in patients with low eGFR or serum albumin concentrations, and
higher loading doses were required in patients with high eGFR and
serum albumin concentrations. In addition, with the same eGFR and
serum albumin concentrations, patients with endocarditis and severe
infection require a higher loading dose to achieve PTA > 80%. Table 3
summarizes the dosing regimens (loading dose and maintenance
dose) with > 80% PTA at 48 h or 96 h, and the probability (risk) of
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Normalized prediction distribution error (NPDE) plots of final model. Note: (A) quantile-quantile plot of the distribution of the NPDE against
theoretical distribution; (B) histogram of the distribution of the NPDE against theoretical distribution; (C) scatter plot of NPDE vs. time after the first

dose (TAFD); (D) scatter plot of NPDE vs. predicted concentrations.

achieving unbound Cyrouen = 4.5mg/L at 96 h for each dosing
regimen. The simulation results for the recommended dosing
regimens are provided as Supplementary Material.

Discussion

This study was the first to establish a PopPK model of
unbound teicoplanin in adult Chinese patients and assess the
effect of intrinsic/extrinsic factors on the PK characteristics of
unbound teicoplanin. At the same time, the optimal dosing
regimens for achieving target unbound Ciougn Were obtained
by Monte Carlo simulation, providing a reference for clinical
application.

In this study, due to the limitation of clinical circumstances,
it was difficult to perform relatively intensive PK sampling to
The
sampling method was sparse sampling, with an average of

describe the complete concentration-time profiles.
only 1-5 sampling points per patient, and most were trough

concentrations. This was close to the sampling method in the
study by Kasai et al. (2018) and Byrne et al. (2018). Such
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sampling data could accurately describe the elimination
phase. A one-compartment model was optimal and adopted
for the modeling of the data. The results of covariate analysis
showed the eGFR was a significant covariate on CL, and serum
albumin was a significant covariate on V.

The typical value of CL was 11.7 L/h, which was close to the
value of 7.29 L/h for the unbound teicoplanin in the previous
study (Byrne et al., 2018). The typical value of V was 811 L,
which was greater than the value of total teicoplanin obtained in
our previous PopPK study (83.1 L) (Fu et al., 2021). Because
teicoplanin is highly bound to serum albumin (90%-95%), it
was justified that only unbound drug could distribute into
tissues and was more widely distributed than total drug. The
renal function (eGFR) was positive correlation with unbound
teicoplanin CL, but the relative standard error of eGFR was
relatively large (RSE = 50%). It might be due to the large ITV of
patients as well as limited sample size. Considering eGFR could
significantly improve the goodness-of-fit of the model and the
result was also in keeping with teicoplanin’s elimination
characteristics (Wilson, 2000), the final model retained eGFR
as a covariate. The finding was consistent with the results
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1200

Monte Carlo simulations and PTA for unbound trough concentrations at 48 h for various loading dose regimens. Note: Loading doses were
administered every 12 h for three doses and unbound trough concentrations were simulated at 48 h. The dash line represented a PTA of 80%. (A)
Most infection induced by Gram-positive bacteria, (B) endocarditis and severe infection.

obtained in the previous studies (Soy et al., 2006; Matsumoto
etal, 2016; Ogami et al., 2020). In addition, the serum albumin
concentrations of patients included in this study ranged from
18.3 to 46 g/L, covering a wide range, and included patients
with hypoproteinemia (<25 g/L). The covariate analysis also
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revealed that the serum albumin level was positive correlation
with V. The volume of distribution was lower in patients with
low serum albumin levels, and the unbound concentrations
were higher at certain doses. The finding was consistent with
the previous studies (Yano et al., 2007; Zhao et al.,, 2015) that
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TABLE 3 Optimal dosing regimens achieving target unbound teicoplanin C,ough at 48 h for loading dose regimens and at 96 h for maintenance dose

regimens (PTA > 80%).

eGFR (ml/min) ALB (g/L)

15 20

Most infection induced by Gram-positive bacteria

25

Loading dose (mg)/maintenance dose (mg) to achieve unbound target Cihrougn 0f 0.75 mg/L [Probability of unbound Ceprough = 4.5 mg/L at 96 h (%)]

20 400/400 (1.7) 400/200 (0)
30 400/400 (0.4) 400/400 (0)
45 400/400 (0.1) 400/400 (0)
60 600/600 (0.8) 400/400 (0)
90 800/800 (1.7) 600/600 (0)
130 1,000/1,000 (1.7) 800/800 (0.4)

Endocarditis and severe infection

400/200 (0)
400/200 (0)
400/400 (0)
400/400 (0)
600/600 (0)
600/600 (0)

30 35 40

400/200 (0) 600/200 (0) 600/200 (0)
400/200 (0) 600/200 (0) 600/200 (0)
600/200 (0) 600/200 (0) 600/200 (0)
600/400 (0) 600/400 (0) 600/400 (0)
600/400 (0) 600/400 (0) 800/400 (0)
600/600 (0) 600/600 (0) 800/400 (0)

Loading dose (mg)/maintenance dose (mg) to achieve unbound target Cyprougn Of 1.13 mg/L (Probability of unbound Cpeugn>4.5 mg/L at 96 h [%])

20 400/400 (1.7) 400/400 (0.5)
30 600/600 (5.3) 600/400 (0.7)
45 600/600 (2.6) 600/600 (1.5)
60 800/800 (4.6) 600/600 (0.7)
90 1,000/1,000 (4.6) 800/800 (1.6)
130 1,200/1,200 (4.7) 1,000/1,000 (0.2)

600/200 (0.2) )
600/400 (0.1) )
600/600 (0.4) 800/400 (0.4)
800/600 (1.0) )
800/800 (0.9) )
1,000/800 (0.4) )

600/200 (0.2
600/400 (0.1

800/200 (0.3)
800/400 (0.4)
800/400 (0)
800/600 (0.4)
1,000/600 (0.2)
1,000/800 (0)

800/200 (0.4)
1,000/200 (0)
1,000/400 (0.2)
800/600 (0.2 1,000/400 (0.1)
800/600 (0.2 (
(

1,000/800 (0

1,000/600 (0.1)
1,000/800 (0)

Note: ALB, albumin; Cyougn, trough concentration; eGFR, estimated glomerular filtration rate; PTA, probability of target attainment.

there unbound

concentrations

suggested were  higher teicoplanin
with ALB

Ulldemolins et al. (2011) also proposed that serum albumin

in patients lower levels.
concentrations significantly impacts CL or V in highly protein-
bound drugs.

It was found that body weight significantly affected the
volume of distribution of teicoplanin in patients with
haematological malignancy in the previous studies (Byrne
et al., 2017b). However, this study did not find the significant
effect of body weight on PK parameters of unbound
teicoplanin. The possible reasons are as follows: 1) the
majority of patients’ (more than 80%) body weight was
centrally distributed between 50 and 70kg; 2) some
patients were long-term bedridden and unable to measure
the body weight accurately; 3) small sample size with certain
limitations.

Based on the parameters of the final model, the dosing
regimens were designed by simulation in patients with
different levels of eGFR and serum albumin concentrations
to achieve the PTA of no less than 80%. We found that the

standard dosing regimen (three loading doses of 400 mg q12h
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followed by maintenance doses of 400 mg/200 mg qd) did not
meet the treatment needs of all patients and higher PTA could
only be achieved in patients with low eGFR and ALB levels. In
particular, a dose increase may be necessary in patients with
enhanced renal function and high serum albumin levels, or in
patients with endocarditis and severe infection. Meanwhile,
patients with renal impairment and hypoproteinemia at the
same dose had a relatively increased risk of adverse events
(probability of
concentrations >4.5 mg/L). This suggested that in clinical,

attaining trough unbound
it would be useful to measure unbound concentrations, and
the dosing regimen needed to be adjusted in time according to
the patient’s eGFR and serum albumin concentrations.

Several limitations of this study warrant mention. This study
was a single center study and a different result may have been
obtained if multiple centers had been studied. The main
limitation of this study was the sample size of our data set.
Although the sample size could meet the needs of PK modeling, it
was necessary to expand the sample size while collecting more
blood samples obtained by intensive sampling to further evaluate
and optimize the model of unbound teicoplanin.
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Conclusion

In conclusion, in order to optimize teicoplanin therapy in adult
Chinese patients, a PopPK model of the unbound teicoplanin
this
recommendations for individualized dosing regimens were made

concentrations ~ was  developed in study and
by simulation. The effects of eGFR and serum albumin
concentrations on PK parameters of unbound teicoplanin were
proposed. Importantly, our study further highlights the importance
of guiding dosing through unbound drugs. It was recommended
that in clinical, a reasonable dosing regimen should be designed
according to the patient’s eGFR and serum albumin concentrations,

which was a key step to achieve individualized dosing.
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analysis and dose optimization of
valproic acid in Chinese southern
children with epilepsy: Effect of
ABCB1 gene polymorphism
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Wenzhou Li*, Jiahao Zhu'?, Yaodong He'?, Huijuan Guo?,
Chenshu Xu?® and Xiaomei Fan'*

1Shenzhen Baoan Women's and Children’s Hospital, Jinan University, Shenzhen, China, 2College of
Pharmacy, Jinan University, Guangzhou, China, *School of Pharmaceutical Sciences, Health Science
Center, Shenzhen University, Shenzhen, China

Objective: The aim of this study was to establish a population pharmacokinetic
(PPK) model of valproic acid (VPA) in pediatric patients with epilepsy in southern
China, and provide guidance for individualized medication of VPA therapy.

Methods: A total of 376 VPA steady-state trough concentrations were collected
from 103 epileptic pediatric patients. The PPK parameter values for VPA were
calculated by using the nonlinear mixed-effects modeling (NONMEM) method,
and a one-compartment model with first-order absorption and elimination
processes was applied. Covariates included demographic information,
concomitant medications and selected gene polymorphisms. Goodness-of-
fit (GOF), bootstrap analysis, and visual predictive check (VPC) were used for
model evaluation. In addition, we used Monte Carlo simulations to propose
dose recommendations for different subgroup patients.

Results: A significant effect of the patient age and ABCB1 genotypes was
observed on the VPA oral clearance (CL/F) in the final PPK model.
Compared with patients with the ABCBI rs3789243 AA genotype, CL/F in
patients with GG and AG genotypes was increased by 8% and reduced by
4.7%, respectively. The GOF plots indicated the satisfactory predictive
performance of the final model, and the evaluation by bootstrap and VPC
showed that a stable model had been developed. A table of individualized

Abbreviations: VPA, Valproic acid; ILAE, International League against Epilepsy; AED, Antiepileptic drug;
TDM, Therapeutic drug monitoring; PK, Pharmacokinetic; PPK, Population pharmacokinetic; LEPR,
Leptin receptor; SCN1A, Sodium channel neuronal type | alpha subunit; NONMEM, Non-linear mixed-
effects modeling; SNP, Single nucleotide polymorphism; OFV, Objective function value; AIC, Akaike
information criterion; BIC, Bayesian information criterion; GOF, Goodness-of-fit; CWRES, Conditional
weighted residual; VPC, Visual predictive checks; PTA, Probability of target attainment; RSE, Relative
standard error; IV, Inter-individual variability; RV, Residual variability; TDD, Total daily dose.
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dosing regimens involving age and ABCB1 genotype was constructed based on

the final PPK model.

Conclusion: This study quantitatively investigated the effects of patient age and
ABCBI1 rs3789243 variants on the pharmacokinetic variability of VPA. The PPK
models could be beneficial to individual dose optimization in epileptic children

on VPA therapy.

KEYWORDS

valproic acid, epileptic children, population pharmacokinetics, NONMEM, genetic

polymorphism

1 Introduction

Epilepsy is one of the most common and most disabling
chronic neurological disorders, characterized by an enduring
predisposition to generate recurrent epileptic seizures
(Devinsky et al., 2018). There are more than 70 million
people of all age groups worldwide who suffer from epilepsy
(Loscher et al., 2020). The prevalence of epilepsy in children is
particularly high, ranging from 4 to 9 per 1,000 children, and is
increasing each year (Mac et al., 2007). Valproic acid (VPA) is
currently recommended by the ‘International League against
Epilepsy’ (ILAE) as a first-line antiepileptic drug (AED) for
children (Glauser et al., 2013), due to its broad spectrum of
action against various kinds of seizures.

The exact mechanisms of VPA remain to be understood.
Nevertheless, several studies have proposed that VPA can
intensify the synthesis and release of gamma aminobutyric
acid (GABA), an inhibitory neurotransmitter in the central
nervous system, thereby suppress seizures (Rogawski and
Loscher, 2004; Berg et al, 2008). VPA is rapidly and
completely absorbed, and the available data have suggested
the nearly total bioavailability (close to 1.0) for oral solutions
and capsules (Johannessen and Johannessen, 2003). It is a highly
protein-bound drug to albumin, and its protein binding is
concentration-dependent (Patsalos et al., 2017). The saturable
binding and a higher unbound fraction exhibit when VPA
concentrations above 50 mg/L, which results in a non-linear
relationship between daily dose and serum concentration
(Perucca, 2002; Patsalos et al., 2008). For VPA half-life, an
average value is 10-12 h. Additionally, higher VPA clearance
and shorter half-life children
(Methaneethorn, 2018).

VPA is mainly metabolized by the liver, with only a small

have been reported in

amount of unchanged form being excreted by the urine
2003). Tt the
Glucuronidation uridine

(Johannessen and Johannessen, includes

following main routes: via
diphosphate glucuronosyltransferase (UGT), beta-oxidation in
mitochondria (both as major metabolic routes accounting for
50% and 40%, respectively), and a minor route of cytochrome
P450  (CYP)-mediated

(approximately 10%) (Xu et al., 2018).

oxidation and  hydroxylation
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According to the Consensus Guidelines, the effective VPA
therapeutic reference range for epilepsy is 50-100 mg/L with a
broad recommended dose range (Hiemke et al., 2018). Some
researchers have reported that the rates of adverse reactions
(including nausea, vomiting, weight gain, teratogenicity and
with  VPA
levels >125mg/L (Zang et al, 2022). However, serum

hepatotoxicity) were higher in patients
concentration levels may vary considerably among patients
taking the same dose of VPA (Ferraro and Buono, 2005).
Several factors involved in VPA absorption (diet and dosage
form), distribution (body weight, age, dose, and protein
binding), and metabolism (sex, dose, gene polymorphism of
enzymes related to VPA glucuronidation and oxidation, drug-
drug interactions with other commonly used AEDs) have a
significant influence on VPA clearance, which cause to the
high variability of VPA
pharmacokinetic (PK) 2018).

therapeutic window

intra-individual
(Mei et
in VPA and narrow

inter- and

al, The large
variability
necessitate therapeutic drug monitoring (TDM) and
individualized dosing regimens, thus ensuring optimal
efficacy and avoiding adverse effect, especially in pediatric
patients.

A population pharmacokinetic (PPK) modeling approach
can help identify the quantitative impact of individual variability
on VPA PKin a target population (Kiang et al., 2012). Compared
with traditional empirical dosing, model-informed precision
dosing (MIPD) can aid in optimizing individual dosing based
physiology, pathology,

characteristics to improve the attainment of the predefined

on patient genetics and other
targets (Darwich et al,, 2021). In addition, this new approach
is more flexible in clinical applications such as non-steady state
drug  concentrations clinically  unstable patients
(Methaneethorn, 2018). Analysis of PPK requires sparse PK

sampling from patients and is applicable to children in

or

particular. To date, although there have been a substantial
number of PPK studies in the pediatric population addressing
the association of demographic factors with PK variability of
VPA (Botha et al.,, 1995; Correa et al.,, 2008; Ding et al., 2015;
Rodrigues et al., 2018), few of them were focused on the effect of
genetic polymorphisms (Jiang et al., 2007; Xu et al., 2018; Guo
et al., 2020).
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With the development of the pharmacogenomics in VPA, it
has helped to identify a large number of candidate genes, such as
drug metabolizing enzymes, regulating signaling pathways
effect
pathways related gene mutations, associating with the increase

(membrane transporters and nuclear receptors),
or decrease of VPA serum concentration (Ghodke-Puranik et al.,
2013). Besides, genes that have been demonstrated in influencing
its PK behavior could also partly illustrate inter-individual
variability among patients taking VPA, including UGT1A3/
1A4/1A6/1A8/1A9/1A10/2B7, CYP2A6/2B6/2C9/2C19,

receptor (LEPR), ABC transporter, adenosine monophosphate-

leptin

activated protein kinase (AMPK), and sodium channel neuronal
type I alpha subunit (SCNIA) (Zhu et al., 2017; Xu et al., 2018).
However, little is known about the quantitative impact of these
genotypes as covariates on variability in the PK parameters of
VPA in children with epilepsy.

The purpose of this study is to identify potential covariates
(including clinical and genetic factors) that could explain the PK
variability of VPA within the Chinese pediatric population, and
to establish mathematical modeling reflecting these covariates
using the nonlinear mixed-effects modeling (NONMEM)
method. It is expected that this PPK model can provide
information in the clinic for the individualization of VPA
dosage in epileptic children.

2 Materials and methods
2.1 Patients and data collection

All the patients were diagnosed with definitely characterized
epilepsy or epileptic syndrome by two independent neurologic
clinicians on the bias of the latest version of ILAE commission’s
classification criterion (Scheffer et al., 2017). Serum samples for
VPA trough concentration determination at a steady-state were
collected retrospectively from pediatric patients with epilepsy in
Baoan Women’s and Children’s Hospital (Shenzhen, China)
from September 2016 to January 2022. VPA was administered
orally two to three times a day in the forms of syrup (Depakine,
Hangzhou Sanofi Minsheng Pharmaceutical Co. Ltd., Hangzhou,
China) tablets
Pharmaceutical Co. Ltd., Hunan, China).

or conventional (Hunan Xiangzhong

The children with epilepsy aged <16 years old who received
VPA alone or in combination with other AEDs were included in
this study. Those with a history of pseudo-epileptic seizure,
impaired hepatic and/or renal function, or the existence of
any diseases which presented gastrointestinal symptoms
similar to side effects induced by antiepileptic drugs were
excluded. Comprehensive demographic information was
collected for the patients at the time of enrollment in the
study, including age, weight, sex, VPA dosage regimen details
(dose, dosing time, and frequency), VPA total serum

concentrations and concurrent medications.
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The study was approved by the Baoan Women’s and
Children’s Hospital Ethics Committee (Appr. Number LLSC
2020-10-06-KS, date of approval: 25 September 2020) and
performed in accordance with the Declaration of Helsinki and
its amendments. Written informed consents were obtained from

all patients” guardians.

2.2 Analysis of VPA in serum samples

After at least 1 week of VPA stable dosing regimens, the
patients were assumed to have reached steady-state serum
concentrations. Given the reported diurnal variation in VPA
concentrations, and trough concentration in the morning is the
most stable level, so the blood samples were obtained before the
morning dose (Methaneethorn, 2018). Serum concentrations of
VPA were analyzed by homogeneous enzyme immune assays
(Viva-E, Siemens, Erlangen, Germany; commissioned to
Kingmed Diagnostics Group Co., Ltd.). The coefficients of
variation within and between assays were less than 10%, and
the analytic measurement range was 1-600 mg/L with 1 mg/L as

the lower limit of quantification.

2.3 Genotype identification

Genomic DNA samples were extracted from 1.5 ml of whole
blood. of
polymorphisms (SNPs) were amplified by the polymerase

Target gene fragments single nucleotide
chain reaction (PCR), which was performed as detailed in our
previous study (Fan et al., 2020). The following SNPs were
selected for genotyping by reviewing the pharmacogenetic
studies related to ABC transporters, VPA metabolism, nuclear
receptors, and the efficacy of VPA treatment (Kwan et al., 2009;
El-Khodary et al., 2012; Nakashima et al., 2015; Queckenberg
et al., 2015; Li et al., 2016; Talwar et al., 2017; Chen et al., 2018;
Margari et al., 2018; Wang et al., 2018; Xu et al., 2018; Al-Eitan
et al., 2019; Chouchi et al., 2019; Shi et al., 2019; Liu et al., 2020;
Makowska et al., 2021). Genotyping of all polymorphisms was
carried out using Sequenom MassArray System (Agena
Bioscience, San Diego, CA, United States) and iPLEX" Gold
Assay. The MassArray Typer 4.0 software was used for data
acquisition and analysis. All SNPs were calculated to confirm if

they were in Hardy-Weinberg equilibrium.

2.4 Population pharmacokinetic model
development

The PPK model of VPA for pediatric patients was established
using non-linear mixed effect modeling software, NONMEM"
program (version 7.5, ICON Development Solutions, Ellicott
City, MD, United States), to describe the relationship between
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TABLE 1 A summary of demographic information in children with
epilepsy.

Characteristics Values
Number of patients/VPA samplings 103/376
Male/Female 56/47

530 + 3.39 (0.5-15)

19.9 + 10.6 (6.5-52.0)

23.8 £ 5.7 (9.9-45.7)

60.54 + 19.32 (14.67-110.99)

Age (years)

Weight (kg)

VPA daily dose (mg/kg/day)
VPA concentration (mg/L)
Co-medicated drugs, n (%)

Levetiracetam 52 (13.83%)
Oxcarbazepine 42 (11.17%)
Topiramate 16 (4.26%)
Clonazepam 14 (3.72%)
Phenobarbital 12 (3.19%)
Midazolam 0 (2.66%)
Ibuprofen 6 (1.6%)

VPA serum concentrations and time data and to conduct model-
based simulations. The output visualizations and the model

evaluations were performed in the R programming
environment (version 4.1, http://www.r-project.org) and
Pirana® (version 3.0, http://www.pirana-software.com). The

first-order conditional estimation method with interaction
(FOCE-I) was used to estimate the PK pharmacokinetic
parameters and their variability.

2.4.1 Base model

Based on previous reports, the VPA concentration-time data
were fitted by a one-compartment model with first-order
absorption and elimination (Ding et al, 2015). NONMEM
subroutines were specified as ADVAN2-TRANS2. Since the
majority of the data collected were trough concentration
measurements, there is no information to identify the
absorption rate constant (K,). A previous study has shown
that the k, had no significant impact on clearance estimates
2013). Therefore, K, was fixed at 1.9h7}, in
accordance with the references (Ding et al., 2015). Moreover,

(Byon et al,

as bioavailability could not be determined either, clearance (CL)
and the volume of distribution (V) were regarded as the apparent
clearance (CL/F) and apparent distribution volume (V/F),
respectively. The inter-individual variability was evaluated on
Additive,
proportional and combined error models were investigated to

PK parameters using an exponential model.

describe the residual variability.
2.4.2 Covariate model
The covariate models were developed using a stepwise

forward/backward approach. After the construction of the
base model, the continuous covariates (AGE, WT, VPA daily

Frontiers in Pharmacology

60

10.3389/fphar.2022.1037239

dose) and categorical covariates (SEX, concurrent medications
and genotype) were used to establish a stepwise full regression
model in the form of linear, power, exponential and piecewise
model. As most concentrations collected in this study were
trough concentrations, the covariates were investigated only
for the CL/F. Covariates included in the model were first
identified
administered with a proportion of more than 2.5% of the
(LEV),
oxcarbazepine (OXC), topiramate (TPM), clonazepam (CNZ),
phenobarbital (PB), and midazolam (MDZL). Polymorphisms of
15 candidate genes were tested for their impacts on VPA CL/F by

using  graphical methods.  Co-medications

sample were evaluated including levetiracetam

categorizing patients into genotypic groups (wild type,
heterozygous mutation, and homozygous mutation).

During the process of stepwise forward inclusion and
backward elimination, criterion for the selection of a model
was when the objective function value (OFV) changed at least
3.84 units (AOFV >3.84) between the two nested models (p <
0.05, df = 1), and the covariate was considered to have a
significant effect. The differences in OFV, Akaike Information
Criterion (AIC), Bayesian Information Criterion (BIC), and
of

comprehensively compared to select the optimal model.

parameter estimates rationality each model were
Models with lower AICs and BICs were considered superior.
This process was continued until no further change in the OFV

was observed (Byon et al.,, 2013).

2.5 Model evaluation

The appropriateness and stability between the base model
and the final model was first evaluated by visual inspection of
goodness-of-fit (GOF) plots. GOF diagnostic scatter plots are as
follows: observed (DV) vs. predicted concentrations, conditional
weighted residual errors (CWRES) vs.
concentrations. In addition, visual predictive checks (VPC)

time or predicted

with 1,000 simulation data sets was performed for the
predictive performance of final model, and the 5th, 50th, and
95th percentile of the observations and 95% confidence interval
(95% CI) of simulated concentrations were plotted verse time.
Furthermore, a bootstrap resampling method (1,000 runs) was
applied to calculate the median and 95% CI of parameters, and
these values were then compared with the estimated values
obtained from the final model so as to assess the robustness
and accuracy simultaneously.

2.6 Simulation of dosing regimen

Probability of target attainment (PTA) table was generated by
performing Monte Carlo simulations (n = 10,000) using the final
model. The steady-state trough concentration of VPA was
investigated and the goal was to have VPA concentrations within
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TABLE 2 Genotype frequencies of selected variants in 103 patients.

Genetic polymorphisms Genotypes Values(n) Frequency(%) HWE(P-value)
ABCBI

153789243 AA/AG/GG 14/50/39 13%/49%/38% 0.748

151128503 AA/AG/GG 42/51/10 41%/50%/9% 0329
ABCC2

152273697 GG/GA/AA 88/14/1 85%/14%/1% 0.603
CYPIAL

152606345 CCICA/AA 96/7/0 93%/7%/0% 0.721
CYP2CY

151057910 AAJAC/CC 96/6/1 93%/6%/1% 0.026
LEPR

151137101 AA/AG/GG 2/19/82 29/18%/80% 0.477
MTHFR

rs1801133 GG/GA/AA 51/35/17 50%/34%/16% 0.016

rs1801131 TT/TG/GG 67/31/5 65%/30%/5% 0.57
SCNIA

156732655 AA/AT/TT 4/97/2 49/94%/2% 0

156730344 CCICA/AA 74/26/3 72%/25%/3% 0.699

1510167228 TT/TA/AA 1/17/85 1%/16%/83% 0.884

153812718 CC/CT/TT 17/47/39 16%/46%/38% 0.657

152298771 CC/CT/TT 1/18/84 1%/17%/82% 0.974
SCN2A

152304016 AA/AG/GG 82/20/1 80%/19%/1% 0.857

rs17183814 GG/GA/AA 73/28/2 719%/27%/2% 0.715

p > 0.05 represents that the distribution of genotype follows Hardy-Weinberg equilibrium.

50-100 mg/L. Dosing regimens at 15-35 mg/kg/day every 12h final analysis. Table 1 shows the main demographic

administered orally were considered for determination of initial characteristics of the patients along with concomitant

therapeutic VPA dose. Virtual patients were divided into different
subgroups on the basis of the incorporated covariates, and PTA at
least 70% probability was considered to be clinically acceptable. In
children, VPA dose was mainly depended on the body weight.
Therefore, WT of 10-40 kg was constructed for typical pediatric
patients based on the China National Survey of Body Weight for
children (Li et al., 2009), as we had few patients >40 kg in our cohort
(n = 8). Simulations were conducted for different WT subgroups to
determine the most appropriate scheme to meet the therapeutic
criteria. The dose regimens were then compared with those from
other PPK studies.

3 Results

3.1 Patient demographic data and
genotyping
A total of 376 steady-state trough concentrations (range,

14.67-110.99 mg/L) obtained from 103 pediatric patients
(47 females and 56 males) with epilepsy were included in the
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medications. VPA was administered orally two to three times
daily, and co-prescribed medications in this population mainly
included levetiracetam and oxcarbazepine. Genetic testing was
also performed for all 103 patients. The genotype with allele
frequencies is illustrated in Table 2. The deviations from Hardy-
Weinberg equilibriums for the selected SNPs were assessed using the
chi-square test, and 12 genotypes were found to conform to the
equilibrium (p > 0.05), while CYP2C9 rs1057910, MTHFR
rs1801133, SCNIA 156732655 significantly deviated from
Hardy-Weinberg proportions (p < 0.05) and were excluded in
the covariate model development.

3.2 Population pharmacokinetic model
development

An additive error model describing residual variability with the
lowest AIC and BIC was selected, according to the distribution of
residuals in the diagnostic plots of the base model. As only steady-
state trough serum concentrations were collected, the relative
standard error (RSE) of the inter-individual variability (IIV) for
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TABLE 3 Results of hypothesis testing in the model development procedure.

Model no. Model description

Forward inclusion 1

1 Base model

2 Add WT on CL/F in Model 1

3 Add AGE on CL/F in Model 1

4 Add TDD on CL/F in Model 1

5 Add SEX on CL/F in Model 1

6 Add LEV on CL/F in Model 1

7 Add OXC on CL/F in Model 1

8 Add TPM on CL/F in Model 1

9 Add CNZ on CL/F in Model 1

10 Add PB on CL/F in Model 1

11 Add MDZL on CL/F in Model 1

12 Add ABCBI rs3789243 on CL/F in Model 1
13 Add ABCBI rs1128503 on CL/F in Model 1
14 Add ABCC2 rs2273697 on CL/F in Model 1
15 Add CYPIAI rs2606345 on CL/F in Model 1
16 Add LEPR rs1137101 on CL/F in Model 1
17 Add MTHFR rs1801131 on CL/F in Model 1
18 Add SCNIA rs6730344 on CL/F in Model 1
19 Add SCNIA rs10167228 on CL/F in Model 1
20 Add SCNIA rs3812718 on CL/F in Model 1
21 Add SCNIA rs2298771 on CL/F in Model 1
22 Add SCN2A rs2304016 on CL/F in Model 1
23 Add SCN2A rs17183814 on CL/F in Model 1

Forward inclusion 2

24 Add CNZ on CL/F in Model 3

25 Add ABCBI rs3789243 on CL/F in Model 3
26 Add ABCBI rs1128503 on CL/F in Model 3
27 Add SCNIA rs3812718 on CL/F in Model 3

Backward elimination

28 Remove AGE on CL/F from Model 25

29 Remove ABCBI rs3789243 on CL/F from Model 25

10.3389/fphar.2022.1037239

OFV AOFV P-value
2595.456

2435.963 —159.493 <0.001
2417.706 -177.750 <0.001
2595.416 —-0.040 NS
2595.347 —-0.109 NS
2595.468 0.012 NS
2593.070 -2.386 NS
2593.728 -1.728 NS
2591.536 -3.920 <0.05
2595.455 —-0.001 NS
2591.975 —3.481 NS
2586.368 -9.088 <0.01
2589.456 —-6.000 <0.05
2594.987 —-0.469 NS
2594.706 -0.750 NS
2592.391 -3.065 NS
2595.074 -0.382 NS
2593.524 -1.932 NS
2594.216 —-1.240 NS
2587.310 -8.146 <0.01
2593.886 -1.570 NS
2592.423 -3.033 NS
2594.704 -0.752 NS
2413.940 —3.766 NS
2408.473 -9.233 <0.01
2415917 -1.789 NS
2415.719 -1.987 NS
2586.368 177.895 <0.001
2417.706 9.233 <0.01

WT, weight; TDD, VPA total daily dose; LEV, levetiracetam; OXC, oxcarbazepine; TPM, topiramate; CNZ, clonazepam; PB, phenobarbital; MDZL, midazolam.

V/F was poor and then removed from the model building process.
Furthermore, none of the tested covariates could significantly
influence V/F. The population typical value of CL/F and V/F in
the base model was 0.205 L/h and 3.43 L, respectively.

The changes of OFV value in the covariate screening process
are listed in Table 3. Only 1.6% of the population had concomitant
administration of ibuprofen and thus was not included as a
covariate. A total of 12 SNPs were selected to test the impact of
genetic factors on the CL/F of VPA in children with epilepsy. In the
first forward inclusion, clonazepam decreased the OFV by 3.920
(p < 0.05). ABCBI rs1128503 and SCNIA rs3812718 dropped the
OFV value from 2595.456 to 2589.456 and 2587.310, respectively
(p < 0.05). However, there was no significant difference for the
above three covariates in the second inclusion. Age and ABCBI
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rs3789243 were identified as significant covariates on the CL/F and
retained in the final model followed by forward inclusion and
backward elimination. Further incorporation of other covariates
did not improve the fitting performance of the model to the
observed data.

Minimization and the covariance step were successful for the
final model. Table 4 lists the estimate, RSE, IIV, and residual
variability (RV) of the parameters for the base model, final
These
demonstrated an acceptable precision (RSE% < 30%). In the
final model, the ITV-shrinkage and RV-shrinkage was 13.0% and
5.9%, respectively. The typical value of CL/F and V/F was
0.214 L/h and 3.63 L, respectively. The final model was listed
below:

model, and Dbootstrap  validation. estimates
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TABLE 4 PPK parameter estimates from the final model and bootstrap validation.

Description Parameter Base model
Estimate RSE (%)

CL/F (L/h) . 0.205 7.4
V/F (L) Oy 3.43 22.7
Age on CL/F Oage - -
ABCBI rs3789243 AG on CL/F OaBCBI AG — -
ABCBI 153789243 GG on CL/F OaBCBI GG — -
IIV on CL/F (%) WL 0.302 10.9
n-shrinkage (%) Nshrinkage 5.8 -
RV (mg/L) Cadditive 137 6.5
e-shrinkage (%) Eshrinkage 129 -

Final model

Estimate RSE (%)
0214 7.4

3.63 238

0357 9.6

0.953 4.7

1.08 55

0.169 13.0

12.1 —

119 59

111 —

Bootstrap®

Median

0.207
3.57
0.349
0.955
1.08
0.167

11.8

10.3389/fphar.2022.1037239

95% CI

0.136-0.245
1.07-6.14
0.243-0.423
0.872-1.06
0.967-1.22
0.106-0.42

11.3-15.0

Relative error
(%)®

=33
-1.7
=22
0.2

-1.2

-0.8

CL/F, clearance; V/F, distribution volume; IIV, inter-individual variability; RV, residual variability; 6, factor describing the relationship between the covariate and the clearance; w,
coefficient variation of inter-individual variability; o, coefficient variation of residual variability; RSE(%), relative standard error (standard error/estimate x 100%); 95%CI, 95% confidence

interval.

995 of 1,000 bootstrap runs were successful and used to calculate the point estimates and 95%CI.
"Relative error % = (Bootstrap median — estimate in final model)/estimate in final model x 100%.

A Base model Final model c n Base model n Final model
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g i 4]
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2 g
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50 100 150 50 100 50 100 150 50 100
Population predicted concentrations (mg/L) Population predicted concentrations (mg/L)
B Base model Final model D Base model Final model
120 S 120 8 8
100+ 100 4
4
5 804 80| 5]
=) »n
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Individual predicted concentrations (mg/L) Time after dose (h)
FIGURE 1

Goodness-of-fit plots for the base model and the final model. (A) Observed (DV) vs. population predicted concentrations (PRED); (B) DV vs.
individual predicted concentrations (IPRED); (C) Conditional weighted residuals (CWRES) vs. PRED; (D) CWRES vs. time after dose. The red lines in the

panel represent linear fit lines.

0.357

CL/F = 0.214 (Tg) x 0.9534BCBLAG o 1 0gABCBIGG (1)

V/F = 3.63 ©)
Where ABCBI is the ABCBI rs3789243 polymorphism, ABCBI
AG =0, GG = 0 for patients with wild type, ABCBI AG=1,GG =

0 for patients with heterozygous AG genotype, ABCBI GG = 1,
AG = 0 for patients with homozygous GG genotype.
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3.3 Model evaluation

Figure 1 shows the GOF plots obtained from the base and
final model. The PRED and IPRED of the final model were evenly
distributed around the reference line when plotted versus
observed concentrations, this improved correlation indicated
no structural bias and a good fit of the final model prediction.
The CWRES showed a distribution around 0 randomly

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1037239

Shen et al.

10.3389/fphar.2022.1037239

100 —

50 —

Concentration(mg/L)

0 10000

| |
20000 30000

Time after dose(h)

FIGURE 2

Visual predictive checks of the final model. Black dots represent the observed concentrations; the red line represents the 50th percentile of the
observations; the blue lines represent the 5th and 95th percentiles of the observations. The shaded areas represent the simulation-based 95%

confidence interval for each line.

within +2, and the final model showed no obvious bias or
significant trends compared to the base model.

The success rate (successful in minimization) of bootstrap
analyses was a satisfactory result of 99.5%. The parameters
observed in the final PK model were within the corresponding
bootstrap 95% CI results and approximated to the median values
from bootstrap with a relative error less than 3.3%, which indicated
the accuracy and robustness of the final model parameter estimates
(Table 4).

The VPC of the final model is presented in Figure 2. The 5th,
50th and 95th percentiles of the observations were distributed
approximately within the 95%CI of the simulated concentrations
for each interval. Small outlier areas in 95th percentiles slightly
over-predicted had limited impact on the overall predictive
ability of the model. This suggested the presence of precise
predictive performance in the final model which was judged
suitable to predict VPA concentrations.

3.4 Simulation of dosing regimens

The PPK parameters from the final model with two covariates
(age, genotype) were used to conduct Monte Carlo simulations
with the goal of obtaining VPA trough concentration within
50-100 mg/L during therapy. Patients were, therefore, classified
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by age level and ABCBI genotype. Table 5 shows the simulation
results of different dosing regimens. The results suggested that in
children aged 1-4 years, a dose of at least 25 mg/kg/day VPA is
required to achieve the PTA >70% target. For children older than
4 years, a smaller dose (around 20 mg/kg/day) is sufficient. In
patients with the ABCBI rs3789243 homozygous (GG genotype)
and heterozygous (AG genotype) types of the variant allele, CL/F
was increased by 8% and reduced by 4.7%, respectively, compared
with the AA genotype. Therefore, a higher dose was needed for
patients with homozygous GG genotype within the same age.
Taking typical patients aged 2-3years as an example, the
recommended VPA daily dose for a child with GG genotype is
30 mg/kg/day, and 25 mg/kg/day for other genotypes.
The results of predicted VPA
concentrations for the typical weight of 10-40 kg in children

simulation trough
are presented in Figure 3, and the dosage regimens recommended
by the other established model are displayed in Table 6. The VPA
concentrations were higher with increasing body weight at the
same dosage. In order to achieve the target therapeutic
(50-100 mg/L), a of
20-30 mg/kg twice daily (bid) was required for simulated
subjects with a bodyweight of 10-40kg. Moreover, Figure 3
of children
weighing >20kg. VPA predicted trough concentrations in

concentrations dosing  regimen

shows an  overdose 40 mg/kg/day  in

excess of 100 mg/L indicate a possibly increased risk of toxicity.
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TABLE 5 Probability of target attainment for various predicted valproic acid daily dose using the final model.

Dose (mg/kg/day) AGE (year)
1-2 (%) 2-3 (%) 3-4 (%) 1-6 (%) 6-8 (%) 8-10 (%) 10-12 (%)
ABCBI 153789243 AG 15 21.86 26.17 32.77 45.32 59.71 70.36 73.89
20 78.80 76.77 77.75 83.3 83.23 71.60 55.89
25 96.58 97.99 96.56 81.98 63.25 48.59 33.29
30 78.14 73.83 67.23 54.68 40.29 29.63 1526
35 4517 45.84 42.79 33.68 22.53 13.41 3.95
ABCBI 153789243 AA 15 14.76 17.61 26.17 38.00 53.41 64.82 70.56
20 70.11 67.92 69.04 74.77 80.24 72.57 60.44
25 95.36 96.13 96.16 83.45 67.62 54.08 39.74
30 85.22 82.39 73.83 61.98 46.59 35.18 2222
35 56.36 5447 49.82 4225 29.24 19.25 8.60
ABCBI 153789243 GG 15 6.4 7.88 14.43 28.41 43.55 55.60 65.66
20 55.96 54.69 57.69 64.54 72.46 70.36 60.70
25 89.00 87.44 86.43 83.22 72.36 60.36 47.03
30 92.7 91.48 85.21 70.47 56.32 44.40 30.92
35 70.53 66.16 60.82 51.73 39.96 29.67 17.57

Percentage represents the simulated patients who achieve target steady-state trough concentrations (50-100 mg/L) given the dose mentioned. Numbers in bold font indicate the PTA is

greater than 70%.
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FIGURE 3

VPA trough concentrations predicted by the final model

based on dose and body weight. The concentrations are shown as
means with error bars representing standard deviations from the
mean. The semitransparent grey field delimited by dashed

lines represents the target therapeutic range (50-100 mg/L).

4 Discussion

In this study, VPA PPK modeling in 103 Chinese pediatric
patients with epilepsy was constructed, where clinical and genetic
factors were investigated on the PK parameters of VPA. The final
model showed satisfactory predictive performance and was used
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to facilitate the development of optimal dosing regimens for
children. To the best of our knowledge, this is the first study to
report that genetic polymorphisms of ABCBI have a significant
effect on VPA CL/F in epileptic children.

The patient demographic characteristics, medication details
and genotype were carefully documented in this analysis and
used for reliable estimates of CL/F and its influential factors.
During the modeling process (Table 3), the patient’s body weight
and age were both found to have a significant effect on CL/F.
However, the very close correlation in the children between
weight and age (r = 0.915) requires the exclusion of one of
these two variables. Age was included in the final regression
model due to a greater impact on CL/F than weight.

Glucuronidation is a major pathway of VPA metabolism.
The hepatic glucuronidation activities are low in infants,
especially in children under 2 years old, and reach the adult
levels after 10-15 years of age (Strassburg et al., 2002). VPA is
metabolized more quickly in younger children, and declines
gradually with age. The CL/F of VPA is similar to those of
adults when the child’s weight reaches 40 kg which is the mean
weight of 12-year-old children (Ogungbenro and Aarons, 2014;
Methaneethorn, 2018). Thus, the age-dependent changes in the
VPA CL/F of our study may partially be explained by the
abundance of hepatic drug enzymes that changes significantly
during growth (Kearns et al., 2003). An age-dependent exponent
model was used by Ding et al. (2015) to identify the maturation
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TABLE 6 Results of doses simulations from published population pharmacokinetic models in pediatric patients with epilepsy.

Author (publication year) Country Target concentration (mg/L) Weight (kg) Recommended dose (mg/kg/day)
Yukawa et al.(1997) Japan 75 <10 30-40

10-20 20-30

>10 10-20
Blanco Serrano et al.(1999) Spain 60 12 35

18 27

21 25

25 22

32 20

40 17

50 16
Correa et al.(2008) Mexico 60 10 50

20 40

30 35

40 30

50 25

60 20
Ding et al.(2015) China 50 8.4 14

10 20

15 15

25 10

>30 5-10
Gu et al.(2021) China 4-12* 33 50

10 50

12,5 60

20 50

40 40

60 40

*Unbound valproic acid concentration.

processes of VPA CL/F. Furthermore, VPA is high protein
binding with albumin (90%-95%). When the albumin content
in the blood decreases, the CL/F value of VPA increases due to
more unbound VPA (Kearns et al., 2003). The serum albumin
concentration increases with age in children, suggesting CL/F of
VPA decreases with increasing age (Dor¢ et al., 2017). Albumin
levels was reported to be a significant factor affecting VPA CL/F
and a table of individualized medication regimens based on
albumin levels was constructed by Guo et al. (2020).
Additionally, it is well known that weight is an important
cause of PK variation among individuals and is related to the
functionality and development of the organs responsible for drug
elimination. Several studies have demonstrated that weight is an
important factor influencing the PK process of VPA in children
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with epilepsy (Correa et al., 2008; Ding et al., 2015; Xu et al.,
2018). Notwithstanding the wide usage of the 3/4 allometric
exponent method to scale CL/F (Holford et al., 2013; Back et al.,
2019), the value of 0.75 remains controversial due to over-
predicting CL/F for neonates and under-predicting CL/F for
infants (Peeters et al., 2010). Although body weight is known to
be an important factor in dosing regimens for the pediatric
patient, weight-based dosing may raise concerns of adverse
effects in obese children (Loscher, 2002), and the effect of age
should be considered as well.

Genetic variants had been proved to influence the
pharmacokinetics of VPA and contribute to its IIV, however,
only a few studies calculated the PPK parameters of VPA
involving genetic polymorphisms as covariates. CYP2C9 and
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CYP2C19 genotypes were found to significantly affect VPA CL/F
(Jiang et al., 2007; Guo et al., 2020). However, other studies
indicated that none of the CYPs or UGTSs gene variants affect the
VPA PK (Xu et al., 2018). As metabolism by the CYP pathway is
not the main route of VPA elimination, other genetic
polymorphisms that might cause variations in VPA PK should
be considered. CL/F in Chinese epileptic children with the LEPR
rs1137101 variant (AG and GG genotypes) were much lower
than in those with the AA genotype (17.8% and 22.6% lower,
respectively) (Xu et al., 2018).

In the present study, 12 selected genes related to ABC
transporters, VPA metabolism, nuclear receptors, and the
efficacy of VPA treatment were included as covariates to
evaluate their influence on VPA CL/F. CL/F in patients with
the ABCBI 153789243 GG and AG genotypes differed from those
with the AA genotype (8% higher and 4.7% lower, respectively)
through the PPK model development. ABCBI gene encodes the
membrane-associated protein [P-glycoprotein (P-gp/ABCBI)], a
member of the superfamily of ABC transporters, which limits the
intracellular uptake and retention of various molecules.
Membrane transporters are important determinants of drug
absorption, distribution and elimination (Yee et al, 2010).
ABC transporters have been reported to be associated with
antiepileptic drug resistance (Kwan et al, 2009; Chen et al,
2018; Al-Eitan et al., 2019; Chouchi et al., 2019). As ABCBI
genotypes could affect the disposition of VPA, this could explain
why it leads to PK diversity of VPA between individuals. It is
essential for future research to clearly clarify why heterozygous
carriers and homozygous carriers showing functional
consequences in two directions.

The SCN1A gene encodes the alpha 1 subunit of the voltage-
gated Na+ channel and plays a crucial role in the pathogenesis of
several epilepsy syndromes (Scheffer and Nabbout, 2019).
SCNIA gene polymorphisms were found to be associated with
the therapeutic effects of VPA in the treatment of epilepsy (Wang
et al., 2018; Shi et al., 2019). The SCNIA gene polymorphisms
were selected as covariates in our PPK analysis, but none of them
were added to the final model.

Concomitant medications commonly found to influence
VPA pharmacokinetic characteristics in vivo included
carbamazepine, phenobarbitone and phenytoin due to their
enzyme-inducing capacity (Methaneethorn, 2018). However,
the effect of concomitant medications on VPA CL/F was not
significant in this PPK modeling study, partly because of the
limited number of subjects receiving these drugs concomitantly.
In the forward inclusion, concomitant therapy with clonazepam
reduced the OFV by 3.920 (p < 0.05), but the effect was removed
from the final regression model. Yukawa et al. found that
concomitant administration of clonazepam showed a 17.9%
decrease in VPA CL/F among 250 Japanese patients aged
0.3-32.6 years with an unknown mechanism of interaction
(Yukawa et al., 2003), but other studies have shown that

VPA concentrations were not affected by clonazepam (Wang
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and Wang, 2002; Zang et al., 2022). Therefore, the interactions
between VPA should be further
investigated.

An increase in VPA CL/F with increasing VPA total daily
dose (TDD) was reported by several studies in both adult and
pediatric patients (Correa et al., 2008; Nakashima et al., 2015;
Methaneethorn, 2018). This could be explained by the protein
binding saturation, resulting in a higher unbound fraction of

and comedications

VPA concentrations available for elimination and therefore
higher CL/F (Kodama et al, 1992). Moreover, the TDM
effects should also be considered: patients with high CL/F
tend to receive a higher dosage to ensure the concentration
within the therapeutic range (Ahn et al., 2005). Therefore, the
dose-dependent maximum effect (DDE) model and protein
binding model were found to best describe VPA data (Ding
etal,, 2015). In our analysis, the effect of TDD on VPA CL/F was
investigated to describe the characteristics of protein binding and
then found to be not significant.

Whether sex affects the CL/F of VPA is controversial in
previous studies. Some studies have reported that female patients
have lower CL/F of VPA because of the difference in weight
between males and females (Ibarra et al., 2013; Nakashima et al.,
2015). UGT activity in females lower than in males could also
account for the sex-induced differences in VPA CL/F (Court,
2010). However, this finding was confirmed neither by our study,
nor by other VPA PPK models (Serrano et al., 1999; Correa et al.,
2008; Williams et al., 2012; Ding et al.,, 2015). Whether the 1:
1 male to female ratio affects VPA pharmacokinetic properties
should be investigated in further studies in a larger sample size.

The simulations of VPA dosing (Table 5) based on the age
and ABCBI genotype of patients indicated that 20-25 mg/kg/
day bid of VPA oral administration is sufficient to maintain
PTA >70% for most patients aged 1-10 years, while the same
dose to patients with GG genotype would lead to relatively
lower VPA concentrations. As shown in Figure 3, the Monte
Carlo simulations evidenced that dose requirements decreased
as weight increased for the typical weight of 10-40 kg in
children. The
20-30 mg/kg/day in the present study with higher doses

model-based recommended doses are
such as 40 mg/kg/day for lower weight subgroups of
10-15 kg.

maintenance daily dose of 20-30 mg/kg for children, which

Current  recommendations  indicated a
is consistent with our simulation results (Braathen et al., 1988;
Rodrigues et al., 2018). A summary of the dosage regimens
recommended by the other established PPK mode is displayed
in Table 6. Dosage regimens based on our model are similar to
Ding et al. in China and lower than that of western people
(Correa et al., 2008; Ding et al., 2015) because of considering
the high variability of VPA concentrations (50-100 mg/L
versus around 60 mg/L) in our study. Based on the inter-
individual and residual variability in the model, TDM is
essential for guaranteeing VPA within the concentration
targets and obtaining more accurate estimations with the
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Bayesian method as a basis for appropriate dosage
adjustments.

Only a relatively small sample size was used in this study,
which may result in non-significant differences on the included
covariates. The predictive capacity of the final model was not
evaluated by external validation, as data with genetic
polymorphism could not be obtained from routine clinical
information of patients. Moreover, actual clinical practice of
the developed model and data on pharmacodynamics (PD) is
lacking. Therefore, a further multicenter study with an increased
sample size is needed to explore the PPK/PD model of VPA to
determine the recommended therapeutic concentration for
pediatric population with epilepsy and to verify the role of

genetic factors on VPA PPK.

5 Conclusion

In this study, a novel PPK model enrolled Chinese pediatric
patients with epilepsy for VPA was developed and proved to be
stable with acceptable predictive performance. To the best of our
knowledge, this study is the first to report that ABCBI genetic
polymorphisms were identified as effective covariates for the CL/
F of VPA. These findings contribute to a better understanding of
the IIV in VPA PK, and a table of individualized medication
regimens in consideration of the age and genotype was
constructed to improve the therapeutic effect of VPA.
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Testis- specific Y-encoded- like
protein 1 and cholesterol
metabolism: Regulation of
CYP1B1 expression through Wnt
sighaling
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Yayun Gu, Jia Yu, Richard M. Weinshilboum and Liewei Wang*

Department of Molecular Pharmacology and Experimental Therapeutics, Mayo Clinic, Rochester, MN,
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The cytochromes P450 (CYPs) represent a large gene superfamily that plays an
important role in the metabolism of both exogenous and endogenous
compounds. We have reported that the testis-specific Y-encoded-like
proteins (TSPYLs) are novel CYP gene transcriptional regulators. However,
little is known of mechanism(s) by which TSPYLs regulate CYP expression or
the functional consequences of that regulation. The TSPYL gene family includes
six members, TSPYL1 to TSPYL6. However, TSPYL3 is a pseudogene, TSPYL5 is
only known to regulates the expression of CYP19A1, and TSPYL6 is expressed
exclusively in the testis. Therefore, TSPYL 1, 2 and 4 were included in the present
study. To better understand how TSPYL1, 2, and 4 might influence CYP
expression, we performed a series of pull-downs and mass spectrometric
analyses. Panther pathway analysis of the 2272 pulled down proteins for all
3 TSPYL isoforms showed that the top five pathways were the Wnt signaling
pathway, the Integrin signaling pathway, the Gonadotropin releasing hormone
receptor pathway, the Angiogenesis pathway and Inflammation mediated by
chemokines and cytokines. Specifically, we observed that 177 Wnt signaling
pathway proteins were pulled down with the TSPYLs. Subsequent luciferase
assays showed that TSPYL1 knockdown had a greater effect on the activation of
Wnt signaling than did TSPYL2 or TSPYL4 knockdown. Therefore, in subsequent
experiments, we focused our attention on TSPYL1l. HepaRG cell gRT-PCR
showed that TSPYL1 regulated the expression of CYPs involved in
cholesterol-metabolism such as CYP1B1 and CYP7Al. Furthermore,
TSPYL1 and B-catenin regulated CYP1B1 expression in opposite directions
and TSPYL1 appeared to regulate CYP1B1 expression by blocking B-catenin
binding to the TCF7L2 transcription factor on the CYP1B1 promoter. In B-
catenin and TSPYL1 double knockdown cells, CYP1B1 expression and the
generation of CYP1B1 downstream metabolites such as 20-HETE could be
restored. Finally, we observed that TSPYL1 expression was associated with
plasma cholesterol levels and BMI during previous clinical studies of obesity.
In conclusion, this series of experiments has revealed a novel mechanism for
regulation of the expression of cholesterol-metabolizing CYPs, particularly
CYP1B1, by TSPYL1 via Wnt/B-catenin signaling, raising the possibility that
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TSPYL1 might represent a molecular target for influencing cholesterol

homeostasis.
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Introduction

The cytochrome P450 (CYP) superfamily consists of a group
of enzymes that catalyze the metabolism of numerous
endogenous and exogenous compounds including steroids,
drugs, carcinogens and natural products (Nebert and Dalton,
2006; Nebert et al., 2013; Nelson et al., 2013). CYPs are expressed
in a tissue-specific manner and the expression of many CYPs can
be induced by xenobiotics (Esteves et al., 2021). We recently
identified members of the testis-specific Y-encoded-like protein
(TSPYL) gene family as novel transcription regulators that can
influence CYP expression (Liu et al., 2013; Qin et al., 2018; Qin
et al, 2020). The TSPYL gene family includes six members,
TSPYL1 to TSPYL6. Each TSPYL gene includes a highly
conserved Nucleosome Assembly Protein (NAP) domain but,
otherwise, they display relatively little sequence homology (Vogel
etal,, 1998). NAPs help to assemble DNA and histones reversibly
into chromatin, a process that is important for cell proliferation
and the regulation of gene expression (Gill et al., 2022). Most
TSPYL family members are expressed in all human tissues based
on the Genotype-Tissue Expression (GTEx) database. However,
TSPYL3 is a pseudogene and TSPYL6 is expressed exclusively in
the testis. A previous large GWAS study of plasma estradiol
concentrations performed by our group reported that single
nucleotide polymorphisms (SNPs) in or near TSPYL5 were
associated with plasma estradiol concentrations by virtue of
an effect on the expression of CYP19Al—an enzyme critical
for estrogen biosynthesis (Liu et al., 2013). Estradiol is
synthesized from cholesterol in vivo through a series of
reactions. CYP19A1 is the only CYP with expression that is
currently known to be influenced by TSPYL5 (Qin et al., 2018).
Subsequently, TSPYL1, 2 and 4 have all been reported to be
involved in the regulation of CYP17A1 and CYP3A4 expression
which contributes to abiraterone response in metastatic
castration-resistant prostate cancer (Qin et al, 2018), and the
regulation of CYP2C9 and CYP2C19 which affects the
metabolism of selective serotonin reuptake inhibitors (Qin
et al,, 2020). We have also observed that those TSPYLs can
regulate the expression of CYPIB1 and CYP7Al (Qin et al,
2018). However, the consequence(s) of the regulation of
CYP1B1 and CYP7A1 have not been explored, and molecular
mechanism(s) by which TSPYLs regulate CYP expression remain
unknown.

CYPIB1 physiological
compounds, including estrogens, arachidonic acid, melatonin

metabolizes many important

and retinoids (Li et al., 2017). Hydroxyeicosatetraenoic acids
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(HETEs), including 20-HETE and 12-HETE, are the major
CYP1BI1 arachidonic acid metabolites in humans (Choudhary
et al., 2004). Clinical studies have reported elevated levels of
plasma and urinary 20-HETE in disease states that include
obesity and CYPIBI1 knock out in mouse models has been
reported to protect against obesity induced by a high-fat diet
(Li et al., 2014; Larsen et al., 2015) and lack of CYP1B1 is linked
to altered lipid metabolism, an association which may help
protect against the negative health effects of obesity.

CYP7A1 catalyzes the initial, rate-limiting step in the bile
acid biosynthetic pathway. In mammals, excess cholesterol in the
liver is removed mainly by conversion to bile acids. Only a small
portion of cholesterol is utilized for steroid hormone synthesis in
the adrenal glands, ovaries, testes, placenta and brain. Transgenic
mice overexpressing CYP7A1 are resistant to high fat diet-
induced obesity, fatty liver and diabetes (Li et al., 2010). Based
on this series of observations, the present study has focussed on
the possible role of TSPYLI in cholesterol biosynthesis and

metabolism  because, as explained subsequently,
TSPYL1 displayed a greater effort on Wnt signaling than did
TSPYL2 or TSPYL4. Specifically, we found that
TSPYL1 interacted with proteins in the Wnt/B-catenin

signaling pathway. Wnt/B-catenin signaling determines hepatic
zonation of CYP expression (Loeppen et al., 2005; Hailfinger
et al.,, 2006; Sekine et al., 2006; Braeuning and Schwarz, 2010) and
is involved in the regulation of CYP transcription in response to
exposure to xenobiotic agonists for a number of nuclear receptors
(Braeuning et al., 2009; Ganzenberg et al., 2013; Vaas et al., 2014).
Specifically, B-catenin is a downstream target of Wnt signaling
(Kimelman and Xu, 2006). In the nucleus, B-catenin binds to
activators of the T-cell
(TCF/LEF) family to
transcription of Wnt signaling target genes.

transcriptional factor/lymphoid-

enhancing factor activate  the

Wnt/B-catenin signaling plays an important role in obesity
(Wang et al,, 2013) as does the TCF/LEF family. This family of
transcription factors includes TCF7, LEF1, TCF7L1, and
TCF7L2. As described subsequently, we found that both
TCF7 and TCF7L2 were also pulled down with TSPYLs (see
Supplementary Table S1). Genetic polymorphisms in the
TCF7L2 gene have been associated with obesity and increased
BMI (Cauchi et al, 2008; Haupt et al, 2010). Although the
regulation of CYPs by Wnt/p-catenin signaling and by
TSPYL1 were known, potential interaction of P-catenin with
TSPYL1 had not previously been described. Therefore, included
among the goals of the present study was a determination of
whether Wnt/f-catenin signaling had an effect on the regulation
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of CYP expression by TSPYLI in human hepatic cell lines. We
hypothesized that TSPYL1 might regulate CYP expression
interaction with the Wnt/B-catenin
pathway.  Our  results—as  described  subsequently--
demonstrated that TSPYL1 can compete with TCF7L2 for
binding to PB-catenin, reducing Wnt/B-catenin activity. Taken

these that
expression, signaling

through signaling

together, results  suggest variation  in
TSPYL1 Wnt/f-catenin and CYP
expression may all contribute to risk for or variation in
response to the treatment of obesity.

Materials and methods
Cell culture and transfection

Undifferentiated HepaRG human hepatic cells (HPR101)
were obtained from Biopredict (Rennes, France) and were
cultured and differentiated into fully functional hepatocyte-
like the
HPR101 cells were grown in William’s E media (Gibco,
Grand Island, NY) supplemented with x1 GlutaMAX (Gibco,
Grand Island, NY) and 10% HepaRG Growth Medium
Supplement (Biopredict, Rennes, France) until confluent. Cells

cells according to manufacture’s  protocol.

were then switched into HepaRG Differentiation media for
2 weeks. Differentiated HepaRG cells were used directly for
transfection.

HepG2 cells (the American Type Culture Collection, ATCC)
were grown in Eagle’s Minimum Essential Medium containing
10% fetal bovine serum (FBS) (HyClone). HEK 293T were grown
in Dulbecco’s modified Eagle’s medium containing 10% FBS. STF
cells (ATCC) were cultured in 80% DMEM F12 Medium, (ATCC
30-2006), add 20% Bovine Calf Serum, Iron Fortified (ATCC 30-
2030) and 200ug/ml G-418. All cells were cultured at 37°C with
5% CO, and used within 30 passages. Cells were transfected with
plasmids using lipofectamine 2000 (Thermo scientific). Cells
were transfected with siRNA using Lipofectamine RNAIMAX
(Invitrogen). Specifically, for 6 well plates, each well used 4 pl
Lipofectamine RNAiMAX reagent and 4 ul siRNA (10 pM).

Real-time quantitative reverse
transcription polymerase chain reaction

Total RNA was purified using the QTAGEN RNeasy kit
(Germantown, MD). Primers for the amplification of
TSPYL1, CTNNB1 and CYPs were Prime Time pre-
designed qPCR primers (IDT Inc., Coralville, Iowa). All
samples were measured in technical triplicates using the
SYBR green reagent with an ABI Prism 7000HT sequence
detection system (Applied Biosystems). The results were
quantified using the Comparative Ct (AACt) method with
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the housekeeping gene GAPDH as an internal reference
control.

Western blot analysis

Protein levels were determined using Western blot analysis.
The following primary antibodies were used: Flag (1:1,000, Cell
Signaling Technology, cat. #F1804), GAPDH (1:1,000, Cell
Signaling Technology, cat. #5174S), B-catenin (1:1,000, Cell
Signaling Technology, cat. #9582S), TSPYLI (1:1,000, Bethyl
Laboratories, cat. #A304-852A-M), and TCF7L2 (1:1,000, Cell
Signaling Technology, cat. #2569S). The following secondary
antibodies were used: Peroxidase- conjugated AffiniPure Goat
Anti-Mouse IgG, light chain specific (1:2,000 dilution, Jackson
immunoRsearch) and Peroxidase- conjugated IgG fraction
monoclonal mouse anti-rabbit IgG, light chain specific (1:
2,000 dilution, Jackson Immuno Research).

TSPYL1 TSPYL2 Input 1P
w  EV  T10E
o
o c 19G Flag IgG Flag
L . B-catenin

W FLAG-TSPYL1

. - -—‘
TSPYL4 bl FLAG

Wnt sign:ling pathway

Wnt signaling pathway (6.0%)

Integrin signalling pathway (4.7%)
Gonadotropin-releasing hormone receptor pathway (3.9%)
B Angiogenesis (3.8%)
= Inflammation mediated by chemokine and cytokine (3.8%)

FIGURE 1

TSPYLL,2 and 4 interact with Wnt signaling pathway proteins.

(A) Venn diagram depicting the number of proteins pulled down by
TSPYL1 (blue circle), TSPYL2 (yellow circle), or TSPYL4 (green
circle) respectively and identified by mass spectrometry in
HepaRG cells. (B) Signaling pathway analysis of the 2272 proteins
pulled down by all 3 TSPYL isoforms. A pie chart showing the
quantity of proteins matched with Panther pathways. The top five
pathways are shown in the legend with percentages of input genes
noted after the pathway name. The Wnt signaling pathway is
shown as a pop-out slice. (C) Co-IP of FLAG-TSPYL1 with
endogenous B-catenin in 293T cells. FLAG-TSPYL1 was
immunoprecipitated, and the quantity of p-catenin bound to
TSPYL1 was determined using immunoblot with an anti-p-catenin
antibody. The quantities of TSPYL1 and B-catenin
immunoprecipitated were compared with IgG. (EV- empty vector;
T1 OE- TSPYL1 over expression).
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FIGURE 2

TSPYLL,2 and 4 regulate Wnt signaling activity. Knockdown of
TSPYLL, or TSPYL4 resulted in an increase in Wnt signaling activity.
Luciferase assays using a SuperTopFlash HEK293 cell line (STF
reporter cells) which contains a luciferase reporter under the
control of 7 LEF/TCF binding sites, utilizes the SuperTopFlash
system, with or without TSPYL1, 2, or 4 knock down. Error bars
indicate standard deviations among 3 technical replicates per
experiment. Data are represented as mean + SD. (*p < 0.05, **p <
0.01, ***p < 0.001).

IP and IB analysis

For Co-IP, 293T cells were grown in 10-cm dishes and were
transfected with the appropriate plasmids for 48 h. Cell lysates
were incubated with 3 pg of Flag antibody on a rotator overnight
at 4°C. The protein-antibody-protein A/G-agarose complexes
were prepared by adding 50 pul of protein A/G-agarose beads
(Thermo scientific) for 2h at 4°C. After three washings with
NETN lysis buffer, the immunoprecipitated complexes were
resuspended in reducing sample buffer and elute at 50°C for
10 min. The supernatants were transferred to a clean tube and
boiled
SDS-polyacrylamide gel electrophoresis (PAGE) and IB.

for 5min. Supernatants were subjected to

Mass spectrometry

Mass Spectrometry was done using differentiated HepaRG
cells with IRES-TSPYLI, 2 or 4 plasmids transiently transfected
using lipofectamine 2000 for 48 h. TSPYL interacting proteins
were immunoprecipitated using Flag antibody. Normal mouse
IgG was used as a negative control. The immunoprecipitated
protein was eluted using 2X Laemmili buffer and resolved using
SDS-PAGE electrophoresis. Protein bands were visualized by
Coomassie Blue Staining and were dissected into sections equally.
The dissected gel slices were sent for Mass spectrometric analysis
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at the Harvard Taplin Mass Spec facility. Proteins uniquely
precipitated using Flag antibody but not IgG, and shared
among all three TSPYLs were included for further pathway
analysis. Pathway analysis was performed using the Panther
pathway database.

Clinical data

TSPYL1 expression, cholesterol and BMI data from patients
were downloaded from the Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/) by GEO ID GSE48452 and
GSE130991. Probe IDs were labeled in the figure legends. For
the BMI analysis, samples were divided by TSPYL1 median
expression level. The GSE130991 dataset was used for the age-
specific LDL-cholesterol level test. Samples were grouped by both
the median expression of TSPYL1 and the population median
age. Statistical significance was tested by the Mann-Whitney test.

Luciferase assays

SuperTopFlash HEK293 cell line (STF) reporter cells were
split into 24-well plates and were transfected 24 h later with lug
of TSPYL overexpression plasmid or siRNA and 0.8 ng of the
plasmid pTK-RL
(Promega) using lipofectamine 2000 (Thermo scientific). 48 h

transfection control Renilla luciferase
after transfection, the cells were washed with PBS and luciferase
activities were measured with a Dual-Luciferase Assay Kit
(Promega, cat# E1960) according to the manufacturer’s

protocols. Luciferase assays were performed at least in triplicate.

Plasmids and siRNAs and reagents

SMARTpool siRNA duplexes specific for CTNNBI (Catalog

ID: M-003482-00-0005), TSPYL1 (Catalog ID: M-028592-01-
0005), TSPYL2 (Catalog ID: M-013880-01-0005), TSPYL4
(Catalog ID: M-017980-00-0005), and a Non-Targeting siRNA
pool (siCTRL, Catalog ID:D-001206-13-05) were purchased
human Wnt-3a  was

Human TSPYL cDNA
constructs and empty vector, Pcmv6-X14, were purchased

from Dharmacon. Recombinant

purchased from R&D Systems.

from Origene Technologies (Rockville. MD).

CHIP assays

HepaRG cells were used to perform ChIP assays to determine
possible TSPYLI binding to the promoter regions of CYP1BI or
CYP7AI. Primer sets (see Supplementary Table S2) which
covered TCF7L2 binding sites of CYPIBI or TCF7 binding
sites of CYP7AI, were designed to “screen” potential TSPYLI-

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1047318

Zhu et al.

DNA binding sites. ChIP assay was performed using the
SimpleChIP Enzymatic Chromatin IP kit (Cat. #91820, cell
signaling technology) followed by quantitative PCR using the
TB Green Premix Ex Taq™ PCR master mix reagent (Cat.
#RR420A, TaKaRa).

Determination of 20-
hydroxyeicosatetraenoic acid levels

The concentration of 20-HETE was determined by an
ELISA kit (20H39-K01, Eagle Biosciences) according to the
manufacturer’s instructions. For measurement of 20-HETE
in cultured HepaRG cells, cells were trypsinized in 0.05%
trypsin after washing with PBS. Half of the cells were used for
PCR. The remainder of the cells were homogenized and
sonicated with RIPA buffer containing triphenylphosphine.
50 pl was used for the 20-HETE assay on the day of extraction.
The remaining homogenate was frozen at —80 C for protein
assay.

Statistics

A two-tailed Student- test was used for statistical analysis for
changes across conditions, if not specified. A p value < 0.05 was
considered to be statistically significant. Statistical significance is
indicated by asterisks. *p < 0.05; **p < 0.01; ***p < 0.001, ***p <
0.0001.

Results

As stated above, we previously identified TSPYLs as novel
CYP gene transcriptional regulators (Qin et al., 2018; Qin
etal., 2020). However, relatively little is known with regard to
by which TSPYLs CYP
expression or how their effect on CYP transcriptional

mechanisms might regulate

regulation might influence human biology and/or

described
mechanism for

pathophysiology. The studies subsequently

revealed a novel regulation of the
expression of cholesterol-metabolizing CYPs, particularly
CYP1BI, by TSPYLI, in a process mediated by Wnt/p-
catenin signaling. These observations also raised the
possibility that TSPYL1 might be a novel target for drugs

designed to influence cholesterol homeostasis.

TSPYLs interact with Wnt signaling
pathway proteins

To study mechanisms and potential signaling pathways
that interact with TSPYLs, we performed flag-affinity
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purification of 3XFLAG-TSPYLI, 2 and 4 from HepaRG
cells after IRES plasmid transient transfection to isolate
TSPYL1,2 and 4-associated proteins. A total of
2272 proteins were pulled down for these three TSPYL
isoforms as shown by the Venn diagram in Figure 1A. The
pie charts and Venn diagram of panther pathway analysis for
each individual pull down by TSPYLI, 2 and 4 are shown in
Supplementary Figure SI. Panther pathway analysis was
performed for these 2272 proteins. Included among the top
signaling pathways associated with TSPYLs on the basis of
mass spectrometric analysis were Wnt signaling pathway
proteins (Figures 1A,B). The other top 4 pathways were the
Integrin signaling pathway, the Gonadotropin- releasing
hormone receptor pathway, the Angiogenesis pathway, and
Inflammation mediated by chemokines and cytokines. All of
the protein pull-down information is available in a
Supplementary Excel File.

B-Catenin is a key component of Wnt canonical signaling
(Mosimann et al., 2009). It is known that p-catenin binds to TCF/
LEF family members to activate the transcription of Wnt
signaling target genes (Mosimann et al., 2009). Therefore, we
confirmed the mass spectrometric results by performing co-
and found that
endogenous -catenin (Figure 1C) could be co-precipitated
with Flag-tagged-TSPYLI.

immunoprecipitation using 293T cells

TSPYL1 knockdown increased Wnt
signaling activity

Because of the nuclear localization and the association
among TSPYLs, B-catenin and TCF/LEF, we next tested the
possibility of a functional link between TSPYLs and Wnt
signaling. We used SuperTopFlash (STF) HEK293 reporter
cells to determine whether the knockdown of TSPYLs could
affect Wnt signaling. TSPYL1 knockdown increased luciferase
reporter  transcription  (Figure  2).  TSPYL2
TSPYL4 knockdown also increased Wnt activity 1.25 and
1.55 fold, respectively, but less than that observed for TSPYL1
(1.73 fold) (Figure 2). These observations raised the possibility
that these TSPYLs might be negative regulators of Wnt/p-catenin

and

signaling.

TSPYL1 knockdown regulates cholesterol
metabolizing CYPs

CYPs play an important role in the maintenance of
cholesterol homeostasis (Pikuleva, 2006). For example,
CYP7AL1 is the first and the rate-limiting enzyme in the
classic bile acid synthesis pathway in which cholesterol is
metabolized to form bile acids, while CYP11A1 catalyzes a
step in a pathway by which cholesterol serves as a substrate for
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FIGURE 3

TSPYL1regulates CYP1B1 and CYP7A1 expression in HepaRG cells. (A) HepaRG cells with or without TSPYL1 depletion by siRNA were transfected

as indicated. CYP1B1 (B) and CYP7AL (C) expression were tested by qRT-PCR. (D) HepaRG cells with or without TSPYL1 overexpression were
transfected as indicated. CYP1B1 (E) and CYP7A1 (F) expression were tested by gRT-PCR. Gene-specific data were normalized to GAPDH expression.
Error bars indicated standard deviations among 3 technical replicates per experiment. Data are represented as mean + SD. (*p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001).

the of (Pikuleva, 2006).
CYP1BI also has a significant impact on cholesterol

synthesis steroid hormones
metabolism. Consistent with our previous observations
(Qin et al, 2018), we found that CYP1B1 was upregulated
by TSPYL1 knockdown (Figures 3A,B) and that it was
downregulated by TSPYL1 overexpression in HepaRG cells
(Figures 3D,E). CYP7A1 was significantly downregulated by
TSPYL1 knockdown (Figure 3C) and was upregulated by
TSPYL1 overexpression in those cells (Figure 3F). PCR
results had previously shown that CYPI1Al was not
significantly regulated by TSPYL1 knockdown (Qin et al,,
2018), so we did not perform follow up studies on
CYP11Al. We next the of
TSPYL1 and CYPIBI expression, expression
quantitative trait loci (eQTL) data from human hepatic
tissue (Innocenti al., 2011). The expression of
TSPYL1 and CYP1B1 were negatively correlated, with a
correlation coefficient of -0.26 (Figure 4A, p = 1.35e-08).
When we analyzed the correlation of TSPYLI with
CYP7A1 that TSPYL1 and
CYP7A1 expression were positively correlated, with a
correlation coefficient of 0.25 (Figure 4A, p = 5.54e-08).

analyzed correlation

using

et

expression, we observed
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TSPYL1 and TCF7L2 bind to the promoter
region of CYP1B1 in HepaRG cells

According to the TCF7L2 ChIP-seq data in the ENCODE
database, TCF7L2 binds to the CYPIBI promoter in Pancl cells
(Figure 5A). We hypothesized that TSPYLI, by interacting with
B-catenin and TCF7L2, might bind to the same CYPIBI
promoter region as does TCF7L2 in HepaRG cells. Therefore,
we performed CHIP assays with antibodies to both TSPYL1 and
TCF7L2 using HepaRG cells because of the high protein
expression level of TSPYL1 in HepaRG cells. Specifically, a
series of PCR primers was designed to amplify TCF7L2
binding sites in the CYPIBI promoter. Our CHIP results
showed that TSPYL1 bound to the same CYPIBI promoter
region as did TCF7L2 (Figure 5B). We next performed co-
immunoprecipitation to study possible interactions among
TCF7L2-FLAG, TSPYL1 and endogenous p-catenin. The
results showed that TSPYL1 overexpression dramatically
reduced B-catenin binding to TCF7L2 (Figure 6). These results
suggested that the expression of TSPYL1 might influence the
interaction between TCF7L2 and p-catenin, specifically that
TSPYLI might interfere with B-catenin binding to TCF7L2.
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A putative bile acid responsive element, BAREII (DR1), is
present in the human CYP7A 1 gene promoter. TCF7 binds to
BAREII to regulate CYP7Al gene
HepG2 cells based on ENCODE data (see Supplementary
Figure S2A). Therefore, we performed a CHIP assay to
determine whether TSPYL1 might bind to the BAREII
element in the CYP7AI promoter. Four pairs of primers
for PCR of the CYP7AI promoter region were used. We failed
to detect significant TSPYL1 recruitment to the CYP7AI
promoter region in HepaRG cells (see Supplementary
Figure S2B).

transcription in

CYP expression regulation by Wnt
signaling in HepG2 cells

The effect of the WNT/B-catenin pathway on the
regulation of the expression of human
P450 enzymes in HepaRG cells has studied
extensively (Thomas et al., 2015), but CYP1B1 had not
studied To obtain additional
information on the effect of the WNT/P-catenin pathway

major

been
been in that context.
in hepatic cells, we studied an additional cell line, HepG2. To
identify CYP genes that were transcriptionally regulated by
Want, we determined the effect of Wnt pathway activation or
inhibition on the expression of a series of CYPs in
HepG2 cells. As a first step, we compared the effect of B-
catenin siRNA and control siRNA knockdown on CYP
siRNA-mediated knockdown of B-catenin
resulted in an approximate 75% decrease in the expression
of B-catenin (CTNNBI) mRNA and its downstream target
genes (see Supplementary Figure S3C). We also tested the
effect of stimulation with the canonical Wnt ligand, Wnt-3a.

expression.

Wnt-3a treatment significantly induced the expression of
Wnt signaling downstream genes compared with BSA
treatment as a control (see Supplementary Figure S3D).
Changes in CYP mRNA expression in HepG2 cells were
also determined. Specifically, PCR analysis revealed that
CYP1B1, CYP2A6 and CYP2B6 were transcriptionally
downregulated more than 2-fold by p-catenin knockdown
in HepG2 cells (see Supplementary Figure S3A), whereas
expression of CYP2C9, CYP2C18, CYP3A7, CYP7AI,
CYP7B1, and CYP27A1 were upregulated by p-catenin
knock down in HepG2 cells (see Supplementary Figure
S3A). By CYP1B1, CYP2A6
CYP2B6 expression was significantly upregulated after
Wnt-3a stimulation, while the expression of CYP2C9,
CYP2C19 and CYP3A7 was downregulated more than 2-
fold by Wnt activation (see Supplementary Figure S3B).

contrast, and

These results support the conclusion that the expression of
CYP1BI1, together with that of other CYPs, is regulated by
Wnt/B-catenin signaling in HepG2 cells.
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CYP1B1 expression was restored in -
catenin and TSPYL1 double knockdown
HepaRG cells

We had demonstrated that TSPYLI negatively regulated
CYPIBI expression by blocking [-catenin binding to
TCF7L2 the CYPIBI After  B-catenin
knockdown, CYPIBI expression was down regulated in
HepaRG cells (Figures 7A,B). In summary, TSPYL] and p-
catenin knockdown regulated CYPIBI expression in opposite

on promoter.

directions.

Therefore, we anticipated that by inhibiting the activity of the
Wnt/-catenin pathway, we could “rescue” TSPYL1 knockdown-
dependent CYPIBI upregulation. To test that hypothesis, we
conducted a double knockdown experiment. Our PCR results
supported the hypothesis that CYPIBI expression could be
rescued by P-catenin and TSPYL1 double knockdown
(Figure 7C). 20-HETE, a downstream metabolite of CYP1BI,
was also restored by TSPYL1 and CTNNB1 double knockdown
(Figure 7D). These results supported the conclusion that
TSPYL1 regulates CYP1B1 expression through Wnt/B-catenin
signaling.

©
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FIGURE 4

TSPYL1 expression associates with CYP1B1 and

CYP7A1 expression levels in human liver tissue. (A) The expression
correlation coefficient for CYP1B1 and TSPYL1 was —0.26.
(r=-0.26, **** p = 1.35e-08). (B) The expression correlation
coefficient for CYP7A1 and TSPYL1 was 0.25. (r = 0.25, **** p =
5.54e-08). These data were obtained from a previous publication
Innocenti et al. (2011).
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TSPYL1 and TCF7L2 bind to the promoter region of CYP1B1 in HepaRG cells. (A) Seven pairs of primers covering the CYP1B1 promoter region
were used to perform CHIP assays. (B) CHIP assays were performed to test TSPYL1 and TCF7L2 binding to the CYP1B1 promoter region using
HepaRG cells. The binding of TSPYL1 and TCF7L2 to CYP1B1 promoter regions was detected by qRT-PCR and has been expressed as percent of

input

TSPYL1 has been associated with BMI and
cholesterol levels in patients with obesity

Transgenic mice overexpressing CYP7A1 in the liver have
been reported to be resistant to high-fat diet induced obesity,
fatty liver disease and diabetes (Li et al., 2010), while decreased
CYPIBI1 expression has been correlated with altered lipid
metabolism, especially lysophosphatidylcholines,
contributing to protection against the development of
obesity (Li et al, 2014). Since TSPYL1 knockdown in
hepatic cells resulted in increased CYP1B1 and decreased
CYP7A1 expression, we asked whether TSPYLI expression
might be associated with obesity and/or plasma cholesterol
concentrations in humans. As an initial step toward
the that

TSPYL1 expression might be associated with obesity, we

systematically  testing hypothesis hepatic
examined publically available data from two clinical studies
addressing obesity in which hepatic mRNA expression had
been determined. The first trial entitled “A Biological Atlas of
Severe Obesity (Biological Tissue Collection (ABOS)”
Identifier: NCT01129297) involved

Figure 8A of
transcriptomic profiling of hepatic tissue from those
(Mean BMI 46.7). Among those

patients, 173 received statin treatment, and differential

(ClinicalTrials.gov

897 obese patients. shows the results

897 obese patients

expression analysis was performed between samples from
patients who were treated with or without statins to test
possible gene
TSPYL1 expression levels for those patients were negatively
associated with plasma LDL-cholesterol levels. A separate
cohort from the “Human Liver Biopsy of Different Phases

statin effects on expression.
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of Control to NASH” (GSE48452) study involved 73 severely
obese patients with various degrees of non-alcoholic fatty liver
disease (NAFLD). Those patients also had transcriptomic
profiling of hepatic tissue, and hepatic TSPYL1 expression
in this group was negatively associated with BMI (Figure 8B).
Both of these datasets were analyzed using non-parametric
two-group testing (Mann-Whitney test). These two examples
are, of course, merely suggestive, and studies designed to

TCF7L2-FLAG
TSPYL1 OE - +
B-catenin

-

TSPYL1

= - TCF7L2-FLAG
—

- e
—
FIGURE 6

TSPYL1 blocks B-catenin binding with TCF7L2. Interaction of
endogenous B-catenin with overexpressed TSPYL1 and TCF7L2-
FLAG is shown. IP was conducted with whole-cell lysates of
293T cells transfected with TCF7L2-FLAG and an empty

vector or TSPYL1 overexpression plasmid. TSPYL1 overexpression
reduced B-catenin binding with TCF7L2.

IP: FLAG

Input
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FIGURE 7

B-Catenin knockdown rescues TSPYL1 knockdown-related increase in CYP1B1. (A) HepaRG cells with or without p-catenin (CTNNB1) depletion
by siRNA were transfected as indicated. (B) CYP1B1 expression was tested by gRT-PCR. (C) HepaRG cells with TSPYL1 or CTNNB1 depletion by siRNA
were transfected as indicated. CYP1B1 expression was tested by qRT-PCR. Gene-specific data were normalized to GAPDH expression. (D) 20-HETE
was measured by ELISA. Error bars indicate standard deviations among 3 technical replicates per experiment. Data are represented as mean +

SD. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

specifically test hypotheses arising from the present series of
studies will have to be performed in the future.

Discussion

The results of the experiments described above indicate that
TSPYLI represents one factor regulating the expression of CYPs
including, especially, CYP1B1, with a significant effect on
cholesterol concentrations. This effect of TSPYL1 appears to
be mediated, at least in part, through Wnt/B-catenin signalling.
These observations suggest, among other implications, that
TSPYL1 might represent a target for future attempts to
influence or modify cholesterol biosynthesis.

As 8A, decreased
TSPYL1 expression is associated with elevated LDL-cholesterol

shown schematically in Figure
plasma levels in patients. This relationship can be explained, at
least in part, by the model shown in Figure 9. When
TSPYL1 levels decrease, B-catenin binds to TCF/LEF in the
nucleus. That binding activates CYPIBI transcription which

may then alter fatty acid and cholesterol metabolism.
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Specifically, our observations raise the possibility that
CYPIBI1 could represent a therapeutic target for the treatment
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FIGURE 8

TSPYL1 expression and cholesterol levels and BMI in clinical
trials. (A) LDL-cholesterol levels subgrouped by median

TSPYL1 expression, using hepatic expression array data for the
GSE130991 dataset. (B) BMI measurements grouped by

median TSPYL1 expression using data from the GSE48452 dataset.
Statistical significance was tested by use of the Mann-Whitney test
with p-values indicated above the figures.
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Proposed schematic model for the role of TSPYL1 in CYP1B1 transcription regulation. p-Catenin is a transcriptional activator for CYP1B1.
TSPYL1 inhibits B-catenin binding with TCF/LEF on the CYP1B1 promoter. When the TSPYL1 level decreases, p-catenin binds to TCF/LEF in the
nucleus. This activates CYP1B1 transcription and interferes with fatty acid and cholesterol metabolism.

of selected metabolic diseases. CYP1B1 knockdown altered the
expression of 560 hepatic genes, including the PPARs, a group of
nuclear receptors that play a key role in lipid and glucose
2015).
regulated by CYP1B1 include steroid hormone metabolism,

homeostasis (Larsen et al, Metabolic pathways
fatty acid metabolism, vitamin metabolism and melatonin
metabolism (Li et al,, 2017). CYPIBI is an important gene
associated with obesity, based on a review of 49 obesity-
related genome-wide sequencing studies covering 16,186 genes
(English and Butte, 2007). However, the mechanisms governing
that regulation have remained unclear. To our knowledge, the
current study is the first to demonstrate that TSPYL1 can
influence the expression of cholesterol metabolizing CYPs,
particularly CYP1B1, via Wnt/B-catenin signaling in HepaRG
cells. We observed the binding of TCF7L2 to P-catenin and
TSPYLI, and that B-catenin binding with TCF7L2 could be
reduced by TSPYL1 overexpression. Those observations are
compatible with a competition between TSPYLl and
TCF7L2 for binding to P-catenin. Although our CHIP assay
showed that TCF7L2 and TSPYL1 bind to the same region of the
CYPIBI promoter in HepaRG cells, we do not know whether
TSPYL1 binds directly or indirectly to the CYPIBI promoter
region by binding jointly with TCF7L2. Our group had already
predicted the TSPYL1 DNA binding motif based on CHIP-PCR
assay (Qin et al,, 2018). That sequence is not the same as the
TCF7L2 binding motif. However, there is a TCF7L2 binding
motif (TCAAAG) in the CYPIBI promoter. As a result, it is
possible that TSPYL1 may bind to the CYPIBI promoter as a
result of its interaction with TCF7L2. Consistent with a previous
publication (Malovannaya et al., 2011), our results suggest that,
as transcriptional regulatory proteins, TSPYLs regulate gene
transcription by interacting with transcription factors which
bind with target gene promoter regions. A transcription factor
(TF) is a sequence-specific DNA-binding factor. Specifically, it is
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a protein that controls the rate of transcription of genetic
information from DNA to messenger RNA by binding to a
specific DNA sequence. However, TSPYLs do not bind to a
specific DNA sequence, as demonstrated by CHIP-PCR in our
current and previous studies (Qin et al, 2018). Instead,
transcription regulators influence transcriptional regulation by
interacting with other proteins to “fine tune” transcription. As a
result, TSPYLs are considered as transcription regulators, but not
transcription factors.

In summary, the results of this series of studies indicates
that TSPYLI might be an important modulator of CYPIBI
and, possibly, of CYP7AI expression in human hepatic cells.
The identification of an “antagonistic” relationship between
B-catenin and TSPYL1 adds a possible new layer of
regulation to the complex network involving B-catenin, as
well as the role of the TSPYL1 as an important regulator of
CYP expression in the human liver. Finally, in summary, our
findings suggest that decreased TSPYLI expression might
result in altered cholesterol metabolism through the
regulation of cholesterol metabolizing CYPs in a process
mediated by Wnt/p-catenin signaling.
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Objective: This study aims to develop a combined population pharmacokinetic
(PPK) model for aripiprazole (ARI) and its main active metabolite
dehydroaripiprazole (DARI) in pediatric patients with tic disorders (TD), to
investigate the inter-individual variability caused by physiological and genetic
factors in pharmacokinetics of ARl and optimize the dosing regimens for
pediatric patients.

Methods: A prospective PPK research was performed in Chinese children with
TD. Totally 84 patients aged 4.83-17.33 years were obtained for the
pharmacokinetic analysis. 27 CYP2D6 and ABCB1 gene alleles were
detected. Moreover, the clinical efficacy was evaluated according to
reduction rate of Yale Global Tic Severity Scale (YGTSS) score at the
12th week comparing with the baseline. Monte Carlo simulations were used
to evaluate and optimize dosing regimens.

Results: The PPK model was established to predict the concentrations of ARI
and DARI. Body weight and CYP2D6 genotype were the significant covariates
affecting the clearance of ARI. The DARI/ARI metabolic ratios (MRs) of AUCo4p,
Cmin and C,, at the steady state of results were ultra-rapid metabolizers
(UMs) > normal metabolizers (NMs) > intermediated metabolizers (IMs). MRs
could be used to distinguish UMs or IMs from other patients. The best predictor
of clinical efficacy for TD was the trough concentration of ARl and the cut-off
point was 101.636 ng/ml.
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Conclusion: The pharmacokinetics of ARl and DARI in pediatric TD were

significantly

influenced by body weight

and CYP2D6 genotype.

Individualized dosing regimens were recommended for pediatric patients
with TD to ensure clinical efficacy.

KEYWORDS

pediatric,

tic disorders,

pharmacodynamics

Highlights

1) A population pharmacokinetic model was firstly established
in pediatric tic disorders.

2) Body weight and CYP2D6 genotype were the significant
covariates.

3) Dehydroaripiprazole/aripiprazole ratios could be substituted
for CYP2D6 genotyping.

4) Trough concentration of aripiprazole could predict clinical
efficacy of tic disorders.

5) Precise dosing regimens were proposed based on body weight
and CYP2D6 genotype.

Introduction
Tic disorders (TD) is one of the most common
neurodevelopmental disorders in childhood, which is

characterized with sudden, rapid, recurrent, nonrhythmic
motor movement or vocalization (Deeb et al., 2019). The
Diagnostic and Statistical Manual of Mental Disorders, 5th
edition (DSM-5) classifies TD into provisional tic disorders
(PTD), chronic motor or vocal tic disorders (CTD) and
Tourette syndrome (TS) (Association AP, 2013). According to
the national-scale psychiatric epidemiological survey in China in
2021, the prevalence of PTD, CTD, TS in school children and
adolescents is 1.2%, 0.9% and 0.4%, respectively (Li et al., 2021).
Before treatment, Yale Global Tic Severity Scale (YGTSS) is
commonly used to assess the frequency and severity of tic
symptoms in clinics (Martino et al., 2017). The treatment of
TD
pharmacological treatment and patients with moderate to

contains  pharmacological treatment and non-

severe conditions need pharmacological treatment. Tiapride,
(ARI)
recommended as the first-line pharmacological treatment in

clonidine adhesive patch and aripiprazole are
the expert consensus (Liu et al., 2020). Recently, the European
Society for the Study of Tourette Syndrome (ESSTS) proposed
that ARI should be the first choice of drug for TD both in
children and adults (Roessner et al., 2022).

ARTI is the third-generation atypical antipsychotic which acts
as a partial agonist at the dopamine D2, dopamine D3 and
serotonin 5-HT1A receptors and an antagonist at the serotonin
5-HT2A receptors (Shapiro et al, 2003). The main active

metabolite of ARI is dehydroaripiprazole (DARI), which
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accounts for 40% ARI exposure in plasma (Kinghorn and
Mcevoy, 2005). Due to the long half-life (T;,) of ARI, it
usually reaches steady state concentrations after 14 days of
treatment or dose adjustment (Prommer, 2017). According to
the 2017 Arbeitsgemeinschaft fiir Neuropsychopharmakologie
und Pharmakopsychiatrie (AGNP)-therapeutic drug monitoring
(TDM) group TDM
recommendations of ARI, the therapeutic reference ranges are
100-350 ng/ml for ARI, and 150-500 ng/ml for ARI plus DARI
(Hiemke et al., 2018). For pediatric patients, the application of

expert consensus  guidelines  for

TDM in ARI appears to be more important in terms of their
development (Rafaniello et al., 2020). However, there are no
specific therapeutic reference ranges in ARI or DARI for children
with TD. Meanwhile, a few related literatures were reported just
in adult patients with schizophrenia (Kirschbaum et al., 2008; Lin
et al,, 2011).

ARI is mainly metabolized in the liver through three
biotransformation pathways: dehydrogenation, hydroxylation
and N-dealkylation via CYP2D6 and CYP3A4 enzyme
(Belmonte et al., 2018). ARI is metabolized to a lesser extent
by CYP3A4 enzyme, recent research progress showed that
CYP3A4 genotype did not significantly influence the
pharmacokinetics of ARI and DARI (Belmonte et al., 2018;
Saiz-Rodriguez et al, 2020). The ATP-binding cassette sub-
family B member 1 (ABCB1) gene is located on chromosome
7 at q21 and codes for the P-glycoprotein (P-gp) (Gottesman
et al, 1995). P-gp involves in the process of absorption,
distribution and elimination of ARI, which transports ARI
across intracellular and extracellular membranes (Thiebaut
et al., 1987). Both ARI and DARI are possible substrates of
P-gp and it was reported that ABCB1 polymorphism was
associated with the serum concentrations of ARI or DARI
(Gunes et al., 2008; Rafaniello et al., 2018). CYP2D6 is a
highly polymorphic gene. According to the classifications of
CYP2D6 genotype, subjects are usually divided into four
poor (PMs),
intermediated metabolizers (IMs), normal metabolizers
(NMs), and ultra-rapid metabolizers (UMs) (Gaedigk et al.,
2017; pharmvar, 2022). Previous studies showed that there
was high variability in inter- and intra-individual
pharmacokinetics of ARI (Molden et al., 2006), which could
be mainly explained by CYP2D6 genetic polymorphisms

phenotypes as  following: metabolizers

(Jovanovic et al,, 2020). Those studies were mainly aimed at
psychiatric patients or healthy subjects in adults. However, for

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1048498

Xin et al.

TD patients, especially in children, there were insufficient
research data and several limitations. Besides the genetic
polymorphisms, the other factors such as physiological
developmental index, liver and renal function, or drug
combination may influence the pharmacokinetics of ARI
Moreover, the correlation between serum concentrations and
treatment response of ARI is still unclear and the therapeutic
range of serum concentrations has not been estimated.
Furthermore, the dose of ARI is often adjusted on the basis of
drug response and side effects in clinics and the optimal dose
regimens are under researched.

In this study, a combined population pharmacokinetic (PPK)
model of ARI and its metabolite DARI was developed. It
investigated the contributions of CYP2D6 and ABCB1 genetic
polymorphisms, physiological factors, and drug combinations in
ARI and DARI pharmacokinetics. Finally, the precise medication
for pediatric patients with TD was promoted and appropriate
dosing regimens were proposed.

Materials and methods
Study population

This prospective study was conducted at the Department
of Pediatric Neurology of Wuhan Children’s hospital,
Huazhong University of Science and Technology, from
January 2021 to July 2022. The inclusion criteria for
patients included in the pharmacokinetic study were listed
as follows: 1. The diagnosis complies with the diagnostic
criteria of TD in DSM-5; 2. Chinese patients, aged less than
18 years, no matter of sex 3. Pharmacological treatment
included ARI monotherapy or ARI add-on therapy; 4. Free
from any known organic diseases, normal liver and renal
functions, normal electrocardiogram (ECG) and so on. The
exclusion criteria for pharmacokinetic study were listed as
follows: 1. Subjects participated in other clinical trials in the
past 1 month; 2. the clinical data were incomplete; 3. Poor
medication adherence or lost follow-up; 4. Patients with
epilepsy,
function or other organic diseases. The inclusion criteria

encephalitis, schizophrenia, abnormal liver
for pharmacodynamic study were listed as follows on the
basis of above inclusion criteria in pharmacokinetic study:
YGTSS total score>25 at the baseline. The exclusion criteria
for pharmacodynamic study were as follows on basis of the
above exclusion criteria in pharmacokinetic study: add other
drugs for the treatment of TD or adjust the dose of drugs other
than ARI during follow-up. The study was approved by the
Ethics Committee of Wuhan Children’s hospital, Huazhong
University of Science and Technology (No: 2021R101-E01).
Informed consent was obtained from the guardians of the

children involved in this study.

Frontiers in Pharmacology

85

10.3389/fphar.2022.1048498

Dosage regimen, blood sampling and data
collection

ARI was orally administered to the pediatric patients at a
dose of 1.25-5 mg once a day in the first week, with a gradual
increase to the target dose of 2.5-20 mg/d. The dose adjustment
interval was at least 1 week. A sampling strategy was selected to
collect blood samples for pharmacokinetic analysis. The dosing
and sampling time was accurately recorded. Blood samples (4 ml)
were collected from patients after orally taking ARI for at least
14 consecutive days. The serum concentrations of ARI were
tested, subsequently the residual blood samples were separated
and stored at -70°C for CYP2D6 and ABCBI1 genetic testing.

Individual laboratory and demographic parameters were
collected from the electronic medical records database,
including age, gender, height, weight, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), direct bilirubin
(DBIL), total bilirubin (TBIL), albumin (ALB), globulin
(GLB), y-glutamyltranspeptidase (y-GT), blood urea nitrogen
(BUN), serum cystatin C (Cys-C), and serum creatinine
concentration (Scr). The body surface area (BSA) was
calculated by the Mosteller formula. The estimated glomerular
filtration rate (eGFR) was obtained by the modified Schwartz
formula.

Quantification of ARl and DARI

The concentrations of ARI and DARI were detected by using
the HPLC method. The preparation procedures of the sample
were as follows: Blood sample was centrifuged at 1,500 g for
10 min and 0.5 ml serum sample was added into the solid-phase
extraction column (Agela Technologies, Cleanert ODS C18),
subsequently methanol containing 0.05% hydrochloric acid
was used for elution. The Innoval C18 column (Agela
Technologies, 5um, 4.6 x 250 mm) was used for separation.
20:80 was
prepared as the mobile phase. The wavelength of ultraviolet
(UV) detection was 217 nm. The linear ranges of ARI and
DARI detection were 10-1,490 ng/ml and 15-1,070 ng/ml,
respectively. The intra- and inter-day precisions for ARI and
DARI were within 10%.

Ammonium acetate (0.03 mol/L): methanol =

CYP2D6 and ABCB1 SNP detection,
CYP2D6 allele and genotype frequencies
First-generation sequencing was utilized for genetic
detection, consisting of DNA extraction, polymerase chain
reaction (PCR) amplification and SNP detection process.
DNA extraction was performed by MolPure” blood DNA kits

(Yeasen Biotechnology, Shanghai). SNP detection was
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determined by 3730XL Sequencer (ABI, Inc., USA) by Sangon
Biotech (Shanghai, China).

A total of 27 SNPs were detected and consisted of 25 SNPs of
CYP2D6 and 2 SNPs of ABCBI, including CYP2D6*3
(rs35742686), CYP2D6*4 (rs3892097), CYP2D6*6 (rs5030655),
CYP2D6*9 (rs5030656), CYP2D6*14 (rs5030865), CYP2D6*17
(rs28371706), CYP2D6*33 (rs28371717), CYP2D6*35 (1s769258),
CYP2D6*41 (rs28371725), CYP2D6*49 (rs1135822), CYP2D6*51

(rs72549348),  CYP2D6*54  (1s267608297),  CYP2D6*69
(rs267608289), rs1135840, rs16947, 1s1058164, 1528371705,
1528371703, rs28371702, rs28371699, rs29001518, rs1080995,

rs1065852, rs1080989, rs1080985, ABCB1 C3435T (rs1045642)
and G2677T/A (rs2032582). The frequencies of CYP2D6 allele
mutation were shown in gene heat map.

Based on the classification standard (Zhang et al., 2021),
patients were categorized into four CYP2D6 metabolizer
phenotypes. UMs were defined as carrying more than
2 normal function alleles, eg *1*1, *1*2, *2*2. NMs were
defined as carrying 1 functional allele, e.g., *1¥10, *1*33. IMs
were defined as carrying 1 decreased-function allele and 1 non-
function allele or carrying 2 decreased-function alleles, e.g.,
*3*10, *10%10. PMs were defined as carrying 2 non-function
alleles, e.g., *3*3.

Clinical efficacy observation

Outpatients and telephone follow-ups were conducted
respectively at the baseline and after 12 weeks of ARI
treatment. The basic information such as gender, age, height,
type, comorbidity,
medication, liver and kidney function, serum concentrations

weight, disease dosage, concomitant
of ARI and metabolite DARI, clinical efficacy was recorded in
detail during follow-up. The severity of TD was assessed by Yale
Global Tic Severity Scale (YGTSS). The scale includes three parts:
motor tic score, vocal tic score and functional impairment score.
The sum of the three parts is the total scores of YGTSS. The
higher the total scores, the more serious the symptoms of disease.
After 12 weeks treatment, the clinical efficacy was assessed by the
YGTSS score reduction rate (%). YGTSS score reduction rate
(%) = (total scores before treatment-total scores after treatment)/
total score before treatment x 100%. Compared with the baseline
YGTSS scores, when YGTSS score reduction rate is less than 50%,
it is evaluated as ineffective. When YGTSS score reduction rate is
more than 50%, it is evaluated as effective. Side effects or adverse

events were observed and recorded during treatment.

PPK modeling
The population pharmacokinetics analysis was performed by

the software Phoenix” NLME (Version 8.2.0. 4383, Pharsight
Corporation, USA) and R program (Version 4.0.2). The first
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order conditional estimation-extended least squares (FOCE ELS)
to the
pharmacokinetic parameters and the variabilities.

method was applied estimation of population

Construction of the base model

One- model with first-order

elimination were evaluated for ARI and DARI. Since the lack

or two-compartment
of absorption and distribution phase data, the parameters were
difficult to be estimated by two-compartment model. Therefore,
two one-compartment tandem models were applied in the
construction of the base model for both ARI and DARI
According to the reports in the literature, the absorption rate
constant (k,) was fixed at 1.06 h™' (Jovanovic et al., 2020), and the
bioavailability (F) was not estimated. The material balance
formulas were shown in Equations 1-3.

dA (dose)/dt = —k, x A(dose) x F (1)

dA(p)/dt =k, x A(dose) x F-CL/Vd x A(p) (2)
dA(m)/dt =F, X kn X CL/Vd X A(p) - CL(m)/Vd(m) X A(m)
(3

where A(dose) represents the dosage of ARI, k, is the absorption
rate constant, F is the oral bioavailability of ARI, A(p) is the
amount of ARI in the central compartment, CL/F is the apparent
clearance of ARI, Vd/F is the apparent volume of distribution,
A(m) is the amount of DARI in the metabolic compartment, Fm
is the dosage conversion fraction from ARI to DARI, since the
amount of ARI translate to DARI was unknown, Fm was not
estimated in this study. kn is the molecular mass ratio of DARI/
ARI (0.995), CL(m)/Fm is the apparent clearance of DARI,
Vd(m)/Fm is the apparent volume of distribution of DARIL.

The exponential and proportional model were respectively
applied to the estimation of inter- and intra-individual
variability, which were shown as Equations 4, 5.

“
®)

Pi =0 x exp(ni)
Y = IPRED x (1 +¢)

where Pi is regarded as the individual pharmacokinetic
parameter, 6 represents the typical value of the population
the
variation, and #i conforms to a normal distribution with

and variance ®’ Y s

pharmacokinetic ~parameter, #i is inter-individual

mean 0 the observed drug
concentration, IPRED is the individual prediction, ¢ is the
intra-individual variation, and ¢ conforms to a normal

distribution with mean 0 and variance o>
Covariate analysis

After the construction of the basic structure model, the
stepwise method was used to investigate the influence of
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covariates on the pharmacokinetic parameters, and the inclusion
or exclusion of a covariate depended on the changes of the
objective function value (OFV). The forward and backward
selections were utilized. In the forward selection, the covariate
would be added into the basic structure model if the decrease in
OFV was more than 3.84(p < 0.05, df = 1). The covariates were
removed from the model one by one. In the backward selection,
the covariate should be removed if the increase of OFV was less
than 6.64 (p < 0.01, df = 1). Then the final PPK model was
established.

The covariates in the final model consisted of continuous
variables and categorical variables. Continuous variables
included age, height, weight, liver and kidney function
indicators. Categorical variables included gender, genotype,
and combination medication. The introduction methods of
continuous and categorical variables were shown in Equations
6, 7, respectively. Five developmental models were tried to
analyze the effect of physiological development on ARI

clearance (Ding et al., 2015; Li et al., 2020).

B COV_j Ocov
0i=0x (Cov_median) ©)
;=6 x exp(ecov) (7)

where 0; represents the population predicted value of
pharmacokinetic parameter, 0 is the population typical value,
Covj is the jth continuous covariate, Cov-median is the median
value of the covariate, and Ocov is regarded as the fixed effect of
the covariate on the parameter.

Validation of the final model

The of the
pharmacokinetic model was usually evaluated by nonparametric

prediction  performance population
bootstrap analysis, goodness-of-fit plots, normalized prediction
distribution errors (NPDE), and visual predictive check (VPC).
Both bootstrap analysis and VPC tests were run for 1,000 times to
assess the accuracy and stability of the final model established in
this study. To confirm the reliability of the final model, the
bootstrap parameters were required to be within 10% of the
final model parameters and the 90% CIs of the VPC predicted
values should cover most of the measured values. Goodness-of-fit
plots were employed to check the agreement between the predicted
and observed value, to verify whether the prediction error has a
significant drift with the predicted value or observation time,
including observed concentrations vs. individual predictions or
population predictions (PRED), conditional weighted residuals
(CWRES) vs. PRED or time. The distributional trends and
characteristics of the data error were checked by NPDE. The
results were generalized graphically by default as obtained from the
R package, including Quantile-quantile plot, the NPDE histogram,
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and scatterplots of NPDE against time after the last dose or against
PRED. The NPDE was expected to follow the normal distribution.

Model-based simulations

The area under the curves over 24h (AUC,4,), peak
concentrations (Cy,ay) and trough concentration (C,,;,) of ARI
and DARI at steady-state were calculated by employing Bayesian
maximum posterior probability method. The metabolic ratio (MR,
DARI/ARI) was calculated and the comparison of MRs between
different groups (UMs, NMs, IMs) was explored. The ROC curve
was used to find the diagnostic cut-off point of MR for
UMs The
relationship between steady-state trough concentration of ARI,
DARI, ARI plus DARI and clinical efficacy was investigated
respectively by ROC method. Otherwise, the relationship

distinguishing IMs or from other patients.

between the dose of ARI and clinical efficacy was investigated
and the determined. The
concentrations collected at non-standard valley time point were

diagnostic cut-off point was

corrected by Bayesian method.

The target indexes of the simulated trough concentration of
ARI and ARI plus DARI were determined on the basis of the
observation of clinical efficacy and the standard of AGNP. The
Monte Carlo simulations were performed by the parameters and
variabilities derived from the final model. Each dose, as well as
each scenario, was simulated for 1,000 times to evaluate the
clinical efficacy and safety of different dosing regimens under
different covariate factors. The steady-state trough concentration
and the probability of reaching the target (PTA) of efficacy and
toxicity were calculated.

Results
Study population

Totally 84 patients aged 4.83-17.33 years old were included
for PPK analysis. These patients consisted of 64 males and
20 females, all of which were diagnosed with TD. The body
weight ranged from 17.90 to 100 kg. The demographic and
clinical characteristics of the patients for the pharmacokinetics
analysis in this study are summarized in Table 1.

Phenotypic and CYP2D6 allele
frequencies

All subjects were genotyped for all the variants (n = 84 subjects).
The results of CYP2D6 genotype and phenotype were shown in
Table 2. The results of CYP2D6 allele mutation frequencies were
shown in Supplementary Figure S1 in the supplementary document.
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TABLE 1 Basic information of patients for the pharmacokinetics analysis in this study.

10.3389/fphar.2022.1048498

n Mean + SD Median (range)

Patients 84 — —
Sex (male: female) 64:20 — —
Age (year) — 9.62 +2.73 9.17 (4.83-17.33)
Body weight (kg) — 40.25 £ 16.76 36.00 (17.90-100.00)
Height (cm) — 141.92 + 15.85 142.00 (108.00-176.00)
Body surface area (m?) — 1.24 + 0.32 1.21 (0.73-2.21)
ALT (U/L) — 14.67 £ 7.81 13.00 (5.00-50.00)
AST (U/L) — 21.47 + 4.60 21.00 (12.00-33.00)
DBIL (mol/L) — 3.84 + 1.36 3.60 (1.90-8.40)
TBIL (umol/L) - 939 + 3.92 8.65 (3.00-23.70)
y-GT (U/L) - 13.14 + 4.99 12.00 (7.00-40.00)
GLB (g/L) - 2322 £ 315 23.35 (15.40-30.00)
ALB (g/L) — 48.51 + 2.39 48.25 (43.10-55.30)
CRE (umol/L) — 43.77 £ 10.29 42.05 (28.00-91.70)
BUN (mmol/L) — 4.54 £ 0.99 4.59 (2.20-7.60)
Cys-C (mg/L) — 0.86 + 0.11 0.86 (0.62-1.25)
eGFR (mL/min-1.73m?) — 121.72 + 18.58 121.56 (66.49-162.39)
Concentration of ARI (ng/ml) — 137.11 + 81.47 123.96 (11.31-346.55)
Concentration of DARI (ng/ml) — 50.83 + 29.39 44.10 (15.19-162.40)
Number of combined medication cases

Tiapride 26 — —

Clonidine 41 — —

Methylphenidate 1 — —

Topiramate 3 — —

Trihexyphenidate 1 — —

Inosine 4 — —

Chinese traditional medicine 10 — —
TABLE 2 The distribution of CYP2D6 genotypes and phenotypes.
Genotype/Phenotype N (%) Genotype/Phenotype N (%)
CYP2D6 genotype — *10*10 30 (35.71%)
*1*1 1 (1.19%) *10%14 3 (3.57%)
*1*2 6 (7.14%) *10%41 2 (2.38%)
*39*39 8 (9.52%) CYP2D6 phenotype —
*1*10 27 (32.14%) UMs 15 (17.86%)
*1*41 3 (3.57%) NMs 34 (40.48%)
“1*14 1 (1.19%) IMs 35 (41.67%)
*10*34 1 (1.19%) PMs 0 (0.00%)
*10*35 1 (1.19%) — —
*1*33 1 (1.19%) — —

Population pharmacokinetic modeling population pharmacokinetic modeling. Most of the blood

samples were obtained after continuous administration for at

The number of samples collected from per patient was 1-5, and least 14 days in this study, only one blood sample was collected
finally a total of 143 serum concentrations were collected for less than 14 days because of adverse reactions. The modeling
Frontiers in Pharmacology frontiersin.org
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FIGURE 1

Goodness-of-fit plot of the base model and final population pharmacokinetics model for ARI (A,C) and DARI (B,D). From left to right, the plots
are observations against individual predictions (IPRED), observations against population predictions (PRED), conditional weighted residuals (CWRES)

against PRED, and CWRES against time, respectively.

Table S1 in
supplementary document. The simplest exponent model was
applied as developmental model resulting from the lowest values
of OFV, Akaike information criterion (AIC) and Bayesian
information criterion (BIC). Comparing with the basic model,
the decrease of OFV, AIC and BIC in the final model integrating

procedures were shown in Supplementary
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with body weight and CYP2D6 genotype were 33.2, 27.2 and
16.5 units, respectively.

Both body weight and genotype were included in the final
PPK model and the final model was expressed using Equations
8 to 12:

k(") = 1.06 (8)
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TABLE 3 Pharmacokinetic parameters and bootstap results of the final model.

Parameter Final model
Estimate RSE (%)

O () 1.06 (fixed) —
Ovar (L) 219.91 23.36
Ocr (L) 3.06 11.92
Ovamyem (L) 423.78 43.01
Ocr(myEm (Lh™) 8.86 5.56
0, 1.00 (fixed) _
0, 0.64 21.86
O 0.00 (fixed) —
O1m -0.23 25.32
Ount 0.21 35.09
03 1.00 (fixed) _
0, 0.75 (fixed) —
Inter-individual variation

OVaE 79.99 39.38

WEL/E 12.07 24.52

WEL(m)/Fm 15.31 30.63
Intra-individual variation

Gart (%) 35.45 9.34

Oparr (%) 35.37 7.17

Bootstrap analysis

Bootstrap median

10.3389/fphar.2022.1048498

Bootstrap 95%CI

1.06 (fixed) —

226.07 158.86-370.98
2.99 237-4.05
431.19 44.47-1,097.35
8.87 7.90-9.78
1.00 (fixed) —

0.62 0.37-0.89
0.00 (fixed) —

023 -0.42-0.03
021 0.01-0.53
1.00 (fixed) —

0.75 (fixed) —

73.52 12.81-134.22
10.90 443-17.35
14.75 5.44-24.05
36.10 25.72-43.17
34.66 29.38-39.44

0;, exponent for WT as covariate for V4/F; 6,, exponent for WT as covariate for CL/F; 65, exponent for WT as covariate for Vg(m)/Fn; 04, exponent for WT as covariate for CL(y,)/Fy,.

1.0
vd/F(L>=219.91x<V;]—0T> xexp<'1vd/F> ©)

W\
CL/F(L-h™) =3.06 x <W) X exp (ng,ype) x exp (Herse)

(10)

WT 1.0
Vd(m)/Fm (L) =423.78 x W (11)

. WT 0.75
CL(ny/F (L -h 1) = 8.86 x (W) X exp (WCL(M)/Fm) (12)

where WT is the body weight, V/F is the apparent volume of
distribution of AR, Vy,,,/F.,,) is the apparent volume of distribution
of DARI, CL/F is the apparent clearance of ARI, CL,,/F», is the
apparent clearance of DARI. The clearance of ARI was decreased by
20.55% in IMs, and increased by 23.37% in UMs.

Final model validation

The goodness-of-fit plots were presented in Figure 1. The
observed serum concentrations showed closely agreement
with the model prediction and conditional prediction
residuals mostly located within +2 standard deviations
without significant drift, suggesting the predictive accuracy
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of the final model. The results of the nonparametric bootstrap
analysis could be seen in Table 3. The final model estimates
distributed in the 95% confidence intervals (CIs) of estimates
obtained from the bootstrap procedure and were close to the
median parameter estimates with small bias, which indicated
good stability of the population pharmacokinetic model.
Additionally, the VPCs for both ARI and DARI were
Almost all of the
concentrations were within the 90% CIs, validating the

shown in Figure 2. observed
predictive capability of the final model. As shown in
Figure 3, the NPDE analysis for ARI and DARI were
performed by employing t-test, Shapiro Wilks test, Fisher’s
variance test, and Global test. The NPDE results were shown
in Supplementary Table S2, which suggested that the NPDEs

followed a normal distribution with P values larger than 0.05.

Pharmacodynamic observations

As shown in Supplementary Table S3, totally 56 pediatric
with TD were
pharmacodynamic analysis of ARI. After analyzing and
assessing, 73% effective rate and 26.8% adverse reaction
incidence rate were acquired (41/56) after 12-week ARI
add-on

patients ultimately enrolled for the

monotherapy or treatment. The relationships
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Visual prediction checks of the final model for ARI (A) and DARI (B). The blue points represent the observed value. The dashed and solid red lines
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FIGURE 3
Normalized prediction distribution errors (NPDEs) of the final population pharmacokinetic model for ARI (1) and DARI (2). (A1,A2) Quantile-
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distribution overlaid; (C1,C2) Scatterplot of NPDE against time; (D1,D2) Scatterplot of NPDE against PRED.
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Receiver operating characteristic curve (ROC) analysis of the relationship between drug exposure of ARI(A), DARI(B), ARI plus DARI(C) and
clinical efficacy, and the relationship between the dosage of ARI and clinical efficacy (D)

between drug exposure, the dosage of ARI and clinical efficacy
were analyzed by employing ROC diagnostic curve, and the
results were shown in Figure 4. The areas under the curve of
ARI, DARI, ARI plus DARI and ARI dosage were 0.680, 0.538,
0.633, and 0.611, respectively. The area under the curve of ARI
was the largest with the lower limit of 95%CI larger than 0.5,
but the lower limits of 95%CI of DARI and ARI plus DARI
were less than 0.5, suggesting the best predictor of the clinical
efficacy for children with TD was the trough concentration of
ARI. In addition, the cut-off point was 101.636 ng/ml, with the
sensitivity and specificity of 0.800 and 0.634 respectively,
which was very close to the lower limit of 100-350 ng/ml
recommended by AGNP for mental disorders in adults. The
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intolerable adverse reactions were not observed within 350 ng/
ml during the administration in this study. Therefore,
100-350 ng/ml was selected as the target index range of
steady-state trough concentration of ARI.

Simulation and dosing regimen
optimization

The predicted concentration-time profiles of ARI and DARI
during 30 days oral administration were simulated according to
the CYP2D6 phenotypes. The median body weight of 36 kg and
the median dose of 0.5 mg once a day were applied to simulated.
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FIGURE 5
Predicted pharmacokinetic profiles of ARI (A) and DARI (B) during the first 20 days of treatment obtained from IMs, NMs, and UMs. The median
body weight of 36 kg and the median dose of 0.5 mg were applied to simulated. The black line is the median of the simulated concentrations. The
grey shaded area represents the prediction interval (10th-90th percentiles).
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FIGURE 6

Violin pictures of DARI/ARI steady-state drug metabolic ratio (MR), including MRayc24n, MRcmin @and MRemax, for IMs, NMs and UMs.

As shown in Figure 5, comparing to NMs and UMs, the trough
concentrations of ARI at steady state showed significantly
elevation in IMs, whereas the trough levels of DARI indicated
no difference.

The MRs of AUC,41, Cipin and Cppx for all patients were 0.35 +
0.11,0.45 + 0.25 and 0.30 + 0.08, respectively. The MRs of AUC, 4, for
UMs, NMs, IMs were 0.49 + 0.11, 0.34 + 0.08, and 0.30 + 0.07; the
MRs of C;,, for UMs, NMs, IMs were 0.73 + 0.44, 0.43 + 0.12, and
0.36 + 0.11; the MRs of C,,,,, for UMs, NMs, IMs were 0.40 + 0.09,
0.29 £ 0.06, and 0.26 + 0.07, respectively. The comparison of MRs
between UMs, NMs, IMs was shown in Figure 6. The violin picture
showed that the MR values of AUC,41,, Ciin and Cpp,oc Were UMs >
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NMs > IMs (p < 0.05). As shown in Table 4, the diagnostic cut-off
points of MRs were calculated respectively. The results showed that
MRs could be used to distinguish UMs or IMs from other patients.

The PTAs of the trough concentrations of ARI and ARI plus
DARI under different dosage regimens for patients with different
body weight and CYP2D6 genotypes were shown in Supplementary
Table S4, and Figure 7 was drawn based on these results. According
to the results of PT'As, we organized the optimal dosage regimens for
patients with different body weight and CYP2D6 phenotypes, which
was shown in Table 5. Eventually, under the optimal dosage
regimens, the PTAs of C,,;,, of ARI >100 ng/ml and C,,;, of ARI
plus DARI >150 ng/ml were larger than 75%; the PTAs of C,;;, of
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TABLE 4 The diagnostic cut-off points of MRs for distinguishing UMs or IMs from other patients.

MRs Area 95%CI
MRs for UM diagnosis
MRy 0.91 + 0.04 0.83-0.99
MRemin 0.88 + 0.05 0.79-0.97
MR 0.88 + 0.04 0.79-0.96
MRs for IM diagnosis
MRuc 0.75 £ 0.05 0.64-0.85
MRcmin 0.75 + 0.05 0.65-0.85
MRcmax 0.71 £ 0.06 0.60-0.83

ARI >350 ng/ml and C,,,;, of ARI plus DARI >500 ng/ml were less
than 5%; and the PTA of C,,;,, of ARI >1,000 ng/ml was less than
1%. The results suggested that it was optimal to determine the dosing
regimen of ARI for pediatric patients with TD based on body weight
and CYP2D6 genotype.

Discussion

To the best of our knowledge, this research firstly described
the PPK analysis of oral ARI in pediatric patients with TD. We
found body weight and CYP2D6 genotype were the most
important covariates that contributed to the inter-individual
variability of ARI pharmacokinetics in children with TD. The
illustrated the relationship between ARI
concentrations and thus playing an
instrumental role in proposing personalized dose regimens
of ARL

serum

study

clinical response,

Clinical response of ARI

In this study, the high response rate and low incidence of side
effects of oral ARI reflected the good tolerance of ARI in
treatment of TD. Similar findings were also found by other
studies. In 2011, a prospective multicenter study on ARI
against tiapride for TD suggested that the clinical response
and adverse incidence rate of ARI were 60.21% and 29.6%,
which paralleled with our results (Liu et al, 2011). The
previous placebo-controlled clinical studies showed that oral
ARI exhibited a good efficacy and safety profile for the
treatment of TD (Sallee et al,, 2017; Yang et al,, 2019).

To date, drug exposure-efficacy relationship has not been
well appreciated in pediatric TD patients. Our study
confirmed a significant correlation between drug response
and the parent drug (ARI) blood levels, while the
correlation would be less vital when DARI or the sum of
ARI and DARI were involved, which was consistent with
findings from KIRSCHBAUM et al. (Kirschbaum et al,
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Cut-off point Sensitivity Specificity
>0.42 0.80 0.90
>0.52 0.80 0.88
20.32 0.93 0.71
<031 0.69 0.74
<0.40 0.71 0.69
<0.28 0.71 0.71

2008). In 2011, Lin et al. (Lin et al, 2011) analysed the
relationship between the serum concentrations of ARI,
DARI, ARI plus DARI and clinical response in 45 patients
with schizophrenia and schizoaffective disorder. Responders
were found significantly higher serum concentrations of DARI
and ARI plus DARI, which might be caused by the large
variability of MR (DARI/ARI) in neuropsychiatric patients.
The serum concentrations of ARI seem to be more significant
than DARI in the dose optimization for TD patients
through TDM.

Population pharmacokinetics of ARI

Two one-compartment models were developed for both
ARI and DARI the of
pharmacokinetics of ARI. The population typical values
obtained in the final PPK model were: ka = 1.06 h™', CL/
F = 3.06 L-h™!, VA/F = 219.91 L. ka was fixed to 1.06 h™! in
accordance with previous researches (Kim et al, 2008;

to investigate variability

Jovanovic et al., 2020). The population typical value of CL/
F in the final model was lower than the previously reported
values which ranged from 3.15L h'-3.88 L-h™!(Kim et al,
2008; Knights and Rohatagi, 2015) but higher than that of Jeon
et al.'s report (2.69 L-h™') (Jeon et al, 2016). As for the
distribution volume of ARI, the Vd/F (219.91 L) obtained
in this study was larger than the value of Kim et al.s
(193 L) and Knights and Rohatagi et al.s (192L) (Kim
2008; Knights 2015).
differences, different sampling time, methods, physiological

et al, and Rohatagi, Racial
and pathological differences may contribute to the difference
of the above values.

The researchers proposed that dose of ARI would not be
adjusted in liver or renal impairment patients (Mallikaarjun et al.,
2008). Though no liver or renal impairment occurred in this
study, many other factors were taken into account. Drug
combinations such as clonidine or tiapride, the most common
drugs that patients used, were not included in the final PPK

model in this study. Furthermore, no dose adjustments are
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FIGURE 7

The simulated steady-state trough concentrations of ARI for patients with different body weight and CYP2D6 genotypes under the different

dosage regimens.

required on the grounds of age, sex, race or smoking (Mauri et al.,
2018). Moreover, gene polymorphism is deemed as a remarkable
element in the field of pharmacokinetics study of ARI. The
CYP2D6  genotype and  ARI
pharmacokinetics has been intensively probed over the past
2016) developed a two-

relationship ~ between

decade. Jeon et al. (Jeon et al,
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compartment model for ARI in healthy Korean subjects. They
proposed that CYP2D6 genotype polymorphisms, height, and
weight the significantly affecting ARI
pharmacokinetic parameters such as CL/F, Vc/F and Vp/F.
Similarly, Knights and Rohatagi et al. (Knights and Rohatagi,
2015) found that CYP2D6 genotype, weight (<115 kg) and age

were covariates
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TABLE 5 Optimal dosage regimens for patients of different CYP2D6 genotypes.

Group Weight (kg)

20 40
NM 7.5 mg, qd 10.0 mg, qd
M 5.0 mg, qd 7.5 mg, qd
UM 10.0 mg, qd 12.5 mg, qd

were the important covariates that influenced CL/F of ARI.
Regarding the young population, few population models and
the pharmacokinetic analyses embraced pediatric patients. The
final model established in this study showed that the clearance of
ARI in pediatric TD patients could be markedly affected by body
weight and CYP2D6 genotype.

CYP2D6 and ABCBL1 genetic
polymorphisms in ARI

ARI metabolism is mainly mediated by CYP2D6,
CYP3A4 and ABCBI1 (Belmonte et al, 2018). It has been
proved that CYP2D6, ABCB1 C3435T and G2677T/A but not
CYP3A4 genotype were the most commonly reported genotypes
associated with variability in absorption and excretion of ARI
(Belmonte et al., 2018; Rafaniello et al., 2018). Furthermore, it
was demonstrated that CYP3A5 polymorphism had no impact
on the pharmacokinetics (Kim et al., 2008; Suzuki et al., 2014;
Jeon et al., 2016). Although one study showed that subjects with
CYP3A5 *3/*3 had a lower dehydro-aripiprazole/aripiprazole
ratio (Belmonte et al., 2018), the influence of CYP3A5 on the
pharmacokinetics of ARI and DARI is much smaller than that of
CYP2D6. Therefore, CYP2D6 and ABCB1 SNPs were detected in
this study. As previously reported, IMs comprise a large
proportion  of the Asian  people, especially  for
CYP2D6*10 which accounts for more than 60% (Zhang et al.,
2019). The IMs, NMs, UMs accounted for 41.7%, 40.5%, 17.8%
respectively in this study, but no PMs were found. There was
evidence that AUC,  of ARI of PMs was increased by 50% and
AUC,, of DARI was decreased by 33% compared to EMs
(Belmonte et al.,, 2018). In this study, we found that the C,;,
of ARI at steady state were notably increased in IMs in contrast to
UMs and NMs, but no difference in the C,,;, of DARI. This
suggested that the CYP2D6 genotype had no effect on the
clearance of DARI. The critical metabolic rate-limiting step
may lie in the metabolism of ARI but not in the clearance of
the metabolites. At the same time, we also compared MRs of
AUC,41, Ciin and C,,. between the UMs, NMs and IMs, results
showed that MRs were lower in subjects with lesser active
CYP2D6 alleles and this conclusion was in agreement with
Belmonte et al.s report (Belmonte et al., 2018). MRs of
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60 80 100

12.5 mg, qd 15.0 mg, qd 17.5 mg, qd
10.0 mg, qd 12.5 mg, qd 12.5 mg, qd
17.5 mg, qd 20.0 mg, qd 20.0 mg, qd

AUC,4p, Chin and Cpax helped to distinguish UMs or IMs
from other patients. AUC curves of MRs of AUC,4,, Cpnin
and C,,,, as predictors of IMs or UMs were calculated with
high sensitivity and specificity (Table 4). These parameters
conferred precious value in clinical. To some extent, we can
substitute MRs for CYP2D6 genotyping, which can make up for
the large costs of genetic testing in poor areas or families and
further promote individual medication.

ABCBI1 genes variants may alter transport activities
performed by their gene products, thus to influence the
serum concentrations of drugs. It was reported that the
clearance of ARI in ABCB1 TT/TT subjects would be lower
(Moons et al, 2011). In view of already published works,
controversial ~conclusions have been made by many
(Rafaniello et 2018)

investigated the impact of ABCB1 on ARI concentrations in

researchers. Rafaniello et al. al.,
ninety Caucasian pediatric patients, which displayed that
ABCB1  2677TT/3435TT genotype had a
significant ARI concentration/dose
compared with other ABCB1 genotypes. Nevertheless, Suzuki
et al. (Suzuki et al., 2014) revealed that there was no difference
between ABCBI1 variants (C3435T and G2677T/A) and the
exposure of ARI in Japanese adult patients with
schizophrenia. Five ABCB1 TT/TT subjects were detected in
this study but no relationship between ABCBI variants (C3435T
and G2677T/A) and the clearance of ARI was found, possibly

due to small samples of this research. Therefore, ABCB1 genetic

statistically

lower serum ratio

polymorphisms were not included as significant covariates in the
final model established in this study. This might be ascribed to
differences in races, sample numbers or disease types of subjects
in various researches. Further study is required to promote
precise dose adjustment of ARI in pediatric TD patients.

Optimal dosing regimens

So far, there is no consensus on clinical dosing regimen
recommendations for ARI in tic disorders. Food and Drug
Agency (FDA) or the Royal Dutch Pharmacists Association
proposed that CYP2D6 PMs should be administrated 50% and
67% of maximum recommended daily dosage respectively in
al., 2011; US Food and Drug

psychotics  (Swen et
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Administration, ~ 2018).  Although  there not

recommendations for IMs or UMs, CYP2D6 genetic testing

are

is still necessary in clinical dose adjustment (Bousman, 2019).
The previous evidence-based researches also showed that
CYP2D6 genetic testing helps to guide antipsychotic ARI
medications: Kneller et al. (Kneller et al, 2021) used a
physiologically based pharmacokinetic (PBPK) approach to
the effects of CYP2D6
physiological changes on the pharmacokinetics of ARI,
DARI, and ARI plus DARI. They demonstrated that the
daily dose should be adjusted for CYP2D6 PMs and the
maximum daily dose recommended should be

estimate phenotype-related

10 mg.
Meanwhile, the researcher proposed it was unnecessary to
adjust dosage for UMs and IMs. However, the above model
was developed on basis of data from healthy volunteers.
Instead, IMs accounts for 45% in east Asian people, recently
Jukic et al. indicated that 30% lower doses than usual should be
administered to IMs and PMs (Jukic et al., 2019). This study
firstly elucidated optimal and individualized dosing regimens
based on different body weight and CYP2D6 genotypes in
children with TD, thus ensuring therapy effectiveness and
safety. For IMs, the weight of 20kg, 40kg, 60kg, 80kg,
100 kg should be given 5 mg, 7.5 mg, 10 mg, 12.5 mg, 15 mg,
qd, respectively; for NMs, the weight of 20 kg, 40 kg, 60 kg,
80 kg, 100 kg should be given 7.5 mg, 10 mg, 12.5 mg, 15 mg,
17.5 mg, qd, respectively; for UMs, the weight of 20 kg, 40, 60,
80, 100 kg should be given 10, 12.5, 15, 17.5, 20 mg, qd,
respectively. In China, ARI is an off-label drug for children
with TD. Therefore, the individualized dosing regimens greatly
help physicians to make appropriate dosing decisions.

Limitations

The limitations of our study are as follows: 1. Due to the limited
sample size, no data on PMs were obtained; 2. It was difficult to
estimate pharmacokinetic parameters in absorption and distribution
phase because of the limited concentration data; 3. Some of the
steady-state trough concentrations of ARI and DARI were corrected
according to the pharmacokinetic parameters obtained from the
PPK model because the blood samples of some patients were not
collected at the time point of trough concentration. Despite these
limitations, our study can provide a valuable reference for
personalized ARI treatment in pediatric patients with TD.

Conclusions

This study firstly established a combined PPK model of
ARI and DARI in pediatric patients with TD. The relationship
between serum concentrations of ARI and clinical response
was better understood and clinically important in offering a
more promising therapeutic strategy for ARI Furthermore, the
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influence of CYP2D6 genotype on serum concentrations of
ARI, DARI, and ARI plus DARI was investigated, which
offered the first proof of phenotype-weight-guided dose
adjustments in pediatric TD patients. ARI has achieved
beneficial clinical effects and exhibited good tolerability in
the treatment of TD. Finally, we really promoted the safer,
proper and more individualized dosing regimens of ARI in
clinical practice.
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Glossary

TD, tic disorders

CTD, chronic motor or vocal tic disorders

PTD, provisional tic disorders

TS, Tourette syndrome

YGTSS, Yale Global Tic Severity Scale

ARI, Aripiprazole

ESSTS, European Society for the Study of Tourette syndrome
DARI, dehydroaripiprazole

AGNP, Arbeitsgemeinschaft fiir Neuropsychopharmakologie
und Pharmakopsychiatrie

TDM, therapeutic drug monitoring
PPK, population pharmacokinetics

DSM-5, the fifth edition of the Diagnostic and Statistical Manual
of Mental Disorders

ECG, electrocardiogram

VPC, visual prediction check

NPDE, normalized prediction distribution errors
PRED, population predictions

IPRED, individual prediction

CWRES, conditional weighted residuals

ROC, receiver operating characteristic curve
PTA, the probability of reaching the target
UMs, ultra-rapid metabolizers

NMs, normal metabolizers

IMs, intermediated metabolizers

PMs, poor metabolizers

ABCBI, ATP-binding cassette sub-family B member 1
HPLC, high-performance liquid chromatography
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ALT, alanine aminotransferase
AST, aminotransferase

DBIL, direct bilirubin

TBIL, total bilirubin

ALB, albumin

GLB, globulin

y-GT, y-glutamyltranspeptidase
BUN, blood urea nitrogen

Cys-C, serum cystatin C

Scr, serum creatinine concentration

BSA, serum creatinine concentrationBSA, body surface area
eGFR, estimated glomerular filtration rate

UV, ultraviolet
PCR, polymerase chain reaction

FOCE ELS, the first order conditional estimation-extended least
squares

OFV, the objective function value

MR, metabolic ratio

AUC,y;, the area under the curve over 24 hours
Cinax peak concentration

Chin» trough concentration

AIC, Akaike information criterion

BIC, Bayesian information criterion

ClIs, confidence intervals

SNP, single nucleotide polymorphism

P-gp, P-glycoprotein

FDA, Food and Drug Agency

PBPK, physiologically based pharmacokinetic.
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Tuberculosis (TB) is an infectious disease that occurs globally. Treatment of TB
has been hindered by problems with multidrug-resistant strains (MDR-TB).
Fluoroquinolones are one of the main drugs used for the treatment of MDR-
TB. The success of therapy can be influenced by genetic factors and their
impact on pharmacokinetic parameters. This review was conducted by
searching the PubMed database with keywords polymorphism and
fluoroquinolones. The presence of gene polymorphisms, including UGT1AZ,
UGTI1A9, SLCO1B1, and ABCBI, can affect fluoroquinolones pharmacokinetic
parameters such as area under the curve (AUC), creatinine clearance (C¢,),
maximum plasma concentration (Cpay), half-life (ty/2) and peak time (tnay) of
fluoroquinolones.

KEYWORDS

pharmacogenetics, UGT1A1, UGT1A9, SLCO1B1, ABCB1, moxifloxacin, sitafloxacin,
trovafloxacin

Introduction

Multidrug Resistant-Tuberculosis (MDR-TB) is a severe problem in various parts of
the world, and Tuberculosis (TB) cases are particularly prevalent in India and Indonesia
(WHO, 2020a). However, the use of pharmacogenomic and pharmacokinetic aspects as
therapeutic parameters were expected to have a positive impact on treatment and may
achieve an 80% reduction in TB incidence rates by 2030 as described in the WHO End TB
strategy.

Drug responses of individual patients can be determined by the drug pharmacokinetic
parameters, and these responses can be affected by single nucleotide polymorphisms
(SNPs) in genes that encode drug-metabolizing enzymes and transporters; the influence
of these SNPs on drug response is called pharmacogenetics. Therefore, comprehensive
molecular understanding and clinical information for precise treatment of individuals are
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needed to improve the outcome therapy (Roden and Tyndale,
2011). Genetic polymorphism is due to naturally existing variants
in genes that occur in more than 1% of the population.
Polymorphism may influence the action of a drug by
changing the pharmacokinetic or pharmacodynamic profile
(Belle and Singh, 2008).

Transport proteins or transporters are membrane channels
and molecular pumps that facilitate the movement of ions, small
molecules, macromolecules, and drugs across membranes
(Nelson et 2008).
compounds through biological membranes is critical to the
of
nutrients, neurotransmitters, and drugs (Overington et al,
2006; Ware, 2006; Giacomini et al., 2010; Yan, 2010; Rask-
et 2011). The of
transporters with other signaling molecules in subcellular

al., The movement of biochemical

absorption, distribution, metabolism, and excretion

Andersen al., dynamic partnerships
locations are regarded as essential processes for cellular
function. The attenuation of transporter gene sequence by
polymorphisms often contributes to complex human diseases
and individual drug responses (Ware, 2006; Cardoso et al., 2010;
Yan, 2010; Longo et al., 2011; Rask-Andersen et al., 2011; Ueda,
2011).

In shorter MDR-TB treatment regimens, fluoroquinolones
such as levofloxacin (L-isomer ofloxacin) and moxifloxacin (8-
methoxy fluoroquinolone) are an important class of drugs (group
A) used in the initial treatment phase for 4-6 months and the
(WHO,  2020b).

Fluoroquinolones such as levofloxacin and moxifloxacin are

continuation  phase for 5 months
effective against gram-positive and gram-negative anaerobic
bacteria through bactericidal action that acts via inhibition of
the topoisomerase II (DNA gyrase) and topoisomerase IV
enzymes required for bacterial DNA replication, transcription,
repair, and recombination (FDA, 2008; Fabrega et al., 2009; FDA,
2016).

Fluoroquinolone antibiotics play a significant role in the
elimination of bacteria in the treatment of infections,
necessitating accuracy in drug administration to maintain
their efficacy and safety, which can be influenced by several
circumstances. Therefore, the objective of this study was to
determine explicitly how human genetic variation can alter
the pharmacokinetic profile of fluoroquinolone antibiotic and

how it also impact in clinical implication.

Materials and methods

This narrative review used articles published in PubMed
obtained using the combination of “polymorphism” OR “single
nucleotide polymorphism” OR “SNP” AND “fluoroquinolone”
AND “pharmacokinetic” as keywords and found 387 articles.
Finally, 6 out of 387 studies were reviewed to identify gene
polymorphisms and their effect on the pharmacokinetic
parameters of fluoroquinolones. Due to the limitations of
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published studies, we also searched several other studies that
have been performed on other drugs for more comprehensive
approaches to gene polymorphisms.

Result and discussion

Metabolic processes in the liver play an important role in
influencing drug levels in the body. Drug metabolism in the liver
can result in the formation of drugs that are more hydrophilic
and that are then excreted through the liver, kidneys, and/or
the
biotransformation of drug molecules by enzymes present in
the body. In addition,
movement of drugs and metabolites in and out of cells and

intestines. Drug metabolism involves chemical

drug transporters facilitate the

organs (Taxax and Bhartam, 2014).

Drug metabolism pathways consist of phases I and II and
may include phase III. The phase I pathway is generally
controlled by the Cytochrome P450 (CYP450) family, the
main group of enzymes that chemically modify drugs so that
they are more soluble in water and are then easily excreted by the
kidneys and/or liver. The phase II pathway of drugs/metabolites
involves enzymatic conjugation with endogenous hydrophilic
compounds assisted by transferase enzymes; phase II metabolic

(UGT),
Glutathione
S-transferases, N-acetyl transferases, and Methyl transferases
(Taxax and Bhartam, 2014). Phase III pathways are classified
into two main superfamilies: ATP-binding cassette (ABC)

enzymes are UDP-glucuronosyltransferase

Sulfotransferases, N-acyl transferases,

proteins and solute carrier (SLC) transporters. The phase III
pathway is facilitated by drug transporters that in general are
transmembrane proteins that facilitate the transport of large
molecules and/or ionized molecules into or out of the cell.
ABC transporters require energy (ATP) to actively absorb or
efflux the drug from one side of the cell membrane to the other,
whereas SLCs enable the passage of certain solutes (e.g., sugars
and amino acids) across the membrane while actively
their

gradients by coupling the process with another solute or ion

transporting other solutes despite electrochemical
(Almazroo et al., 2017). Fifty-two percent of moxifloxacin’s oral
or intravenous dose is metabolized by glucuronide and sulfate
conjugation (phase I metabolism). While the CYP450 system is
not involved in the metabolic process of the moxifloxacin (FDA,
2016).

The pharmacokinetic profile of a drug can be influenced by
internal factors that cannot be modified, such as genetic
components, and several genes are known to be involved in the
pharmacokinetic profile of fluoroquinolones. We found the study in
fluoroquinolones antibiotics group are moxifloxacin, sitafloxacin,
and trovafloxacin as fourth-generation fluoroquinolones. The gene
found were uridine 5'-diphospho-glucuronosyltransferase family
1 member Al (UGTIAI), 5'-diphospho-glucuronosyltransferase

family 1 member A9 (UGTIAY), solute carrier organic anion
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| UGTIA1 (Metabolizer) |

1s8175347 & 153755319
Car |3 AUC 1 [19]

*6 genotype:
AUC | [20]

v

| UGTI1A49 (Metabolizer) |

I

152741049 & 1s3822043:
tiz 1[23]

| ABCBI (Transporter) |

| SLCO1BI (Transporter) |

rs4149015:
AUC 1 [21]; Cmax T [21]

| ABCBI (Transporter) |

1s2032582:
AUC | [19]

C3435T
tmax T [22]

FIGURE 1
Fluoroquinolones pharmacokinetic parameter affected by gene polymorphisms.

R

151045642:
Crax | [23]

Trovafloxacin

| UGTIA1 (Metabolizer) |

*28/*1:
Slower metabolism [24]

TABLE 1 The effect of transporter and metabolizer human gene polymorphism on moxifloxacin pharmacokinetic parameter.

Gene

UGTIA1

SLCO1B1

ABCBI

transporter family member 1B1 (SLCOIBI), and ATP-binding
(ABCBI)
parameters,

cassette

fluoroquinolones

Genotyping method

Tagman® Genotyping rs8175347
OpenArray™

rs3755319
TagMan SNP Genotyping *6
Assay, Life Techologies Japan Genotype
Allelic Discrimination Assay rs4149015
(TagMan C_32325356), g-11187G>A
Thermo Fisher Scientific
Tagman” Genotyping rs2032582
OpenArray™
TagMan Real Time PCR C3435T

subfamily B member 1
pharmacokinetic
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Polymorphism Study population

Number Ethnic

230 African

79 Japanese, Chinese,
Korean and
Caucasian

49 African and
American

230 African

16 Black, White non-

may

affect
including

Hispanic, White
Hispanic, Asian

104

creatinine clearance (Cc,),

Discussion

Association between gene polymorphism
and moxifloxacin pharmacokinetics
(reducing Cc, and increasing AUC)

*6 carriers had a significantly lower AUC;¢
of M2 moxifloxacin compared with the other
genotypes

The median moxifloxacin AUC,_,4 was 46%
higher and the median C,,,x was 30% higher
in 4 (8%) participants who had the
SLCO1BI1 g.-11187 AG genotype

The area under the concentration-time curve
from 0 to 24 h (AUC,_,4) for moxifloxacin
decreased 27%

Significant increase in peak time (T, in
subjects with MDR1 3435CC compared to
other genotypes

to the maximum plasma concentration (t;ay)-

References

Naidoo et al.
(2018)

Hasunuma et al.

(2016)

Weiner et al.
(2018)

Naidoo et al.
(2018)

Weiner et al.
(2007)

area under the curve (AUCQC),
maximum plasma concentration (C,,,y), half-life (t;/,) and time
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TABLE 2 The effect of transporter and metabolizer human gene polymorphism on sitafloxacin and trovafloxacin pharmacokinetic parameter.

Gene  Genotyping Polymorphism  Study population Discussion References
method
Number Ethnic
ABCBI Sanger Sequencing, rs1045642 30 Chinese Had a significant effect ~ Sun et al. (2021)
Shanghai Sangon Bio- (sitafloxacin) on the Cyx dose
Tech Co., Ltd. sitafloxacin
UGTI1A9 rs2741049 Had a significant effect
(sitafloxacin) on the sitafloxacin t;,,
rs3822043 Had a significant effect
(sitafloxacin) on the sitafloxacin t,,
UGTI1A1  Enzyme assay: UGT *28/*1 Human liver The trovafloxacin glucuronidation in liver Fujiwara et al.
Isoforms-expressing (trovafloxacin) microsome microsomes from UGT1A1*28/*28 carriers (2015)
Systems was significantly slower than that in
microsomes from UGT1A1*1/%1
Thus, the pharmacokinetic profile of fluoroquinolones may UGTIA1*28/*28  carriers  were  significantly  slower

be affected by proteins expressed by the UGTIAI, UGTIAY,
SLCOI1BI, and ABCBI genes (Figure 1; Tables 1, 2). UGT
functions as a drug metabolizer, while the roles of SLC and
ABC as transporters will certainly affect the pharmacokinetic
profile. The metabolism of moxifloxacin by UGT with SNPs at
rs8175347 and rs3755319 reduces Cc, and increases AUC in
healthy subjects, in contrast to studies that show a reduction in
AUC with the UGT1A1*6 genotype. SLCO1BI1 encodes organic
anion transporting polypeptide 1B1 (OATP1B1), which acts as
a moxifloxacin drug transporter. The rs4149015 SNP of
SLCOIBI increases the AUC and C,,, of moxifloxacin,
whereas the p-glycoprotein drug transporter encoded by
ABCBI decreases the AUC, C,,.x and increases T, Studies
have shown a similar decrease in drug exposure and a prolonged
time to reach the peak drug level in the body (Weiner et al,,
2007; Hasunuma et al., 2016; Naidoo et al., 2018; Weiner et al.,
2018).

Polymorphism of UGTI1AI, UGTIA9, and ABCBI also
affects the pharmacokinetic profile in sitafloxacin and
trovafloxacin (Figure 1; Table 2). A study on sitafloxacin
that
polymorphism of the human drug transporter ABCBI

showed there was an association of genetic
rs1045642 in subjects with heterozygous or homozygous
genotype variants with a lower C,,,, of sitafloxacin than that
in subjects without variants (p < 0.05) (Sun et al., 2021). SNPs in
UGTIA9 rs2741049 and rs3832043 have a longer half-life (t;,,)
than those in subjects without the variant; this was thought to
occur due to decreased metabolism and disposition of
sitafloxacin. However, this study did not show significant
changes in AUC in either the ABCBI or UGTI1A9 groups
(Sun et al., 2021). Acyl glucuronidation of trovafloxacin has
been studied in human liver microsomes and also in UGT

isoform-expressing systems in human liver microsomes.
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metabolism than that in microsomes from UGTIAI*1/*1,
suggesting that UGTIAI is the main contributor to the
glucuronidation of trovafloxacin (Fujiwara et al, 2015). At
the molecular level, an influx transporter implicated in the
membrane transport of quinolone antibacterial drugs
(levofloxacin) has been identified for the first time as a result
of the current work, in conclusion. OATP1A2, the discovered
transporter molecule, is expressed in several tissues, including
the small intestine, blood-brain barrier, liver, lung, and testis.
As a result, it may play a part in regulating the intestinal
absorption, tissue distribution, and hepatic excretion of these
substances (Maeda et al., 2007).

Covariates can have an impact on the pharmacokinetic
profile of fluoroquinolones in addition to genetic variables.
According to a study conducted in Africa, gender, height, and
body size (fat-free mass) may affect the pharmacokinetic
characteristics of moxifloxacin, but these variables were
adjusted before the pharmacokinetic analysis (Naidoo et al.,
2018). Studies on the body weight, body mass index (BMI),
and Cg, of subjects of Japanese, Chinese, Korean, and
Caucasian ancestry have been adjusted for pharmacokinetic
moxifloxacin outcomes at a body weight of 70 kg (Hasunuma
et al., 2016). Age, race, and weight were all correlated with
geographic origin (African and American). The moxifloxacin
AUCy,4 and Cp,x were significantly increased by the
moxifloxacin milligrams per kilogram dosage and genotype
of variant g.11187G.A in the SLCOIBI gene (rs4149015), but
not by geographic location (Weiner et al., 2018). To adjust
factors that can impact the pharmacokinetic profile of
moxifloxacin, values from monitored univariate tests, sex,
ethnicity (Black, White non-Hispanic, White Hispanic, and
Asian), and univariate test results were employed (Weiner
et al., 2007). Sitafloxacin can reduce Cp,.x by 50% when
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TABLE 3 UGT1A1 gene polymorphism on telmisartan, irinotecan, dolutegavir, latermovir, axitinib pharmacokinetic parameter.

Polymorphism  Genotyping method Study population

Number Ethnic

rs4124874 Matrix-Assisted Laser 58 Chinese
Disorption/Ionization Time-of
Flight Mass Spectrometry

*28 Real-Time Allelic 93 European
Discrimination PCR Assays on
a DNA Engine
Chromo4 System Bio-Rad Lab,
United States)

rs4148323 BioProcessing Solutions 296 Asian,
Alliance in Piscat-away, New Black,
Jersey White &

Other

*6 and *28 Pyrosequencing or Direct 176 Japanese
Sequencing

*6 221GA Tm Analysis Using a 46 Japanese

(rs4148323) Quenching Probe

*27 686CA

(rs35350960)

consumed by subjects who are fasting or having high fat foods
intake, but it does not affect t,,, t;/» elimination, or total
exposure (AUC,_ and AUC,_,). Despite only being possible
in one dosing group of 10 participants, it is possible to affect
the pharmacokinetic properties of ciprofloxacin, including t
and C,,.x (Sun et al.,, 2021).

UGTI1Al and UGT1A9

UGT1A1 is a member of the UGT family and encodes a UDP-
glucuronosyltransferase, an enzyme of the glucuronidation
pathway (Genecards, 2022), (National Library of Medicines,
2022). This enzyme catalyzes glucuronidation during phase II
of drug metabolism, especially in conjugate reactions
(Guillemette et al., 2000; Balram et al., 2002; Zhang et al.,
2007). Moxifloxacin and trovafloxacin are metabolized via
glucuronide and sulfate conjugation by
glucuronosyltransferase and sulfotransferase (Moise et al,
2000), (Vincent et al., 1998). Therefore, genetic variations of
UGTIAI may affect the pharmacokinetic profile and clinical

response of moxifloxacin and trovafloxacin.

Frontiers in Pharmacology

Drug Disussion References
Condition
Hypertension Telmisartan  Affected telmisartan Huang et al.
bioavailability, Lower (2019)
creatinine clearance and higher
bioavailability in female with
CC and CA genotype (high
triglyceride)
HIV Dolutegravir ~ Homozygosity was associated Elliot et al.
with a 79% increase in AUCy,4  (2020)
(p = 0.001; 27% if analyzed
individually
Prevention Letermovir  An allele was present Kobie et al.
CMYV Infection predominantly in Asian (2019)
participants and was associated
with an increase in AUC
compared with non-carriers
Cancer Irinotecan Significantly reduce AUC ratios  Minami et al.
(2007)
Cancer Axitinib Codan AUC,., in patients with  Igarashi et al.

UGTIAI poor metabolizer were  (2018)

significantly higher than those
in patients with UGT1AI
extensive metabolizers
(polymorphism were
significantly associated with the
plasma axitinib level)

Studies in South African patients (of black African ethnicity)
with TB (Naidoo et al, 2018), UGTIAI rs8175347, and
rs3755319 were significantly associated with the alteration of
pharmacokinetic parameters for moxifloxacin. After controlling
for other factors, it was shown that having the TA 5/6 repeat in
rs8175347 was linked to a 20.6% poorer clearance and roughly a
26% higher AUC (p = 0.001). Subjects with the AC and AA
rs3755319 genotypes had 11.6% higher clearance than those with
the CC genotype in the model (p = 0.032) (Naidoo et al., 2018).
Other studies showed that UGTIAI*6 (211G > A; G71R) carriers
had a significantly lower total exposure to the drug (AUC,) for
the glucuronide conjugate (M2 metabolite) moxifloxacin than
that in the other genotypes (p < 0.0001), although the metabolism
of moxifloxacin itself was not influenced by variation of the
UGTIAI genotype. There were significant differences between
Japanese, Chinese, Korean, and Caucasian populations in C,y,
AUCGC;,s, and Cc, of moxifloxacin. The average AUC;,¢ and Cyax
compared to the parent compound in this study showed
significant  differences between the Japanese and Korean
groups. AUC;,s M2 in Caucasian races showed a higher value
than in East Asian population groups (Japanese, Chinese and
Korean) and was associated with differences in the frequency of
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UGTIAI*6 genotypes. These studies showed that ethnic
differences may affect the pharmacokinetic parameters of
drugs (Hasunuma et al., 2016). In a study using human liver
microsomes, trovafloxacin glucuronidation was substantially
slower in liver microsomes from UGTIAI*28/*28 carriers
than it was in UGTIA1*1/*1 carriers (Fujiwara et al., 2015).
According to these findings, UGTIAI*28/*28, rs8175347, and
rs3755319 carriers have a poor metabolizer phenotype, while
carriers of the *6 genotype have a hyper metabolizer phenotype
(Naidoo et al.,, 2018), (Hasunuma et al., 2016), (Fujiwara et al.,
2015).

The genetic variations of UGTIAI also affected the
pharmacokinetic profile of other drugs, such as telmisartan,
irinotecan, dolutegravir, letermovir, and axitinib (Table 3). In
general, the effect of the UGT1AI polymorphism on other drugs
also has an influence on the pharmacokinetic profile (AUC and
Cc¢r) and moxifloxacin.

A study on the hypertension drug telmisartan showed
that there was a genotype difference (rs4124874) associated
with decreased clearance and increased bioavailability, and
studies of dolutegravir and letermovir showed similar results
with an increase in AUC (Huang et al., 2019; Kobie et al,,
2019; Elliot al.,  2020). Studies on irinotecan
(UGT1AI1*6 and *8) and axitinib (UGTIAI*6 221GA and
*27 686CA) showed a reduction in AUC (Minami et al.,
2007), (Igarashi et al., 2018).

Similarly with UGT1A1, UGTIA9 also encodes a UDP-
glucuronosyltransferase, an enzyme of the glucuronidation

et

pathway that transforms small lipophilic molecules. UDP-
glucuronosyltransferases (UGT) as a catalyst for the phase II
biotransformation reaction in a lipophilic substrate
conjugated with glucuronic acid to increase the polarity of
the metabolite, which in turn can facilitate excretion in urine
or bile. In addition, it has an important role in the
elimination of drugs, xenobiotics, and endogenous
compounds (Gene Cards, 2022a). Studies on sitafloxacin
at rs2741049 and rs3832043 showed a significant effect on
longer drug half-life t;,, (p < 0.05). Inferring a poor
metabolizer, rs2741049 and rs3822043 may play a part in
the pharmacokinetic profile of the drug (Sun et al,, 2021),
another study at rs3832043 showed a possible effect on
acetaminophen metabolism in neonates (Linakis et al,
2018). Thus, UGTIA9 may have a the
pharmacokinetic profile of the drug.

It can be summarized the effect of UGTIAI and UGTIA9 can

affect metabolic processes that have an impact on decreasing Cc,,

role in

decreasing t;,,, and increasing AUC in the fluoroquinolone
(moxifloxacin, sitafloxacin, and trovafloxacin)
(Naidoo et al, 2018), (Sun et al, 2021), (Fujiwara et al,
2015). An increase in AUC needs to be considered to avoid

antibiotics

drug side effects and can be considered in treatment
interventions such as lowering drug doses for the safety of
drug use and the effectiveness of therapy.
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SLCO1B1

The SLCOIBI gene is located on chromosome 12pl2.1,
796 base pairs, and is an important pharmacokinetic gene.
The function of the OATPIBI protein, encoded by SLCOIBI,
is to enable the transport of several compounds (hormones,
toxins, and drugs) from the blood to the liver for elimination
2022), (Ensembl Asia, 2022).
OATPIBI is located on the sinusoidal membrane of human

(Genetic Home Reference,

hepatocytes, where it mediates the uptake of its substrates from
portal blood into the hepatocytes (Takaaki et al., 1999), (Oshiro
et al.,, 2010).

4 (8%) persons with the SLCOIBI g.11187 AG genotype
had a median moxifloxacin AUC, ,4 that was 46% higher and
a median C,,, that was 30% higher than 45 participants with
the wild-type GG genotype (median AUC0-24 from the
model [p 0.005, ANCOVA]; median C,,,x from the model
[p 0.009, ANCOVA]) (Weiner et al., 2018). This suggests that
with g.-11187G>A
phenotype. Elevated levels of moxifloxacin can lead to risk
blood
gastrointestinal disorders

subject shows poor metabolizer

for and lymphatic system orders (anemia),

(nausea, diarrhea, vomiting,
constipation, abdominal pain, dyspepsia), metabolic and
disorders
disorders (headache, dizziness) and QT prolongation
(FDA, 2016). Increased AUC and C,,,x need to be seen to

avoid drug side effects and can be considered in treatment

nutritional (hypokalemia), nervous system

interventions such as lowering doses for the safety of
drug use.

SNPs of SLCO1BI may affect the pharmacokinetic profiles of
other drugs (Table 4). Studies on atorvastatin polymorphisms in
(SLCO1B1*15) and fluvastatin (c.521TA>G) showed an AUC-
enhancing effect. Similarly, studies on methotrexate (388A>G
and wild-type (AA) for 388A>G) showed the largest decrease in
clearance in this genotype (Lee et al., 2010; Hirvensalo et al., 2019;
Schulte et al., 2021). Conversely, studies on rifampin (c.388AA)
and repaglinide/nateglinide (SLCOIBI*1B/*1B) in the Finnish
ethnic group showed a decrease in drug concentrations in the
body. In addition, the same study on repaglinide (SLCOIBI*1B/
*1B) in ethnic Chinese was consistent with previous studies
showing decreased AUC (Kalliokoski et al., 2008; He et al,
2011; Dompreh et al.,, 2018). Several studies also showed an
effect of increasing the AUC that was similar to that of
moxifloxacin.

ABCB1

ABCBI is a member of the ABC family. ABCBI is a
member of the ABC family. ABC proteins are divided into
seven subfamilies, namely, ATP binding cassette subfamily A
(ABC1), ATP binding cassette subfamily B (MDR/TAP), ATP
binding cassette subfamily C (ABCC), ATP binding cassette
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TABLE 4 SLCO1B1 gene polymorphism on atorvastatin, 2-hydroatorvastatin, rifampin, repaglinide, nateglinide, methotrexate, fluvastatin &

repaglinide pharmacokinetic parameter.

Polymorphism Genotyping Study population Drug Discussion References
method
Number Ethnic Condition
*15 for ¢.388A > G Direct Sequencing, Using 290 Korean Heathy subject  Atorvastatin and 2- SLCOIBI*15 allele increased  Lee et al.
an Automated Genetic Hydroxyatorvastatin the AUC of atorvastatin (2010)
Analyzer
388A>G VANTAGE Using custom 106 American  Lymphoblastic Methotrexate 388A>G and 521T>C affect ~ Schulte et al.
(rs2306283) Designed Multiplexed Lymphoma methotrexate clearance (2021)
521T>C MassARRAY IPLEX QOld variability
(54149056) SNP Paels, Evaluated in a
MassArray Typer 4.0
¢521T>C TaqMan Assays on 200 Finnish Healthy subject  Fluvastatin ¢.521T>C has an Hirvensalo
(rs4149056) QuantStudio 12Kflex enantiospecific effect on et al. (2019)
Real-Time PCR System active 3R,5S-fluvastatin
increased AUC.
c.388AA Taqman Genotyping on 113 Ghanaian  Tuberculosis Rifampin c.388AA genotype (found in  Dompreh et al.
CA63AA ViiA 7 Real-Time PCR 2 children) was associated (2018)
with low rifampin
concentration compared
with ¢.388GG.
*1A/*1B TagMan Allelic 16 Finnish Heathy subject ~ Repaglinide & The SLCO1BI*1B/*1B Kalliokoski
Discrimination with Nateglinide genotype is associated with et al. (2008)
Applied Biosystems reduced plasma
7300 Real-Time PCR concentrations of
System repaglinide, consistent with
an enhanced hepatic uptake
by OATP1BI, but has limited
effects on the
pharmacokinetics of
nateglinide
*1B/*1B Polymerase Chain 22 Chinese Healthy subject ~ Repaglinide SLCOIBI*1A/*1B or *1A/ Heetal. (2011)
Reaction-Restriction *1A genotype and
Fragment Length SLCOIBI*15/*1A or *5/*1A
Polymorphism (PCR- genotype had significantly
RFLP), with Little higher AUC,_, than
Modification participants with
SLCOIBI*1B/*1B genotype
*1A/*1B or There was a difference in
*1A*1A clearance between the two

subfamily D (ABCD), ATP binding cassette subfamily E
(ABCE), ATP binding cassette subfamily F (GCN20), and
ATP binding cassette subfamily G (WHITE) (Gene Cards,
2022b), (Human Genome Organisation, 2022). ABC proteins
are found on chromosome 7q21.12, 323 base pairs that span
209.6 kb with 29 (Gene Cards, 2022b). The
p-glycoprotein encoded by ABCBI plays a key role in the

exons

elimination of drugs in the first pass of orally administered
drugs, thereby limiting their bioavailability by excreting the
drug through the epithelium that faces the lumen of the small
intestine and colon and from the canaliculi facing the hepatic
bile. The drug substrate will be removed from the systemic
circulation through urine via the proximal renal tubule and
through biliary excretion (Fromm, 2004). The expression and
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genotype groups but it was
not significant

function of p-glycoprotein are ABCBI SNPs-dependent.
Changes in p-glycoprotein expression and function will
affect the absorption, tissue distribution, and excretion of
drug substances. Therefore, transporters genetic variations
potentially affected the fate of drugs as well as the effectiveness
of therapy (Marzolini et al., 2004).

For the ABCBI SNP rs2032582, only one person in the
cohort under study had the CA genotype. The patient with
the CA genotype had a 40% lower prehepatic bioavailability
and a comparable decrease in AUC when the effect of the
rs2032582 SNP was taken into account in the population PK
model (p = 0.01) (Naidoo et al., 2018). However, in another
study, in univariate analyses of the pharmacogenetic data
obtained with moxifloxacin plus rifampin, cases with the
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TABLE 5 ABCB1 gene polymorphism on aripiprazole, azithromycin, sunitinib, clopidogrel, and tacrolimus pharmacokinetic parameter.

Polymorphism Genotyping method  Study population Drug Discussion References
Number Ethnic Condition
1236TT Real_Time Polymerase Chain 148 Spanish ~ Healthy subject  Aripiprazole 1236TT had lower clearance of Belmonte et al.
Reaction (PCR) aripiprazole (p = 0.023) and (2018)
AUC (p = 0.039) and C,y of
dehydro-aripiprazole (p = 0.036)
compared to C/C
2677GG/3435CC Polymerase Chain Reaction- 16 Pakistani ~ Healthy subject Azithromycin  C,,ox was significantly higher in Nazir et al.
2677GT/3435CT Restriction Fragment Length 2677GG/3435CC as compared to  (2020)
Polymorphism (PCR-RFLP) 2677GT/3435CT and 2677TT/
2677TT/3435TT 3435TT (p-value = 0.02)
C3435T, rs1045642  High-Performance Liquid 31 Asian Metastatic renal  Sunitinib Mutant genotype CT/TT) on CI/F ~ Woo et al.
Chromatography (HPLC) cell carcinoma of sunitinib was higher than (2016)
31.14% (p = 0.006) as compared
with the wild genotype (CC)
C3435T, rs1045642  Seqnom MassArray 401 Chinese Acute Coronary  Clopidogrel The carriers of C3435T were Wang et al.
Technology (San Diego, Syndrome associated with lower levels of (2015)
United States) plasma clopidogrel and its active
(clopi-H4) and inactive (CLPM)
metabolites (all p = 0.05 vs non-
carriers)
3435 T Polymerase Chain Reaction- 70 Japanese ~ Rheumatoid Tacrolimus The 3435TT group had higher Naito et al.
Restriction Fragment Length Arthritis dose-normalized blood (2015)

Polymorphism (PCR-RFLP)

MDRI 3435CC genotype showed a significant increase in the
time to the peak concentration of moxifloxacin (T pax)
compared to cases with the other genotypes, but there
were no differences in the mean peak concentration of
moxifloxacin [a 23% lower geometric mean for the
3435 CC genotype (p = 0.08)] (Weiner et al., 2007).

Two studies showed in-line results in the ABCB1 gene. A
decrease in AUC and an increase in T,,,, occurred with
moxifloxacin, whereas in sitafloxacin there was a decrease
in Cpax (p < 0.05) (Naidoo et al., 2018), (Weiner et al., 2007),
(Sun et al, 2021). According to the moxifloxacin
pharmacokinetics results, ABCBI rs2032582 and C3435T
suggest a hyper metabolizer phenotype, while rs1045642 on
sitafloxacin suggests a poor metabolizer. Low levels of drugs in
the blood in the use of antibiotics will risk the occurrence of
drug resistance and failed treatment. This data can be taken
into consideration in treatment interventions such as
increasing or adjusting the drug dose until it reaches the
expected level.

Genetic variations of ABCBI may also affect the
pharmacokinetic profiles of other drugs (Table 5). ABCBI
polymorphism studies have been performed using other drugs
and show that lower drug levels are in line with those used for
moxifloxacin and sitafloxacin (decreased C,,,). Studies on
other drugs showed similar results where variations in
pharmacokinetic parameters tended to decrease the blood
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concentrations of tacrolimus and
13-O-demethylate

levels of the drug. Studies on aripiprazole showed that the
1236TT genotype compared with the CC genotype had alower
clearance of aripiprazole, and also lower AUC and C,,,y of
dehydro-aripiprazole (it is an active metabolite). The
azithromycin study showed that individuals with a
heterozygous genotype of 2677GT/3435CC could inhibit
intermediate levels of AUC and C,,. In the sunitinib
study, the mutant genotype (CT/TT) had a greater CI/F
compared with that of the wild genotype (CC). Clopidogrel
(C3435) and tacrolimus (3435T) studies have revealed
decreased plasma drug levels (Belmonte et al., 2018; Nazir
et al., 2020; Woo et al., 2016; Wang et al., 2015; Naito et al.,
2015).

Clinical implications

Treatment of MDR-TB is critical to eradicating tuberculosis.
Genetic variations (SNPs) in genes that encode drug metabolizers or
transporter proteins may affect the response to treatment.
Identification of these SNPs is expected to provide specific
information on the alteration of pharmacokinetic profiles,
especially that of fluoroquinolones, a key drug in MDR-TB
therapy (group A).
phenotype that appears (hyper metabolizer or poor metabolizer)

Therefore, dose adjustments for the

may be required. In addition, it is also possible to consider changing
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the drug, because in antibiotic therapy a certain dose must be
reached for efficacy without causing toxic effects. Therefore, it is
deemed necessary to carry out pharmacogenetic studies to see the
genetic profile of a population. Hence, genetic profile information
can be used as a database for genetic screening for personalized
treatment recommendations.

Limitation of the review

A limitation of this review is that studies on relevant SNPs
their  effect the of
fluoroquinolones are limited. Hence, the number of subjects

and on pharmacokinetic  profile
in those included studies are also limited and this may not be
representative enough for the population. We also discovered
that SNPs variation in the same gene can influence the
pharmacokinetic profile of other drugs. This information also
enriched the description of altered functions of transporters
(ABCB1 and SLCOIBI) and metabolizers (UGTIAI and
UGTI1A9) although their effect on fluoroquinolones still needs

further study.

Conclusion

SNP polymorphisms that have been known to affect the
pharmacokinetic parameters of fluoroquinolone as an important
drug in the treatment of MDR-TB are found in the UGTIAI,
UGTI1A9, SLCO1BI, and ABCBI genes. UGT1AI and UGTIA9,
genes that encode enzyme metabolizers for fluoroquinolones, can
reduce Cc,, ti,, and influence AUC. SLCOIBI, a gene that
encodes the OATP1B1 protein as a drug transporter for
moxifloxacin, can increase the AUC and C,,,. ABCBI, a gene
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RNA interference has become increasingly used for genetic therapy following
the rapid development of oligonucleotide drugs. Significant progress has been
made in its delivery system and implementation in the treatment of target
organs. After a brief introduction of RNA interference technology and siRNA, the
efficiency and stability of GalNAc-siRNA conjugates are highlighted since
several oligonucleotide drugs of GalNAc have been approved for clinical use
in recent years. The structure and features of GalNAc-siRNA conjugates are
studied and the clinical efficiency and limitations of oligonucleotide-based
drugs are summarized and investigated. Furthermore, another delivery system,
lipid nanoparticles, that confer many advantages, is concluded, includ-ing
stability and mass production, compared with GalNAc-siRNA conjugates.
Importantly, developing new approaches for the use of oligonucleotide
drugs brings hope to genetic therapy.

KEYWORDS

RNAI, GalNAc-siRNA, delivery system, ASGPR, LNPs

1 Introduction

RNA interference (RNAI) is a natural defense mechanism widely present in organisms
to protect against exogenous gene invasion (Svoboda, 2014; Swevers et al., 2018). It is one
of the most important methods, together with zinc-finger nucleases, transcription
activator-like effector nucleases and clustered regularly interspaced short palindromic
repeat/associated protein, for regulating gene expression and growth and offers significant
application value for the research of gene function and the development of gene
therapeutics (Hannon, 2002; Xu et al, 2022). Specifically, RNAi primarily
downregulates target gene expression via sequence specificity involving specific
enzymatic degradation of target mRNA by the RNA-induced silencing complex
(RISC) mediated by the siRNA antisense chain (Han, 2018). In other words, siRNA is
a highly specific biomolecule that can inhibit or silence the expression of its
complementary genes. In addition, this inhibition or silencing effect (degradation
reaction) has a cascade effect (Liu et al, 2017). The benefits of RNA interference
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technology include high efficiency, targeting and low toxicity,
accounting for its widespread use in drug research (Saw and
Song, 2019; Setten et al., 2019). In August 2018, the US Food and
Drug Administration and the European Commission approved
ONPATTRO (Patisiran), which is the first approved for clinical
use, developed by Alnylam Pharmaceuticals, to treat peripheral
neuropathy with hereditary transthyroxine protein-mediated
(hATTR) amyloidosis (Hoy, 2018). This RNAi milestone for
the pharmaceutical industry represents one of the breakthroughs
of oligonucleotide drug development, from research to clinical
application.

N-acetylgalactosamine (GalNAc) conjugated to siRNA is
considered as a promising solution of siRNA delivery system.
The GalNAc GalNAc is targeting ligand binds highly selectively
to asialoglycoprotein (ASGPR), which is abundantly expressed
on hepatocyte cell, resulting in rapid endocytosis (Nair et al.,
2014; Crooke et al., 2018; Jeon et al., 2022). The formed GalNAc-
siRNA conjugates target ASGPR specifically expressed on the
surface of hepatocytes, assisting in cleaving and separating
approved durgs including Leqvio® (inclisiran), GIVLAARI™
(givosiran), and AMVUTTRA™
(vutrisiran) as targeted RNA strands. These RNA strands can
silence mRNA to lowering abnormal metabolites level and

Oxlumo™  (lumasiran),

eventually ease the symptoms and pain (Bissell et al., 2017;
German and Shapiro, 2020; Zhang et al,, 2021a; Cui et al,
2021; Dobrowolski et al., 2021; Scott and Keam, 2021;
Storjord, 2021; Yu and Tu, 2021; Keam, 2022).

In this manuscript, several critical features are included. The
structure and mechanism of action are priorly mentioned,
following by the chemical modification, clinical and preclinical
advances as well as challenges and limitations of GaINAc-siRNA
conjugates. Finally, the features of GalNAc-siRNA conjugates are
concluded by comparing GalNAc-siRNA conjugates to lipid
nanoparticles (LNPs) to highlight the safety and efficiency of
GalNAc-siRNA conjugates.

2 Challenge and siRNA delivery
system

Despite its potential advantages, siRNA is beset with
difficulties in clinical application (Xu and Anchordoquy,
2011; Khan, 2019). The main difficulty that restricts the
implementation of siRNAs into clinical practice is drug
the
distribution in vivo, difficulty in cell uptake, high dose,

delivery, given poor molecular stability, wide
poor targeting, and wide variety of biological barriers, such
as the GI tract mucosal epithelium, nasal/lung epithelia and
skin, which affect oral, nose/pulmonary and dermal/
transdermal administration, respectively (Antimisiaris et al.,
2021). Moreover, naked siRNA can be easily degraded by
RNases, thus failing to perform targeted knockdown (Springer

and Dowdy, 2018). Additionally, the negatively charged
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hydrophilic phosphate groups in the double-stranded
skeleton structure of siRNA make it difficult for the cell
membrane to absorb naked siRNA. Therefore, siRNA needs
to be chemically modified or delivered with the help of vectors.
In the meantime, exogenous siRNA may compete with
endogenous RNA, resulting in supersaturation. Exogenous
siRNA also causes an “off-target effect”, leading to the
silenced expression of nontarget functional genes,
significant siRNA side effects, and intracellular trafficking,
which is a significant contributing factor to oligonucleotide
delivery (Juliano, 2018; Marinho et al., 2018). Importantly, the
above problems can be minimized or avoided by designing
reasonable, efficient and specific siRNA sequences or chemical
modifications (such as pentose modification and base
modification).  Oligonucleotide drugs have achieved
sustained significant progress in treating various diseases in
the recent decade. As therapeutics that selectively suppress
target genes through the mechanism of RNA interference,
oligonucleotide drugs have been granted market approval
(Cui et al, 2021). For instance, Leqvio® (inclisiran),
GIVLAARI™ (givosiran),
AMVUTTRA™ (vutrisiran) that are approved for clinical

usage, can target liver mRNAs for the treatment of

Oxlumo™ (lumasiran), and

hypercholesterolemia, mixed dyslipidemia, acute hepatic
porphyria (AHP), primary hyperoxaluria type 1 (PH1) and
hATTR amyloidosis (Lamb, 2021; Scott and Keam, 2021;
Subhan et al., 2021; Adams et al., 2022). Importantly, more
oligonucleotide drugs that target metabolic dysfunction
symptoms and subsequent complications are under
development, providing hope for more genetic solutions.
Common nonviral vectors based on RNAi include LNPs,
cationic polymers that represent polymer-based delivery systems
and siRNA-carbohydrate bioconjugates such as GalNAc-siRNA
conjugates (Subhan et al., 2021; Tian et al.,, 2021; Thapa Magar
etal,, 2022). At present, GalNAc-siRNA conjugates and LNPs are
the most studied and discussed delivery systems in RNAi therapy
owing to their practicality, stability, and safety (Paunovska et al.,

2022).

3 GalNAc-siRNA Conjugates

Twenty years after RNAi discovery, siRNA therapy has
begun to be implemented in clinical practice. In recent years,
unprecedented progress has been achieved in developing various
delivery technologies. One giant leap in delivery technology is the
GalNAc-siRNA conjugate, which specifically delivers to and
targets the liver. In November 2019, GIVLAARI® (givosiran),
as the first GaINAc siRNA drug, was approved to be marketed in
the United States for the treatment of acute hepatic porphyria,
followed by inclisiran and lumasiran (Table 1) (Scott, 2020). The
nature of the chemical mechanism of these approved drugs is the
binding of siRNA to GalNAc.
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TABLE 1 Marketed GalNAc-conjugated RNA drugs.

10.3389/fphar.2022.1090237

Condition

Generic Molecular
name mechanism
Leqvio Inclisiran proprotein convertase subtilisin/ PCSK9 Expression
kexin type 9 (PCSK9) Inhibitors
Oxlumo Lumasiran hydroxyacid oxidase 1 (HAO1) HAOLI Expression Inhibitors
Givlaari Givosiran 5'-aminolevulinate synthase 1 ALASI Expression
(ALAS1) Inhibitors
Amvuttra Vutrisiran transthyretin (TTR) TTR (Mutant) Expression
Inhibitors

atherosclerosis, dyslipidemia, hypercholesterolemia,
familial hypercholesterolemia, hyperlipidemia

end-stage renal disease, hyperoxaluria, primary
hyperoxaluria type 1

porphyria, acute porphyria

amyloidosis, transthyretin-related amyloidosis

TABLE 2 Comparison of GalNAc- siRNA and LNP loaded siRNA.

GalNAc-siRNA

LNPs loaded siRNA (

’

Benefits & Challenges

-can be injected subcutaneously, with only small chances of plasma
siRNA degradation, rapid absorption, high uptake, and long half-life,
(Springer and Dowdy, 2018)-endosomal escape, hepatotoxicity from
off-target effects, acidic subcellular compartments, and extensive
clearance, affect GalNAc efficiency and sequence barriers (Ayyar
et al,, 2021; Fairman et al., 2021; Fattal and Fay, 2021; Fumoto et al.,
2021; Liu et al., 2021; Nanavati et al., 2021; Schlich et al., 2021)

-avoid siRNA degradation of and the stimulation of the immune
system by siRNA-lack efficient nuclear penetration and sustainable
transgene expression (limitations such as poor biodistribution and
possible toxic discharge), immunogenic and pose safety concerns of

liposome molecules and limited efficacy and biosafety since
unconjugated liposomes cannot achieve targeted delivery (Ickenstein
and Garidel, 2019; Hu et al., 2020; Blakney et al., 2021; Hassett et al.,

2021; Maestro et al., 2021)

(Brown et al., 2020)

Composition Specific arrangement of nucleoside, pO/PS linkage and monovalent | polyethylene glycol-lipid conjugates (PEG-DMG), ionizable amino
GalNAc (Matsuda et al., 2015) lipids (DLin-MC3-DMA), distearyl phosphatidylcholine (DSPC) and
cholesterol
Attachment Triantennary GalNAc ligand PEGylated surface
Target ASGPR on hepatocyte Liver and Triple-negative breast cancer (TNBC) (Wang et al., 2021b)
RNAI activity (Brown slower faster
et al., 2020)
RNAI action time longer shorter

Approved drugs

Inclisiran, Lumasiran, Givosiran, Vutrisiran etc.

Patisiran (Weng et al., 2019), etc.

3.1 Structure and mechanism of action

The coupling of drugs with cell surface receptor ligands has
been reported as a promising pathway for targeted drug delivery.
These receptors are only expressed in particular cell types and are
overexpressed in specific organs or tissues in certain diseases.
GalNAc is an efficient nucleic acid therapeutic ligand with a high
affinity for ASGPR. ASGPR, also called the Ashwell-Morell
receptor, has been established to feature liver specificity and
species specificity. It is chiefly expressed on the surface of liver
parenchyma cells in the hepatic sinusoid space and exhibits
calcium-dependent ligand binding (Gabba et al., 2021). Due to
the evolution of human defense mechanisms, negatively charged
siRNAs with large molecular weights cannot enter the cell itself.
Accordingly, siRNAs with GalNAc have been modified for
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targeted siRNA delivery to the liver and siRNA entry into the
cell via ASGPR-mediated cellular endocytosis (Figure 1) (Ayyar
et al., 2021; Zhou et al., 2021; Paunovska et al., 2022).

The GalNAc trimer is mainly synthesized by D-
@,
propanediol (II), and trans-4-hydroxy-L-proline methyl ester

(+)-galactosamine 2-amino-2-hydroxymethyl-1,3-
(II). Solid carrier IV plus tyrosine can be used as a
radioactive marker to evaluate the in vivo receptor-ligand
interactions and GalNAc-siRNA conjugate uptake (Nair et al.,
2014). Subsequently, the synthesized three-antenna GalNAc can
combine with the 3’ end of the antisense chain of siRNA to form
a GalNAc-siRNA conjugate (Shchegravina et al.,, 2021). siRNA
can be synthesized directly by a chemical approach or by
breaking long double-stranded RNA obtained by enzyme
transcription into 21-23 nt siRNA under the action of the
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siRNA \ GalNAc
GalNAc-siRNA Conjugate \.
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/
/(R

Hepatocyte
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FIGURE 1

Synthesis of GalNAc-siRNA conjugates. Through chemically synthesized conjugates, modified siRNAs with GalNAc enter the system by
subcutaneous injection, which is the most effective way to help GalNAc-siRNA conjugates attach to ASGPR, the receptor, that is, chiefly expressed
on the surface of liver parenchyma cells in the hepatic sinusoid space, thus enabling ASGPR-mediated cellular endocytosis to cause siRNA to enter
the cell and perform its function.

GalNAc
ASGP L
t===== =, (—::: ————— > ((\—-_ =E=============
7 \ / ]
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recyclin

Degraded
GalNAc

cleavage
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FIGURE 2

GalNAc-siRNA conjugate pathway. The GalNAc-siRNA conjugate binds to ASGPR receptors on the surface of hepatocytes and is then
endocytosed into the cytoplasm to form endosomes. Due to the decrease in pH in endosomes, the siRNA GalNAc-ASGPR complex is decomposed,
and less than 1% of free siRNA escapes to the cytoplasm to exert an RNAI effect. ASGPR will return to the surface of liver cells for recycling, while
GalNAc will be degraded and excluded. The negative chain of siRNA, Ago2 protein and related enzymes together constitute RISC and guide
RISC to bind to target mRNA to achieve target mRNA gene silencing.
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FIGURE 3

Schemes of siRNA chemical modification.

cytoplasmic RNase III endonuclease Dicer, which has two
protruding nucleotides at the 3’ hydroxyl end, a phosphate
terminal at the 5" end and a complementary double-stranded
region of 19 nt in the middle (Adachi et al,, 2021; Paro et al,
2021). When GalNAc-siRNA is introduced into the body and
binds to ASGPR on the surface of hepatocytes, the siRNA
GalNAc-ASGPR complex is separated in the endosome
(Holland et al., 2021; Shchegravina et al, 2021). Thereafter,
siRNA escapes from the endosome, and GalNAc is degraded
and excreted out of the endosome. Vesicles enclosing the ASGPR
are fused with the cell membrane to return to the surface of
hepatocytes to complete the ASGPR cycle (van den Berg et al.,
2021; Damase et al., 2021). After the escaped or released siRNA
molecules separate the double strand under the action of helicase,
the negative strand binds to Ago2 proteins and related enzymes
to form RISC and guide RISC to bind to the complementary
regions of the target dsSRNA. Under the action of Ago2 protein,
the newly combined double-stranded complex can break the
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phosphodiester bond between the 10th and 11th bases at the 5’
end of antisense RNA to achieve siRNA-mediated gene silencing
of specific target mRNAs (Figure 2) (Alshaer et al, 2021;
Iwakawa and Tomari, 2021; Montafés et al., 2021; Zhao et al.,
2021).

3.2 Chemical modification

Moreover, the chemical modification of siRNA is conducive
to further application of siRNA in the clinic. Initially, the
experimenters try to modify the phosphate skeleton, base,
terminal groups and ribose according to the structure of
siRNA. The results show that ribose modification is more
advantageous to some extent. Among them, the chemical
modification of ribose 2’-OH is the most important. It is
widely acknowledged that oligonucleotide nuclease stability
can be significantly refined by adjusting the 2’ position of the

frontiersin.org
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RNA. In addition, it has been shown that by further improving
the siRNA chemically, such as through optimizing the position of
ribose modification of 2'-deoxy-2'-fluoro (2'-F) and 2'-O-
methyl (2'-OMe) on the two strands of double-stranded
siRNA (Figure 3), the stability can be improved without
affecting inherent RNAIi activity to achieve substantial
therapeutic improvement (Foster et al, 2018). This
phenomenon has also led to the development of standard
template chemistry (STC) toward enhanced stabilization
chemistry (ESC) and advanced ESC. Early GalNAc-siRNA
conjugates (STC) modified with 2'-F or 2'-OMe are stable
enough to stimulate activity in vivo but require high doses.
ESC is designed to add two phosphorothioate (PS) bonds at
the 5’ ends of the siRNA guide chain and the guest chain (Foster
et al,, 2018; Brown et al., 2020). An increasing body of evidence
suggests that ESC siRNA exhibits enhanced effectiveness and
duration in preclinical and clinical trials. However, the good
tolerance of siRNA containing 2'-F and 2'-OMe modifications
has led to advanced ESC designs, which achieve optimal results
by adjusting the position and ratio of 2'-F and 2’-OMe in the
double strand (Nair et al., 2017; Gupta et al., 2021a). Although
both designs yield steady results during ex vivo studies, it is worth
noting that compared with in vivo ESC templates, the efficacy
and duration of advanced ESC designs are superior (Brown et al.,
2020; Kulkarni et al., 2021). In conclusion, the above results
demonstrate that the covalent bonding of the GalNAc trimer
with optimal, chemically modified siRNAs yields a conjugate
with nuclease stability and improves the pharmacokinetics
compared to uncoupled siRNAs, resulting in a steady increase
in the potency and duration of GalNAc-siRNA conjugate activity
(Lundin et al., 2015; Freitag and Wagner, 2021).

Furthermore, nonclinical studies on ultratherapeutic doses of
GalNAc-siRNA have shown that some typical molecules (six
enhanced stable chemical GaINAc-siRNAs) exhibit similar safety
signals and histological findings in the liver, as well as the kidney
and lymph nodes (Janas et al., 2018a; Sutherland et al., 2020).
Most of these conjugates have no side effects, which can be
attributed to their pharmacokinetics and intracellular
distribution, which wusually reflect the cumulative dose
efficiency (Debacker et al, 2020). In addition, all GalNAc-
siRNAs assessed thus far have been shown to be nongenotoxic
and have undergone pharmacological safety studies (Janas et al.,
2018a).

3.3 Clinical and preclinical advances in
approved or ongoing GalNAc-siRNA
therapeutics

To date, three GalNAc-siRNA therapeutics, Leqvio
GIVLAARI™  (givosiran) and Oxlumo™
(lumasiran), have been approved for commercial applications,

(inclisiran),

with 13 GalNAc-siRNA products undergoing clinical trials
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(Supplementary Table SI). Abundant preclinical studies are
further
(Supplementary Table S2). The clinical advances of GalNAc

implementing or awaiting improvements
conjugates for treating AHP, hypercholesterolemia, PHI, etc.

are concluded.

3.3.1 Clinical efficacy of several approved
GalNAc-siRNA conjugates drugs: Leqvio®
(inclisiran), GIVLAARI™ (givosiran), Oxlumo™
(lumasiran), and AMVUTTRA™ (vutrisiran)

As previously mentioned, GalNAc-siRNA conjugates are
commonly used in liver diseases (Springer and Dowdy, 2018;
Willoughby et al., 2018; Thangamani et al, 2021). The
development of GalNAc-siRNA conjugates can help to boost
oligonucleotide drug popularity by removing barriers such as
poor drug safety, efficacy, and specificity posed by other delivery
systems. Promptly internalized by high-capacity ASGPR,
GalNAc conjugates can internalize within clathrin-coated
vesicles and enter endosomal compartments, leading to the
disruption of ionic interactions caused by endosomal
acidification. In this regard, decreasing the pH of endosomal
compartments can help to release GalNAc-siRNAs from
ASGPRs to transfer GalNAc-siRNAs back to the cell surface
every 10-15 min, ensuring transport efficacy (Brown et al., 2020;
Abdelaal and Kasinski, 2021). However, it has been shown that
only a few (<1%) GalNAc-siRNA conjugates are distributed from
pH-decreasing endosomal compartments to the cytoplasm,
making endosomal escape an important rate-determining step
for the efficient delivery of siRNAs and antisense
oligonucleotides (ASOs) (Gilleron et al., 2013; Springer and
Dowdy, 2018; Ayyar et al, 2021; Holland et al., 202I).
Potential endosomal-escape promoters such as chloroquine
and nigericin, also known as osmotic agents, along with other
approaches and techniques, have been associated with
cytotoxicity that has limited their therapeutic application,
making GalNAc-siRNA conjugates more promising solutions
(Lechanteur et al., 2018).

Givosiran is an FDA-approved therapeutic siRNA based on
GalNAc-siRNA technology. As previously discussed, givosiran is
indicated for AHP caused by a disorder of hepatic ALAS1 and
acute intermittent porphyria (AIP), which can result in the
accumulation of several components, including toxic
metabolites such as porphyrin precursors, ALA and PBG,
leading to multiorgan and multisystem injury, including
nervous system injury, along with conditions such as chronic
kidney disease, hepatocellular carcinoma and hypertension
(Lazareth et al.,, 2021). Iron overload and vein thrombosis are
the predominant limitations of intravenous hemin application to
suppress ALAS1 induction and cure palindromic attacks. After
incorporation into RISC, givosiran then adopts the RNAi
mechanism to silence the mRNA of hepatic ALASI, thus
thwarting the synthesis of ALASI integrin (Bissell and Wang,
2015; Sawicki et al., 2015; Agarwal et al., 2020; de Paula Brandao
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et al., 2020; Lazareth et al., 2021). During phase three testing of
the ENVISION trial, the givosiran-injected group exhibited a
lower rate of annual attacks, lower urinary ALA levels, and less
pain than the placebo. Nonetheless, higher serum transaminase
attributed to
glomerular filtration changes (Balwani et al., 2020; Bonkovsky

levels and creatinine levels were observed,

etal., 2020; Ventura et al., 2021). Overall, givosiran is still paving
the way for the clinical application of GalNAc-siRNA conjugates
and represents an excellent AIP oligonucleotide therapeutic
option that can promote siRNA development.

Inclisiran is another GalNAc-siRNA conjugate approved by
the FDA that can bind to hepatically expressed PCSK9 proteins,
representing ideal targets that affect systemic and regional lipid
metabolism and plasma cholesterol level regulation (Leiter et al.,
2019; German and Shapiro, 2020; Kam et al., 2020; Scicchitano
et al., 2021). Inclisiran has been documented to be effective in
lowering LDL-C in cases of high cholesterol levels. Importantly,
drug elimination 24 h after injection and liver uptake selectivity
and efficiency suggest inclisiran to be a promising drug
(Tomlinson et al., 2021). Research has shown that inclisiran
and bempedoic acid can resolve limitations associated with
pH treatment (Aguilar-Salinas et al., 2021). Moreover, it has
been shown that inclisiran can decrease LDL-C levels; the
published ORION that
inclisiran and the maximum tolerated dose of statins led to a
150% decline in LDL-C (Stoekenbroek et al., 2018; Gallego-
Colon et al., 2020; Bardolia et al., 2021; Hardy et al.,, 2021).

Lumasiran targeting glycolate oxidase is a promising

trials  demonstrated combining

therapeutic agent shown to effectively lower oxalate levels in
the liver, resulting in less deposition of calcium oxalate crystals in
the kidneys and lower probability of kidney failure, systemic
oxalosis and other systemic organ failure due to metabolic
dysfunction (Perazella and Herlitz, 2021; Scott and Keam,
2021; Shah et al., 2021). Glyoxylic acid is obtained by glycolic
acid conversion catalyzed by glycolate oxidase and is inhibited by
limiting glyoxylate availability, leading to increased glycolate
levels (Dutta et al., 2016; Liebow et al., 2017; Frishberg et al.,
2021). A phase 1/2 randomized placebo-controlled study showed
that lumasiran was biologically safe and effectively reduced
urinary oxalate excretion in all cases with PHI1 during the
trial (Frishberg et al, 2021). In a phase three double-blind
trial where urinary oxalate excretion patients with PH1 were
studied, lumasiran effectively reduced progression to kidney
failure (Garrelfs et al., 2020; Garrelfs et al., 2021; Frishberg
et al., 2022).

Vutrisiran is a transthyretin-directed siRNA therapeutic for
the treatment of amyloid transthyretin-mediated (ATTR)
amyloidosis, including hATTR amyloidosis and wild-type
ATTR (wtATTR) (Keam, 2022).
reduces serum TTR levels by reducing synthesis of variant

amyloidosis Vutrisiran

and wild-type TTR which primarily synthesis in liver. Via

ESC design of GalNAc-siRNA conjugates, Vutrisiran is able to
bind ASGPR effectively, allowing for once every 3 months
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subcutaneous injection with better metabolic stability and
improved potency in a phase three study (Soprano et al.,
1985; Holmgren et al, 1991; Habtemariam et al, 2021;
Alnylam Pharmaceuticals Inc, 2022).

3.3.2 Clinical and preclinical advances in
GalNAc-siRNA therapeutics

As the representative of GalNAc conjugates clinical usage,
Fitusiran, developed by Alynlam and Sanofi Genzyme, is a
synthetic siRNA targeting liver antithrombin to increase
thrombin generation developed for the treatment of
(hemophilia A) and
coagulation factor IX deficiency (hemophilia B) and is

coagulation factor VIII deficiency

ongoing. In a phase 1 inhibitor cohort, monthly fitusiran
lowered antithrombin levels from baseline, resulting in
thrombin generation improvements, suggesting that monthly
subcutaneous injections of fitusiran may lead to bleeding
episode reduction and improved quality of life in participants
with hemophilia A or B treated with inhibitors (Pasi et al., 2021).
The phase three ATLAS trial design consists of major
branches including 1) ATLAS-A/B (NCT03417245), assessing
fitusiran or on-demand factor replacement therapy, and 2)
ATLAS-INH (NCT03417102), assessing fitusiran or on-
demand bypassing agent therapy (Zhang et al, 2021a). A
phase three results for 1) ATLAS-A/B (Genzyme, 2021) and
2) ATLAS-INH (Genzyme, 2020) are completed, with outcomes
summarized. In ATLAS-A/B and ATLAS-INH, the observed
annualized bleeding rate (ABR) for treated bleeds during the
efficacy period and the treatment period and the onset period of
the fituriran 80 mg prophylaxis group are significantly reduced
compared to the on-demand group. The same tendency also
appears in the observed annualized spontaneous bleeding rate
and annualized joint bleeding rate for treated bleeds during the
efficacy period, representing less spontaneous bleeding events
appearing after subcutaneous administration of 80 mg (mg) of
fitusiran as prophylaxis once monthly compared to the on-
demand or bypassing agents (BPA) on-demand group.
Additionally, with
published papers are listed, with comparisons on years,

preclinical undergone experiments
models, animals, etc. (Willoughby et al., 2018; Brown et al.,
2020; Ayyar et al., 2021; Iwakawa and Tomari, 2021; Yang et al,,
2021) (Supplementary Table S3).

3.4 Challenges and limitations

Although GalNAc conjugates possess better stability, other
crucial factors, such as endosomal escape, hepatotoxicity from
off-target effects, acidic subcellular compartments, and extensive
clearance, affect GalNAc efficiency and sequence barriers (Ayyar
et al., 2021; Fairman et al,, 2021; Fattal and Fay, 2021; Fumoto
et al., 2021; Liu et al., 2021; Nanavati et al., 2021; Schlich et al.,
2021).
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3.4.1 Endosomal escape

When GalNAc conjugates are functional in vivo, only a few
free siRNAs can escape into the hepatocyte cytoplasm and cross
the endosomal lipid bilayer membrane, allowing siRNA to
transactivate reactive RNA-binding proteins and resulting in a
rapid, robust and sustained RNAi response by loading onto the
host cell Ago (Springer and Dowdy, 2018). Endosomal escape is
considered the rate-limiting step, preventing GalNAc conjugates
from exerting their effects. Cell-penetrating peptides (CPPs) are
short peptides that cross cellular membranes, facilitating
endosomal escape (Oyama et al, 2021). Lonn et al. (2016)
hypothesized that the insertion of a lipid bilayer with a
hydrophobic patch into PTD/CPP-EED domains resulted in
localized membrane destabilization that enhanced endosomal
escape into the cytoplasm. CPPs exhibit heterogeneous rates of
toxicity, penetration, and membrane leakage (Lonn et al., 2016;
Benizri et al., 2019).

3.4.2 Hepatotoxicity from off-target effects

Janas et al. (2018b) hold a point of view that during
supratherapeutic exposures, instead of chemical modifications
or the perturbation of RNAi pathways, the observed rodent
hepatotoxicity can be largely attributed to RNAi-mediated oft-
target effects. Theoretically, full-length pairing targets mRNA
distinctively, while in the siRNA guide strand at positions 2-8 of
the seed region (g2-g8), there are complementary sites that bind
to the 3’ untranslated region (3-UTR) of mRNAs: thereby,
unexpected off-target effects occur through the combination
of the two, which is capable of leading to enormous
dysregulation of transcription through a manner similar to
miRNA (Schlegel et al., 2021; Varley and Desaulniers, 2021).
Hepatotoxicity not only results from off-target effects caused by
genetic changes, but is also related to intracellular oligonucleotide
accumulation and chemical reactivity with metabolites.
Moreover, although hepatotoxicity can be associated with
disturbances during the RNAI process, it is mainly attributed
to off-target effects (Janas et al., 2018b).

To eliminate hepatotoxicity, several solutions have been
found. Janas et al. provide compelling evidence that off-target
effects play key roles in hepatotoxicity during GalNAc treatment
in rats (Janas et al., 2018a; Janas et al., 2018b). It was found that
during seed-mediated binding, thermal destabilization is a
feasible option to reduce in vivo siRNA off-target effects,
thereby reducing hepatotoxicity. It is possible to selectively
infuse a single thermally destabilizing GNA nucleotide into
the seed region of the antisense strand to reduce seed-
mediated off-target binding, thereby improving the safety of
GalNAc-conjugated siRNA in rats (Janas et al, 2018b). Xu
et al. (2004) suggested that among the factors that determine
siRNA efficiency, siRNA molecular structural characteristics,
such as single or duplex-stranded nature, might be more
significant than cellular persistence. In this regard, it has been
shown that the duplex siRNA yielded better efficiency of RISC
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reconstitution versus single-stranded siRNA, which paved the
way for further investigations due to concerns about the use of
structural features to improve transfection efficiency (Xu et al.,
2004).

3.4.3 Acidic subcellular compartment

It is shown that the results of GalNAc-siRNA conjugate
loading into RISC match the corresponding model of
GalNAc-siRNA the
subcellular compartment (Fairman et al., 2021; Schlich et al.,

conjugate liberation from acidic
2021). Since less stable siRNA designs degrade faster in acidic
subcellular compartments, such as lysosomes, they are unable to
support continuous RISC loading over time. Brown et al. (2020)
found that the predominant driver for the extended duration of
activity is increasing the half-life of chemically stabilized siRNA
in acidic subcellular compartments. They also proposed that a
slow release of stabilized siRNA from acidic subcellular
compartments enables continuous loading of RISC and
prolonged target silencing. Nonetheless, enhancing siRNA can
counter aggressive degradation of the intracellular compartments
by nucleases, leading to better knockdown efficiency and a

prolonged effective period.

3.4.4 Extensive enzymatic and/or systemic
clearance

Given the wide range of nuclease degradation, sufficient RNA
packaging is crucial to ensure that modified RNA can properly
access receptors. Additionally, inadequate oligonucleotides
exhibit quick renal filtration and elimination, leading to less
intracellular residues and a lower half-life, significantly limiting
treatment efficacy (Kovacevic et al., 2018; Ayyar et al, 2021;
Fairman et al., 2021; Nanavati et al., 2021; Yan et al., 2022).

3.4.5 Sequence barriers

For many siRNA targets, the use of animal models to
predict clinical results is prohibited because of the differential
sequences between preclinical species. Therefore, new
preclinical approaches are necessary in the development of
oligonucleotide therapeutics to allow evaluation of target cell
delivery as well as RNA silencing efficacy in species-relevant
systems (Li, 2010). Primary human hepatocytes, which are
considered the “gold standard” in vitro experimental model
for the evaluation of small molecule drug metabolism, drug-
drug interactions, and toxicity, are recommended for siRNA
with hepato-cellular targets based on the limitations of the
animal models.""® Primary human hepatocytes enable good
effects with respect to potency and duration for the evaluation
of GalNAc-siRNA efficacy due to the significant species
(human) and organ (liver) relevance. Yang et al. collected
findings that demonstrate the potential utility of prolonged
cultured human hepatocytes (PCHH) as a preclinical tool for
the translation of hepatocyte-targeted siRNA, with advantages
such as long culture duration, lack of cell division and
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prolonged expression of hepatic transcripts in a species, organ
and pharmacologically relevant system. In their POC study,
durable, HPRT1 mRNA knockdown
demonstrated with a  GalNAc-conjugated, stability-
enhanced siRNA molecule, indicating that all biochemical

robust, was

systems required to facilitate siRNA delivery and activity
are intact and functional in the cryopreserved 999 Elite
Human Hepatocytes used in the establishment of PCHH.
This in vitro model may serve as a valid alternative for
siRNA prioritization and selection to reduce overall animal
usage in addition to the provision of human hepatocyte-
specific results, which may not be readily obtainable from
in vivo animal models (Yang et al., 2021).

4 Other delivery systems

However, it was found that after years of development,
available siRNA drugs still cannot solve problems associated
with endosomal escape barriers, off-target effects and
The
targeting precision needs to be further improved (Xu et al,
2004; Lonn et al., 2016; Janas et al., 2018b; Kovacevic et al.,
2018; Zhang et al., 2018; Benizri et al., 2019; Jahns et al., 2021;
Schlegel et al., 2021; Yan et al., 2022). Accordingly, further
research and development efforts are needed to apply this

extensive enzymatic and/or systemic clearance.

technology in the clinic.

4.1 LNPs loaded siRNA

The LNP delivery system, also known as the second-
generation delivery system of RNAi drugs, is mainly
composed of four parts: polyethylene glycol-lipid conjugates
(such as PEG-DMG), ionizable amino lipids (such as DLin-
MC3-DMA), distearyl phosphatidylcholine (DSPC)
cholesterol (Aldosari et al, 2021; Lokugamage et al., 2021).
PEG-lipid on the outside helps protect the contents, while the

and

cationic lipids inside can electrostatically adsorb genetic
The
encapsulation, forming a cationic lipid package (Eygeris et al.,
2021; Li et al., 2022; Paunovska et al., 2022; Yan et al., 2022).
Cholesterol near the cationic lipid package can help stabilize the

materials. oligonucleotide drugs are protected by

structure of nanoparticles and assist endocytosis induced by LDL
(Gupta et al., 2021b; Zhang et al., 2021b; Chaudhary et al., 2021;
Huang et al., 2021). Overall, the LNP delivery system is currently
one of the most effective siRNA delivery methods and is mainly
used for intravenous administration (Carrasco et al., 2021;
Everton et 2021). During the transport of LNP-
encapsulated siRNA into the body, LNP first fuses with the
lipid bilayer of the cell membrane and then releases siRNA

al.,

into the cell, allowing systemic siRNA administration (Table
2) (Wang et al.,, 2021a; Yan et al., 2022).
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4.2 ESC and advanced ESC loaded by LNPs

GalNAc-siRNA conjugates are transmitted by ASGPR-mediated
endocytosis and accumulate in acidic cells. It is mentioned that high
metabolic stability is the most vital factor for GalNAc-siRNA to
achieve optimal activity in vivo (Foster et al., 2018). Moreover, after
subcutaneous injection of a certain dose of ESC and advanced ESC
conjugate, significantly different pharmacodynamic characteristics
were observed; the stability of advanced ESC was higher than that of
ESC. Although studies have shown that ESC conjugates yield a
stronger effect at maximum knockout after a threefold increase in the
dose, advanced ESC conjugates exhibit more enduring activity, which
proves that greater stability of the chemical properties of GalNAc-
siRNA enables longer duration of action (Springer and Dowdy,
2018). Furthermore, a study that directly compared the effects of
GalNAc coupling and LNP delivery on the siRNAs of traditional and
advanced ESC targeting mouse factor 7 indicated that during LNP
delivery, ESC and advanced ESC with similar intrinsic efficacy
exhibited similar behaviors, which indicates that LNP delivery
eliminated the differences in time and efficiency between
traditional and advanced ESC. Besides, the exposure levels of total
siRNA in the liver after subcutaneous injection of ESC and advanced
ESC were lower than those of ESC and advanced ESC delivered by
LNPs. It is worth noting that the delivery mode of ESC and advanced
ESC loaded with LNPs occurred via intravenous injection,
substantiating that the delivery mode can significantly affect the
activity and duration of GaNAc-siRNA (Brown et al., 2020; Kulkarni
et al,, 2021; Naito et al., 2021; Salim and Desaulniers, 2021).

5 Conclusion

Many chronic or acute serious diseases are associated with the
liver, such as liver cancer, hepatitis, hepatic hemangioma, etc.,
which remain among the leading causes that seriously affect the
quality of human life and even lead to human death. The immense
potential of GalNAc siRNA conjugates in the treatment of liver-
related diseases involving gene expression provides a new strategy
for this purpose. Through years of improvement, siRNA
therapeutics have achieved superior advances in delivery
accuracy and targeting precision, and both LNP siRNA and
GalNAc siRNA delivery systems have enabled siRNA systemic
delivery. However, GalNAc conjugate-based siRNA capable of
direct targeted delivery offers the advantages of being safer and
more efficient than the second-generation delivery system LNP
siRNA. Additionally, the results of intravenous injection of
GalNAc-siRNA highlighted the durability of RNAi, while
subcutaneous injection increased target gene knockout and
prolonged the duration of RNAi activity. Moreover, studies
have shown that chemically stable siRNA persists in highly
acidic subcellular compartments after administration, with
chemical stability contributing to prolonging the activity of
RNAi. The siRNA design and chemical

progress in
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modification is the crucial step in improving the stability of
siRNA metabolism when designing oligonucleotides with
continuously increased efficacy and enhancing the half-life of
the GalNAc conjugates. To date, with several approved drugs and
ongoing clinical and preclinical trials, it is promising that with
more contributions taken into account, more delicate designs and
modifications can lead GalNAc conjugates to not only longer
duration but also higher efficiency, reduced toxicity and tighter
attachment. Challenges such as endosomal escape barriers, off-
target effects, and a lack of safety profile remain hindrances to
actualizing the full opportunity and potential of oligonucleotide
drugs. Thankfully, massive research is underway to investigate
these obstacles, including the development of hepatic and
extrahepatic delivery platforms, paving the way for further
design and development. It is believed that state-of-the-art
siRNA technology will surely be a boon to clinical medicine.

Author contributions

Conceptualization, ZL, LZ, YL, and XJ; methodology, GL; data
curation, YZ; writing—original draft preparation, LZ, YL, and ZT;
writing—review and editing, ZL, LZ, YL X]J, GL, and ZT. All authors
have read and agreed to the published version of the manuscript.

Funding

This work has been financed by the National Natural Science
Foundation of China (No. 81870591), Key R&D and Promotion

References

Abdelaal, A. M., and Kasinski, A. L. (2021). Ligand-mediated delivery of RNAi-
based therapeutics for the treatment of oncological diseases. Nar. Cancer 3 (3),
zcab030. doi:10.1093/narcan/zcab030

Adachi, H., Hengesbach, M., Yu, Y. T., and Morais, P. (2021). From antisense
RNA to RNA modification: Therapeutic potential of RNA-based technologies.
Biomedicines 9 (5), 550. doi:10.3390/biomedicines9050550

Adams, D., Tournev, L. L., Taylor, M. S., Coelho, T., Plante-Bordeneuve,
V., Berk, J. L., et al. (2022). Efficacy and safety of vutrisiran for patients with
hereditary transthyretin-mediated amyloidosis with polyneuropathy: A
randomized clinical trial. Amyloid, 1-9. doi:10.1080/13506129.2022.
2091985

Agarwal, S., Simon, A. R,, Goel, V., Habtemariam, B. A,, Clausen, V. A., Kim, J. B,
et al. (2020). Pharmacokinetics and pharmacodynamics of the small interfering
ribonucleic acid, givosiran, in patients with acute hepatic porphyria. Clin.
Pharmacol. Ther. 108 (1), 63-72. d0i:10.1002/cpt.1802

Aguilar-Salinas, C. A., Gomez-Diaz, R. A, and Corral, P. (2021). New therapies
for primary hyperlipidaemia. J. Clin. Endocrinol. Metab.

Aldosari, B. N., Alfagih, I. M., and Almurshedi, A. S. (2021). Lipid nanoparticles
as delivery systems for RNA-based vaccines. Pharmaceutics 13 (2), 206. doi:10.3390/
pharmaceutics13020206

Alnylam Pharmaceuticals Inc (2022). US prescribing information:AMVUTTRA
(vutrisiran) injection, for subcutaneous use. Available from https://www.accessdata.
fda.gov/drugsatfda_docs/label/2022/215515s0001bl.pdf.

Alshaer, W, Zureigat, H., Al Karaki, A., Al-Kadash, A., Gharaibeh, L., Hatmal, M.
M, et al. (2021). Corrigendum to "siRNA: Mechanism of action, challenges, and

Frontiers in Pharmacology

121

10.3389/fphar.2022.1090237

Projects in Henan Province (Nos. 212102310874 and
222102310013), Key Scientific Research Projects of Colleges
23A310011),
National College Students’ Innovation and Entrepreneurship
Training Program (Nos. 202110475021, 202110475048 and
202110475037).

and Universities in Henan Province (No.

Conflict of interest

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

Publisher’'s note

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

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.1090237/full#supplementary-material

therapeutic approaches" [Eur. J. Pharmacol. 905 (2021) 174178]. Eur. J. Pharmacol.
916, 174741. doi:10.1016/j.ejphar.2022.174741

Antimisiaris, S. G., Marazioti, A., Kannavou, M., Natsaridis, E., Gkartziou, F.,
Kogkos, G., et al. (2021). Overcoming barriers by local drug delivery with liposomes.
Adv. Drug Deliv. Rev. 174, 53-86. doi:10.1016/j.addr.2021.01.019

Ayyar, V. S, Song, D., Zheng, S., Carpenter, T., and Heald, D. L. (2021). Minimal
physiologically based pharmacokinetic-pharmacodynamic (mPBPK-PD) model of
N-Acetylgalactosamine-Conjugated small interfering RNA disposition and gene
silencing in preclinical species and humans. J. Pharmacol. Exp. Ther. 379 (2),
134-146. doi:10.1124/jpet.121.000805

Balwani, M., Sardh, E., Ventura, P., Peiro, P. A., Rees, D. C., Stolzel, U., et al.
(2020). Phase 3 trial of RNAI therapeutic givosiran for acute intermittent
porphyria. N. Engl. J. Med. 382 (24), 2289-2301. doi:10.1056/
NEJMoal913147

Bardolia, C., Amin, N. S,, and Turgeon, J. (2021). Emerging non-statin treatment
options for lowering low-density lipoprotein cholesterol. Front. Cardiovasc. Med. 8,
789931. doi:10.3389/fcvm.2021.789931

Benizri, S., Gissot, A., Martin, A., Vialet, B., Grinstaff, M. W., and Barthelemy, P.
(2019). Bioconjugated oligonucleotides: Recent developments and therapeutic
applications. Bioconjug. Chem. 30 (2), 366-383. doi:10.1021/acs.bioconjchem.
8b00761

Bissell, D. M., Anderson, K. E., and Bonkovsky, H. L. (2017). N. Engl. J. Med. 377
(9), 862-872. doi:10.1056/NEJMral608634

Bissell, D. M., and Wang, B. (2015). Acute hepatic porphyria. J. Clin. Transl.
Hepatol. 3 (1), 17-26. doi:10.14218/JCTH.2014.00039

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.1090237/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1090237/full#supplementary-material
https://doi.org/10.1093/narcan/zcab030
https://doi.org/10.3390/biomedicines9050550
https://doi.org/10.1080/13506129.2022.2091985
https://doi.org/10.1080/13506129.2022.2091985
https://doi.org/10.1002/cpt.1802
https://doi.org/10.3390/pharmaceutics13020206
https://doi.org/10.3390/pharmaceutics13020206
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/215515s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/215515s000lbl.pdf
https://doi.org/10.1016/j.ejphar.2022.174741
https://doi.org/10.1016/j.addr.2021.01.019
https://doi.org/10.1124/jpet.121.000805
https://doi.org/10.1056/NEJMoa1913147
https://doi.org/10.1056/NEJMoa1913147
https://doi.org/10.3389/fcvm.2021.789931
https://doi.org/10.1021/acs.bioconjchem.8b00761
https://doi.org/10.1021/acs.bioconjchem.8b00761
https://doi.org/10.1056/NEJMra1608634
https://doi.org/10.14218/JCTH.2014.00039
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1090237

Zhang et al.

Blakney, A. K., McKay, P. F,, Hu, K., Samnuan, K., Jain, N., Brown, A,, et al.
(2021). Polymeric and lipid nanoparticles for delivery of self-amplifying RNA
vaccines. J. Control. Release 338, 201-210. doi:10.1016/j.jconrel.2021.08.029

Bonkovsky, H. L., Balwani, M., Sardh, E., Gouya, L., Rees, D. C,, Stein, P, et al.
(2020). S1154 clinical outcomes in patients with acute hepatic porphyria treated
with givosiran who stopped hemin prophylaxis at study entry: A post hoc analysis of
data from the phase 3 ENVISION study through month 12. Am. J. Gastroenterol.
115, S578. d0i:10.14309/01.ajg.0000706664.77192.9¢

Brown, C. R, Gupta, S., Qin, J., Racie, T., He, G., Lentini, S., et al. (2020).
Investigating the pharmacodynamic durability of GalNAc-siRNA conjugates.
Nucleic Acids Res. 48 (21), 11827-11844. doi:10.1093/nar/gkaa670

Carrasco, M. J., Alishetty, S., Alameh, M. G., Said, H., Wright, L., Paige, M., et al.
(2021). Ionization and structural properties of mRNA lipid nanoparticles influence
expression in intramuscular and intravascular administration. Commun. Biol. 4 (1),
956. doi:10.1038/s42003-021-02441-2

Chaudhary, N., Weissman, D., and Whitehead, K. A. (2021). mRNA vaccines for
infectious diseases: Principles, delivery and clinical translation. Nat. Rev. Drug
Discov. 20 (11), 817-838. d0i:10.1038/s41573-021-00283-5

Crooke, S. T., Witztum, J. L., Bennett, C. F., and Baker, B. F. (2018). RNA-targeted
therapeutics. Cell Metab. 27 (4), 714-739. doi:10.1016/j.cmet.2018.03.004

Cui, H,, Zhu, X,, Li, S., Wang, P., and Fang, J. (2021). Liver-targeted delivery of
oligonucleotides with N-acetylgalactosamine conjugation. ACS Omega 6 (25),
16259-16265. doi:10.1021/acsomega.1c01755

Damase, T. R., Sukhovershin, R., Boada, C., Taraballi, F., Pettigrew, R. I, and
Cooke, J. P. (2021). The limitless future of RNA therapeutics. Front. Bioeng.
Biotechnol. 9, 628137. doi:10.3389/fbioe.2021.628137

de Paula Brandao, P. R., Titze-de-Almeida, S. S., and Titze-de-Almeida, R. (2020).
Leading RNA interference therapeutics part 2: Silencing delta-aminolevulinic acid
synthase 1, with a focus on givosiran. Mol. Diagn. Ther. 24 (1), 61-68. doi:10.1007/
540291-019-00438-6

Debacker, A. J., Voutila, J., Catley, M., Blakey, D., and Habib, N. (2020).
Delivery of oligonucleotides to the liver with GalNAc: From research to
registered therapeutic drug. Mol. Ther. 28 (8), 1759-1771. do0i:10.1016/j.
ymthe.2020.06.015

Dobrowolski, C., Paunovska, K., Hatit, M. Z. C., Lokugamage, M. P., and
Dahlman, J. E. (2021). Therapeutic RNA delivery for COVID and other
diseases. Adv. Healthc. Mat. 10, 2002022. doi:10.1002/adhm.202002022

Dutta, C., Avitahl-Curtis, N., Pursell, N., Larsson Cohen, M., Holmes, B., Diwanji,
R, et al. (2016). Inhibition of glycolate oxidase with dicer-substrate siRNA reduces
calcium oxalate deposition in a mouse model of primary hyperoxaluria type 1. Mol.
Ther. 24 (4), 770-778. doi:10.1038/mt.2016.4

Everton, E., Rizvi, F., Smith, A. R., Beattie, M., Tam, Y., Pardi, N., et al. (2021).
Transient yet robust expression of proteins in the mouse liver via intravenous
injection of lipid nanoparticle-encapsulated nucleoside-modified mRNA. Bio.
Protoc. 11 (19), e4184. doi:10.21769/BioProtoc.4184

Eygeris, Y., Gupta, M., Kim, J., and Sahay, G. (2021). Chemistry of lipid
nanoparticles for RNA delivery. Acc. Chem. Res. 55, 2-12. doi:10.1021/acs.
accounts.1c00544

Fairman, K., Li, M., Ning, B., and Lumen, A. (2021). Physiologically based
pharmacokinetic (PBPK) modeling of RNAi therapeutics: Opportunities and
challenges. Biochem. Pharmacol. 189, 114468. doi:10.1016/j.bcp.2021.
114468

Fattal, E., and Fay, F. (2021). Nanomedicine-based delivery strategies for nucleic
acid gene inhibitors in inflammatory diseases. Adv. Drug Deliv. Rev. 175, 113809.
doi:10.1016/j.addr.2021.05.019

Foster, D. J., Brown, C. R, Shaikh, S., Trapp, C., Schlegel, M. K., Qian, K,, et al.
(2018). Advanced siRNA designs further improve in vivo performance of GalNAc-
siRNA conjugates. Mol. Ther. 26 (3), 708-717. doi:10.1016/j.ymthe.2017.12.021

Freitag, F., and Wagner, E. (2021). Optimizing synthetic nucleic acid and protein
nanocarriers: The chemical evolution approach. Adv. Drug Deliv. Rev. 168, 30-54.
doi:10.1016/j.addr.2020.03.005

Frishberg, Y., Cochat, P., Talamudupula, S., McGregor, T., Tamimi, N,
Illuminate, C., et al. ILLUMINATE-C: A phase 3 single-arm study to evaluate
efficacy, safety, pharmacokinetics, and pharmacodynamics of lumasiran in patients
with advanced primary hyperoxaluria type. 2022.

Frishberg, Y., Deschénes, G., Groothoff, J. W., Hulton, S.-A., Magen, D,
Harambat, J., et al. (2021). Phase 1/2 study of lumasiran for treatment of
primary hyperoxaluria type 1: A placebo-controlled randomized clinical trial.
Clinical Journal of the American Society of Nephrology.

Fumoto, S., Yamamoto, T., Okami, K., Maemura, Y., Terada, C., Yamayoshi, A.,
et al. (2021). Understanding in vivo fate of nucleic acid and gene medicines for the

Frontiers in Pharmacology

122

10.3389/fphar.2022.1090237

rational ~design of drugs. Pharmaceutics 13 159.  doi:10.3390/

pharmaceutics13020159

Gabba, A., Bogucka, A., Luz, J. G., Diniz, A., Coelho, H., Corzana, F., et al. (2021).
Crystal structure of the carbohydrate recognition domain of the human
macrophage galactose C-type lectin bound to GalNAc and the tumor-associated
tn antigen. Biochemistry 60 (17), 1327-1336. doi:10.1021/acs.biochem.1c00009

Gallego-Colon, E., Daum, A, and Yosefy, C. (2020). Statins and
PCSK9 inhibitors: A new lipid-lowering therapy. Eur. J. Pharmacol. 878,
173114. doi:10.1016/j.ejphar.2020.173114

@),

Garrelfs, S. F., Frishberg, Y., Hulton, S. A., Koren, M. J., O’'Riordan, W. D., Cochat,
P., etal. (2021). Lumasiran, an RNAi therapeutic for primary hyperoxaluria type 1.
N. Engl. ]. Med. 384 (13), 1216-1226. doi:10.1056/NEJM0a2021712

Garrelfs, S., Frishberg, Y., Hulton, S., Koren, M., O’'Riordan, W., Cochat, P., et al.
(2020). LB002 illuminate-a, a phase 3 study of lumasiran, an investigational rnai
therapeutic, in children and adults with primary hyperoxaluria type 1 (PHI).
Nephrol. Dial. Transplant. 35 (3), gfaal46. doi:10.1093/ndt/gfaal46.1b002

Genzyme, A. S. C. (2020). A study of fitusiran (ALN-AT3SC) in severe
hemophilia A and B patients with inhibitors. Available at: https://Clinical Trials.
gov/show/NCT03417102.

Genzyme, A. S. C. (2021). A study of fitusiran (ALN-AT3SC) in severe
hemophilia A and B patients without inhibitors. Available at: https://
ClinicalTrials.gov/show/NCT03417245.

German, C. A,, and Shapiro, M. D. (2020). Small interfering RNA therapeutic
inclisiran: A new approach to targeting PCSK9. BioDrugs 34 (1), 1-9. doi:10.1007/
540259-019-00399-6

Gilleron, J., Querbes, W., Zeigerer, A., Borodovsky, A., Marsico, G., Schubert, U.,
et al. (2013). Image-based analysis of lipid nanoparticle-mediated siRNA delivery,
intracellular trafficking and endosomal escape. Nat. Biotechnol. 31 (7), 638-646.
doi:10.1038/nbt.2612

Gupta, A., Andresen, J. L, Manan, R. S, and Langer, R. (2021). Nucleic acid
delivery for therapeutic applications. Adv. Drug Deliv. Rev. 178, 113834. doi:10.
1016/j.addr.2021.113834

Gupta, S. V., Fanget, M. C,, MacLauchlin, C., Clausen, V. A,, Li, J., Cloutier, D.,
etal. (2021). Clinical and preclinical single-dose pharmacokinetics of VIR-2218, an
RNAI therapeutic targeting HBV infection. Drugs R. D. 21 (4), 455-465. doi:10.
1007/540268-021-00369-w

Habtemariam, B. A, Karsten, V., Attarwala, H., Goel, V., Melch, M., Clausen, V.
A, et al. (2021). Single-dose pharmacokinetics and pharmacodynamics of
transthyretin targeting N-acetylgalactosamine-Small interfering ribonucleic acid
conjugate, vutrisiran, in healthy subjects. Clin. Pharmacol. Ther. 109 (2), 372-382.
doi:10.1002/cpt.1974

Han, H. (2018). RNA interference to knock down gene expression. Methods Mol.
Biol. 1706, 293-302. do0i:10.1007/978-1-4939-7471-9_16

Hannon, G. J. (2002). RNA interference. nature 418 (6894), 244-251. doi:10.
1038/418244a

Hardy, J., Niman, S., Pereira, E., Lewis, T., Reid, J., Choksi, R,, et al. (2021). A
critical review of the efficacy and safety of inclisiran. Am. J. Cardiovasc. Drugs 21,
629-642. doi:10.1007/s40256-021-00477-7

Hassett, K. J., Higgins, J., Woods, A., Levy, B., Xia, Y., Hsiao, C. ], et al. (2021).
Impact of lipid nanoparticle size on mRNA vaccine immunogenicity. J. Control.
Release 335, 237-246. doi:10.1016/j.jconrel.2021.05.021

Holland, R. J., Lam, K., Ye, X., Martin, A. D., Wood, M. C., Palmer, L., et al.
(2021). Ligand conjugate structure activity relationships and enhanced endosomal
escape with a targeted polymer micelle in non-human primates. Mol. Ther. 29.
doi:10.1016/j.ymthe.2021.06.002

Holmgren, G., Steen, L., Ekstedt, J., Groth, C. G., Ericzon, B. G., ErikSSon, S., et al.
(1991). Biochemical effect of liver transplantation in two Swedish patients with
familial amyloidotic polyneuropathy (FAP-met30). Clin. Genet. 40 (3), 242-246.
doi:10.1111/j.1399-0004.1991.tb03085.x

Hoy, S. M. (2018). Patisiran: First global approval. Drugs 78 (15), 1625-1631.
doi:10.1007/s40265-018-0983-6

Hu, B, Zhong, L., Weng, Y., Peng, L., Huang, Y., Zhao, Y., et al. (2020).
Therapeutic siRNA: State of the art. Signal Transduct. Target. Ther. 5 (1), 101.
doi:10.1038/s41392-020-0207-x

Huang, J., Yuen, D., Mintern, J. D., and Johnston, A. P. R. (2021). Opportunities
for Innovation: Building on the success of lipid nanoparticle vaccines. Curr. Opin.
Colloid Interface Sci. 55, 101468. doi:10.1016/j.cocis.2021.101468

Ickenstein, L. M., and Garidel, P. (2019). Lipid-based nanoparticle formulations
for small molecules and RNA drugs. Expert Opin. Drug Deliv. 16 (11), 1205-1226.
doi:10.1080/17425247.2019.1669558

frontiersin.org


https://doi.org/10.1016/j.jconrel.2021.08.029
https://doi.org/10.14309/01.ajg.0000706664.77192.9e
https://doi.org/10.1093/nar/gkaa670
https://doi.org/10.1038/s42003-021-02441-2
https://doi.org/10.1038/s41573-021-00283-5
https://doi.org/10.1016/j.cmet.2018.03.004
https://doi.org/10.1021/acsomega.1c01755
https://doi.org/10.3389/fbioe.2021.628137
https://doi.org/10.1007/s40291-019-00438-6
https://doi.org/10.1007/s40291-019-00438-6
https://doi.org/10.1016/j.ymthe.2020.06.015
https://doi.org/10.1016/j.ymthe.2020.06.015
https://doi.org/10.1002/adhm.202002022
https://doi.org/10.1038/mt.2016.4
https://doi.org/10.21769/BioProtoc.4184
https://doi.org/10.1021/acs.accounts.1c00544
https://doi.org/10.1021/acs.accounts.1c00544
https://doi.org/10.1016/j.bcp.2021.114468
https://doi.org/10.1016/j.bcp.2021.114468
https://doi.org/10.1016/j.addr.2021.05.019
https://doi.org/10.1016/j.ymthe.2017.12.021
https://doi.org/10.1016/j.addr.2020.03.005
https://doi.org/10.3390/pharmaceutics13020159
https://doi.org/10.3390/pharmaceutics13020159
https://doi.org/10.1021/acs.biochem.1c00009
https://doi.org/10.1016/j.ejphar.2020.173114
https://doi.org/10.1056/NEJMoa2021712
https://doi.org/10.1093/ndt/gfaa146.lb002
https://ClinicalTrials.gov/show/NCT03417102
https://ClinicalTrials.gov/show/NCT03417102
https://ClinicalTrials.gov/show/NCT03417245
https://ClinicalTrials.gov/show/NCT03417245
https://doi.org/10.1007/s40259-019-00399-6
https://doi.org/10.1007/s40259-019-00399-6
https://doi.org/10.1038/nbt.2612
https://doi.org/10.1016/j.addr.2021.113834
https://doi.org/10.1016/j.addr.2021.113834
https://doi.org/10.1007/s40268-021-00369-w
https://doi.org/10.1007/s40268-021-00369-w
https://doi.org/10.1002/cpt.1974
https://doi.org/10.1007/978-1-4939-7471-9_16
https://doi.org/10.1038/418244a
https://doi.org/10.1038/418244a
https://doi.org/10.1007/s40256-021-00477-7
https://doi.org/10.1016/j.jconrel.2021.05.021
https://doi.org/10.1016/j.ymthe.2021.06.002
https://doi.org/10.1111/j.1399-0004.1991.tb03085.x
https://doi.org/10.1007/s40265-018-0983-6
https://doi.org/10.1038/s41392-020-0207-x
https://doi.org/10.1016/j.cocis.2021.101468
https://doi.org/10.1080/17425247.2019.1669558
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1090237

Zhang et al.

Iwakawa, H.-0., and Tomari, Y. (2021). Life of RISC: Formation, action, and
degradation of RNA-induced silencing complex. Mol. Cell 82, 30-43. doi:10.1016/j.
molcel.2021.11.026

Jahns, H., Degaonkar, R., Podbevsek, P., Gupta, S., Bisbe, A., Aluri, K,, et al.
(2021). Small circular interfering RNAs (sciRNAs) as a potent therapeutic platform
for gene-silencing. Nucleic Acids Res. 49 (18), 10250-10264. doi:10.1093/nar/
gkab724

Janas, M. M., Harbison, C. E., Perry, V. K., Carito, B., Sutherland, J. E., Vaishnaw,
A. K, et al. (2018). The nonclinical safety profile of GalNAc-conjugated RNAi
therapeutics in subacute studies. Toxicol. Pathol. 46 (7), 735-745. doi:10.1177/
0192623318792537

Janas, M. M., Schlegel, M. K., Harbison, C. E., Yilmaz, V. O, Jiang, Y.,
Parmar, R., et al. (2018). Selection of GaINAc-conjugated siRNAs with limited
off-target-driven rat hepatotoxicity. Nat. Commun. 9 (1), 723. doi:10.1038/
s41467-018-02989-4

Jeon, J. Y., Ayyar, V. S, and Mitra, A. (2022). Pharmacokinetic and
pharmacodynamic modeling of siRNA therapeutics - a minireview. Pharm. Res.
39 (8), 1749-1759. doi:10.1007/s11095-022-03333-8

Juliano, R. L. (2018). Intracellular trafficking and endosomal release of
oligonucleotides: What we know and what we don’t. Nucleic Acid. Ther. 28 (3),
166-177. doi:10.1089/nat.2018.0727

Kam, N., Perera, K., Zomer, E., Liew, D., and Ademi, Z. (2020). Inclisiran as
adjunct lipid-lowering therapy for patients with cardiovascular disease: A cost-
effectiveness analysis. Pharmacoeconomics 38 (9), 1007-1020. doi:10.1007/s40273-
020-00948-w

Keam, S. J. (2022). Vutrisiran: First approval. Drugs 82 (13), 1419-1425. doi:10.
1007/s40265-022-01765-5

Khan, S. H. (2019). Genome-editing technologies: Concept, pros, and cons of
various genome-editing techniques and bioethical concerns for clinical
application. Mol. Ther. Nucleic Acids 16, 326-334. d0i:10.1016/j.omtn.2019.
02.027

Kovacevic, K. D., Gilbert, J. C., and Jilma, B. (2018). Pharmacokinetics,
pharmacodynamics and safety of aptamers. Adv. Drug Deliv. Rev. 134, 36-50.
doi:10.1016/j.addr.2018.10.008

Kulkarni, J. A., Witzigmann, D., Thomson, S. B., Chen, S., Leavitt, B. R,, Cullis, P.
R, et al. (2021). The current landscape of nucleic acid therapeutics. Nat.
Nanotechnol. 16 (6), 630-643. doi:10.1038/s41565-021-00898-0

Lamb, Y. N. (2021). Inclisiran: First approval. Drugs 81 (3), 389-395. doi:10.1007/
$40265-021-01473-6

Lazareth, H., Poli, A., Bignon, Y., Mirmiran, A., Rabant, M., Cohen, R,, et al.
(2021). Renal function decline with small interfering RNA silencing aminolevulinic
acid synthase 1 (ALAS1). Kidney Int. Rep. 6 (7), 1904-1911. doi:10.1016/j.ekir.2021.
04.004

Lechanteur, A., Sanna, V., Duchemin, A., Evrard, B., Mottet, D., and Piel, G.
(2018). Cationic liposomes carrying siRNA: Impact of lipid composition on
physicochemical properties, cytotoxicity and endosomal escape. Nanomater.
(Basel) 8 (5), 270. doi:10.3390/nano8050270

Leiter, L. A, Teoh, H., Kallend, D., Wright, R. S., Landmesser, U., Wijngaard, P. L.
J., et al. (2019). Inclisiran lowers LDL-C and PCSKY irrespective of diabetes status:
The ORION-1 randomized clinical trial. Diabetes Care 42 (1), 173-176. doi:10.
2337/dc18-1491

Li, A. P. (2010). “Evaluation of drug metabolism, drug-drug interactions, and
in vitro hepatotoxicity with cryopreserved human hepatocytes,” in Hepatocytes
(Humana: Springer), 281-294. doi:10.1007/978-1-60761-688-7_15

Li, M,, Li, Y., Li, S, Jia, L, Wang, H., Li, M., et al. (2022). The nano delivery
systems and applications of mRNA. Eur. J. Med. Chem. 227, 113910. doi:10.1016/j.
ejmech.2021.113910

Liebow, A., Li, X,, Racie, T., Hettinger, J., Bettencourt, B. R., Najafian, N,, et al.
(2017). An investigational RNAi therapeutic targeting glycolate oxidase reduces
oxalate production in models of primary hyperoxaluria. J. Am. Soc. Nephrol. 28 (2),
494-503. doi:10.1681/ASN.2016030338

Liu, Y., Xu, C. F, Igbal, S, Yang, X. Z.,, and Wang, J. (2017). Responsive
nanocarriers as an emerging platform for cascaded delivery of nucleic acids to
cancer. Adv. Drug Deliv. Rev. 115, 98-114. doi:10.1016/j.addr.2017.03.004

Liu, Z., Wang, S., Tapeinos, C., Torrieri, G., Kénkinen, V., El-Sayed, N., et al.
(2021). Non-viral nanoparticles for RNA interference: Principles of design and
practical guidelines. Adv. Drug Deliv. Rev. 174, 576.

Lokugamage, M. P., Vanover, D., Beyersdorf, J., Hatit, M. Z. C., Rotolo, L.,
Echeverri, E. S, et al. (2021). Optimization of lipid nanoparticles for the delivery of
nebulized therapeutic mRNA to the lungs. Nat. Biomed. Eng. 5 (9), 1059-1068.
doi:10.1038/s41551-021-00786-x

Frontiers in Pharmacology

123

10.3389/fphar.2022.1090237

Lonn, P., Kacsinta, A. D., Cui, X. S., Hamil, A. S., Kaulich, M., Gogoi, K., et al.
(2016). Enhancing endosomal escape for intracellular delivery of macromolecular
biologic therapeutics. Sci. Rep. 6, 32301. doi:10.1038/srep32301

Lundin, K. E., Gissberg, O., and Smith, C. E. (2015). Oligonucleotide therapies:
The past and the present. Hum. Gene Ther. 26 (8), 475-485. doi:10.1089/hum.
2015.070

Maestro, S., Weber, N. D., Zabaleta, N., Aldabe, R., and Gonzalez-Aseguinolaza,
G. (2021). Novel vectors and approaches for gene therapy in liver diseases. JHEP
Rep. 3 (4), 100300. doi:10.1016/j.jhepr.2021.100300

Marinho, H. S., Marcelino, P., Soares, H., and Corvo, M. L. (2018). Gene silencing
using siRNA for preventing liver ischaemia-reperfusion injury. Curr. Pharm. Des.
24 (23), 2692-2700. doi:10.2174/1381612824666180807124356

Matsuda, S., Keiser, K., Nair, J. K., Charisse, K., Manoharan, R. M., Kretschmer,
P, et al. (2015). siRNA conjugates carrying sequentially assembled trivalent
N-acetylgalactosamine linked through nucleosides elicit robust gene silencing in
vivo in hepatocytes. ACS Chem. Biol. 10 (5), 1181-1187. doi:10.1021/cb501028¢

Montaiiés, J. C., Rojano, C,, Ylla, G., Piulachs, M. D., and Maestro, J. L. (2021).
siRNA enrichment in Argonaute 2-depleted Blattella germanica. Biochim. Biophys.
Acta. Gene Regul. Mech. 1864 (6-7), 194704. doi:10.1016/j.bbagrm.2021.194704

Nair, J. K., Attarwala, H., Sehgal, A., Wang, Q., Aluri, K., Zhang, X,, et al. (2017).
Impact of enhanced metabolic stability on pharmacokinetics and
pharmacodynamics of GalNAc-siRNA conjugates. Nucleic Acids Res. 45 (19),
10969-10977. doi:10.1093/nar/gkx818

Nair, J. K., Willoughby, J. L. S., Chan, A., Charisse, K., Alam, M. R., Wang, Q,,
et al. (2014). Multivalent N-acetylgalactosamine-conjugated siRNA localizes in
hepatocytes and elicits robust RNAi-mediated gene silencing. J. Am. Chem. Soc. 136
(49), 16958-16961. doi:10.1021/ja505986a

Naito, M., Chaya, H., Toh, K., Kim, B. S., Hayashi, K., Fukushima, S., et al.
(2021). Structural tuning of oligonucleotides for enhanced blood circulation
properties of unit polyion complexes prepared from two-branched poly
(ethylene glycol)-block-poly (I-lysine). J. Control. Release 330, 812-820.
doi:10.1016/j.jconrel.2021.01.001

Nanavati, C., McMullen, G., Yu, R,, Geary, R. S., Henry, S. P., and Wang, Y.
(2021). Interspecies scaling of human clearance and plasma trough exposure for
antisense oligonucleotides: A retrospective analysis of GalNAc3-conjugated and
unconjugated-antisense oligonucleotides. Nucleic Acid. Ther. 31, 298-308. doi:10.
1089/nat.2020.0911

Oyama, S., Yamamoto, T., and Yamayoshi, A. (2021). Recent advances in the
delivery carriers and chemical conjugation strategies for nucleic acid drugs. Cancers
13 (15), 3881. doi:10.3390/cancers13153881

Paro, R., Grossniklaus, U., Santoro, R., Wutz, A., et al. (2021). “RNA-based
mechanisms of gene silencing,” in Introduction to epigenetics (Cham: Springer),
117-133.

Pasi, K. J., Lissitchkov, T., Mamonov, V., Mant, T., Timofeeva, M., Bagot, C., et al.
(2021). Targeting of antithrombin in hemophilia A or B with investigational siRNA
therapeutic fitusiran-Results of the phase 1 inhibitor cohort. J. Thromb. Haemost. 19
(6), 1436-1446. doi:10.1111/jth.15270

Paunovska, K., Loughrey, D., and Dahlman, J. E. (2022). Drug delivery systems
for RNA therapeutics. Nat. Rev. Genet. 23, 265-280. doi:10.1038/s41576-021-
00439-4

Perazella, M. A., and Herlitz, L. C. (2021). The crystalline nephropathies. Kidney
Int. Rep. 6 (12), 2942-2957. doi:10.1016/j.ekir.2021.09.003

Salim, L., and Desaulniers, J.-P. (2021). To conjugate or to package? A look at
targeted siRNA delivery through folate receptors. Nucleic Acid. Ther. 31 (1), 21-38.
doi:10.1089/nat.2020.0893

Saw, P. E., and Song, E.-W. (2019). siRNA therapeutics: a clinical reality. Sci.
China. Life Sci. 63 (4), 485-500. doi:10.1007/s11427-018-9438-y

Sawicki, K. T., Chang, H. C, and Ardehali, H. (2015). Role of heme in
cardiovascular physiology and disease. J. Am. Heart Assoc. 4 (1), e001138.
doi:10.1161/JAHA.114.001138

Schlegel, M. K., Matsuda, S., Brown, C. R., Harp, J. M., Barry, J. D., Berman, D,,
et al. (2021). Overcoming GNA/RNA base-pairing limitations using isonucleotides
improves the pharmacodynamic activity of ESC+ GalNAc-siRNAs. Nucleic Acids
Res. 49, 10851. doi:10.1093/nar/gkab916

Schlich, M., Palomba, R., Costabile, G., Mizrahy, S., Pannuzzo, M., Peer, D., et al.
(2021). Cytosolic delivery of nucleic acids: The case of ionizable lipid nanoparticles.
Bioeng. Transl. Med. 6, €10213. doi:10.1002/btm?2.10213

Scicchitano, P., Milo, M., Mallamaci, R., De Palo, M., Caldarola, P., Massari, F.,
et al. (2021). Inclisiran in lipid management: A literature overview and future
perspectives. Biomed. Pharmacother. 143, 112227. doi:10.1016/j.biopha.2021.
112227

frontiersin.org


https://doi.org/10.1016/j.molcel.2021.11.026
https://doi.org/10.1016/j.molcel.2021.11.026
https://doi.org/10.1093/nar/gkab724
https://doi.org/10.1093/nar/gkab724
https://doi.org/10.1177/0192623318792537
https://doi.org/10.1177/0192623318792537
https://doi.org/10.1038/s41467-018-02989-4
https://doi.org/10.1038/s41467-018-02989-4
https://doi.org/10.1007/s11095-022-03333-8
https://doi.org/10.1089/nat.2018.0727
https://doi.org/10.1007/s40273-020-00948-w
https://doi.org/10.1007/s40273-020-00948-w
https://doi.org/10.1007/s40265-022-01765-5
https://doi.org/10.1007/s40265-022-01765-5
https://doi.org/10.1016/j.omtn.2019.02.027
https://doi.org/10.1016/j.omtn.2019.02.027
https://doi.org/10.1016/j.addr.2018.10.008
https://doi.org/10.1038/s41565-021-00898-0
https://doi.org/10.1007/s40265-021-01473-6
https://doi.org/10.1007/s40265-021-01473-6
https://doi.org/10.1016/j.ekir.2021.04.004
https://doi.org/10.1016/j.ekir.2021.04.004
https://doi.org/10.3390/nano8050270
https://doi.org/10.2337/dc18-1491
https://doi.org/10.2337/dc18-1491
https://doi.org/10.1007/978-1-60761-688-7_15
https://doi.org/10.1016/j.ejmech.2021.113910
https://doi.org/10.1016/j.ejmech.2021.113910
https://doi.org/10.1681/ASN.2016030338
https://doi.org/10.1016/j.addr.2017.03.004
https://doi.org/10.1038/s41551-021-00786-x
https://doi.org/10.1038/srep32301
https://doi.org/10.1089/hum.2015.070
https://doi.org/10.1089/hum.2015.070
https://doi.org/10.1016/j.jhepr.2021.100300
https://doi.org/10.2174/1381612824666180807124356
https://doi.org/10.1021/cb501028c
https://doi.org/10.1016/j.bbagrm.2021.194704
https://doi.org/10.1093/nar/gkx818
https://doi.org/10.1021/ja505986a
https://doi.org/10.1016/j.jconrel.2021.01.001
https://doi.org/10.1089/nat.2020.0911
https://doi.org/10.1089/nat.2020.0911
https://doi.org/10.3390/cancers13153881
https://doi.org/10.1111/jth.15270
https://doi.org/10.1038/s41576-021-00439-4
https://doi.org/10.1038/s41576-021-00439-4
https://doi.org/10.1016/j.ekir.2021.09.003
https://doi.org/10.1089/nat.2020.0893
https://doi.org/10.1007/s11427-018-9438-y
https://doi.org/10.1161/JAHA.114.001138
https://doi.org/10.1093/nar/gkab916
https://doi.org/10.1002/btm2.10213
https://doi.org/10.1016/j.biopha.2021.112227
https://doi.org/10.1016/j.biopha.2021.112227
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1090237

Zhang et al.

Scott, L. J. (2020). Givosiran: First approval. Drugs 80 (3), 335-339. doi:10.1007/
$40265-020-01269-0

Scott, L. J., and Keam, S. J. (2021). Lumasiran: First approval. Drugs 81 (2),
277-282. doi:10.1007/s40265-020-01463-0

Setten, R. L., Rossi, J. J., and Han, S.-p. (2019). The current state and future
directions of RNAi-based therapeutics. Nat. Rev. Drug Discov. 18 (6), 421-446.
doi:10.1038/s41573-019-0017-4

Shah, A, Leslie, S. W., and Ramakrishnan, S., (2021). Hyperoxaluria. StatPearls
[Internet]. Available at: https://www.ncbi.nlm.nih.gov/books/NBK558987/.

Shchegravina, E,, Sachkova, A. A,, Usova, S. D., Nyuchev, A. V., Gracheva, Y. A,, and
Fedorov, A. Y. (2021). Carbohydrate systems in targeted drug delivery: Expectation and
reality. Russ. J. Bioorg. Chem. 47 (1), 71-98. doi:10.1134/s1068162021010222

Soprano, D. R,, Herbert, J., Soprano, K. J., Schon, E. A,, and Goodman, D. S. (1985).
Demonstration of transthyretin mRNA in the brain and other extrahepatic tissues in the
rat. J. Biol. Chem. 260 (21), 11793-11798. doi:10.1016/s0021-9258(17)39100-7

Springer, A. D., and Dowdy, S. F. (2018). GalNAc-siRNA conjugates: Leading the
way for delivery of RNAIi therapeutics. Nucleic Acid. Ther. 28 (3), 109-118. doi:10.
1089/nat.2018.0736

Stoekenbroek, R. M., Kallend, D., Wijngaard, P. L., and Kastelein, J. J. (2018).
Inclisiran for the treatment of cardiovascular disease: The ORION clinical
development program. Future Cardiol. 14 (6), 433-442. doi:10.2217/fca-2018-0067

Storjord, E. (2021). Acute intermittent porphyria. Inflammation, diet and
biomarkers in acute intermittent porphyria. Available at: https://munin.uit.no/
handle/10037/20120%]ocale-attribute=en.

Subhan, M. A., Attia, S. A., and Torchilin, V. P. (2021). Advances in siRNA
delivery strategies for the treatment of MDR cancer. Life Sci. 274, 119337. doi:10.
1016/1.1fs.2021.119337

Sutherland, J. E., Hettinger, J. L., Chan, A., Gilbert, J., Warner, G. L., and Davis,
W. P. (2020). Nonclinical safety profile of revusiran, a 1st-generation GalNAc-
siRNA conjugate for treatment of hereditary transthyretin-mediated amyloidosis.
Nucleic Acid. Ther. 30 (1), 33-49. doi:10.1089/nat.2019.0796

Svoboda, P. (2014). Renaissance of mammalian endogenous RNAi. FEBS Lett.
588 (15), 2550-2556. doi:10.1016/j.febslet.2014.05.030

Swevers, L., Liu, J., and Smagghe, G. (2018). Defense mechanisms against viral
infection in Drosophila: RNAi and non-RNAi. Viruses 10 (5), 230. doi:10.3390/
v10050230

Thangamani, L., Balasubramanian, B., Easwaran, M., Natarajan, J., Pushparaj, K.,
Meyyazhagan, A, et al. (2021). GalNAc-siRNA conjugates: Prospective tools on the
frontier of anti-viral therapeutics. Pharmacol. Res. 173, 105864. doi:10.1016/j.phrs.
2021.105864

Thapa Magar, K., Boafo, G. F,, Li, X., Chen, Z., and He, W. (2022). Liposome-
based delivery of biological drugs. Chin. Chem. Lett. 33 (2), 587-596. doi:10.1016/j.
cclet.2021.08.020

Tian, Z., Liang, G., Cui, K, Liang, Y., Wang, Q,, Lv, S,, et al. (2021). Insight into
the prospects for RNAi therapy of cancer. Front. Pharmacol. 12 (308), 644718.
doi:10.3389/fphar.2021.644718

Tomlinson, B., Chow, E., Chan, P.,and Lam, C. W. K. (2021). An evaluation of the
pharmacokinetics of inclisiran in the treatment of atherosclerotic cardiovascular

disease. Expert Opin. Drug Metab. Toxicol. 17 (12), 1353-1361. doi:10.1080/
17425255.2021.2029402

van den Berg, A. I, Yun, C. O, Schiffelers, R. M., and Hennink, W. E. (2021).
Polymeric delivery systems for nucleic acid therapeutics: Approaching the clinic.
J. Control. Release 331, 121-141. doi:10.1016/j.jconrel.2021.01.014

Varley, A. J., and Desaulniers, ].-P. (2021). Chemical strategies for strand selection in
short-interfering RNAs. RSC Adv. 11 (4), 2415-2426. doi:10.1039/d0ra07747j

Frontiers in Pharmacology

124

10.3389/fphar.2022.1090237

Ventura, P., Bonkovsky, H. L., Gouya, L., Aguilera-Peiré, P., Montgomery Bissell,
D, Stein, P. E,, et al. (2021). Efficacy and safety of givosiran for acute hepatic
porphyria: 24-month interim analysis of the randomized phase 3 ENVISION study.
Liver Int. 42, 161. doi:10.1111/1iv.15090

Wang, C., Zhang, Y., and Dong, Y. (2021). Lipid nanoparticle-mRNA
formulations for therapeutic applications. Acc. Chem. Res. 54 (23), 4283-4293.
doi:10.1021/acs.accounts.1¢00550

Wang, J., Zhu, M., and Nie, G. (2021). Biomembrane-based nanostructures for
cancer targeting and therapy: From synthetic liposomes to natural biomembranes
and membrane-vesicles. Adv. Drug Deliv. Rev. 178, 113974. doi:10.1016/j.addr.
2021.113974

Weng, Y., Xiao, H., Zhang, J., Liang, X. J., and Huang, Y. (2019). RNAi therapeutic
and its innovative biotechnological evolution. Biotechnol. Adv. 37 (5), 801-825.
doi:10.1016/j.biotechadv.2019.04.012

Willoughby, J. L., Chan, A., Sehgal, A., Butler, J. S., Nair, J. K,, Racie, T, et al.
(2018). Evaluation of GalNAc-siRNA conjugate activity in pre-clinical animal
models with reduced asialoglycoprotein receptor expression. Mol. Ther. 26 (1),
105-114. doi:10.1016/j.ymthe.2017.08.019

Xu, L., and Anchordoquy, T. (2011). Drug delivery trends in clinical trials and
translational medicine: Challenges and opportunities in the delivery of nucleic acid-
based therapeutics. J. Pharm. Sci. 100 (1), 38-52. doi:10.1002/jps.22243

Xu, Y., Linde, A., Larsson, O., Thormeyer, D., Elmen, J., Wahlestedt, C., et al.
(2004). Functional comparison of single- and double-stranded siRNAs in
mammalian cells. Biochem. Biophys. Res. Commun. 316 (3), 680-687. doi:10.
1016/j.bbrc.2004.02.100

Xu, Z., Wang, Q., Zhong, H.,, Jiang, Y., Shi, X., Yuan, B,, et al. (2022). Carrier
strategies boost the application of CRISPR/Cas system in gene therapy. Exploration
2 (2), 20210081. doi:10.1002/exp.20210081

Yan, Y., Liu, X. Y., Lu, A,, Wang, X. Y, Jiang, L. X, and Wang, J. C. (2022). Non-
viral vectors for RNA delivery. J. Control. Release 342, 241-279. doi:10.1016/j.
jeonrel.2022.01.008

Yang, Q., Humphreys, S. C., Lade, J. M., and Li, A. P. (2021). Prolonged cultured
human hepatocytes as an in vitro experimental system for the evaluation of potency
and duration of activity of RNA therapeutics: Demonstration of prolonged duration
of gene silencing effects of a GalNAc-conjugated human hypoxanthine
phosphoribosyl transferase (HPRT1) siRNA. Biochem. Pharmacol. 189, 114374.
doi:10.1016/j.bcp.2020.114374

Yu, A.-M,, and Tu, M.-]. (2021). Deliver the promise: RNAs as a new class of
molecular entities for therapy and vaccination. Pharmacol. Ther. 230, 107967.
doi:10.1016/j.pharmthera.2021.107967

Zhang, L., Liang, D., Chen, C., Wang, Y., Amu, G., Yang, J., et al. (2018). Circular
siRNAs for reducing off-target effects and enhancing long-term gene silencing in
cells and mice. Mol. Ther. Nucleic Acids 10, 237-244. doi:10.1016/j.omtn.2017.
12.007

Zhang, M. M., Bahal, R,, Rasmussen, T. P., Manautou, J. E., and Zhong, X. B.
(2021). The growth of siRNA-based therapeutics: Updated clinical studies. Biochem.
Pharmacol. 189, 114432. doi:10.1016/j.bcp.2021.114432

Zhang, Y., Sun, C., Wang, C., Jankovic, K. E., and Dong, Y. (2021). Lipids and
lipid derivatives for RNA delivery. Chem. Rev. 121 (20), 12181-12277. doi:10.1021/
acs.chemrev.1c00244

Zhao, Y., Shu, R,, and Liu, J. (2021). The development and improvement of
ribonucleic acid therapy strategies. Mol. Ther. Nucleic Acids 26, 997-1013. doi:10.
1016/j.0mtn.2021.09.002

Zhou, Y., Teng, P., Montgomery, N. T, Li, X, and Tang, W. (2021). Development

of triantennary N-acetylgalactosamine conjugates as degraders for extracellular
proteins. ACS Cent. Sci. 7 (3), 499-506. doi:10.1021/acscentsci.1c00146

frontiersin.org


https://doi.org/10.1007/s40265-020-01269-0
https://doi.org/10.1007/s40265-020-01269-0
https://doi.org/10.1007/s40265-020-01463-0
https://doi.org/10.1038/s41573-019-0017-4
https://www.ncbi.nlm.nih.gov/books/NBK558987/
https://doi.org/10.1134/s1068162021010222
https://doi.org/10.1016/s0021-9258(17)39100-7
https://doi.org/10.1089/nat.2018.0736
https://doi.org/10.1089/nat.2018.0736
https://doi.org/10.2217/fca-2018-0067
https://munin.uit.no/handle/10037/20120?locale-attribute=en
https://munin.uit.no/handle/10037/20120?locale-attribute=en
https://doi.org/10.1016/j.lfs.2021.119337
https://doi.org/10.1016/j.lfs.2021.119337
https://doi.org/10.1089/nat.2019.0796
https://doi.org/10.1016/j.febslet.2014.05.030
https://doi.org/10.3390/v10050230
https://doi.org/10.3390/v10050230
https://doi.org/10.1016/j.phrs.2021.105864
https://doi.org/10.1016/j.phrs.2021.105864
https://doi.org/10.1016/j.cclet.2021.08.020
https://doi.org/10.1016/j.cclet.2021.08.020
https://doi.org/10.3389/fphar.2021.644718
https://doi.org/10.1080/17425255.2021.2029402
https://doi.org/10.1080/17425255.2021.2029402
https://doi.org/10.1016/j.jconrel.2021.01.014
https://doi.org/10.1039/d0ra07747j
https://doi.org/10.1111/liv.15090
https://doi.org/10.1021/acs.accounts.1c00550
https://doi.org/10.1016/j.addr.2021.113974
https://doi.org/10.1016/j.addr.2021.113974
https://doi.org/10.1016/j.biotechadv.2019.04.012
https://doi.org/10.1016/j.ymthe.2017.08.019
https://doi.org/10.1002/jps.22243
https://doi.org/10.1016/j.bbrc.2004.02.100
https://doi.org/10.1016/j.bbrc.2004.02.100
https://doi.org/10.1002/exp.20210081
https://doi.org/10.1016/j.jconrel.2022.01.008
https://doi.org/10.1016/j.jconrel.2022.01.008
https://doi.org/10.1016/j.bcp.2020.114374
https://doi.org/10.1016/j.pharmthera.2021.107967
https://doi.org/10.1016/j.omtn.2017.12.007
https://doi.org/10.1016/j.omtn.2017.12.007
https://doi.org/10.1016/j.bcp.2021.114432
https://doi.org/10.1021/acs.chemrev.1c00244
https://doi.org/10.1021/acs.chemrev.1c00244
https://doi.org/10.1016/j.omtn.2021.09.002
https://doi.org/10.1016/j.omtn.2021.09.002
https://doi.org/10.1021/acscentsci.1c00146
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1090237

:' frontiers ‘ Frontiers in Pharmacology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Junmin Zhang,
Lanzhou University, China

REVIEWED BY

Yurong Lai,

Gilead, United States

Mei-Hua Qu,

Weifang Second People’s Hospital,
China

*CORRESPONDENCE
Weina Li,
liweina@fmmu.edu.cn
Meng Li,
limeng@fmmu.edu.cn

These authors have contributed equally
to this work

SPECIALTY SECTION

This article was submitted to Drug
Metabolism and Transport,

a section of the journal

Frontiers in Pharmacology

RECEIVED 23 August 2022
ACCEPTED 23 November 2022
PUBLISHED 14 December 2022

CITATION
He L, Feng D, Guo H, Zhou Y, Li Z,
Zhang K, Zhang W, Wang S, Wang Z,
Hao Q, Zhang C, Gao Y, Gu J, Zhang Y,
Li W and Li M (2022), Pharmacokinetics,
distribution, metabolism, and excretion
of body-protective compound 157, a
potential drug for treating various
wounds, in rats and dogs.

Front. Pharmacol. 13:1026182.

doi: 10.3389/fphar.2022.1026182

COPYRIGHT
© 2022 He, Feng, Guo, Zhovu, Li, Zhang,
Zhang, Wang, Wang, Hao, Zhang, Gao,
Gu, Zhang, Li and Li. 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

TvpE Original Research
PUBLISHED 14 December 2022
pol 10.3389/fphar.2022.1026182

Pharmacokinetics, distribution,
metabolism, and excretion of
body-protective compound 157,
a potential drug for treating
various wounds, in rats and dogs
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Body-protective compound (BPC) 157 demonstrates protective effects against
damage to various organs and tissues. For future clinical applications, we had
previously established a solid-phase synthesis process for BPC157, verified its
biological activity in different wound models, and completed preclinical safety
evaluations. This study aimed to investigate the pharmacokinetics, excretion,
metabolism, and distribution profiles of BPC157. After a single intravenous (IV)
administration, single intramuscular (IM) administrations at three doses in
successive increments along with repeated IM administrations, the
elimination half-life (ty,») of prototype BPC157 was less than 30 min, and
BPC157 showed linear pharmacokinetic characteristics in rats and beagle
dogs at all doses. The mean absolute bioavailability of BPC157 following IM
injection was approximately 14%-19% in rats and 45%—-51% in beagle dogs.
Using [°H]-labeled BPC157 and radioactivity examination, we proved that the
main excretory pathways of BPC157 involved urine and bile. PHIBPC157 was
rapidly metabolized into a variety of small peptide fragments in vivo, thus
forming single amino acids that entered normal amino acid metabolism and
excretion pathways. In conclusion, this study provides the first analysis of the
pharmacokinetics of BPC157, which will be helpful for its translation in the clinic.

KEYWORDS

BPC157, pharmacokinetics, absorption, distribution, metabolism, excretion, wounds

frontiersin.org
125


https://www.frontiersin.org/articles/10.3389/fphar.2022.1026182/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1026182/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1026182/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1026182/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1026182/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.1026182&domain=pdf&date_stamp=2022-12-14
mailto:liweina@fmmu.edu.cn
mailto:limeng@fmmu.edu.cn
https://doi.org/10.3389/fphar.2022.1026182
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.1026182

He et al.

1 Introduction

Body-protective compound (BPC) 157 is a peptide isolated
(Sikiric 1993).
BPC157 comprises 15 amino acids (Gly-Glu-Pro-Pro-Pro-
Pro-Gly-Lys-Pro-Ala-Asp-Asp-Ala-Gly-Leu-Val) and has a
molecular weight of 1419 Da. Also known as BPC-15, PL-10,
PLD-116, or PL14736 (Keremi et al, 2009), BPC157 has
demonstrated remarkable potential as a therapeutic agent for

from human gastric juice et al,

severe trauma and stress damage and can promote the healing
of wounds, ligament injuries, tendon injuries, and fractures.
BPC157 exerts a significant protective effect on various tissues
and organs, such as the esophagus, stomach, duodenum (Drmic
et al., 2017), colorectal mucosa (Duzel et al., 2017), liver,
pancreas (Konturek and Brzozowski, 2008), muscle (Lai
et al., 2019), cornea (Lazic et al., 2005), heart (Sikiric et al,,
2016) and nerves (Grabarevic et al., 1997; Klicek et al., 2013;
Wang et al,, 2019). Apart from its protective effect against
multiple organ injuries, BPC157 has also demonstrated
cytoprotective (Sikiric et al., 2018) and anti-inflammatory
properties and plays a role in maintaining epithelial integrity
(Mota et al,, 2018). Although the mechanism of action of
BPC157 BPC157 has
significant effects at very low doses with very good stability

remains unclear, demonstrated
(Sikiric et al., 2018). It can be stored at room temperature and is
resistant to hydrolysis, enzyme digestion, and even gastric juice.
Based on the stability and pleiotropy of BPC157, it is an ideal
candidate for the treatment of all types of severe trauma and
may be superior to the widely used cytokine drugs in wound
therapy.

Previously, we established a solid-phase synthesis process
for BPC157 (Xue et al., 2004) and verified its biological activity
in rat gastric ulcer models and various skin wound models
(Huang et al., 2015). At the same time, our preclinical safety
evaluation studies showed that BPC157 was well tolerated and
did not demonstrate any serious toxic effects in mice, rats,
rabbits, or dogs (Xu et al., 2020). For evaluating its future
clinical use as a therapeutic drug and follow-up clinical trials,
the the

pharmacokinetics, tissue distribution, metabolism, and drug

present study was undertaken to evaluate
excretion of BPC157 in Sprague-Dawley (SD) rats and beagle
dogs as well as in associated in vitro studies. The experiments
were performed according to the criteria of the new
investigational drug application. This study is the first
preclinical pharmacokinetic study of BPC157, and the results
are of considerable importance, as they demonstrate not only
the pharmacokinetic parameters of BPC157 but also show the
implications for its systemic application as a novel drug for

various injuries.
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2 Results

2.1 Pharmacokinetic studies of BPC157 in
rats

The effective dose of BPC157 for the treatment of various
injuries in mice, rats, and rabbits ranges from 6 to 50 pg/kg
(Huang et al,, 2015; Mota et al., 2018; Sikiric et al., 2018). Our
proposed clinical dose of BPC157 was 200 pg/person/day, and its
equivalent dose in rats was 20 pg/kg (converted based on body
surface area). Therefore, we performed pharmacokinetic studies
of BPCI157 in rats following a single intravenous (IV)
of 20 pg/kg, (IM)
administration of doses 20, 100, or 500 pg/kg, and repeated
IM administrations of 100 ug/kg of BPC157 for seven
consecutive days. The administration of BPC157 was well

administration single intramuscular

tolerated by all rats, and no visual signs of toxicity were
observed, consistent with our previous safety evaluation
studies (Xu et al., 2020). In addition, no noticeable difference
in the plasma concentration of BPC157 was observed between
male and female rats.

The mean (+SD) plasma concentration of BPC157 versus
time curves following administration of various BPC157 doses in
rats are shown in Figures 1A-C, and the corresponding
pharmacokinetic parameters are presented in Tables 1-Tables
3. After a single IV administration, BPC157 was rapidly
eliminated from the plasma of rats, and the average
elimination half-life (t;;) was 15.2 min. The average area
under the plasma concentration-time curve (AUC,_) was
399 ng min/ml. After single IM administrations of doses 20,
100, or 500 ug/kg, the peak time (Ty,.x) of each dose was
3 min. The maximum concentrations (C,,,) of each dose
were 12.3, 48.9, and 141 ng/ml, respectively, and the AUC,_,
values were 75.1, 289, and 1930 ng min/ml, respectively. Linear
relationships were observed between AUC,_, and BPC157 doses,
as well as between C,,,, and BPC157 doses (Figures 1D,E). The
absolute bioavailability after IM administration of each dose was
18.82%, 14.49%, and 19.35%, respectively. After repeated IM
administration of BPC157 at 100 pg/kg for seven consecutive
days, the plasma concentration versus time curve (Figure 1C) and
pharmacokinetic parameters (Table 3) were similar to those
observed after a single IM injection at a dose of 100 pg/kg,
except for a slight increase in C,,.x and AUCy . The
aforementioned results showed that BPC157 reached its peak
rapidly in rats and was rapidly eliminated after reaching its peak.
detected 4h
administration, and its elimination half-life was less than

The prototype drug could not be after

30 min. BPC157 showed linear pharmacokinetic characteristics
in rats at the experimental dose.
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FIGURE 1

Pharmacokinetic studies of BPC157 in rats (mean + SD, n = 6). (A) Total plasma concentration versus time profiles of BPC157 following
intravenous administration at a dose of 20 pg/kg; (B) Total plasma concentration versus time profiles of BPC157 following intramuscular
administration at the doses of 20, 100, or 500 pg/kg; (C) Total plasma concentration versus time profiles of BPC157 following repeat intramuscular
administration at a dose of 100 pg/kg for seven consecutive days (red) or a single intramuscular administration at a dose of 100 ug/kg (blue). (D)
Linear regression between BPC157 AUC and doses evaluated following intramuscular administration of doses 20, 100, or 500 ug/kg. (E) Linear
regression between BPC157 C,,,,x and doses evaluated following intramuscular administration of doses 20, 100, or 500 pg/kg. The goodness of fit
was estimated by the coefficient of determination (r?). Data are representative of three independent experiments.

2.2 Pharmacokinetic studies of BPC157 in
beagle dogs

Our proposed clinical dose of BPC157 was 200 pg/person/
day, and its equivalent dose in dogs was 6 pg/kg (converted
based on body surface area). Therefore, we performed
pharmacokinetic studies of BPCI157

in beagle dogs

Frontiers in Pharmacology

following single IV administration at a dose of 6 ug/kg,
single IM administration at doses of 6, 30, or 150 pg/kg,
and repeated IM administration at a dose of 30 ug/kg for
seven consecutive days. The administration of BPC157 was
well tolerated by all dogs, and no visual signs of toxicity were
observed, which was consistent with our previous safety
evaluation studies. No noticeable difference in the plasma
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TABLE 1 Pharmacokinetic parameters of BPC157 in rats following a single intravenous administration (mean + SD, n = 6).

AUC0—90min AUCO-OO MRT t1/2 Vss CL
(ng-min/ml) (ng-min/ml) (min) (min) (ml/kg) (ml/min/kg)
399 400 0.727 15.2 36.4 50.1

AUCq_gomin, area under the concentration/time curve at last observation; AUC,_,, area under the concentration/time curve from 0 h to infinity; t;,, half-life; V, volume of distribution
(steady state); CL, clearance.

TABLE 2 Pharmacokinetic parameters of BPC157 in rats following intramuscular administrations of doses ranging between 5 and 120 pg/kg (mean +
SD, n = 6).

Dosage T max Cinax AUC,_; AUCy_, MRT tin F,
(ug/kg) (min) (ng/ml) (ng-min/ml) (ng-min/ml) (min) (min) (%)
20 3.00 12.3 75.1 753 727 7.87 18.82
100 3.00 489 289 290 9.61 17.1 14.49
500 3.00 141 1930 1931 12.8 29.7 19.35

Tomaxe time to peak concentration of drug in plasma; C,,ax peak concentration of drug in plasma; F, = (AUC,_JIM-DoselV)/(AUC,_IV-DoseIM) x 100%.

TABLE 3 Pharmacokinetic parameters of BPC157 in rats following repeat intramuscular administration of 100 pg/kg BPC157 for seven consecutive
days (mean + SD, n = 6).

Tmax Cmax AUCO—t AUCO—oo t1/2 Cssav Cssmin
(min) (ng/ml) (ng-min/ml) (ng-min/ml) (min) (ng/ml) (ng/ml)
3.00 60.4 418 419 18.5 0.290 0

Cyeay = AUC_i/1, T is the interval of administration;Cegmin=(C_sgn + C_oan + Con)/3.

concentration of BPC157 was found between male and after a single IM injection of 30 pg/kg (Figure 2C). However, the
female dogs. pharmacokinetic parameters after repeated IM administration
The mean (+SD) BPC157 plasma concentration versus time changed slightly compared to those observed after a single IM
curves following administration of various BPC157 doses in dogs injection, with a small decrease in C,,,.x and t;, and an increase in
are shown in Figures 2A-C, and the corresponding Tmax- The area under the curve (AUC) values did not change
pharmacokinetic parameters are presented in Tables 4-Tables significantly (Table 6). The aforementioned results showed that
6. After single IV administration, the t;, and AUC,, of BPC157 reached its peak rapidly in beagle dogs and was rapidly
BPCI157 in dogs were 527 min and 76.4 + 30.2 ng min/ml. eliminated after reaching its peak. The prototype drug could not
After single IM administration at doses of 6, 30, or 150 ug/kg, be detected 4 h after administration, and its elimination half-life
the T,,.x values of each dose were 6.33, 8.67, and 8.17 min, was less than 30 min. BPC157 showed linear pharmacokinetic
respectively. The C,,,, values of each dose were 1.05 + 0.429, characteristics in beagle dogs at the experimental dose.

3.30 +0.508, and 26.1 + 7.82 ng/ml, respectively, and the AUC,_,

values were 29.0 + 2.68, 160 + 21.0, and 830 + 247 ng min/mL

respectively. Linear relationships were observed between AUC_, 2.3 Excretion, metabolism, and tissue

and BPC157 doses, as well as between C,,,x and BPC157 doses distribution of BPC157

(Figures 2D,E). The absolute bioavailability observed after IM

administration of each dose in dogs was 45.27%, 47.64%, and In the aforementioned studies, we characterized the
50.56%, respectively. After repeated IM administration of pharmacokinetic profile of prototype BPC157 using high-
BPC157 at 30 ug/kg for seven consecutive days, the plasma performance liquid chromatography (HPLC) in rats and dogs.
concentration versus time curve was similar to that observed Next, we evaluated the excretion, metabolism, and tissue
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Pharmacokinetic studies of BPC157 in beagle dogs (mean + SD, n = 6). (A) Total plasma concentration versus time profiles of BPC157 following
intravenous administration at a dose of 6 pg/kg; (B) Total plasma concentration versus time profiles of BPC157 following intramuscular
administration of doses 6, 30, or 150 pg/kg; (C) Total plasma concentration versus time profiles of BPC157 following repeated intramuscular
administration at a dose of 30 pg/kg for seven consecutive days (red) or a single intramuscular administration at a dose of 30 pg/kg (blue). (D)
Linear regression analysis between BPC157 AUC and doses following intramuscular administration of doses 6, 30, or 150 pg/kg. (E) Linear regression
analysis between BPC157 C,.x and doses following intramuscular administration of doses 6, 30, or 150 pg/kg. The goodness of fit was estimated by
coefficients of determination (r?). Data are representative of three independent experiments.

distribution of BPC157 in rats after a single IM injection of
100 pg/300 pCi/kg [*HIBPC157. [*’H]BPC157 was well tolerated
by all rats, and no visual signs of toxicity were observed. Prolines
of BPC157 were labeled with [°H] and the structure of [*H]-
labeled BPC157 is shown in Figure 3A.

Frontiers in Pharmacology

129

2.3.1 BPC157 excretion in rats evaluated by
examination of total radioactivity

The average recovery rates of total radioactivity in urine,
feces, and cage cleaning fluid collected from 0 to 72 h after [*H]
BPC157 administration in intact rats were 15.88% =+ 2.99%,
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TABLE 4 Pharmacokinetic parameters of BPC157 in dogs following a single intravenous administration (mean + SD, n = 6).

AUCo_tmin AUC,.o, MRT tys Vi, CL
(ng-min/ml) (ng-min/ml) (min) (min) (ml/kg) (ml/min/kg)
76.4 + 30.2 769 + 30.2 2.49 + 0.822 527 +2.25 243 + 162 90.8 + 40.1

AUCq_gomin, area under the concentration/time curve at last observation; AUC,_,, area under the concentration/time curve from 0 h to infinity; t;,, half-life; V, volume of distribution
(steady state); CL, clearance.

TABLE 5 Pharmacokinetic parameters of BPC157 in dogs following intramuscular administration of doses ranging between 6 and 150 pg/kg (mean +
SD, n = 6).

Dosage (ug/kg) T max Cmax AUC AUCq_o MRT ti2 F,

(min) (ng/ml) (ng-min/ml) (ng-min/ml) (min) (min) (%)
6 6.33 + 3.14 1.05 + 0.429 29.0 + 2.68 300 £ 3.11 25.8 + 7.35 20.0 + 5.53 4527 + 24.85
30 8.67 + 5.54 330 + 0.508 160 + 21.0 164 + 215 37.0  7.77 255 + 7.08 47.64 + 18.09
150 8.17 + 2.99 26.1 + 7.82 830 + 247 831 + 246 314 + 152 293 + 5.06 50.56 + 27.01

Tomaxe time to peak concentration of drug in plasma; C,,ax peak concentration of drug in plasma; F, = (AUC,_JIM-DoselV)/(AUC,_IV-DoseIM) x 100%.

TABLE 6 Pharmacokinetic parameters of BPC157 in dogs following repeated intramuscular administration at a dose of 30 ug/kg for seven
consecutive days (mean + SD, n = 6).

Tmax (min) Cinax (ng/ml) AUCy_; (ng-min/ml) AUCy_, (ng-min/ml) t;/> (min) Cgsay (ng/ml) Cysmin (ng/ml)

10.5 £ 10.5 5.89 + 241 155 £ 25.2 158 + 26.0 19.6 + 3.72 0.108 + 0.0177 0.00285 + 0.00698

Cyeav = AUCy_i/1, T is the interval of administration; Cegmin = (C_agh + Cooan + Con)/3.

2.25% £ 0.67%, and 1.41% =+ 1.04%, respectively, and the 2074 heng Eq./ml, average residence time (MRT, ) of plasma
proportion of residual radioactivity in the cadavers was total radioactivity = 33.2 £ 1.03 h, and t;,, = 102 h (Table 9).
54.31% * 3.04% (Table 7; Figure 3B). Furthermore, in bile Compared with the results of prototype BPC157 in rats, the
duct—cannulated (BDC) rats, the average recovery rates of pharmacokinetic parameters of [’H]BPC157 evaluated based on
total radioactivity in bile, urine, feces, and cage cleaning fluid total radioactivity changed markedly, indicating the significant
collected during 72 h after dosing were 9.08% + 0.86%, 17.77% * metabolism and decomposition process of BPC157 in vivo.

6.35%, 2.73% * 0.40%, and 0.91% =+ 0.13%, respectively (Table 8;
Figure 3C). These results suggest that urinary excretion is the 2.3.3 Metabolite analysis of BPC157

dominant route of elimination following IM administration of We analyzed the metabolites of ["H]BPC157 in rat plasma,
BPCl157. bile, urine, and feces using the samples collected during the
aforementioned extraction and plasma pharmacokinetic studies.

2.3.2 Plasma pharmacokinetic parameters of First, using HPLC and HPLC-associated radioactive detector, we
BPC157 in rats evaluated based on total identified six radioactive components, in addition to prototype
radioactivity [PH]BPC157, in rat plasma collected at 0.05, 0.167, 1, 8, and 24 h
After a single IM injection of 100 ug/300 uCi/kg [3H] after administration (Supplementary Figure S1). Through high-
BPCI57 in jugular vein— cannulated (JVC) rats, the total performance liquid chromatography-tandem mass spectrometry
radioactivity concentrations in the whole blood and plasma (LC-MS/MS)-based molecular weight identification, standard
were similar between males and females. The total molecular weight comparison, and characteristic HPLC
radioactivity concentration versus time curve is shown in profiles of the [*H]proline and [*H]BPC157 standards
Figure 3D. The corresponding pharmacokinetic parameters (Supplementary Figure S2), we speculated the structures of
are listed as follows: T = 0.167 h, Cpax = 155 + 11.8 ng these six components and designated them as MI-M6

Eq./ml, AUC,_ = 4945 + 417 h ng Eq./ml, AUCy_, = 12956 + (Table 10). M1 was identified as [*H]proline and
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FIGURE 3

Evaluation of BPC157 excretion in rats by examination of total radioactivity. (A) The structure of [*H]-labeled BPC157. [*H]-labeled sites are
indicated by T (red). (B) The average recovery of total radioactivity in the urine, feces, cage cleaning fluid, and cadavers during 0-72 h after [*H]
BPC157 administration in intact rats (mean + SD, n = 6). (C) The average recovery of total radioactivity in the urine, feces, and cage cleaning fluid
collected during 0—72 h after [*HIBPC157 administration in bile duct cannulated rats (mean + SD, n = 6). (D) Total radioactivity concentration
versus time curve for [*H]IBPC157 in jugular vein cannulated rats following a single intramuscular injection at a dose of 100 pg/300 pCi/kg (mean +
SD, n = 6). Data are representative of three independent experiments.
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TABLE 7 The recovery of total radioactivity in the urine, feces, and cage cleaning fluid during 0-72 h after intramuscular administration of [3H]
BPC157 in rats.

Time interval (hour) Recovery of radioactivity (%)
Urine Feces Cage cleaning fluid Cadavers
0-8 9.11 + 221 — — —
0-24 11.25 + 2.54 131 +0.54 0.94 + 091 —
0-48 13.84 + 3.00 1.92 + 061 1.08 + 0.93 —
0-72 15.88 + 2.99 225 + 0.67 141 + 1.04 5431 + 2.27

TABLE 8 The recovery of total radioactivity in bile, urine, feces, and cage cleaning fluid during 0-72 h after intramuscular administration of [3H]
BPC157 in BDC rats.

Time interval (hour) Recovery of radioactivity (%)
Bile Urine Feces Cage cleaning fluid
0-8 1.61 + 0.55 6.37 + 0.54 — —
0-24 3.86 + 1.18 10.62 + 4.10 0.92 + 0.34 0.29 + 0.08
0-48 6.92 + 1.55 13.53  5.11 1.84 + 033 0.59 + 0.17
0-72 9.08 + 0.86 17.77 + 6.35 2.73 + 0.40 091 + 0.13

TABLE 9 Plasma pharmacokinetic parameters examined based on total radioactivity following a single intramuscular administration of 100 pg/
300 pCi/kg of [3HIBPC157 in rats (mean + SD, n = 6).

Tomax () Chnax (ng-Eq./ml) AUCy_; (ng-Eq./ml) AUC,_, (h-ng-min/ml) ty (h) MRT,_, (h)
0.167 155 + 11.8 4945 + 417 12956 + 2074 102 + 32 332+ 1.03
M2-M6 were identified as a variety of small molecular peptides samples collected from 0 to 8 h, the content of [*H]proline (M1),
generated upon the degradation of [3H]BPCI157. Based on the the main metabolite, was higher, accounting for 13.9% (female)
structures of the M1-M6 metabolites, we proposed the metabolic and 11.7% (male) of the total radioactivity. In mixed urine
process of BPC157 in vivo (Figure 4). The proportions of samples collected between 8 and 72h, the proportion of
M1-M6 and [PH]BPC157 in plasma radioactive components tritium water was higher, accounting for 69.5% (female) and
at different sampling times demonstrated that [*H] 75.3% (male) of the total radioactivity, and [*H]proline (M1)
BPC157 was the main plasma component at 0.05h (3 min) accounted for 3.11% (female) and 4.17% (male) of the total
after administration and was subsequently degraded into small radioactivity (Figure 5B). The total radioactivity excretion in
molecular peptide fragments in the following 0.167 h (10 min) mixed bile samples collected between 0 and 72 h was low, and
(Figure 5A). At 1h after administration, [*H]proline accounted trititum water was primarily detected, accounting for 91.2%
for 86.65% of the plasma radioactive components. Subsequently, (females) and 91.0% (males) of the sample. The main
the proportion of tritium water increased and that of [*H]proline metabolite, [*H]proline (M1), accounted for 4.96% (female)
decreased gradually with time. and 3.93% (male) of the bile samples (Figure 5C). Small
Next, we analyzed the main metabolites of [*H]BPC157 in amounts of ["H]BPC157 were detected in feces, accounting for
urine collected from 0 to 8 h and from 8 to 72 h and in bile and 0.63% (female) and 2.26% (male) of the total fecal radioactivity.
feces collected from 0 to 72 h after administration. No new The tritium water content was 30.1% (female) and 29.3% (male),
metabolites were found in urine, bile, and fecal samples other and the content of [*H]proline (M1) was higher, accounting for
than the six components found in the plasma. In the mixed urine 20.7% (female) and 30.2% (male) of the total radioactivity
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TABLE 10 Structures of six metabolites identified by high-performance liquid chromatography-tandem mass spectrometry in rat plasma, bile, urine,
and feces following a single intramuscular administration of 100 ug/300 uCi/kg of [3H]BPC157.

Designation Structure Molecular weight (Da) Retention time (min)
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TABLE 10 (Continued) Structures of six metabolites identified by high-performance liquid chromatography-tandem mass spectrometry in rat plasma,
bile, urine, and feces following a single intramuscular administration of 100 pg/300 uCi/kg of [3HIBPC157.

Designation Structure

M6

1l ?“z
C—N &y
o o |
qu-cuz-g—n—ﬂ;uﬁ—n{:’ NH,
iy
e

OH

Rt, Retention time on LC-MS/MS.

(Figure 5D). The contents of other metabolites in feces were all
lower than 0.06% of the administered amount, and it was
impossible to perform structural identification because of the
extremely low content. These results suggest that BPC157 was
rapidly metabolized into low levels of a variety of small peptide
fragments, finally resulting in a single amino acid represented by
[*H]proline, which entered the normal amino acid metabolism
and excretion pathway in the body.

2.3.4 Tissue distribution of BPC157 in rats

The total radioactivity concentrations in the rat tissues were
similar after a single IM injection of 100 pg/300 pCi/kg of [3H]
BPCI157. Tissue distributions at different time points are
summarized in Figure 6. After 3 min of administration, total
radioactivity concentration was detected in all rat tissues;
however, it was significantly lower than that observed in the
plasma. After 10 min of administration, the total radioactivity
concentration increased significantly in all tissues, with the mean
renal tissue concentration reaching 223 ng (Eq. ug/ml), which
was higher than the mean plasma concentration (150 ng, Eq./ml).
After 1 h of administration, the total radioactivity peaked in most
tissues, and the average concentration in the kidney was the
highest, reaching 560 ng (Eq. pg/ml), followed by that in the liver,
stomach wall, spleen, and thymus. All average concentrations
were higher than those in the plasma. The total radioactivity
concentrations in the intestine, skin, and lungs were similar to
those in the plasma, and the mean concentrations in the gonads,
myocardium, skeletal muscle, brain, and body fat were all lower
than the mean concentrations in the plasma. At 24h after
administration, the mean concentrations of total radioactivity
in the kidney, thymus, liver, spleen, and gastric wall decreased
significantly but were still higher than the mean concentrations
in the plasma at the same time. The concentrations in other
tissues were lower than the average concentration in the plasma
and are presented in the descending order as follows: intestinal
tract, lung, gonad, skin, skeletal muscle, cardiac muscle, whole
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Molecular weight (Da) Retention time (min)

777.9 ~19.0

blood, brain, and body fat. The total radioactivity concentrations
in the kidney, liver, stomach wall, thymus, spleen, intestine, lung,
skin, and body fat were reduced by approximately 50% compared
with the peak concentration in the same tissue (1 h after

administration).

3 Discussion

Pharmacokinetic evaluations are necessary and vital for the
development of new drugs. To translate BPC157 into the clinic,
we previously conducted preclinical safety studies and found that
BPC157 was well tolerated and did not demonstrate serious
toxicity (Xu et al,, 2020). This study aimed to investigate the
pharmacokinetics of BPC157. Experiments were performed to
characterize the pharmacokinetics, absorption, distribution,
metabolism, and excretion characteristics of BPC157 in rats
and dogs.

We studied the pharmacokinetics of BPC157 after its IV
and IM administration in rats and beagle dogs. According to
the results, the elimination half-life (t;,,) of the prototype
BPC157 was less than 30 min, and BPC157 showed linear
pharmacokinetic characteristics in rats and beagles at all
experimental doses. After IM injections of 20, 100, and
500 pg/kg of BPC157 in rats and 6, 30, and 150 ug/kg of
BPC157 in beagles, plasma BPC157 reached its peak rapidly
The of

significantly repeated

(within 9 min).
BPC157 did not
administration of BPCI157 compared to those observed

pharmacokinetic parameters

change after
after a single IM injection of the same dose administered
daily for 7 days. The mean absolute bioavailability observed
after IM injections was approximately 14%-19% in rats and
45%-51% in beagle dogs. In contrast to small-molecule
compounds, peptide drugs demonstrate pharmacokinetic
characteristics of short elimination half-life and poor
metabolic stability in vivo. Generally, t;,, values of peptide
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Changes in the proportion of six metabolites (M1-M6) with time in plasma

0-72 hour

(A), urine (B), bile (C), and feces (D) after a single intramuscular

administration of 100 pug/300 uCi/kg of [3HIBPC157 in rats (mean + SD, n = 6). Data are representative of three independent experiments.

drugs range from a few minutes to an hour (Wang et al., 2016).
The presence of a large number of proteolytic enzymes and
peptidases in the body is the primary reasons for this
phenomenon (Sharma et al., 2013). Therefore, in terms of
the BPC157 the
characteristics of general peptide drugs. Our previous work
has shown that IM injection of prototype BPC157 can
effectively promote wound healing, and we aim to conduct

elimination half-life, conformed to

clinical trials examining BPC157 for the treatment of severe
trauma and burns in China. Nevertheless, extending the half-
life of BPC157 and further improving its pharmacokinetic
characteristics are important directions for the future
development of this drug.
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The radioisotope probe assay is a cost-effective and fast
method for generating informative data for early preclinical/
pharmacokinetic absorption, digestion, metabolism, and
excretion studies of biotherapeutics (Roffey et al., 2007; Khalil
et al, 2011; Chen et al, 2014). We labeled the proline of
BPC157 with tritium and then studied the metabolism,
excretion, and tissue distribution characteristics of BPC157 by
examining the total radioactivity. The results of the excretion
experiment showed that the main excretory pathways of
BPC157 involve the liver and kidney, which was also
consistent with the excretion characteristics of peptide drugs
(Czock et al., 2012; Li et al., 2015). The tissue distribution results

showed that the radioactivity intensity in most tissues peaked 1 h
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FIGURE 6

Tissue and organ distribution of [*H]BPC157 after a single intramuscular administration of 100 pg/300 pCi/kg of [PHIBPC157 in rats (mean + SD
n = 6 per time point), expressed as the content of BPC157 per gram of tissue/organ. Data are representative of three independent experiments.

after administration, which was slightly later than the peak time
of the total radioactivity concentration in plasma (0.167 h). The
peak concentrations of radioactivity in the kidney, liver, stomach
wall, thymus, and spleen were significantly higher than those in
the plasma. The concentrations in the intestinal tract, lungs, and
skin were similar to those in the plasma, followed by those in the
gonads, cardiac muscle, skeletal muscle, and whole blood. The
concentrations were lowest in the brain and body fat. These
results suggested that BPC157 can enter tissues and cells to
perform biological functions.

Determination of metabolites was the most challenging
aspect of this study. The metabolism of peptides and
proteins usually starts from the action of endopeptidase and
then undergoes multi-step enzymatic degradation to produce
the final metabolite amino acids, which enter the amino acid
pool in vivo (Vugmeyster et al., 2012). In rat plasma, we
identified six radioactive components, in addition to the
prototype [PH]BPC157, and their structures were predicted
by LC-MS/MS
comparison with standards. Through the analysis of possible

molecular weight identification and
hydrolysis sites, we predicted the metabolic process of
BPC157 and proved that BPC157 was finally metabolized
into a single amino acid, represented by [*H]proline, in
These that

BPC157 conforms to the metabolic process of peptide drugs,

plasma, urine, and feces. results show
further proving its metabolic safety. However, analysis of the
proportions of various metabolites in plasma over time once
again suggested a short half-life and rapid degradation of
prototype BPCI157.

metabolite analysis in tissues, especially in target organs,

In addition, we did not conduct
owing to the small sample size. The analysis of metabolites

in tissues is important for further pharmacodynamic
examination of BPC157 and explanation of its efficacy.
In conclusion, the present study is the first systematic report

evaluating the pharmacokinetics, tissue distribution, metabolism,
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and excretion of BPC157. Many methodological validations were
not included because of the limited space of the article. The
results showed that the pharmacokinetic characteristics of
BPCI15 were consistent with the general properties of peptide
drugs. In the future, we will conduct clinical trials for examining
BPC157 for the treatment of severe trauma and burns. The
observations of the present study and previous safety
evaluation and pharmacodynamic research will provide basic
information for further comprehensive clinical research. This
study also provides a reference for the development of various
peptide drugs.

4 Materials and methods
4.1 Test article and materials

BPC157 was synthesized and purified via HPLC in our
laboratory with 99% purity. This compound was sterilized and
lyophilized to meet the regulatory requirements of preclinical
studies. [3H]BPC157 was synthesized by Moravek Biochemicals
Inc. The specific radioactivity was 71.7 Ci/mmol, the radioactive
purity was 99.6%, and the total amount was approximately
10 McUrie. The tritium labeling sites were located on two
prolines.

BPC157 solution for administration was prepared by diluting
the required amount of concentrated BPC157 solution in 0.9%
NaCl injection solution prior to administration. The clinical dose
of 200 pg/person/day of BPC157 was converted to 20 ug/kg for
rats and 6 pg/kg for dogs. Based on its conversion according to
body surface area and detection sensitivity, 100 pg/300 uCi/kg
[3H]BPC157 was used for tritium labeling experiment in rats, 20,
100, and 500 pg/kg of BPC157 was used for unlabeled experiment
in rats, and 6, 30, and 150 ug/kg of BPC157 was used for
unlabeled experiment in dogs.
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Warfarin sodium was purchased from Tokyo Chemical
Industry Co. Ltd., Lot: 340JE. Heparin sodium and normal
saline were obtained from Sinopharm Chemical Reagents Co.
Ltd. (Shanghai, China). 3H scintillation solution was purchased
from R.J. Harvey Co. (Tappan, NY). Ultima Gold scintillation
solution was purchased from Perkin Elmer (Waltham, MA,
United States). HPLC-grade acetonitrile, formic acid, and
methanol were obtained from Merck (Darmstadt, Germany).
HPLC-grade water was produced using a Milli-Q” ultrapure
water purification system (Bedford, MA, United States).

4.2 Animals

Approximately six-week-old SD rats weighing approximately
220 g were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. The rats were maintained in an
animal room with an air-conditioned barrier system at an
ambient temperature of 25°C + 2°C, relative humidity of
50% =+ 10%, and a 12h light/dark cycle. Ten-to-twelve-
month-old beagle dogs weighing between 9.8 and 12.8 kg were
purchased from YaDong Experimental Animal Research Centre,
Nanjing, China. The dogs were raised in an open feeding farm
under conditions involving natural light. The animals were
provided with ad libitum access to clean drinking water and a
standard pellet diet. The dogs were acclimatized to the housing
conditions for at least 7 days prior to the initiation of the
experiment. All animals were treated humanely, and all
studies were carried out in accordance with good laboratory
practice (GLP) (China Food and Drug Administration, CFDA)
guidelines for nonclinical laboratory studies of drugs issued by
the National Scientific and Technological Committee of the
People’s Republic of China. Animal care and welfare were
performed in accordance with the Guide for the Care and Use
of Laboratory Animals.

4.3 Pharmacokinetic parameters in
Sprague-Dawley rats after intravenous
and intramuscular administration

A total of 324 SD rats were randomly divided into five
groups, including 66 rats in group one, 60 rats each in groups
two to four, and 78 rats in group five, with each group comprising
half male and half female subjects. Group one was administered
20 pg/kg BPC157 saline solution intravenously. Groups two,
three, and four were administered 20, 100, and 500 pg/kg
BPCI157 saline solutions via single IM injections, respectively.
Group five was administered 100 ug/kg BPC157 normal saline
solution by IM injection once a day for seven consecutive days.
Blood samples were collected from rats in groups one to four at
the corresponding time points before (0 h) and within 6 h after
BPC157 administration. Blood samples were collected from rats

Frontiers in Pharmacology

138

10.3389/fphar.2022.1026182

in group five before the last three doses and within 6 h after the
last dose. Three male and three female rats were selected at each
time point, and approximately 7 ml of whole blood was collected
by heart puncture. Blood was centrifuged at 4°C to obtain plasma
and stored at 20°C until further analysis. The concentration of
BPC157 in the animal plasma at different time points was
determined by high-performance liquid chromatography-
tandem mass spectrometry (LC-MS/MS). The calibration and
quality control samples of BPC157 were prepared using animal
plasma with K3EDTA as anticoagulant, and dextromethorphan
was used as the internal standard of BPC157. The analyte and
internal standard were extracted from 50 pl of plasma by solid
phase extraction. BPC157 and internal standard were separated
by reverse-phase chromatographic column, and the analyte was
quantified by electrospray ionization (ESI) on a tandem four-
stage mass spectrometer. The confirmed linear quantification
range of BPC157 was 4.00 and 4,000 ng/ml. The pharmacokinetic
parameters were calculated using the mean concentration and
Watson LIMS software according to the non-atrioventricular
model.

4.4 Pharmacokinetic parameters in beagle
dogs after intravenous and intramuscular
administration

In this part of the experiment, three male and three female
beagles were examined for four cycles. In the first cycle, a
normal saline solution (6 ug/kg) of BPC157 was administered
intravenously. In the second and fourth cycles, the animals were
administered 6, 30, and 150 pg/kg BPC157 saline solutions via
single IM injections. In the third cycle, the dogs were
administered 30 pg/kg BPC157
injection once a day for seven consecutive days. Blood

saline solution by IM
samples were collected at the corresponding time points
before (0 h) and within 6 h of a single administration. Blood
samples were collected from dogs administered multiple doses
at corresponding time points before the first dosing (0 h),
within 6 h after dosing, before the last three doses, and at
the last
Approximately 3 ml of whole blood was collected at each

corresponding time points after dosing.
time point through the venous plexus of the forelimb. The

plasma was stored at —20°C for analysis.

4.5 Pharmacokinetic, tissue distribution,
and excretion studies in rats administered
radioactive-labeled BPC157

Thirty intact SD rats, six JVC rats, and six BDC rats (half
male and half female subjects) were injected intramuscularly with
100 pg/300 uCi/kg of [3H]BPC157. Whole blood and plasma
samples of six JVC rats were collected at 0.05, 0.167, 0.5, 1,2, 4, 8,
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24, 48, and 72 h after administration (three males and three
females at each time point) for the examination of radio
pharmacokinetics of total plasma. Six intact SD rats were used
for urinary, fecal, and biliary excretion studies. Urine and fecal
samples were collected from each rat at 0-8, 8-24, 24-48, and
48-72h. Animal carcasses were collected 72h after
administration. Bile excretion was studied in six SD rats with
BDC. Bile, urine, and feces were collected 0-72h after
administration. Tissue distribution of BPC was studied in
24 intact SD rats. The rats were euthanized, and tissue
samples (brain, heart, kidneys, liver, spleen, lung, stomach,
intestine, muscle, grease, ovaries, womb, testicles, and thymus)
were collected at 3min, 10min, 1h, and 24h after
administration (three males and three females at each time
point). Male SD rats were administered a single IM injection
of blank solvent (excipient), and biological samples, including
whole blood, plasma, urine, feces, and tissues, were collected for
background control. The radioactivity of the plasma, tissue, bile,
urinary, and fecal samples was analyzed using a liquid
scintillation counter.

4.6 Metabolism

Plasma, bile, urine, and fecal samples of intact SD rats or
BDC rats after a single administration of [3H]BPC157 were
analyzed by HPLC combined with a low-energy radionuclide
detection technique to obtain the radiometabolite profiles of [3H]
BPC157. The structures of the main metabolites of [3H]
BPCI57 in rat plasma, bile, urine, and feces were analyzed
and identified using LC-MS/MS and standard molecular
weight comparison.

4.7 Statistical analysis

All data are expressed as mean * standard deviation.
Pharmacokinetic ~parameters were evaluated using the
WinNonlin software (version 5.3) according to a non-
atrioventricular model. Linear regression was examined
between AUC values BPC157 IM
administration and BPC157 doses and between C, values

obtained  after

and BPC157 doses. The goodness of fit was estimated using
the coefficients of determination (r?).
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Introduction: Extrusion of azoles from the cell, mediated by an efflux pump
Cdrl, is one of the most frequently used strategies for developing azole
resistance in pathogenic fungi. The efflux pump Cdrl is predominantly
localized in lipid rafts within the plasma membrane, and its localization is
sensitive to changes in the composition of lipid rafts. Our previous study
found that the calcineurin signal pathway is important in transferring
sphingolipids from the inner to the outer membrane.

Methods: We investigated multiple factors that enhance the antifungal activity
of fluconazole (FLC) using minimum inhibitory concentration (MIC) assays and
disk diffusion assays. We studied the mechanism of action of myriocin through
gRT-PCR analysis and confocal microscopy analysis. We tested whether
myriocin enhanced the antifungal activity of FLC and held therapeutic
potential using a mouse infection model.

Results: We found that this signal pathway has no function in the activity of Cdrl.
We found that inhibiting sphingolipid biosynthesis by myriocin remarkably
increased the antifungal activity of FLC with a broad antifungal spectrum and
held therapeutic potential. We further found that myriocin potently enhances the
antifungal activity of FLC against C. albicans by blocking membrane localization of
the Cdrl rather than repressing the expression of Cdrl. In addition, we found that
myriocin enhanced the antifungal activity of FLC and held therapeutic potential.

Discussion: Our study demonstrated that blocking the membrane location and
inactivating Cdrl by inhibiting sphingolipids biogenesis is beneficial for
enhancing the antifungal activity of azoles against azole-resistant C. albicans
due to Cdrl activation.

KEYWORDS

efflux pump Cdrl, membrane localization, myriocin, fluconazole, Candida albicans

frontiersin.org
141


https://www.frontiersin.org/articles/10.3389/fphar.2022.1101553/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1101553/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1101553/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1101553/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1101553/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.1101553&domain=pdf&date_stamp=2022-12-21
mailto:ybcao@vip.sina.com
mailto:ybcao@vip.sina.com
mailto:luhui2019@tongji.edu.cn
mailto:luhui2019@tongji.edu.cn
mailto:19851@tongji.edu.cn
mailto:19851@tongji.edu.cn
https://doi.org/10.3389/fphar.2022.1101553
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.1101553

Wang et al.

Introduction

Fluconazole (FLC), as a represent azole, is wildly used to treat
invasive fungal infections due to its broad antifungal spectrum,
good safety profile, and multiple administration routes (Lu et al.,
2021). However, FLC is a fungistatic agent that cannot kill
pathogenic fungi; fungi easily acquire azole resistance (Perlin
etal., 2017). Extrusion of FLC from the cell, mediated by an efflux
pump Cdrl, is one of the most frequently used strategies for
developing FLC resistance in pathogenic fungi (Kim et al., 2019;
Teo etal., 2019; Borgeat et al., 2021). Therefore, pharmacological
inactivation of Cdrl through suppressing the expression of Cdr1,
blocking membrane localization of Cdrl, and inhibiting the
combination of Cdrl and antifungal agents, is beneficial to
overcoming fungal FLC resistance (Monk and Goffeau, 2008).
However, few compounds enhance the antifungal activity of FLC
by inactivating Cdrl.

The activation of Cdrl depends on the expression level of
Cdrl, which is regulated by the Tacl transcriptional regulator
(Liu and Myers, 2017), and the membrane location of Cdrl,
which is predominantly localized in lipid rafts within the plasma
membrane (Pasrija et al., 2008). The activity and localization of
Cdr1 are sensitive to changes in the composition of sphingolipids
and ergosterol of lipid rafts (Pasrija et al., 2008). Our previous
study showed that the calcineurin signaling pathway plays an
important role in sphingolipid transport from the inner to the
outer membrane. Still, it is unclear whether the influence on
sphingolipid membrane transport can affect the integrity of lipid
rafts and thus affect the membrane location and activity of Cdr1.
Other factors that may affect the location and activity of the
Cdrl membrane also need further study.

In this study, we found that the calcineurin signaling pathway
has no function in the activity of Cdrl. We further investigated
multiple factors that enhance the antifungal activity of FLC. We
found that inhibiting sphingolipid biosynthesis by myriocin
remarkably increased the antifungal activity of FLC with a
broad antifungal spectrum and held therapeutic potential. We
further found that myriocin could enhance the antifungal activity
of FLC by blocking membrane localization of Cdr1 rather than
inhibiting the expression level of Cdrl. Our findings will help get
specific small molecule inhibitors of Cdrl and open the way for
developing new antifungal therapeutics targeted at inhibiting the
activity of Cdrl.

Results

Calcineurin has no function on the
activation of Cdrl

The Cdrl is predominantly localized in lipid rafts, composed

of sphingolipids and ergosterol (Hurst and Fratti, 2020). The
calcineurin signal pathway transfers sphingolipids from the inner
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to the outer membrane (Jia et al, 2009). Therefore, we
hypothesize that the calcineurin pathway may regulate the
membrane localization and the activity of Cdrl by affecting
the transfer of sphingolipids and the composition of lipid
rafts. To test this hypothesis, we successfully constructed null
mutants of calcineurin signal pathway genes generating crupl1A/
cmplA,  crzlAcrzlA, and  rta2A/rta2A  null
(Supplementary Figure SIA). We also constructed the

mutants

homogenesis gene deletion of the CDRI gene null mutant
(cdr1A/cdriA) (Supplementary Figure S1A). We found that
loss of the Cdrl led to increased susceptibility of C. albicans
to fluconazole (FLC). Compared to the wild-type strain, the
minimum inhibitory concentration (MIC) value of FLC
decreased from 1 to 0.5pg/ml, but the cdrlA/cdrlA null
mutant could still grow in the presence of FLC (Figure 1A).
However, contrary to the cdr1A/cdri1A, the cmp1A/cmp 1A mutant
is inviable in the presence of FLC, rather than decreased FLC
MIC value (Figure 1A). Losses of the Crz1 and Rta2 do not affect
the susceptibility to FLC in C. albicans because that crzIA/crzIA
and rta2A/rta2A null mutants and wild-type strain SN152 have
the same value of FLC (1 pg/ml) and trailing growth in the
presence of FLC (Figure 1A). Due to the tolerance of C. albicans
to FLC, disk diffusion assays showed noticeable growth of cells in
the zone of inhibition of 25 ug FLC on YPD plates incubated at
30°C for 48 h for SN152, crzIA/crzIA null mutant, and rta2A/
rta2A null mutant (Figure 1B) (Rosenberg et al., 2018). It is worth
noting that the zones of inhibition for 25 ug FLC treatments were
clear on YPD plates for cmplA/cmpIA rather than for the cdrlA/
cdrIA null mutant (Figure 1B). The discrepant phenotypes
between the cdrlA/cdrlA and cmplA/cmplIA, crzIA/crzIA, and
rta2A/rta2A null mutants in susceptibility to FLC suggested that
the calcineurin signal pathway has no function in the activation
of Cdrl. To confirm this founding, we then created ectopic over-
expression constructs of the CDRI gene in null mutants (cmplA/
cmplA, crzlAlcrzIA, and rta2A/rta2A) and wild-type strain
(SN152) by expressing the CDRI gene using the potent ADHI
promoter (Chang et al, 2018). We used PCR to verify the
insertion position of the ADHI promoter in these mutants
(Supplementary Figure S1B) and qRT-PCR to confirm the
expression level of the CDRI gene (Supplementary Figure
S1C). We found that over-expression of the CDRI gene can
enhance the resistance of C. albicans to FLC in all null mutants
and the wild-type strain because the MIC values of FLC increased
from 1 to 2pg/ml (Figure 1A). Further, we found that
cyclosporin A, an inhibitor of a catalytic subunit of
calcineurin (Sanglard et al., 2003), did not affect the increase
of the MIC value of FLC caused by over-expression of the CDRI
gene (Figure 1C) (Marchetti et al., 2003). Similarly, we induced
over-expression of the CDRI gene by 10 ug/ml fluphenazine
(FNZ) (Liu and Myers, 2017). We found that FNZ can
increase the MIC value of FLC from 1 to 4 pg/ml against both
the wild-type strain and the cmpIA/cmpIA null mutant
(Figure 1D), suggesting that the impaired calcineurin signal
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FIGURE 1

The impaired calcineurin signal pathway did not affect the function of Cdrl. (A) The sensitivities of C. albicans wild-type strain (SN152) and
mutants (Paprz-CDRI1, cmplA/cmplA, cmplA/cmplA:: Papyi-CDRI1, crz1A/crz1A, crz1A/crzIA:: Papys-CDRI, rta2A/rta2A, rta2A/rta2A:: Papry;-CDRI,
cdrlA/cdrlA) to FLC were tested by the broth microdilution assays in a YPD medium incubated at 30°C for 48 h (Left). Cells from the broth
microdilution assays were spotted onto YPD medium and incubated at 30°C for 48 h before the plate was photographed (Right). (B) Disk
diffusion assays showed that the loss of the CMP1 gene, but not the CDR1 gene, cleared the inhibition zones of 25 pg FLC. In brief, cells (2 X 10° cells)
(Continued)
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FIGURE 1 (Continued)
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were spread onto YPD plates. A single 25 pg FLC disk (6 mm, Liofilchem, Italy) was placed in the center of each plate. Plates were then incubated

at 30 C for 48 h before plates were photographed. (C) The MIC values of FLC of the SN152 strain and the Papy;-CDRI mutant in a YPD medium
without or with 1 pug/ml cyclosporin A were tested by the broth microdilution assays (at 30°C for 48 h) (Left). Cells from the broth microdilution assays
were spotted onto YPD medium and incubated at 30°C for 48 h before the plate was photographed (Right). (D) The MIC values of FLC of the
SN152 strain and the cmplA/cmplA null mutant in a YPD medium without or with 10 ug/ml fluphenazine (FNZ) were tested by the broth
microdilution assays (at 30°C for 48 h) (Left). Cells from the broth microdilution assays were spotted onto YPD medium and incubated at 30°C for
48 h before the plate was photographed (Right). (E) The MIC values of FLC of the SN152 strain in a YPD medium with 1 ug/ml cyclosporin A, 10 pg/ml
FNZ, 1 pg/ml cyclosporin A+10 pg/ml FNZ or without any compound (control) were tested by the broth microdilution assays (at 30°C for 48 h) (Left).
Cells from the broth microdilution assays were spotted onto YPD medium and incubated at 30°C for 48 h before the plate was photographed (Right).
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FIGURE 2

The synergistic antifungal activity of FLC and some compounds. Dose-matrix titration assays showed that some compounds (concentration
range from 0.25 to 16 pg/ml) enhanced the antifungal activity of FLC in the presence of FNZ (10 pg/ml) (The MIC values of FLC reduced from 4 to

1 pug/ml or lower).

pathway cannot affect the function of Cdrl. Finally, in the
presence of cyclosporin A (1 pg/mL), FNZ (10 ug/ml) can
increase the MIC value of FLC against C. albicans (from 1 to
4 pg/ml) (Figure 1E); In the presence of FNZ (10 pg/ml),
cyclosporine A (1 pg/ml) can still eliminate the FLC tolerance
of C. albicans (Figure 1E). In summary, the calcineurin signal
pathway functions in the transfer of sphingolipids from the inner
to the outer membrane (Jia et al, 2009) and may affect the
composition of lipid rafts but have no role in the activity of Cdrl.
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Myriocin enhanced the antifungal activity
of FLC by inactivation of the Cdrl

The activation of Cdrl plays an important role in the azole
resistance in pathogenic fungi. Therefore, the inactivation of
Cdr1 will enhance the antifungal activity of azoles against fungal
infection. It is reported that ergosterol and sphingolipid contents
can affect the membrane localization of Cdrl (Pasrija et al,
2008). Therefore, we investigated the inactivation of FNZ-
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Myriocin can significantly reduce theMIC values of FLC against (A) C. albicans isolates (n = 38) (**p
pg/ml) treated group compared to the FNZ (10 pg/ml) group, t-Test) and (B) C. auris isolates (n =
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Confocal micrographs of cell membrane staining (Pmal-YFP) and membrane localization of Cdrl-GFP in the Cdrl-GFP:: Pmal-YFP mutant
after treatment with or without 2 yg/mL myriocin for 16 h in YPD medium. DIC, differential interference contrast; YFP, yellow fluorescent protein;

GFP, green fluorescent protein. Scale bar = 1 ym.

induced over-expression of the CDRI gene by sphingolipid
biosynthesis inhibitors (myriocin and rapamycin) (He et al,
2004; Teixeira and Costa, 2016) and ergosterol biosynthesis
inhibitors (cerulenin and terbinafine) (Nomura et al., 1972;
Ryder, 1992). demonstrated  that

Previous  studies
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geldanamycin [an inhibitor of heat shock protein 90 (Hsp90)]
(Rosenberg et al., 2018), brefeldin A (a Golgi stress inducer) (Epp
et al, 2010), tunicamycin (an endoplasmic reticulum stress
inducer) (Sellam et al., 2009), staurosporine (a protein kinase
C (PKC) inhibitor) (LaFayette et al., 2010), menadione (an
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Myriocin enhances the antifungal activity against C. albicans in vivo. (A) Kidney CFU assay in mice with systemic candidiasis after treatment with
PBS, FLC (1 mg/kg), FLC (1 mg/kg) + myriocin (0.25 mg/kg), FLC (1 mg/kg) + myriocin (0.5 mg/kg), and FLC (1 mg/kg) + myriocin (1 mg/kg) for 3 days.
(B) Survival curves of C57BL/6 mice infected by SN152 and treated with FLC (1 mg/kg) or FLC (1 mg/kg) + myriocin (0.25 mg/kg) for 3 days, *p =

0.0137 (Log-rank test).

oxidative stress inducer) (Sa et al, 2017), and tamoxifen (a
calmodulin inhibitor) (Dolan et al., 2009), can enhance the
antifungal activity of FLC. Still, it is unclear whether these
compounds can affect the activity of Cdrl. In this study, we
used 10 pug/ml FNZ to increase the MIC value of FLC from 1 to
4 ug/ml (Liu and Myers, 2017) and then examined which of these
compounds could significantly reduce the MIC value of FLC
against C. albicans in the presence of FNZ.

As discussed above, pharmacological compromise of the
calcineurin pathway by cyclosporine A (16 pg/ml) did not change
the MIC of FLC in the presence of FNZ (Figure 2, Supplementary
Figure S2A). Tacrolimus binds to an FK506-binding protein
(FKBP12) and inhibits calcineurin, and targets of rapamycin
complex 1 (TORCl1), which is important for ribosome
biosynthesis (Azzi et al., 2013; Kasahara, 2021). Therefore, a high
concentration of tacrolimus (16 pg/ml) inhibited both calcineurin
and TORCI and decreased the MIC value (from 4 to 1 pg/ml) of
FLC in the presence of FNZ (Figure 2, Supplementary Figure S2B).
Tamoxifen targets calmodulin (Dolan et al., 2009), then blocks the
pathway and  inhibits ~NADPH-cytochrome
P450 reductase Cerl (Liu et al,, 2020) and ergosterol biosynthesis
in fission yeast. Therefore, tamoxifen could improve the antifungal
activity of FLC at a high concentration (16 pg/ml) (Figure 2,
S2C) due to inhibiting ergosterol
biosynthesis and then inactivation Cdrl (Pasrija et al, 2008).
Blocking the PKC pathway could enhance the antifungal activity
of FLC and even make FLC fungicidal (LaFayette et al., 2010). We
found that staurosporine (1 ug/ml) could decrease the MIC value of
FLC from 4 to 2pg/ml in the presence of FNZ (Figure 2,
Supplementary Figure S2D), suggesting that the PKC pathway
contributes to the activity of Cdrl. Hsp90 is an important

calcineurin

Supplementary ~ Figure

molecular chaperone that regulates fungal drug resistance via
physically interacts with the catalytic subunit of calcineurin and
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Mkcl and maintains their stable conformations (Cowen, 2009;
Singh et al,, 2009; LaFayette et al,, 2010). Indeed, geldanamycin
made FLC act as fungicidal against C. albicans (Cowen and
Lindquist, 2005; Rosenberg et al., 2018). However, in this study,
we found that geldanamycin (16 pg/ml) did not decrease the MIC
value of FLC in the presence of FNZ (Figure 2, Supplementary
Figure S2E), suggesting that geldanamycin enhances the antifungal
activity of FLC do not depend on inactivation of Cdrl. Membrane
trafficking is important in maintaining cell membrane function and
fungal drug resistance. Brefeldin A could inhibit the ADP
ribosylation factor cycling, disrupt the membrane trafficking, and
make FLC fungicidal against C. albicans (Epp et al., 2010). In the
present study, we found that brefeldin A at a high concentration
(16 pg/ml) could remarkably decrease the MIC value of FLC from
410 0.25 pg/ml (Figure 2 Supplementary Figure S2F), suggesting that
the membrane trafficking process plays a vital role in the activity of
Cdrl. It is reported that tunicamycin, as an endoplasmic reticulum
stress inducer, had a synergistic antifungal activity with FLC against
C. albicans (Sellam et al., 2009; Yu et al., 2013); however, which is not
achieved through the inhibition of Cdrl activity by tunicamycin
(Figure 2 Supplementary Figure S2G). Oxidative stress could
increase C. albicans’ susceptivity to FLC (Xu et al, 2009).
However, in the presence of FNZ, menadione (8 pg/ml), as an
oxidative stress inducer, antagonizes the antifungal activity of FLC
(the MIC value of FLC increased from 4 to 8 ug/ml) (Figure 2,
Supplementary Figure S2H). Intracellular ergosterol is important for
membrane localization and the activity of Cdr1 (Pasrija et al., 2008).
We found that terbinafine (an inhibitor of Ergl) (Ryder, 1992) could
decrease the MIC value of FLC in the presence of FNZ (Figure 2,
Supplementary Figure S2I), but cerulenin (an inhibitor of 3-
hydroxy-3-methylglutaryl coenzyme A) (Nomura et al, 1972)
could not (Figure 2, Supplementary Figure S2J). In addition,
sphingolipids also play an important role in C. albicans
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Control
FIGURE 6

experiment was performed in biological triplicate.

resistance to FLC (Gao et al,, 2018). However, rapamycin, as an
inhibitor of the target of rapamycin (TOR) signal pathway and able
to inhibit sphingolipid synthesis (Teixeira and Costa, 2016), did not
enhance the antifungal activity of FLC in the presence of FNZ
(Figure 2, Supplementary Figure S2K). Notably, myriocin, which is
an inhibitor of serine-palmitoyl-transferase that is essential for
sphingolipid synthesis (He et al., 2004), at a concentration as low
as 0.5 pg/ml could significantly reduce the MIC value of FLC from
4 to 1 pg/ml in the presence of FNZ (Figure 2, Supplementary Figure
S2L). To sum up, myriocin is the most potential adjuvant to enhance
the antifungal activity of FLC.

To examine whether the inhibitory effect of myriocin on the
activity of the Cdrl enhancing the antifungal activity of FLC is
conserved across other C. albicans strains and pathogenic
Candida species, we tested the antifungal activity of FLC plus
0.5 ug/ml myriocin combinations compared to FLC alone in the
presence of 10 ug/ml FNZ in clinical isolates of C. albicans (n =
38), C. auris (n = 5) C. glabrata (n = 13), C. krusei (n = 9), C.
parapsilosis (n = 43), and C. tropicalis (n =
significantly reduced the MIC value of FLC against C. albicans

12). Myriocin

and C. auris strains (Figure 3). However, myriocin did not
enhance the antifungal activity of FLC against C. glabrata, C.
krusei, C. parapsilosis, and C.
Figure S3).

tropicalis (Supplementary

Myriocin inactivated the Cdrl via blocking
membrane localization of Cdrl

We speculated that myriocin might inactivate Cdrl by
inhibiting the expression or membrane localization of Cdrl.
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We tested the expression level of the CDRI gene by
quantitative real-time PCR (qRT-PCR) analysis. Compared
with FNZ treated (10 pg/ml) or untreated C. albicans cells,
myriocin (0.5 pg/ml) treated C. albicans cells had significantly
higher expression of the CDRI gene (Supplementary Figure S4).
The qRT-PCR analysis demonstrated that myriocin induces the
expression of the CDRI gene rather than suppresses its
expression, suggesting that myriocin inactivated Cdrl by
blocking membrane localization of Cdrl and consequently
compensatively causing the expression of the CDRI gene. To
verify this hypothesis, we tagged the C-termini of Cdrl with a
GFP tag (Chang et al,, 2018) (Supplementary Figure S5A) and
Pmal (a marker protein of lipid rafts) (Shukla et al., 2003) with a
YFP tag (Gola et al., 2003) (Supplementary Figure S5B). Without
myriocin, like Pmal, Cdrl is located on the cell membrane.
However, in the presence of myriocin (2 pg/ml), the amount of
Cdrl located on the membrane is reduced (Figure 4). In
summary, these results suggested that myriocin inactivated
Cdrl and enhanced the antifungal activity of FLC by blocking
membrane localization of Cdrl rather than suppressing the
expression of Cdrl.

Myriocin enhanced the antifungal activity
of FLC against invasive infection caused by
C. albicans

We employed a mouse candidiasis model to evaluate whether
myriocin enhances the antifungal activity against C. albicans
in vivo. Female C57BL/6 mice have been infected with C. albicans
(the wild-type SN152 strain) cells via tail vein injection. After 2 h
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of infection, PBS, FLC (1 mg/kg), FLC (1 mg/kg) + myriocin
(0.25 mg/kg), FLC (1 mg/kg) + myriocin (0.5 mg/kg), and FLC
(1 mg/kg) (1 mg/kg)
intraperitoneally. The antifungal drug treatment lasted for

+ myriocin treatment was given
3 days. After being infected for 5 days, seven mice from each
group were euthanized and enumerated for C. albicans’burden in
kidneys. Lower kidney fungal burden was observed from the
kidneys of mice treated with FLC compared to a control group
(p = 0.0073, t-test) (Figure 5A). Of note, the fungal burden was
significantly lower after being treated with the FLC (1 mg/kg) +
myriocin (0.5 mg/kg) treated group (p = 0.0002, ¢-test) and FLC
(1 mg/kg) + myriocin (1 mg/kg) treated group (p = 0.0008, ¢-test)
in comparison with the FLC (1 mg/kg) treated group (Figure 5A).

To test whether myriocin enhanced the antifungal activity of
FLC and held therapeutic potential, we randomly divided the
mice into three groups 1) no drug-treated group (as control), 2)
1 mg/kg FLC treated group, and 3) 1 mg/kg FLC plus 0.5 mg/kg
myriocin treated group, with ten mice in each group. We found
that the mortality of the control group was 90% during the 28-
day observation, and the median survival time of the control
group was 14 days (Figure 5B). After being treated with 1 mg/kg
FLC, the mortality of infected mice decreased to 60%, and the
median survival time extended to 16 days (p-value is 0.1533 for
comparison between FLC treated group and control group. Log-
rank test) (Figure 5B). It is worth noting that myriocin
(0.5 mg/kg) enhanced the antifungal activity of FLC (1 mg/kg)
against C. albicans infection because the mortality of 1 mg/kg
FLC plus 0.5 mg/kg myriocin-treated group decreased to 10%
(Figure 5B) (p-value is 0.0002 for comparison between FLC plus
myriocin treated group and control group. p-value is 0.0137 for
comparison between FLC plus myriocin-treated and FLC-treated
groups. Log-rank test). For histopathology, the kidneys of mice
were fixed and stained with periodic acid Schiff (PAS) stain.
Compared to no drug-treated group, after FLC (1 mg/kg) or FLC
(1 mg/kg) + myriocin (0.25 mg/kg) treatment, the number of
fungal infection lesions in the kidneys of mice infected with C.
albicans decreased, but remained. In contrast, after treatment
with FLC (1 mg/kg) and myriocin (0.5 mg/kg or 1mg/kg)
combination, the infection focuses of the fungal-infected
mouse kidney disappeared (Figure 6). In summary, these in
vivo experiments suggested that myriocin enhanced the
antifungal activity of FLC against fungal infection caused by
C. albicans.

Discussion

FLC is widely used to treat invasive fungal infections because
of its broad antifungal spectrum, well safety profile, and multiple
routes of administration. However, it is easy for fungi to obtain
FLC resistance because FLC is a fungistatic agent (Lu et al., 2021).
The activation of Cdrl and the reduction of intracellular FLC
concentration is one of the important mechanisms of FLC
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resistance in fungi (Monk and Goffeau, 2008). There are three
strategies to inactivate Cdr1: 1) inhibiting the expression of Cdr1,
2) using azole analogs to inhibit the binding of azoles to Cdrl,
and 3) blocking membrane localization of Cdrl. Indeed, loss of
Cdrl resulted in remarkably increased susceptibility of C.
albicans to FLC, miconazole, ketoconazole, and itraconazole
(Sanglard et al., 1996; Jha et al., 2004; Xu et al, 2007; Tsao
et al,, 2009; Xu et al, 2021). Similarly, the efflux pump protein
Cdrl also plays an important role in the azole resistance of C.
glabrata (Galkina et al., 2020), C. auris (Carolus et al., 2021),
Candida 2021),
keratoplasticum (James et al, 2021). In this study, myriocin

lusitaniae  (Borgeat et al, Fusarium
significantly enhanced the antifungal activity of FLC by

blocking membrane localization and inactivating Cdrl.
Therefore, the inactivation of Cdrl is an important and
promising antifungal strategy (Prasad et al., 2019).
Sphingolipids play an important role in fungal azole
2020).
composition makes C. albicans gain azole resistance (Gao
et al, 2018). Our previous study found that blocking the

transfer of sphingolipids from the inner to the outer

resistance  (Song et al, Altering  sphingolipid

membrane by genetic inactivation (deletion of the RTA2 gene)
increased the FLC susceptibility of C. albicans (Jia et al., 2009).
Inhibiting sphingolipid and ergosterol biosynthesis can change
the composition of lipid rafts in the plasma membrane and block
the membrane localization of Cdrl (Pasrija et al., 2005; Prasad
etal., 2005; Pasrija et al., 2008). In C. albicans, the deletion of the
ERGI1I gene led to ergosterol deficiency and a decrease in plasma
membrane fluidity (Suchodolski et al., 2019). In the ergll
AlerglIA null mutant, Cdrl falls off the plasma membrane to
the vacuole in the early logarithmic growth phase, and there is a
positioning error (Suchodolski et al., 2019). Similarly, lactic acid
can reduce the expression of the ERGII gene, thereby affecting
the location of Cdrl and blocking the activity of Cdrl
(Suchodolski et al., 2021). In C. albicans, when functional
mitochondria are damaged, Cdrl will be misplaced on the
vacuole membrane (Thomas et al., 2013), indicating that
functional mitochondria exert post-translational regulation on
the level of Cdrl, thus affecting the biological function of Cdrl.
The research on the role of Cdrl in C. albicans shows that when
cysteine at positions 1056, 1091, 1106 and 1294 is replaced
separately, Cdrl cannot be correctly located on the cell
membrane (Prasad et al,, 2012). In this study, we found that
the calcineurin signaling pathway does not affect the activity of
Cdrl, suggesting that the process of sphingolipid transfer has
little effect on the integrity of lipid rafts and the membrane
localization of Cdrl. In this study, we used FNZ to induce the
expression of Cdrl and increase the MIC values of FLC against
pathogenic fungi (Liu and Myers, 2017). We found that
pharmacological compromise of sphingolipid biosynthesis by
myriocin could occur in the inactivation of Cdrl. It is worth
noting that myriocin at sub-MIC could significantly enhance the
antifungal activity against clinical C. albicans isolates.
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Our present study demonstrated that inhibiting sphingolipid
biosynthesis by myriocin remarkably increased the antifungal
activity of FLC with a broad antifungal spectrum and held
therapeutic potential. The synergistic antifungal activity of
FLC and myriocin depends on the fact that myriocin blocks
membrane localization of Cdrl. Our findings will help overcome
the fungal azole resistance caused by Cdr1 activation and open
the way for developing new antifungal therapeutics targeted at
inhibiting the activity of Cdrl.

Materials and methods

Strains, primers, agents, and cultural
conditions

All strains used in this study are listed in Supplementary Table
S1. All primers used in this study are listed in Supplementary Table
S2. We routinely used a YPD medium (1% (W/V) yeast extract, 2%
(W/V) peptone, and 2% (W/V) dextrose) to culture Candida strains
at 30 °C. To prepare the solid medium plates, we added 2% (W/V)
agar to the liquid medium. To construct mutant strains, we used a
synthetic complete dropout medium (0.67% (W/V) yeast nitrogen
base without amino acids, 2% (W/V) dextrose, 2% (W/V) agar, and
appropriate amino acid mix) to screen positive colonies. Drug stock
solutions were prepared using dimethyl sulfoxide (DMSO) (Sangon
Biotech, Shanghai, China) as a solvent for brefeldin A (6.4 mg/ml)
(MCE, Shanghai, China), cerulenin (6.4 mg/ml) (MCE, Shanghai,
China), cyclosporin A (6.4 mg/ml) (Aladdin, Shanghai, China), FLC
(6.4 mg/ml) (Aladdin, Shanghai, China), FNZ (6.4 mg/ml) (MCE,
Shanghai, China), geldanamycin (Sangon Biotech, Shanghai,
China), menadione (Aladdin, Shanghai, China), myriocin
(64 mg/ml) (MCE, Shanghai, China), rapamycin (6.4 mg/ml)
(MCE, Shanghai, China), staurosporine (6.4 mg/ml) (MCE,
Shanghai, China), tacrolimus (6.4 mg/ml) (Aladdin, Shanghai,
China), and terbinafine (6.4 mg/ml) (MCE, Shanghai, China).

MIC assays

MIC assays were carried out according to a modified version
of the CLSI procedure (M27, fourth edition). Briefly, 100 ul of
drugs at two-fold the final concentrations were serially diluted in
YPD medium in 96-well culture plates and combined with 100 pl
of fungal cultures in which the fungal cell concentration was
adjusted to 1x10° cells/ml. Plates were incubated at 30°C, and
optical densities were read after 48 h with a Spectra Max
ID3 plate reader (Molecular Devices, MD, United States); the
MIC is defined as the first well with more than 50% growth
reduction in terms of ODgg, values compared to the drug-free
cells. Before the 48 h ODgg readings, we carefully shook the
plates and spotted a representative aliquot of 5 pl of each well on
fresh YPD solid medium plates. Recovery plates were incubated
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at 30°C for 48 h before being photographed. All assays were
performed and repeated three times.

Disk diffusion assays

We carried out disk diffusion assays according to the CLSI M44-
A2 guidelines with slight modifications. In short, strains were cultured
overnight in a YPD medium at 30°C, cell density was adjusted to
1x10°cells/ml in sterile PBS, and 100 pl of cell suspension was
streaked on YPD solid medium plates. One paper disk supplemented
with 25 ug FLC (Liofilchem, Italy) was placed in the center of each
plate. The plates were then incubated for 48 h and photographed.

RNA extractions and quantitative real-time
PCR assays

C. albicans strains were grown overnight in YPD medium at
30°C with shaking. Total RNA was extracted using a YeaStar
RNA Kit (ZymoResearch, United States). Reverse transcription
of the isolated RNA samples was performed by using the
PrimeScript™ RT reagent Kit with gDNA Eraser (Takara Bio,
Japan). The cDNA abundance was relatively quantified using TB
Green” Premix DimerEraser™ (Takara Bio, Japan) in a CFX96™
Real-Time PCR Detection System (Bio-Rad, United States) with
the following strategy: 1) 95°C for 30's; 2) 95°C for 5s, 50°C for
30 s, and 72°C for 30 s, for 40 cycles. The relative expression level
of the CDRI gene was normalized to that of the reference ACT1
gene, and the data were interpreted as fold changes based on the
untreated control according to the 27**“" method and triplicate
measurements were conducted with each sample (Lu et al., 2015).

Disruption of target genes

We used a fusion PCR method to delete the two alleles of
target genes from the strain SN152 (Noble and Johnson, 2005).
Briefly, the first round of PCR reactions involved the
amplification of the flanking sequences (approximately 350-
bp) of target genes (with a genomic DNA of SN152 strain
and primers P1 and P3 or P4 and P6, in separate reactions)
and the selectable marker (HISI or ARG4) with a template of
plasmid pSN52 or pSN69 and primers universal primer two and
universal primer 5. We used primers P1 and P6 to amplify gene
deletion cassettes with all three first-round PCR products. We
then transformed gene deletion cassettes into the SN152 strain or
Yeast
(Clontech Laboratories,

heterozygous mutant strain using Yeastmaker™
Transformation System two kit
United States) and selected on synthetic media containing the
necessary auxotrophic

homozygous mutant strains. The primers used for diagnosis

supplements for heterozygous or

of target genes knockouts were, for the 5' junctions, a primer
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UCheck plus a primer HIS1left or ARG4left; for the 3’ junctions,
a primer Dcheck plus a primer HISIright or ARG4right.

Over-expression of the CDR1 gene

The over-expressed CDRI gene mutant was constructed (Chang
et al, 2018). The pCPC158 backbone is amplified using F1/
R1 primers, generating a product with a 39bp flank homology
region to the CDRI gene. Using this PCR product as a PCR
template, the second round of PCR using F2/R2 primers generates
the ectopic expression cassette, an N-terminal tagging cassette with
78 bp homology regions to the CDRI gene. After transformation and
integration, the constitutive ADHI promoter located upstream of the
CDRI gene increased the expression of the CDRI gene. Verification
primers VP42 and VP43 were used for diagnostic PCR.

C-terminal of proteins tagging GFP
and YFP

To tag the C-terminal of Cdrl using GFP, we adopted a PCR
strategy to amplify the desired DNA cassettes in a plasmid pCPC64
(Chang et al,, 2018). For the first round of PCR using F1/R1 primers,
a product with 39 bp homology regions is generated. Using this
product as a PCR template directly, the second round of PCR using
F2/R2 primers yields DNA cassettes with 78 bp homology regions to
the CDRI gene. This product could be transformed into C. albicans
cells to generate a mutant with the C-terminal tagged Cdrl with
GFP. We used primers Cdr1CUpCheck plus VP8 to check the 5'
integration and VP19 plus Cdr1CDnCheck for the 3’ integration.
We further tagged the C-terminal of Pmal with YFP in the Cdrl-
GFP mutant using a pFA-YFP-ARG4 plasmid as described
previously (Gola et al, 2003). Diagnostic PCR used primers
PmalUpcheck plus A2 and A3 plus PmalDncheck to confirm
the C-terminal of Pmal tagged with YFP mutant.

Confocal microscopy analysis

The effect of myriocin on the membrane localization of Cdr1 was
determined by a confocal laser scanning microscopy (Stellarissted,
Leica, Germany) in the Cdrl-GFP:Pmal-YFP mutant. C. albicans
cells were cultured at 30°C and treated without or with 2 pug/ml
myriocin for 16 h. The fluorescence of GFP was excited by the laser of
488 nm with an emission of 500-560 nm, and the fluorescence of
YFP was excited by the laser of 510 nm with an emission of 527 nm.

Mouse infection model

Groups of C57BL/6 female mice (6-8 weeks) were inoculated
via lateral tail vein with 100 pl PBS containing 1 x 10° C. albicans
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cells. FLC (1 mg/kg) (0.5 mg/kg)

administered to the infected mice once a day intraperitoneally

and myriocin were
for 3 days, starting 2 h after the injection with C. albicans. Mice
were monitored daily for survival for 28 days. Kaplan-Meier
—analyses were used to indicate the survival probabilities, and
Log-rank testing was used to evaluate the significance of survival
curves. The mice were sacrificed 2days after the Ilast
administration; the left kidney of each mouse was taken and
homogenized in sterile PBS, diluted and coated on the YPD solid
medium plates, and incubated at 30°C for 48 h before counting
colonies; The right kidney of the animal was taken for
histopathology by periodic acid-Schiff (PAS) staining to
visualize the fungal burden. The Tongji University Animal
Care Committee approved all experimental
involving animals (No.: TTAA00322102).
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changes accumulation of
methotrexate and gene expression
levels of SLC and ABC transporters
In cancer cells
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Chemoradiotherapy is frequently used to treat cancer. Stereotactic body
radiotherapy (SBRT) is a single high-dose radiotherapy used to treat a variety of
cancers. The anticancer drug methotrexate (MTX) shows affinity for solute carrier
(SLC) and ATP-binding cassette (ABC) transporters. This study investigated
relationships between accumulation of methotrexate and gene expression levels
of solute carrier and ATP-binding cassette transporters in cancer cells after a single
and high-dose X-ray irradiation. Cancer cell lines were selected from lung and
cervical cancer cell line that are commonly used for stereotactic body radiotherapy
and effective with methotrexate. We examined expression levels of organic anion-
transporting polypeptide (OATP)1B1, OATP1B3, OATP1B7, and organic anion
transporter (OAT)1 as solute carrier transporters and multidrug resistance-
associated protein (MRP)1 and MRP2 as ATP-binding cassette transporters, using
real-time polymerase chain reaction and accumulation of *H-MTX in cancer cells
after 10-Gy irradiation, assuming stereotactic body radiotherapy. Cells were divided
into three groups: Control without irradiation; 4 h after irradiation; and 24 h after
irradiation. In control, gene expression levels of OAT1 in all cells was below the limit
of measurement. After irradiation, gene expression levels of OATP1B1/1B3/
1B7 showed changes in each cell line. Gene expression levels of MRP1/2 tended
to increase after irradiation. Gene expression levels of OATP1B1/1B3/1B7 were much
lower than those of MRP1/2. Accumulation of *H-MTX tended to decrease over time
after irradiation. Irradiation of cancer cells thus alters gene expression levels of both
solute carrier transporters (OATP1B1/1B3/1B7) and ABC transporters (MRP1/2) and
decreases accumulation of *H-MTX in cancer cells over time due to elevated
expression of MRP1/2.

KEYWORDS

chemoradiotherapy, methotrexate, SLC transporter, ABC transporters, stereotactic body
radiotherapy, x-ray, irradiation
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1 Introduction

Chemoradiotherapy combines chemotherapy with anticancer
drugs and radiotherapy to treat cancer. Chemoradiotherapy can be
divided into three categories according to the timing of anticancer
drug administration: Neoadjuvant; concurrent; and adjuvant (Baldini
et al., 2018). The accumulation of anticancer drugs in cancer cells
usually depends on gene expression levels of solute carrier (SLC) and
ATP-binding (ABC) (Nakanishi, 2007;
Carmichael and Day, 2022). SLC transporters mainly contribute to

cassette transporters
the uptake of anticancer drugs, while ABC transporters are involved in
their excretion (Nakanishi, 2007; Carmichael and Day, 2022).

In radiotherapy, stereotactic radiotherapy involves the delivery of
higher doses (7-18 Gy or more) than the usual single-beam dose
(1.8-2 Gy) and is used to treat various cancers (Marcrom et al., 2017;
Jardel et al., 2020; Sarudis et al, 2021; Ugurluer et al., 2021).
Stereotactic radiotherapy was originally used to treat brain cancers,
with stereotactic body radiotherapy (SBRT) representing the
application of this technology to the trunk of the body, such as for
lung and liver cancers (Song et al., 2004; Donovan and Swaminath,
2018; Tandberg et al., 2018; Sarudis et al., 2021; Ugurluer et al., 2021).
SBRT has also been shown to be effective against cervical cancer,
which is still frequently treated using intracavitary small-source
radiotherapy (Ito et al., 2019; Facondo et al., 2021)

Methotrexate (MTX) is a folate antagonist used as an anticancer
drug (Visentin et al., 2012). This agent stops cancer growth by
preventing the uptake of folic acid, which is necessary in DNA
synthesis (Yu et al, 2020). MTX is effective against lung and
cervical cancers, where SBRT also appears useful (Conroy et al,
1976; Smyth and Ford, 1981). MTX has shown affinity for the SLC
transporters organic anion-transporting polypeptide (OATP) and
organic anion transporter (OAT), and the ABC transporters
(MRP),
resistance protein (MDR), and breast cancer resistance protein
(BCRP) (Hagenbuch and Meier, 2004; Nakanishi, 2007; Murakami
and Mori, 2012; Gao et al., 2021). While irradiation increases the
expressions of MRP1 and MRP2, contributing to the efflux of MTX
(Henness et al., 2002; Bartkowiak et al., 2009), the effects of irradiation
on SLC transporters have not been examined. Further, correlations

multidrug  resistance-associated  protein multidrug

between the kinetics of anticancer drugs including MTX and SLC and
ABC transporters after irradiation have yet to be clarified. The purpose
of this study was thus to investigate the relationships between
accumulation of MTX and expression levels of the genes for SLC
and ABC transporters in cancer cells after irradiation. Temporal
changes in MTX accumulation in cancer cells after a single and
high-dose irradiations assuming SBRT were examined.

2 Material and methods
2.1 Cancer cell lines

The human-derived lung adenocarcinoma cancer cell lines NCI-
H441 (American Type Culture Collection, Manassas, VA,
United States) and PC-14 (RIKEN Cell Bank, Tsukuba, Japan)
were used. The HeLa human-derived cervical cancer line (RIKEN
Cell Bank) was also used. H441, PC-14 and HeLa cell lines were
cultivated using RPMI-1640 (FUJIFILM Wako Chemical, Osaka,
Japan), Dulbecco’s Modified Eagle’s Medium (FUJIFILM Wako
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Chemicals) and Eagle’s minimum essential medium (FUJIFILM
Wako Chemicals) mixed with 10% fetal bovine serum and 1%
sodium pyruvate at 37°C under conditions of 5% CO,,

2.2 Irradiation of cell lines

After achieving 70-80% confluence in a 10-cm diameter plate,
each cell line was irradiated with a single 10-Gy X-ray (dose rate,
1.0 Gy/min) using X-ray irradiation equipment (MBR1520R-3;
Hitachi, Tokyo, Japan). Cells were divided into three groups:
Control without irradiation; 4 h after irradiation; and 24 h after
irradiation.

2.3 RNA extraction and quality assessment

An RNeasy Plus Mini Kit (QIAGEN, Hilden, Germany) was used
to extract RNA from the cancer cells used in this study. The quality of
the extracted RNA was evaluated using the RNA integrity number
(RIN) as an indicator of quality. The RIN is expressed as a number
from 1 to 10, with a higher number reflecting higher quality of RNA.
An Affinity Script QPCR cDNA Synthesis kit (Agilent Technologies,
Tokyo, Japan) was used for synthesizing cDNA.

2.4 Conducting real-time polymerase chain
reaction (PCR)

Real-time PCR was performed using an AriaMx 5P system
(Agilent Technologies). OATP1BI/1B3/1B7 as the combination of
OATPIBI, OATP1B3 and OATPI1B7 for SLC transporters (because
the primer sequences of these transporters are quite similar) and
MRPI and MRP2 for ABC transporters were selected as the targets of
PCR. The gene ACBT for -actin was used as the internal control gene,
as a housekeeping gene that is constantly expressed in all cells. Also,
ACBT was used to correct for differences in the amounts of initial
RNA and c¢DNA due to differences in sample organization and
purification methods. Primer design was outsourced to Eurofins
Genomics (Tokyo, Japan). Preparation of cloned plasmids used for
the creation of standard curves was outsourced to GenScript (Tokyo,
Japan). Primer sequences and concentrations of the genes used are
shown in Table 1. A 20-pL volume of PCR reaction solution contained
10 pL of Brilliant IIT Ultra-Fast SYBR Green QPCR Master Mix
(Agilent Technologies), .4 uL of primer, 1 pL of template (10-50 ng
of cDNA or cloned plasmid) and 8.6 pL of nuclease-free water. The
thermal profile of reaction conditions was: 95°C hot start for 3 min,
then 45 cycles of amplification at 95°C for 5 s and 62°C for 15 s, ending
with 95°C for 1 min, 55°C for 30 s and 95°C for 30s.

2.5 Accumulation of *H-MTX in cancer cells

Each cell was seeded at 1.0 x10° cells/well in 12-well plastic plates.
At about 24 h after seeding, cells were irradiated and divided into three
groups: 4 h after irradiation; 24 h after irradiation; and control without
irradiation. Each group was pre-incubated for 5 min in phosphate-
buffered saline (PBS), then incubated with *H-MTX (10 kBq/well) for
5, 10, 30, or 60 min. After incubation, cells were washed twice with

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1069321

Sato et al.

TABLE 1 Primer sequences and concentrations of the used genes.
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Transporters/Housekeeping Gene symbol Primer sequence Concentration (nM)
gene
Forward Reverse
OATP1B1/1B3/1B7 OATP1B1 SLCO1BI GCACTGGGTTTCCACTCAAT CAGTTGTTGGTGGACCACTTT 200
OATP1B3 SLCO1B3 GCAATGGGTTTCCAGTCAAT AGCTGTTGGTGGACCACTTC
OATP1B7 SLCOIB7 GCAATCGGCTTCCATTCAAT AGCTGTTGGTGGACCACTTC
OAT1 SLC2246 GCGCCTTTTTTTGCCTTCT TTCCCGCTTCCCATTGATC 300
MRP1 ABCCI GACCATGAATGTGCAGAAGG GCCTCATCCAACACAAGGAT 100
MRP2 ABCC2 CTGCGGCTCTCATTCAGTCT GCCAAGTTGGATAGGGTCAA
ACTB ACTB CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG
TABLE 2 Gene expression levels of measured drug transporter in each cell by HeLa cells, but OAT1 in all cells was below the limit of

conducting Real-time PCR.

Gene expression

level (x10°)
Transporter Condition H441 PC-14  Hela
OATP1B1/1B3/1B7 Control 13.0 0.01 0.04
4 h after irradiation 10.5 0.05 0.06
24 h after irradiation 10.0 0.04 0.09
MRP1 Control 64.5 56.1 34.5
4 h after irradiation 50.3 78.9 51.0
24 h after irradiation 79.3 90.3 70.8
MRP2 Control 0.30 1.80 56.7
4 h after irradiation 0.40 2.30 60.2
24 h after irradiation 0.80 2.70 98.0
MRP1/2 Control 64.8 57.9 91.2
4 h after irradiation 50.7 81.2 111.2
24 h after irradiation 80.1 93.0 168.8

600 uL of PBS and lysed by 500 uL of .1 M NaOH. Three hundred
microliters of cell lysate were mixed with 5 mL of ULTIMA GOLD
(Perkin Elmer, Waltham, MA, United States) and the radioactivity of
the mixture was measured using a liquid scintillation counter (LSC-
5100; Hitachi Aloka Medical, Tokyo, Japan). The results are shown as
the percent injected dose/number of living cells measured by an
automatic cell counter (LUNA FX7™; Logo Biosystems, Gyeonggi-
do, South Korea).

3 Results

All cell lines showed RIN >9, indicating high-quality RNA.
Measured expression levels of drug transporter genes in each cell
line in the three groups by conducting Real-time PCR are shown in
Table 2. For SLC transporters, the total gene expression level of
OATP1B1/1B3/1B7 was higher in H441 cells than in PC-14 or
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measurement. After cell irradiation, total gene expression levels of
OATPI1B1/1B3/1B7 decreased in H441 in comparison to before
irradiation (control), but increased slightly in PC-14 and HeLa cells.

For ABC transporters, expression levels of MRP1/2, as the
combination of MRP1 and MRP2, were higher than levels of
OATP1B1/1B3/1B7 and OATI1 in control samples of all cancer
cells. In control samples, MRP1/2 showed higher expression in
HeLa than in H441 or PC-14. In addition, H441 and PC-14
showed higher gene expression levels of MRP1 than MRP2, while
HeLa displayed higher gene expression levels of MRP2 than MRPI.
After irradiation, gene expression levels of MRP1/2 tended to increase
over time in all cancer cell lines.

Figure 1 shows the accumulation of *H-MTX in H441, PC-14 and
HelLa cells in the control, 4 h after irradiation and 24 h after irradiation
groups at 5, 10, 30, and 60 min after *H-MTX injection. Accumulation
of "H-MTX was decreased at 4 and 24 h after irradiation in H441 cells
and at 24 h after irradiation in PC-14 cells. In HeLa cells, accumulation
of "H-MTX was significantly decreased compared to control from
10 min after *H-MTX injection in the 4 h after irradiation group and
from 30 min after *H-MTX injection in the 24 h after irradiation

group.

4 Discussion

Consideration of the effects of irradiation on the kinetics of
anticancer drugs in chemoradiotherapy is important. This study
examined how the accumulation of *H-MTX in cancer cells was
impacted by the effects of gene expression levels for SLC and ABC
transporters after X-ray irradiation. Since the degree to which gene
expression levels of SLC and ABC transporters are changed under the
influence of irradiation was unknown, we examined these gene
expressions irradiation by conducting Real-time PCR
(Table 2). of OATPIBI1/1B3/
1B7 decreased after irradiation in H441 cells compared to control,
but increased slightly in PC-14 and HeLa cells. For ABC transporters,
total gene expression levels of MRP1/2 were higher than OATP1B1/
1B3/1B7 and OAT1 in all cancer cell lines under the control
conditions. Accumulation of *H-MTX tended to decrease over time

after
Total gene expression levels

after irradiation in all cancer cell lines (Figure 1), and accumulation
was significantly decreased at 24 h.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1069321

Sato et al.
A 2 0 -
P 0 Control
E 15 ® 4 hours after irradiation
g2 824 hours after irradiation
- W
53 *
E g 1.0 4
23
o2
<3 ot
= 05 4
0.0 T T T
5 10 60
Time (min)
B
20 4
O Control
15 ® 4 hours after irradiaion

B 24 hours after irradiation

Accumulation
(% Injected dose/cells X 10°°)

Time (min)

4.0 A
0O Control
M 4 hours after irradiation

39 1 8 24 hours after irradiation

20 + f

Accumulation
(% Injected dose/cells X 10)

0.0

5 10 30 60
Time (min)

FIGURE 1

Accumulation of *H-MTX in H441 (A), PC-14 (B) and HeLa (C) cells

in the three groups including control, 4 h after irradiation and 24 h after
irradiation at 5, 10, 30, and 60 min after adding *H-MTX. Accumulation of
SH-MTX tended to decrease after irradiation in all three cancer cells.

o < .01 and *p < .05 vs. control

The correlation between accumulation of *H-MTX and gene
expression levels of drug transporters is discussed for each cell line.
In H441 cells (Table 2), gene expression levels of OATP1B1/1B3/
1B7 decreased over time, and MRP1/2 was slightly decreased at 4 h
after irradiation in comparison with control and increased further
at 24 h after irradiation. Accumulation of *H-MTX in H441 cells
was significantly decreased compared to control at 5, 10, and
30 min after adding *H-MTX (Figure 1A). Although we selected
MRP1/2 as representative ABC transporters for MTX, changes in
MDR and BCRP gene expressions might also influence the
accumulation of *H-MTX in H441 (Ji et al, 2013). Henness
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et al. (2002) reported that expressions of MRP1 and MRP2 were
increased after fractionated irradiation, but these expression levels
might change over time after a single high-dose irradiation. In PC-
14 and HeLa cells (Table 2), gene expression levels of MRP1/2 were
much greater than those of OATP1B1/1B3/1B7. After irradiation,
the difference between OATP1B1/1B3/1B7 and MRP1/2 became
greater over time.

In PC-14 (Figure 1B), accumulation of *H-MTX showed little
change between control and 4h after irradiation, but was
significantly decreased at all time points after adding *H-MTX in
cells at 24 h after irradiation. Since gene expression levels of
OATPI1B1/1B3/1B7 were slightly greater in PC-14 cells, the
effects on gene expression levels of OATP1B1/1B3/1B7 may be
greater than the effects on accumulation of "H-MTX at 4 h after
irradiation. At 24 h after irradiation, a correlation was noted between
decrease in accumulation of *H-MTX and much higher gene
expression levels of MRP1/2.

In Hela cells (Figure 1C), accumulation of *H-MTX was
significantly decreased compared to control at 4h after
irradiation from 10 min after adding *H-MTX, and at 24 h after
irradiation from 30 min after adding *H-MTX. Although the
effects of drug transporters are usually seen at 5min after
adding *H-MTX, no significant differences at this time points
were seen between control and groups at 4 and 24h after
irradiation. An equilibrium state appears to exist between
functions of OATP1B1/1B3/1B7 and MRP1/2 at around 5 min
after adding *H-MTX, but gene expression levels of MRP1/
2 were higher than those of OATP1B1/1B3/1B7 (Table 2). With
greater expression of MRP1/2 over time, accumulation of "H-MTX
decreased significantly compared to control (Figure 1C). From
10 min after adding *H-MTX, accumulation of *H-MTX was
higher in HeLa than in H441 and PC-14. Gene expression
levels of MRP2 were also higher in HeLa than in H441 or PC-
14, and expression of MRP2 was also higher than that of MRP1.
These results may suggest that *H-MTX has higher affinity for
MRP1 than for MRP2.

This study was performed assuming SBRT, in which a single
exposure provides a higher dose than conventional radiotherapy
(Marcrom et al., 2017; Jardel et al., 2020; Sarudis et al., 2021;
Ugurluer et al.,, 2021). Since Lei et al. (2021) reported that the
survival rate of HeLa was less than 50% after a single 10-Gy
irradiation, we selected a single high-dose of 10-Gy irradiation. In
our experiments, cancer cells after a single high-dose irradiation
have shown a tendency to excrete anticancer drugs as a foreign body.
Neoadjuvant chemotherapy, which administers anticancer drugs
prior to radiation, may therefore prove effective in the
combination of SBRT and chemotherapy. However, these results
only reflect temporal changes following a single irradiation. Future
experiments will need to consider fractional irradiation at high dose.
In addition, in vivo experiments will be required to confirm our
in vitro results for the accumulation of *H-MTX and expression of
drug transporters.

For a more detailed examination, next-generation sequencers
might be useful in the future because this method is capable of
comprehensively quantifying multitude of various genes (Slatko
et al., 2018). However, we intentionally selected MTX which has
affinity primarily for OATP and MRP transporters as an anti-
cancer drug. Therefore, Real-time PCR, which can accurately
quantify gene expression levels of specific transporters, would be
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appropriate in this study. The Real-time PCR was also used in the
study of (Sutherland et al., 2020). They examined the relationship
between accumulation of anti-cancer drugs in cancer cells and gene
expression levels of specific SLC transporters by Real-time PCR.

5 Conclusion

X-ray irradiation with a single, high dose to cancer cells alters gene
expression levels of both SLC transporters (OATP1B1/1B3/1B7) and
ABC transporters (MRP1/2). In particular, changes in MRP1/2 were
much greater than those in OATP1B1/1B3/1B7. Irradiation decreased
accumulation of *H-MTX in cancer cells over time due to higher
expression of MRP1/2.
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Background: Intrahepatic cholestasis (IC) is a disorder of bile production, secretion,
and excretion with various causes. Crocin | (CR) is effective in the treatment of IC, but
its underlying mechanisms need to be further explored. We aimed to reveal the
therapeutic mechanism of crocin | for IC by combining an integrated strategy of
metabolomics and transcriptomics.

Methods: The hepatoprotective effect of CR against cholestasis liver injury induced
by a-naphthylisothiocyanate (ANIT) was evaluated in rats. The serum biochemical
indices, including alanine aminotransferase (ALT), aspartate aminotransferase (AST),
total bile acid (TBA), total bilirubin (TBIL), direct bilirubin (DBIL), tumor necrosis
factor-a (TNF-a), interleukin 6 (IL-6), and interleukin 1B (IL-1p), as well as the liver
oxidative stress indexes and the pathological characteristics of the liver were
analyzed. In addition, we also performed a serum metabolomics study using
UPLC-Q Exactive HF-X technology to investigate the effect of CR on the serum
of rats with ANIT-induced IC and screened potential biomarkers. The enrichment
analysis of differential expressed genes (DEGs) was performed by transcriptomics.
Finally, the regulatory targets of CR on potential biomarkers were obtained by
combined analysis, and the relevant key targets were verified by western blotting.

Results: CR improved serum and liver homogenate indexes and alleviated liver
histological injury. Compared with ANIT group, the CR group had 76 differential
metabolites, and 10 metabolic pathways were enriched. There were 473 DEGs
significantly changed after CR treatment, most of which were enriched in the
retinol metabolism, calcium signaling pathway, PPAR signaling pathway, circadian
rhythm, chemokine signaling pathway, arachidonic acid metabolism, bile secretion,
primary bile acid biosynthesis, and other pathways. By constructing the “compound-
reaction-enzyme-gene” interaction network, three potential key-target regulation
biomarkers were obtained, including 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (HMGCR), ATP-binding cassette transporter G5 (ABCG5), and
sulfotransferase2A1(SULT2A1), which were further verified by western blotting.
Compared with the ANIT group, the CR group significantly increased the
expression of ABCG5 and SULT2A1, and the expression of HMGCR significantly
decreased.

Conclusion: Combined metabolomic and transcriptomic analyses show that CR has
a therapeutic effect on IC through regulation of the biosynthesis of bile acids and
bilirubin in the bile secretion pathway and regulation of the expression of HMGCR,
ABCGS5, and SULT2A1.
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1 Introduction

A common type of liver disease, intrahepatic cholestasis (IC) is a
primary hepatocellular disease. Bile formation and blood flow are
blocked due to damage to hepatocytes and bile duct cells. In particular,
bile acids are trapped, and bile components such as cholesterol and
bilirubin continue to accumulate (Yang et al., 2018). Disturbances in
bile acid metabolism and inflammation are common features of IC,
with clinical symptoms of jaundice, itchy skin, darkened urine, and
physical frailty. If the cholestatic state is not effectively treated, it will
develop into liver fibrosis, and even liver cirrhosis (Zhang et al., 2022).
Ursodeoxycholic acid, obeticholic acid, S-adenosylmethionine, and
other drugs are often used for the clinical treatment of intrahepatic
cholestasis. However, the use of ursodeoxycholic acid will cause
intolerance in patients. Obecholic acid can produce side effects
such as itching (Samant et al,, 2019; Fujita et al., 2021). Therefore,
the search for an effective drug with few side effects to treat IC is an
important topic. Chinese medicines and their monomers have the
advantage of being widely applied and have few side effects.
Terpenoids have various anti-inflammatory, antioxidant, and anti-
fibrosis pharmacological activities that can effectively alleviate IC, and
terpenoids are expected to become new drugs for the treatment of
cholestatic liver disease (Ji et al., 2022).

Crocin I (CR), as a diterpenoid, is the main active component of
saffron (Figure 1). In recent years, many studies have shown that CR
has hepatoprotection (Lari et al., 2015), antitumor (Tang et al., 2022),
anticardiovascular disease (Motlagh et al.,, 2021), anti-inflammatory
(Teng et al., 2021), and hypoglycemic (Qiu et al., 2020) effects. In
addition, it has less toxicity and fewer side effects, and its medical value

FIGURE 1
The structure of crocin I.
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has received increasing attention. However, the mechanism of how CR
alleviates IC is still unclear. Combining the relevant gene expression
information provided by transcriptomics with the statistical
information of metabolomics data variables is a reliable method of
studying the material basis and mechanism of action of the
pharmacological effects of Chinese medicine monomers. Currently,
integrating the two techniques to explore the mechanism of CR in the
treatment of IC remains a void.

Metabolomics is an important part of systems biology. By
revealing the metabolic trends and laws of the body under the
influence of internal and external factors, metabolomics can
qualitatively and quantitatively determine the dynamic changes of
metabolites in the living system caused by pathological, physiological
stimulation, or genetic modification (Alarcon-Barrera et al.,, 2022).
The mechanism of how CR protects the liver can be elucidated
through metabolomics. Genes are closely related to changes in
metabolites, so transcriptomics is used to explain changes in gene
expression after drug administration. In addition, combined
metabolomic and transcriptomic analysis can reveal phenotype-
related metabolic pathways and gene functions through the
identified metabolites and differential genes to further gain
potential therapeutic targets for various types of liver injury and
elucidate disease pathogenesis.

In this study, metabolomics and transcriptomics were integrated.
The effects of treating IC with CR on essential metabolites were
determined with untargeted metabolomics. We then developed a
the
mechanisms of CR in treating acute IC based on metabolomics
and transcriptomics. This study provided new insights into the

novel integrated strategy to explore key targets and
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FIGURE 2
The schematic flowchart of the integrated strategy.

protective effects of CR in the treatment of IC. The research flowchart
is shown in Figure 2.

2 Materials and methods
2.1 Chemicals and reagents

Crocin I (C44H64024, purity>98%, BCTG-0315) was purchased
from the National Engineering Research Center of Traditional Chinese
Medicine Solid Preparation Manufacturing Technology (Nanchang,
China). ANIT and ursodeoxycholic acid (UDCA) were purchased
from Shanghai McLean Biochemical Technology Co., Ltd. (Shanghai,
China). The alanine aminotransferase (ALT), aspartate transaminase
(AST), total bile acid (TBA), total bilirubin (TBIL), and direct bilirubin
(DBIL) kits were purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). The tumor necrosis factor-a (TNF-a),
interleukin-6 (IL-6), interleukin-1p (IL-1f) kits were purchased from
Xinbosheng Biotechnology Co., Ltd. (Shenzhen, China).

2.2 Animals

Male Sprague-Dawley rats weighing 200 + 20 g were obtained from
Huiji District (Zhengzhou) Experimental Animal Farm (Zhengzhou,
China, Permission No. SCXK(Yu)2019-0002). All rats were housed in a
well-ventilated room at 25°C, 60% humidity with a 12-h dark-light cycle
and free access to food and water. Animal experiments were carried out
in accordance with the guidelines for animal experiments at Jiangxi
University of Traditional Chinese Medicine.
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After all the rats were allowed to acclimate for 1 week, 48 rats were
randomly divided into six groups (n = 8/group): CON group, ANIT
group, UDCA group, CR-L group, CR-M group, and CR-H group. The
CR groups and the UDCA group were given corresponding drugs by
prophylactic gavage. The UDCA group received 60 mg/kg (Li et al.,
2020), the CR-L group received 10 mg/kg, the CR-M group received
30 mg/kg, and the CR-H received 90 mg/kg for seven consecutive
days, once a day. The CON group and the ANIT group were given an
equal volume of .5% CMC-Na. Two hours after administration on the
fifth day, the CON group received olive oil, and other groups were
given 75 mg/kg ANIT olive oil, respectively.

2.3 Sample collection and preparation

After anesthesia with 3% pentobarbital sodium, blood samples
were taken from the abdominal aorta and liver. Next, the blood was
centrifuged at 3,000 rpm for 10 min to separate the serum and
transferred to —80°C for preservation. Then, the relevant indexes
were measured using the appropriate kits. The changes in the
physiological and biochemical indexes of rats after CR treatment
were observed through histopathological and biochemical analysis.

2.4 Histological examination

The liver tissue was fixed with 4% tissue cell fixative solution. The
fixed liver tissue was taken out for routine dehydration, paraffin
embedding, sectioning, HE staining, microscopy, and image
acquisition.
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Effect of crocin | on serum biochemical indexes and histological (H&E stained, 100x magnification). Hepatocyte damage is indicated by black arrows. (A)
Serum AST level, (B) serum ALT level, (C) serum TBA level, (D) serum TBIL level, (E) serum DBIL level, (F) serum TNF-a level, (G) serum IL-6 level, (H) serum IL-1p
level, (1) CON group, (J) ANIT group, (K) UDCA group, (L) CR-L group, (M) CR-M group, (N) CR-H group. Data are presented as means + SD (n = 6). #p < .05,
##p < .01 compared with the CON group; *p < .05, **p < .01 compared with ANIT group.
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2.5 Metabolomics analysis based on UPLC-Q-
Exactive HF-X MS

2.5.1 Sample collection and preparation

According to the results of 3.1, the CON group, the ANTI group,
and the CR-H group were selected for follow-up analysis of serum. A
100 pL aliquot of the sample was precisely pipetted into a 1.5 mL
centrifuge tube, and 400 pL of extraction solution was added
(methanol: acetonitrile = 1:1 (v:v)), containing .02 mg/mL internal
standard (L-2-chlorophenylalanine). After vortexing for 30 s, low-
temperature ultrasonic extraction was performed for 30 min (5 °C,
40 KHz). The sample was placed at —20°C for 30 min and centrifuged
for 15 min (13000g, 4°C). The supernatant was removed, and was
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blown dry with nitrogen; 100 uL of the reconstituted solution was
added (acetonitrile: water = 1:1) for reconstitution, vortexed for 30 s,
extracted by low-temperature ultrasonic extraction for 5min (5°C,
40 KHz), and centrifuged for 10 min (13,000 g, 4°C). The supernatant
was transferred to a sample vial with an inner cannula for analysis on
the computer. The supernatant was stored at —20°C for LC-MS
analysis.

2.5.2 Chromatography and mass spectrometry
Serum samples were analyzed using a Thermo Fisher Scientific
UPLC-Q Exactive HF-X system. The chromatographic column was
ACQUITY UPLC HSS T3 (100 mm x 2.1 mm id, 1.8 um; Waters,
Milford, USA), and the column temperature was 40°C. The mobile
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phase A was 95% water and 5% acetonitrile (containing .1% formic
acid). Phase B was 47.5% acetonitrile, 47.5% isopropanol, and 5%
water (containing .1% formic acid), and the injection volume was 2 pL.

In positive and negative ion mode, the linear gradient of the
elution column is 0-3.5 min, 0%-24.5% B; 3.5-5 min, 24.5%-65% B;
5-5.5 min, 65%-100% B; 5.5-7.4 min, 100% B; 7.4-7.6 min, 100%-
51.5% B; 7.6-7.8min, 51.5%-0% B; 7.8—10min, 0% B. The flow rate was
0.4 mL/min. The scanning range (m/z) was 70-1050 Da; the sheath gas
flow rate was 50 arb; the auxiliary gas flow rate was 13 arb, the spray
voltage (positive and negative mode) was 3500V, —3500V, the heating
temperature was 425°C; the capillary temperature was 325°C, and the
collision energy was 20, 40, 60 eV.

2.5.3 Method validation

A 20 pL aliquot of the supernatant was pipetted from each sample
and mixed as a quality control sample (QC). The volume of each QC
was the same as that of the sample, and it was processed and detected
in the same way as the analytical sample. During the instrument
analysis process, a QC sample was inserted after every 10 analysis
samples to examine the stability of the entire detection process.

2.5.4 Data preprocessing and differential metabolite
analysis

The raw data were imported into the metabolomics processing
software Progenesis QI (Waters Corporation, Milford, USA) for
baseline filtering, peak identification, integration, retention time
correction, and peak alignment. A data matrix containing
information such as retention time, mass charge ratio, and peak
intensity was obtained (Trezzi et al., 2015; Vignoli et al., 2020). The
R software package ropls (Version 1.6.2) was used to perform
multivariate statistical analysis of PLS-DA and OPLS-DA on the
processed data. VIP>1 indicated that the metabolites had an
important effect on the classification between groups. The
model was tested for overfitting by permuting 200 times. The
MS and MS/MS mass spectral information was matched and
identified using the HMDB (http://www.hmdb.ca/) database and
the Metlin (https://metlin.scripps.edu/) database to meet the
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VIP >1 and p < .05 differential metabolites through metabolic
pathway enrichment analysis on data by the KEGG database and
SciPy (Python) (Chong & Xia, 2018).

2.5.5 RNA extraction and sequencing

The liver tissue was taken from the —80 ° refrigerator, and the total
RNA was extracted by the TRIzol (Invitrogen) method. The
sequencing the
TruseqTM RNA sample prep kit method for library construction.
Seqprep and Sickle software programs were used for preprocessing to
obtain clean data. The data after quality control were compared with

experiment was performed using Mumina

the published rat genome sequence for Rattus norvegicus. The
DEGseq2 software was used to analyze the differential expression
of the CON group, the ANIT group, and the CR-H group, and the
differentially expressed genes (DEGs) were screened. Then, the GO
and KEGG databases were used for the enrichment analysis of
the DEGs.

2.5.6 Western blotting

Three samples from each group were selected for western blot
analysis and comparison. The total protein of the samples was
extracted with RIPA tissue cell rapid lysis buffer, centrifuged at
12000g at 4°C for 15 min, and the supernatant was collected for
protein quantification and stored in a —80°C refrigerator. Then, the
BCA kit was used to measure the protein concentration. The protein
was separated with 10% SDS polyacrylamide gel and transferred to a
polyvinylidene fluoride PVDF membrane. The PVDF membrane was
blocked with 5% nonfat milk powder at room temperature for 1 h or
overnight at 4°C. Afterward, it was washed with TBST, the primary
antibody was incubated at 4°C overnight, and the membrane was
incubated with the primary antibody three times, 5 min each time.
Then, according to the dosage, the HRP-labeled secondary antibody
was diluted 1:1000 and incubated with the membrane at 37°C for 1 h.
TBST was used to wash three times for 5min each. Finally, ECL
chemiluminescence detection was performed for development.
GAPDH was selected as the internal reference, and Image J
software was used for gray value analysis.

frontiersin.org


http://www.hmdb.ca/
https://metlin.scripps.edu/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1088750

Song et al.

FIGURE 5

Score (PLS-DA) plot

10.3389/fphar.2022.1088750

A ... ESI+ B Score (PLS-DA) plot ESI
P 20000
25000 At (o
Crocil 15000 i
20000 Crocinl
150004 10000+
100004 .
g ¢ o]
% 5000 - ‘
€
& (]
2 ®
§ 5000 5000
~10000-
-10000
-15000+
ey -15000 -
-25000-] 20000
-80000  -60000  -40000  -20000 20000 40000 60000 80000 ~120000100000:80000-60000-40000-20000 20000 40000 60000 80000 100000120000
Component 1(85%) Component 1(95.1%)
C Scores(OPLS-DA) plot - D Scores(OPLS-DA) plot
10000 ) 25000 : ESI+
® CON CR-H
8000 A ANIT 20000 A ANIT
< 60004 < 15000+
g 6000 §
8 ]
S 40004 [ ] € 10000
H 14 %
g 2000 5000
g §
g ;
S * 2 :
e P4 3
g -2000 4 g 5000 +
° 2
4000 L ¢ & 1000
-6000 ~15000 <
-8000 200004
-35000:30000:25000:20000-15000-10000-5000 0 500010000 15000 20000 25000 30000 20000 15000 10000 -5000 5000 10000 15000 20000
Component1(92.60%) Component1(60.70%)
E Scores(OPLS-DA) plot F
ESI-
25000 4
® Con Scores(OPLS-DA) plot
ESI-
200004 A ANIT 14000+
CR-H
o ) A ANIT
= 5 ° 10000
H
< 10000 g 80001 1
S eo00]
‘§ 5000 £ 4000
5 2 § o A
3 H z § o %
§' 50004 (] 2000
2 A
b3 4000 4
0oz} S 6000 1
~15000 4 -8000 -
=10000
-20000 4 12000 -
50000 40000 -30000 20000 ~10000 10000 20000 30000 40000 50000 20000 15000 10000  -5000 5000 10000 15000 20000
Component1(97.10%) Component1(84.70%)

Permutation testing
R2=(0,0.6903), Q2=(0,-0.3889)

1

|

Permutation testing
R2=(0,0.6043), Q2=(0,-0.1528)

4 @ Rav(um
A Q2cm)

15
; ® Reveu
# _f----f---ag-="% A o2cm) 1
_-__c———|—— o
054 A L - % 054
E A talll £
£ I S
& =
> o & 054
Z 45 >
2 & M
] £
g - S 154
£ & ]
@ £
@
2
154
25+
2
3
25 354
01 02 03 04 05 06 o7 08 09 1

Frontiers in Pharmacology

Il ;
A A

A

A

164

[X] 02

08

Multivariate statistical analysis of serum metabolomics. (A),(B) PLS-DA score plots of serum metabolomics analysis in the ESI + model and ESI- ANIT; (C)

OPLS-DA score plots of CON and ANIT in positive mode; (D) OPLS-DA score plots of CON and CR-H in positive mode; (E) OPLS-DA score plots of CON and
ANIT in negative mode; (F) OPLS-DA score plots of CON and CR-H in negative mode; (G) 200-permutation test of the OPLS-DA model for the CON and ANIT
groups; (H) 200-permutation test of the OPLS-DA model for the CR and ANIT groups.
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Metabolomics pathway enrichment analysis results. (A, B) KEGG pathway enrichment analysis of differential metabolites between the CON group, the
ANIT group, and the CR group by bubble plot; (C) Venn diagram of differential metabolites between the groups; (D) pathway enrichment bubble map for

76 shared metabolites.

2.5.7 Statistical analysis

Statistical analysis of the data was performed using Graphpad
Prism 8.0 software, and the results were expressed as mean *
standard deviation (X * S). One-way ANOVA was used for
statistical differences among each group, and Scheffe was used for
the post hoc test for comparing every two groups; p < .05 indicated
statistical significance, and p < .01 indicated extremely significant
differences.

3 Results
3.1 Effects of CR on ANIT-induced IC in rats

Biochemical and histological analyses were used to evaluate the
pharmacodynamics of CR in the treatment of IC.

As shown in Figures 3A-H, compared with the CON group, the
levels of AST, ALT, TBA, TBIL, and DBIL in the serum of the ANIT
group significantly increased, indicating that the ANIT group had a
severe liver injury. Compared with the ANIT group, the middle- and
high-dose CR and UDCA groups showed significantly reduced levels
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of AST, ALT, TBA, TBIL, DBIL, IL-If, IL-6, and TNF-a (p < .05). The
CR-H group showed the most significant effect (p < .01).

The histological evaluation provided more intuitive evidence for
the protective effect of CR on ANIT-induced IC. As shown in
Figure 3I-N, the liver tissue of the CON group showed a standard
cellular structure, and the ANIT group showed typical pathological
changes, including inflammatory infiltration and necrosis of liver cells
and a small amount of hepatic fibrosis and connective tissue
proliferation. The degeneration of hepatocytes in the UDCA group
and the CR-L, CR-M, and CR-H groups was alleviated, the infiltration
of neutrophils was less, and the CR-H group had the most obvious
therapeutic effect, which indicated that CR had a certain protective
effect on IC.

3.2 Multivariate statistical analysis

UPLC-Q Exactive HF-X/MS was used for the metabolite
separation and data collection of serum samples. The serum
metabolic profiles of rats in each group were obtained and
indicated that some rat metabolites changed. Figure 4 shows typical
chromatograms of positive and negative modes. As shown in Figures
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TABLE 1 Identification of potential biomarkers in serum.

Metabolite Library id Formula Mode VIP

Naphthalene epoxide HMDB0006215 | C,,HgO 5.36 186.091 | pos 215  9.99E-17 T 1
Cervonoyl ethanolamide HMDB0013627 | CyH3603 5.85 337.252 | pos 1.08  1.95E-09 T 1
4,4'-Dihydroxy-5,5'-diisopropyl-2,2’-dimethyl-3,6- HMDB0040760 | C,oH»404 6.00 311.164 | pos 479  5.93E-12 Ter Tex
biphenyldione

Dityrosine HMDB0006045 | C;3H,0N,O¢ 5.96 424.150 | pos 1.07  6.38E-06 ™ —
7-beta-D-Glucopyranosyloxybutylidenephthalide HMDB0034752 | Cy3H,,05 5.26 367.140 | pos 1.12 | 6.97E-07 ™ —
5'-Carboxy-gamma-chromanol HMDB0012799 | C;gH»c04 51 345.148 | pos 1.34  3.29E-09 T 1
Quillaic acid 3-[xylosyl-(1->3)-[galactosyl-(1->2)]-glucuronide] HMDB0033406 | C4;H;,045 2.05 490.232 | pos 1.00  8.95E-07 il T
4-(3-Pyridyl)-3-butenoic acid HMDB0001424 = CoHoNO, 2.57 164.071 = pos 1.28  2.83E-08 sl T
Estrone HMDB0000145 | C,gHy,0, 333 315134  pos 146  .001057 (R
Bilirubin HMDB0000054 | Cs3H36N,Op 588 585270 | pos 117 .001869 P e
Matricin HMDB0036643 | C,,Hy,0s 592 613302  pos 133 | 120B-05 % | |*
Dehydroabietic acid HMDB0061925 | CyyH»30, 6.08 301.216 | pos 229  1.76E-11 T 1
2-Amino-14,16-dimethyloctadecan-3-ol LMSP01080031 | CyH43NO 6.11 314.341 | pos 1.09  4.35E-05 il T
PS (18:0/20:4 (8Z,11Z,14Z,177Z)) HMDB0010165 | Cy4sH7sNO;oP 6.55 812.541 | pos 1.57  5.36E-06 T 1
Suspensolide F HMDB0031918 | Cy,H3,012 6.70 501.196  pos 126 | 127E-06 | |
Lithocholyltaurine HMDB0000722 | CysHysNOsS 8.41 466.298 | pos 1.55  1.49E-08 T 1
Cucurbitacin D HMDB0034695 | C30H4407 7.33 580.327 | pos 1.90  1.36E-05 ™ 1
PE-NMe2 (202 (11Z,14Z)/18:4 (6Z,9Z,12Z,15Z)) HMDBO0114250 | C,sH,sNOgP 6.96 814.536  pos 151  445E-05  [**
PE-NMe2 (11D3/11M5) HMDB0114663 | C4sHgsNO; P 6.68 848.576 | pos 2.06  2.96E-08 T 1
6-Hydroxyshogaol HMDB0041249 | C,,H,,0,4 6.16 331130 pos 102 7.54E-06 T |
Gamma-Glutaminyl-4-hydroxybenzene HMDB0029451 = C;;H4,N,0O, 6.15 494.228 = pos 1.66  .0001696 T 1
LysoPC (10:0) HMDB0003752 | C;gH3NO,P+  6.14 413254 pos 140 | 894E-07 ¥ | |[**
Physalin O HMDB0039081 | Cy3H3,040 6.11 529.208 | pos 1.08  9.38E-06 T —
C17 Sphinganine LMSP01040003 | C,,H3,NO, 6.01 288289 pos 113 199E-09  [** %
Fumonisin B2 HMDB0034703 | C34H5oNOj4 5.94 670.379 | pos 1.88  9.94E-11 T T
Cortisol HMDB0000063 | CyH300s 588 345206  pos 102 .006046 N
Tauroursodeoxycholic acid HMDB0000874 | C,6H,4sNO4S 5.69 464.283 | pos 121  1.38E-10 T —
Isoleucyl-methionine HMDB0028913 | C,,H,N,058 5.62 301.100 | pos 118 | 857E-09 ¥ | [*
31-Hydroxy rifabutin HMDB0060754 | CysHgoN4O15 5.40 904.477 | pos 196  6.93E-06 sl T
Cysteinylglycine HMDB0000078 | CsH,oN,O,S 534 242,058 | pos 212 000165 I
Glutathione episulfonium ion HMDB0060479 | C;,H;0N304S* 5.02 367.140 | pos 1.08  5.89E-06 T 1
(9Z,11E,13E,15Z)-4-0x0-9,11,13,15-octadecatetraenoic acid HMDB0031098 | C;3H»c03 449 329.149 | pos 1.04  2.79E-06 T —
Isoleucyl-cysteine HMDB0028904 | CoH;3N,03S 4.06 273.069 = pos 194  4.32E-13 T 1
Myricanone HMDB0030798 | C, H,,05 3.73 379.150 | pos 1.64  7.88E-10 ™ 1
L,L-Cyclo (leucylprolyl) HMDB0034276 | C;;HsN,0, 3.70 211.144 | pos 1.06 = 1.23E-05 T 1
Isoquinoline HMDB0034244 | CoH,N 3.70 130.065 = pos 1.20  4.91E-10 T ¥
N-Deschlorobenzoyl indomethacin HMDB0013988 | C;,H;3NO; 2.45 202.086 = pos 133 2.39E-11 T —

(Continued on following page)
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TABLE 1 (Continued) Identification of potential biomarkers in

Metabolite

serum.

Library id

Formula

Mode

VIP

p_value
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N-(1-Deoxy-1-fructosyl)phenylalanine HMDB0037846 = C,sH,,NO, 221 328.139 | pos 143 1.06E-07 sl T*
6-(4-Ethyl-2-hydroxyphenoxy)-3,4,5-trihydroxyoxane-2- HMDB0124984 | C;4H;504 1.89 356.134 | pos 146 = 1.52E-07 ™ 1
carboxylic acid

Niazirinin HMDB0032808 | C,6H,oNO; 147 339.155  pos 226 | 8.69E-09 ¥
Isovalerylalanine HMDB0000747 | CgH;sNOs 99 174.112 | pos 1.28  1.79E-06 il T
1-[(5-Amino-5-carboxypentyl)amino]-1-deoxyfructose HMDB0034879 | C12H24N207 51 353.129 | pos 132  3.71E-06 o T
Carnosine HMDB0000033 | C9H14N403 .50 227.114 | pos 1.35  2.25E-10 1 T
Taurolithocholic acid 3-sulfate HMDB0002580 | C26H45NO8S2 6.02 280.621 = neg 122 2.07E-13 ™ —
12-Ketodeoxycholic acid HMDB0000328 | C24H3804 6.15 435275 | neg 1.12 | .001512 il ™
4-Chloro-1H-indole-3-acetic acid HMDB0032936 | C10H8CINO2 6.00 208.016 = neg 1.08  2.14E-07 1 ™
2-trans-4-trans-7-cis-Decatrienal HMDB0032213 | C10H140 449 195.102 | neg 1.51  .02487 el 1*
Pinocembrin LMPK12140214 = C15H1204 5.76 255.066 = neg 585  4.39E-10 ™ 1
Taurochenodeoxycholate-7-sulfate HMDB0002498 | C26H45N09S2 | 5.92 560.234 | neg 120 1.42E-07 ™ —
Rac-5,6-Epoxy-retinoyl-beta-D-glucuronide HMDB0060123 | C26H3609 6.04 491.228 | neg 1.93 | 1.35E-14 ™ il
Protoporphyrinogen IX HMDB0001097 | C34H40N404 6.11 567.297 | neg 135 | 1.59E-07 ™ ™
1,11-Undecanedicarboxylic acid HMDB0002327 | C13H2404 6.12 243.160 = neg 1.89 | 7.54E-06 il T
CPA (18:2 (97,12Z)/0:0) HMDB0007007 | C21H3706P 8.11 415225 | neg 234 4.05E-13 1 T
Ganoderic acid eta HMDB0036309 = C30H4408 6.78 553.283 | neg 1.61  2.07E-09 T —
Frangulanine HMDB0030199 = C28H44N404 6.70 537.288 | neg 144 9.63E-07 ™ —
Androsterone glucuronide HMDB0002829 | C25H3808 6.70 501.222 | neg 1.07  1.71E-06 1 T
Janthitrem C HMDB0040684 | C37H47NO4 6.14 604.325 | neg 225  .0001456 1 ™
3-Hydroxytetradecanedioic acid HMDB0000394 = C14H2605 6.12 255.160 = neg 1.54 = 2.55E-06 1 T
Allixin HMDB0040705 = C12H1804 6.08 207.102 | neg 1.01  4.04E-06 1 ™
Kinetin-7-N-glucoside HMDB0012243 | C16H19N506 5.95 422.135 | neg 136 1.28E-08 ™ T
Ganglioside GT3 (d18:1/20:0) HMDB0012073 | C83H146N4037 = 5.79 894.469 = neg 2.85  8.92E-10 1 ™
Melleolide HMDB0035689 | C23H2806 5.55 445.189 | neg 131  3.37E-11 T T
Imazamethabenz HMDB0034885 = C15H18N203 3.57 255.113 | neg 2.01  4.13E-09 ™ ™
5-Hydroxyindoleacetic acid HMDB0000763 | C10H9NO3 3.49 190.050 | neg 1.05 | 1.04E-07 il il

Note: M/K: ANIT versus CON,CR/M:CR-H versus ANIT; T:content increased, |:content decreased; *p < .05,**p < .01.

5A,B, 85% and 95.1% of metabolites had a relative standard deviation
(RSD)%<30%, indicating that the separation among the different
groups was good in the positive and negative ion modes, and the
degree of polymerization within the group was high, indicating that
there were remarkable differences in metabolites among the groups.
The R*X (cum), R*Y (cum), and Q* (cum) of OPLS-DA in our positive
model were .926, 1, and 1, respectively, using the data from the CON
and ANIT groups and .607, .993, and .986, respectively, using the data
from the ANIT and CR groups (Figures 5C,D). The OPLS-DA was
seen to be accurate and reliable. The R*X (cum), R*Y (cum), and Q?
(cum) of OPLS-DA in our negative model were .971, 1, andl,
respectively, using the data from the CON and ANIT groups and
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.847,.993,and .992, respectively, using the data from the ANIT and CR
groups (Figures 5E,F). The OPLS-DA was seen to be accurate and
reliable. After 200 replacements, Figures 5G,H show values of R* >
0 and Q° < 0, indicating that the model did not have overfitting, and
that the OPLS-DA model is reliable.

3.3 ldentification of potential metabolite of
CR in the treatment of ANIT-induced IC

Based on Student’s t-test combined with the OPLS-DA analysis
method, potential biomarkers were screened according to the
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Venn diagram: Pathways with significant enrichment of genes and
metabolites.

conditions of VIP>1 and p-value < .05. A total of 225 significantly
different metabolomics was identified between the ANIT group and
the CON group, and 194 significantly different metabolites were
obtained between the ANIT group and the CR-H group. To
further reveal the metabolic pathways of potential metabolites
related to CR in the treatment of IC, we analyzed the metabolic
pathway using the KEGG database. Figure 6A shows the top
20 pathways involved in IC: three were significantly affected (p <
.05), including bile secretion, steroid hormone biosynthesis, and ABC
transporters.

The differential metabolites between the CR group and the ANIT
group involved eight metabolic pathways, including bile secretion,
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glutathione metabolism, steroid hormone biosynthesis, d-glutamine
and d-glutamate metabolism, tryptophan metabolism, histidine
metabolism, systemic lupus erythematosus, and the foxo signaling
pathway (Figure 6B). Venn analysis identified 76 metabolites as
differential metabolites in the CR-treated IC rats (Figure 6C),
which enriched 10 metabolic pathways (Figure 6D). Table 1 shows
the identified intersected metabolites; these differential metabolites in
serum may be potential target biomarkers for IC.

3.4 Transcriptomic data analysis

The DEGs were screened using the software DEseq2, with |
log2(Fold Change) |>1 and p-value_adjust<.05 as the screening
conditions. Compared ANIT group with the CON group,
1806 DEGs were significantly upregulated, and 1405 DEGs were
significantly downregulated (Figure 7A). Compared with the ANIT
group, 153 genes were upregulated, and 320 genes were downregulated
in the CR-H group (Figure 7B). With p-value_adjust<.05 as the filter
condition, the DEGs between the ANIT group and the CON group
were mainly enriched in tryptophan metabolism, chemical
carcinogenesis, retinol metabolism, steroid hormone biosynthesis,
cell cycle, bile secretion, linoleic acid metabolism, butanoate
metabolism, ~ECM-receptor interaction, drug
cytochrome P450, fatty acid degradation, PPAR signaling pathway,
and the TNF signaling pathway (Figure 7C). These findings show that

metabolism-

the pathways that cause cholestasis are closely related to these factors.
With p-value_adjust<.05 as the filter condition, the DEGs between the
CR group and the ANIT group were mainly enriched in the retinol
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TABLE 2 KEGG shared pathway data table.

10.3389/fphar.2022.1088750

Pathwayid Pathway First Second Metabolite list Gene list p-value_
description category  category corrected
rno00140 Steroid hormone | Metabolism Lipid Androsterone glucuronide; cortisol; gene29387(Ugt2b7); genel452(Cyp2b2) 1571
biosynthesis metabolism estrone
rno05322 Systemic lupus Human Immune PS (18:0/20:4 (8Z,11Z,14Z,17Z)) gene36403 (RT1-Dbl); gene36402 .0529
erythematosus diseases disease (RT1-Ba
gene36406 (RT1-Da); gene36267(C4a)
gene36497 (Tnf); gene28554(Fcgr3a)
rno04976 Bile secretion Organismal Digestive 6-Hydroxy-5-methoxyindole genel3714(Acnatl); genel200(Sult2al); .0015
systems system glucuronide; bilirubin; 5-hydroxy-6- genel197(Sult2a2); genel5392 (Abcg8);
methoxyindole glucuronide; estrone; gene24758 (Abcc3); genel5391 (ABCGS5);
cortisol; glycocholic acid; gene5199(HMGCR)
taurolithocholic acid 3-sulfate

metabolism, calcium signal pathway, PPAR signaling pathway,
circadian rhythm, chemokine signal pathway, arachidonic acid
metabolism, bile secretion, and primary bile acid biosynthesis
(Figure 7D). A total of 3,211 DEGs were obtained between the
CON group and the ANIT group, and 210 DEGs were regulated
after administration (Figure 7E). Figure 7F shows the KEGG pathway
enriched by 210 DEGs.

3.5 Integrated analysis of transcriptomics and
metabolomics

Venn analysis was performed to reflect the common pathways
annotated between the DEGs of the transcriptome and the differential
metabolites of the metabolomics, and three shared pathways were
obtained, including steroid hormone biosynthesis, systemic lupus
erythematosus, and bile secretion (Figure 8). With p-value_
adjust<.05 as the filter condition, one pathway was significantly
enriched: bile secretion (Table 2).

3.6 Expression correlation analysis

Spearman rank correlation was applied to analyze the DEGs and
metabolites. Corr values greater than 0 identify a positive correlation
between the differential metabolite and the differential gene. Corr
values less than 0 identify a negative correlation between the
differential metabolite and the differential gene. The redder the
color, the stronger the positive correlation, and the bluer the color,
the stronger the negative correlation. A Corr value of 0 indicates no
correlation. The correlation between HMGCR, SULT2A1, Sult2a2,
Abcc3, and metabolites was strong, and Acnatl, ABCG5, and
Abcg8 had a potential correlation with some metabolites (Figure 9A).

The DEGs and differential metabolites on key pathways were
imported into Cytoscape 3.8.2 software for gene-metabolite
interaction network analysis. The interaction relationship between
differential metabolites and DEGs was displayed using the network
diagram. As shown in Figure 9B, the relationship between genes and
metabolites was established. The results showed that the HMGCR,
ABCGS5, and Abcg8 genes interacted with most metabolites, while the
Abcc3 and SULT2A1 genes interacted with a few metabolites.
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3.7 The effect of CR on the expression of key
targets

We used immunoblotting to validate the targets that directly
modulate potential metabolites and verify some differential genes
in the bile secretion pathway. The results showed that the
expression of HMGCR in the liver tissue of rats in the ANIT
group was significantly increased compared with the CON
group. The expressions of ABCG5 and SULT2A1 levels were
significantly decreased, and the expressions of these proteins were
significantly regulated in CR (p < .01 or p < .05, Figure 10).

4 Discussion

Metabolomics is a qualitative or quantitative analysis of all small
molecule metabolites in the organism with a relative molecular mass
between 50 and 1500 to find the links between metabolites and
(Zhao et al, 2014). We
identified 76 significant metabolites of the CR group in the serum,

physiological/pathological ~changes
as well as their related pathways. In view of the one-sidedness of single
omics, data analysis and interpretation were performed using
transcriptomic conjoint analysis methods. We found three key
targets (ABCG5, HMGCR, SULT2A1) and one pathway (bile
secretion). Integration of metabolomics and transcriptomics was
designed to study the metabolite profiles and gene expression
profiles in biological systems under administration conditions and
analyze the internal changes of biological systems from two levels
(Chen et al., 2020).

In this study, we investigated the mechanism of the effect of CR
against IC through metabolomics and transcriptomics. The IC model
was successfully established by the administration of ANIT olive oil
solution. Compared with the CON group, the serum levels of AST,
TBA, and TBIL in the ANIT group were significantly increased, while
they were significantly inhibited in the CR groups, which was
consistent with the result of Xiong et al. (2016). In addition,
compared with the ANIT group, the levels of TNF-a, 1L-Lf, and
1L-6 in serum were significantly inhibited after CR administration,
indicating that CR could play a protective and therapeutic role by
alleviating inflammation, which was consistent with histological
analysis.
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Cholestasis is closely related to metabolic disorders. Metabolomics
can reveal the changes in the spectrum of endogenous metabolites in
the body and further analyze the overall biological status and
functional regulation of the body (S. Chen et al., 2022; Lin et al,
2020). After CR treatment, 45 metabolites in the serum were regulated.
These candidate biomarkers and pathways suggest that the
pathogenesis of cholestasis disease is a complex process. Therefore,
the transcriptomic analysis was applied to explore the mechanism of
CR when treating IC. In our study, 3,211 DEGs were obtained between
the CON and the ANIT group. Compared with the ANIT group,
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148 genes were regulated in the CR group. In addition, the enrichment
pathways were mainly involved with endocrine system-related
pathways, signal transduction pathways, and lipid metabolism
pathways. Using an integrated strategy of transcriptomic and
metabolomic analysis revealed the mechanism of CR in the
treatment of IC.

To further understand the regulation of potential biomarkers in
the CR group, we used the Spearman correlation algorithm to perform
correlation analysis on DEGs and differentially expressed metabolites.
The targets and potential biomarkers of the CR group were analyzed,

170

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1088750

Song et al.
A CON  ANIT UDCA CR-L. CR-M CR-H
ABCOT  omais  cov M o o G
SULT2A1 WiR wees Saes s o= S
HMGCR e (S ssmns SHENS SN s
GAPDH i WS SRS S S S
C
1.5
5 . "
&
< 1.0 ##
<
= |"“ ‘ \
e
5 0.51
=
7
0.0 T T T T T T
& $ » yooN ®
\} N (¢ 2 b :
O B R S
FIGURE 10

10.3389/fphar.2022.1088750

1.5+
*k

1.0 ##

il

ABCG5/GAPDH W

o
7

=
£ % *
Z 101 .
4
-4
vo.s-‘ H H \
s
=
0.0 T T T T T T
SR Y
¢ & & ¥ & &

Expression levels of different proteins in the liver tissue of rats after administration. (A) Electrophoretic diagram of different groups, (B) expression level of
ABCGS5 protein, (C) expression level of SULT2AL protein, (D) expression level of HMGCR protein.

and an interactive network of “potential-biomarker-target-
components” was constructed. The results showed that the bile
secretion pathway was the most important pathway in IC, and the
most closely potential biomarkers were HMGCR, SULT2A1, ABCGS,
ABCGS, and ABCC3.

The increase of bilirubin is one of the important phenomena of IC.
Direct bilirubin is produced by indirect bilirubin through the
transformation of bilirubin in the blood by hepatocytes in the liver
(Kong et al., 2021). Further correlation analysis of DEGs and DEMs
revealed that SULT2A1, HMGCR, are positively correlated with
bilirubin, and ABCGS5 are negatively correlated with bilirubin. The
corresponding proteins of these three genes were verified by western
blot. The analysis of expression of ABCG5, SULT2A1, and HMGCR
was consistent with the western blot results, indicating that the results
at the gene level and protein level were consistent, and the results of
the bioinformatics analysis were reliable.

Synthetic and metabolic enzymes of bile acids also play significant
roles in bile acid homeostasis. SULT2A1 can play an important role in
the bile secretion pathway (Wu et al., 2021). This study found that the
expression level of SULT2A1 in the ANIT group was significantly
lower than that in the CON group. The expression of SULT2A1 can be
significantly increased after the high-dose intervention of CR,
indicating that CR at a dose of 90 mg/kg can exert a detoxification
effect by regulating bile acid metabolism. Cholestasis can also lead to
abnormal cholesterol metabolism. The liver cholesterol transporter
ABCGS5/8 is a member of the ABC transporter family, and it is highly
expressed in the liver. In this study, the expression of ABCG5/8 in the
ANIT group was lower than that of the CON group, and cholestasis
developed. In the CR group, the expression of ABCG5/8 could be
reversed, and the liver injury was relieved. Multidrug resistance-
related protein 3 (MRP3/ABCC3) belongs to the ABC transporter
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superfamily, which can combine ATP and utilize energy to drive a
variety of different molecules across cell membranes (Wang et al.,
2021). MRP3 is responsible for the transfer of certain specific bile
acids, and the part of MRP3 may be compensated for by other
transporters (Perez-Pineda et al, 2021). In this study, the
expression level of HMGCR protein in the ANIT group was
increased. In the CR-H group, this protein was significantly
downregulated, indicating that the cholesterol synthesis ability was
inhibited, and the secretion of bile acids was relatively reduced.

The concentration of 12-ketodeoxycholic acid in the bile of rats in
the ANIT group was significantly higher than that in the control
group, suggesting that bile acid metabolism in rats was significantly
interfered with, thus causing lipid metabolism dysfunction. Due to
liver function injury, bilirubin secretion and synthesis of primary bile
acid in liver cells increased, which promoted the excretion of 12-
ketodeoxycholic acid and increased the detected amount of 12-
ketodeoxycholic acid in bile. In the ANIT group, the levels of
sulfated cholate in the liver and serum were significantly increased,
suggesting that the body had a compensatory detoxification process
and alleviated the hepatocyte accumulation toxicity of cholate.

5 Conclusion

In this study, a novel integrated method was designed to
investigate the key targets and mechanisms of CR when treating IC
according to metabolomics and transcriptomics. The current results
showed that CR has the effect of improving IC. The integrated analysis
revealed three key targets as well as related metabolites and pathways.
The targets were further verified by western blotting. This study has
provided data and theoretical support for an in-depth study of the
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mechanism and has laid the foundation for clinical application.
Further systematic molecular biology experiments are needed to
verify the accurate mechanisms. The study has also provided a
identify the of
pharmacological effects derived from a natural compound.

novel paradigm to potential mechanisms
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Eupalinolide A (EA; Z-configuration) and eupalinolide B (EB; E-configuration) are
bioactive cis-trans isomers isolated from Eupatorii Lindleyani Herba that exert anti-
inflammatory and antitumor effects. Although one pharmacokinetic study found that
the metabolic parameters of the isomers were different in rats, metabolic processes
relevant to EA and EB remain largely unknown. Our preliminary findings revealed that
EA and EB are rapidly hydrolyzed by carboxylesterase. Here, we investigated the
metabolic stability and enzyme kinetics of carboxylesterase-mediated hydrolysis and
cytochrome P450 (CYP)-mediated oxidation of EA and EB in human liver
microsomes (HLMs). We also explored differences in the hydrolytic stability of EA
and EB in human liver microsomes and rat liver microsomes (RLMs). Moreover,
cytochrome P450 reaction phenotyping of the isomers was performed via in silico
methods (i.e., using a quantitative structure-activity relationship model and
molecular docking) and confirmed using human recombinant enzymes. The total
normalized rate approach was considered to assess the relative contributions of five
major cytochrome P450s to EA and EB metabolism. We found that EA and EB were
eliminated rapidly, mainly by carboxylesterase-mediated hydrolysis, as compared
with cytochrome P450-mediated oxidation. An inter-species difference was
observed as well, with faster rates of EA and EB hydrolysis in rat liver
microsomes. Furthermore, our findings confirmed EA and EB were metabolized
by multiple cytochrome P450s, among which CYP3A4 played a particularly
important role.

KEYWORDS

eupalinolide A, eupalinolide B, human liver microsomes, carboxylesterase, cytochrome
P450, metabolic stability, enzyme kinetics, CYP phenotyping

1 Introduction

Eupalinolide A (EA) and eupalinolide B (EB), a pair of cis-trans isomers (Figure 1), are
bioactive sesquiterpenoids found in Eupatorii Lindleyani Herba (Wang X. et al., 2020). As
potential drug candidates, these isomers have been reported to exert anti-inflammatory and
antitumor effects (Zhang et al., 2022a; Zhang et al., 2022b; Yang et al., 2022). Recently, EB was
reported to exert anti-neuroinflammatory activity via targeting ubiquitin-specific protease 7 in
the setting of neurodegenerative disease (Zhang et al., 2022c¢).

Currently, the United States Food and Drug Administration (FDA) recommended that all
new chemical entities under development be identified on the basis of their metabolic properties
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FIGURE 1
Chemical structures of EA [(A); Z-configuration] and EB [(B); E-configuration].

before administration to humans'. Assessment of candidate  issued by the European Union consider QSAR predictions to be highly
compound pharmacokinetics and pharmacodynamics is critical for  reliable (Gertrudes et al., 2012; Hong et al., 2016). Molecular docking,
successful drug development (Kumar and Surapaneni, 2001; Meng  another computational approach, has become widely used in the early
and Liu, 2014). Poor metabolic stability in vitro is generally predictive  stage of drug development to simulate interactions among proteins
for unfavorable pharmacokinetic properties such as rapid compound  and ligands for the purposes of elucidating compound enzymatic
metabolism in vivo, low bioavailability and short duration of action = metabolism (Kaur et al., 2019; Kazmi et al., 2019).
(Liang et al, 2015). To date, few studies have investigated the In this study, we investigated the metabolic stability and kinetics of
metabolism of EA and EB. One pharmacokinetic study in rats =~ CYP-mediated oxidation and carboxylesterase-mediated hydrolysis of
revealed that these isomers exhibit different metabolic parameters, ~ EA and EB using HLMs. Moreover, CYP phenotyping of the isomers
with EB having a higher bioavailability and thus greater potential for =~ was explored using in silico methods including a QSAR model and
clinical use (Zhang et al,, 2015). Importantly, significant differences  molecular docking analysis. Findings were confirmed with rhCYPs.
exist between human and rodent enzymatic function and metabolism.
As an ideal in vitro human-based test system, human liver microsomes
(HLMs) offer numerous advantages for evaluating drug metabolism 2 Materials and methods
such as low cost, robustness, low lot-to-lot variability and wide
commercial availability (Harper and Brassil, 2008; Miners et al, 2.1 Reagents and materials
2010; Caldwell and Yan, 2014). Our preliminary findings revealed
that EA and EB are largely metabolized by carboxylesterase. In this EA (purity > 98%) and sulfaphenazole were purchased from
study, we investigated the metabolic stability and kinetics of EA and  Beijing Mreda Technology Co., Ltd. (Beijing, China), while EB
EB in HLMs, focusing particularly on cytochrome P450 (CYP)-  (purity > 98%) was purchased from Chengdu Push Biotechnology
mediated oxidation and carboxylesterase-mediated hydrolysis. We  Co., Ltd. (Chengdu, China). Carbamazepine was purchased from
also compared the hydrolytic stability of EA and EB in HLMs and  Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China).
rat liver microsomes (RLMs) to explore possible inter-species  Nicotinamide adenine dinucleotide phosphate (NADPH) was
differences in metabolism among humans and rats. purchased from Sigma Aldrich (St. Louis, MO, United States).
Enzyme phenotyping, another important step in the drug  Midazolam was purchased from Beijing Gersion Biotechnology Co.,
development process, is performed to avoid undesirable drug  Ltd. (Beijing, China). Phenacetin and tolbutamide were purchased
interactions. Recombinant human cytochrome P450s (rhCYPs) are  from Aladdin Industrial Corp. (Shanghai, China). (S)-Mephenytoin,
widely used for enzyme phenotyping in early drug development (Chen  dextromethorphan, ~dextrorphan and 1'-OH-midazolam were
et al,, 2011). In addition, advances in computing methods such as  purchased from Glpbio (Montclair, CA, United States).
quantitative  structure-activity  relationship (QSAR) model  Paracetamol and bis(4-nitrophenyl) phosphoricacid (BNPP) were
construction and molecular docking analysis have facilitated  purchased from Beijing Innochem Technology Co., Ltd. (Beijing,
isozyme prediction. A QSAR model is established based on  China). The 4-OH-tolbutamide was purchased from J&K Scientific
structural characteristics and properties of known compounds and ~ Technology Co., Ltd. (Beijing, China), while 4-OH-mephenytion was
is used to predict metabolism of compounds with similar structures  purchased from Bioplastics (Landgraaf, Netherlands). Acetonitrile
under the assumption that molecules with similar structures likely — and methanol for high-performance liquid chromatography
exhibit similar biochemical properties (Wu et al., 2013). The FDA as  (HPLC) and mass spectrometry (MS) were obtained from Thermo
well as the Registration, Evaluation and Authorization of Chemicals  Fisher Scientific (Waltham, MA, United States). All other chemicals
and reagents, including MgCl,, potassium phosphate dibasic and
dimethyl sulfoxide, were of analytical grade and commercially

available.
1 FDA. M12 Drug Interaction Studies (2022). https://www.fda.gov/regulatory- .
information/search-fda-guidance-documents/m12-drug-interaction- Pooled HLMs were purchased from Xeno Tech (Kansas Clty, KS,
studies [Accessed 26 August 2022]. United States); HLM donors were individuals without hepatic disease
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HPLC chromatograms of EA or EB in HLMs. (A) blank HLMs; (B) blank HLMs spiked with EA; (C) incubation of EA with HLMs; (D) blank HLMs spiked with EB;

(E) incubation of EB with HLMs; 1: IS, 2: EA, 3: EB.

and included 100 men and 100 women aged 16-78 years (lot no.
1910096). Pooled RLMs were purchased from IPHASE (Beijing,
China). Activity of HLM and RLM was confirmed via the
detection of major metabolic enzymes. The cDNA-expressed
human CYP1A2, 2C9, 2C19, 2D6 and 3A4 were purchased from
Cypex (Dundee, United Kingdom).

2.2 Metabolic stability of EA and EB oxidation
and hydrolysis in HLMs

2.2.1 Determination of flavin-containing
monooxygenase (FMO) contribution to EA and EB
metabolism

To explore CYP-mediated oxidation, we first determined how FMO
affects EA and EB metabolism. An incubation system consisting of
100 mM phosphate buffer solution at pH 7.4, HLMs (0.5 g/L), MgCl,
(5 mM) and NADPH (1 mM) was utilized. The mixture was preincubated
at 37°C for 5 min. To initiate the metabolic reaction, EA or EB (dissolved
in methanol at a final concentration of 10 M) was added. To inactivate
FMO, HLMs were heated at 50°C for 90 s (Zhuang et al., 2014). HLMs in
positive control group were not subjected to heat treatment while negative
control groups contained deactivated HLMs. Organic solvent content in
the incubation system did not exceed 0.5%. The metabolic reaction was
terminated by adding 200 ul of stop solution [ice-cold acetonitrile/
methanol (1:1) containing internal standard (IS) carbamazepine] at 0,
2, 5, 10, 20, and 30 min, respectively. Samples were vortexed and
centrifuged at 17,000 g for 15min. Supernatant was collected and
subjected to HPLC analysis. All incubations were performed in triplicate.

Data were expressed as means + SD and analyzed using SPSS
software (IBM, New York, NY, United States). Student’s t-test was
used to compare differences between groups at various time points,
and p < 0.05 was considered to be statistically significant.

Frontiers in Pharmacology

176

2.2.2 Selection of carboxylesterase inhibitor BNPP
concentration in HLMs

ideal BNPP inhibiting
carboxylesterase activity in HLMs, an incubation system consisting
of 100 mM phosphate buffer solution at pH 7.4, HLMs (0.5 g/L),
MgCl, (5mM) and BNPP (0.5, 1, 1.5 and 2 mM) was prepared
(Zhuang et al,, 2014; Wang Y. Q. et al.,, 2020; Zhang et al., 2022d;
Jin et al., 2022). The mixture was preincubated at 37°C for 5 min and
the metabolic reaction was initiated by addition of EA or EB (at a final
concentration of 10 uM). Positive control groups lacked BNPP while
negative control groups contained deactivated HLMs. Organic solvent
content in the incubation system did not exceed 0.5%. The above
reaction was terminated by adding 200 pl of ice-cold stop solution at
30 min. Sample preparation and evaluation were as described in 2.2.1.

To determine concentration for

All incubations were performed in triplicate. The percentage of EA or
EB hydrolysis inhibition was calculated using the following Eq. 1:

Inhibition% = [1 — (Asubstrate in the presence of chemical inhibitor/

Asubstrate in the absence of chemical inhibitor)] x 100%

Data were expressed as means + SD and analyzed using SPSS.
Student’s t-test was used to compare differences between groups, and
p < 0.05 was considered to be statistically significant.

2.2.3 Metabolic stability of EA and EB in HLMs to
oxidation and hydrolysis

The metabolic stability of EA and EB was determined by using the
most conventional method of measuring test compound depletion
over time (Caldwell and Yan, 2014). For determination of metabolic
stability to oxidation, a system composed of 100 mM phosphate buffer
solution at pH 7.4, HLMs (0.5 g/L), MgCl, (5 mM), NADPH (1 mM)
and BNPP (0.5 mM) was preincubated at 37°C for 5 min. Then, EA or
EB (at a final concentration of 10 uM) was added to initiate the
metabolic reaction. For determination of metabolic stability to
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The contribution of FMO to EA (A) and EB (B) metabolism in HLMs with NADPH. Deactivated HLMs were used as negative control (mean + SD; n = 3).

hydrolysis, the incubation system was prepared either without
NADPH or BNPP (mixture containing NADPH and lacking BNPP
evaluated CYP co-mediated metabolic
reactivity). Organic solvent content in the incubation system did

and carboxylesterase
not exceed 0.5%. Negative control groups contained deactivated
HLMs. The above reactions were terminated by adding 200 ul of
ice-cold stop solution at 0, 2, 5, 10, 20, and 30 min, respectively.
Sample preparation and determination were as described in 2.2.1. All
incubations were performed in triplicate.

The natural logarithm of the remaining percentage of EA or EB
and reaction time were plotted to obtain the slope (k) by linear
regression; EA and EB elimination half-lives (#;,,) were calculated
using Eq. 2. The well-stirred model (Obach, 1997; Slaughter et al.,
2003; Reddy et al.,, 2005; Zhao et al., 2005) was used to extrapolate both
intrinsic (CLj,,) [ml/(minkg)] and hepatic (CL) [ml/(min-kg)]
clearance of EA and EB from the human liver.

tl/Z = —0.693/k (2)

CLint = 0~693/t1/2 (GHLM/Wliver)(Wliver/Wbody)/Cprotein (3)
Qh X CLint

Cly=——"71— 4

" Qv+ CLin @

Gupm represents average liver microsomal protein concentration
(mg); Wiiyer represents liver weight (g); Wyoqy represents body weight
(kg); Cprotein represents reaction system protein concentration (mg/
mL); Qp represents liver blood flow velocity. Empirical values of
relevant human physical and chemical parameters were 48.8,
25.7 and 20.7 for Wiyer/Wpodys Grrm/Wiiver and Qp, respectively
(Slaughter et al., 2003).

2.3 Kinetics of EA and EB oxidation and
hydrolysis in HLMs

Experiments were conducted under conditions of linear substrate
depletion (0.5 g/ HLMs; 10 min) (Zhang et al., 2008). For assay of
CYP-mediated oxidation kinetics, HLMs (0.5 g/L) were incubated
with NADPH (1 mM), BNPP (0.5mM), MgCl, (5mM) and
100 mM phosphate buffer solution at pH 7.4. After preincubation
at 37°C for 5 min, the metabolic reaction was initiated by adding EA or
EB (2.5, 5, 10, 25, 50 or 100 uM). For assay of carboxylesterase-
mediated hydrolysis kinetics, the incubation system was prepared
lacking either NADPH or BNPP. Negative controls contained
deactivated HLMs. Organic solvent content in the incubation
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system did not exceed 0.5%. The above reactions were terminated
by adding 200 ul of ice-cold stop solution at 10 min. Sample
preparation and evaluation were as described in 2.2.1. All
incubations were performed in triplicate.

The elimination rate of EA and EB was fit with Michaelis-Menten
kinetics. Enzyme kinetic parameters, the Michaelis-Menten constant
(Ky) and maximum velocity (Viay) were calculated using GraphPad
Prism 7 to obtain a non-linear least-square fit to the Michaelis-Menten
equation. In vitro CL;,, was calculated as CLip = Vipa/Kin (Yu et al,,
2013).

2.4 Hydrolytic stability of EA and EB in RLMs

Male and female RLMs were mixed in a 1:1 ratio for incubation. A
system composed of 100 mM phosphate buffer solution at pH 7.4,
RLMs (0.5g/L), MgCl, (5mM) and NADPH (1mM) was
preincubated at 37°C for 5min. Then, EA or EB (at a final
added to initiate hydrolysis.
Procedures were as described in 2.2.3. All incubations were

concentration of 10uM) was

performed in triplicate. Hydrolytic stability parameters were
calculated as described in 2.2.3. Empirical values of relevant rat
physical and chemical parameters were 44.8, 40 and 552 for
Wiiver/ Whodys Grim/ Wiiver and Qy, respectively (Slaughter et al., 2003).

2.5 CYP phenotyping

2.5.1 QSAR model prediction of CYP phenotyping

The QSAR-based software ADMET Predictor 8.5 (Simulation
Plus, Lancaster, CA, United States) was used to predict metabolic
phenotyping for CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, CYP2E1 and CYP3A4 as relevant to EA and
EB. The 2D structures of EA and EB were input into the software in
MDL Mol file format and analyzed in metabolic modules.

2.5.2 Molecular docking analysis of CYP isozymes
The molecular docking software SYBYL-X 2.0 (Tripos, St Louis,
MO, United States) was used to determine whether EA and EB could
bind each of the five main CYP isoforms (CYP1A2, CYP2C9,
CYP2C19, CYP2D6 and CYP3A4). The 3D structures of proteins
[PDB ID: 2HI4 (CYP1A2), 5WOC (CYP2C9), 4GQS (CYP2C19),
3TBG (CYP2D6), and 6MA7 (CYP3A4)] were retrieved from the
Protein Data Bank. Protein pretreatment involved removal of metal
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ions, removal of water and solvent molecules, addition of hydrogen
atoms, as well as repair of side-chains and side-chain amides. The 3D
structures of EA and EB, which were used as ligands, were input into
SYBYL-X in mol2 format. A Gasteger-Hiickel charge was added to the
third-order force field to minimize EA and EB energy. Surflex-Dock
Geom mode was used for molecular docking. The root-mean-square
deviation (RMSD) is the average distance between the highest-ranking
docked and reference structures. A protein is considered appropriate
for molecular docking when the RMSD value is less than 2 A. The total
score is the most important evaluation index for molecular docking,
which comprehensively considers polar complementarity, solvation
terms, entropic terms and hydrophobic complementarity. It is
considered a stable interaction when the total score is greater than
6 (Gao et al., 2016).

2.5.3 Determination of rhCYP activity

Each of the probe substrates (50 uM phenacetin for CYP1A2;
120 uM  tolbutamide for CYP2C9; 40 uM (S)-mephenytoin for
CYP2C19; 5uM  dextromethorphan for CYP2D6; 5uM
midazolam for CYP3A4) was incubated with 100 pmolml™ of
rhCYPs (CYP1A2, 2C9, 2C19, 2D6 and 3A4) for 30 min. The
incubation system also included MgCl, (5mM) and 100 mM
potassium phosphate buffer at pH 7.4. Control groups were
treated with stop solution prior to rhCYP addition. Organic
solvent content in the incubation system did not exceed 0.5%.
Sample preparation was as described in 2.2.1. Supernatant was
collected and analyzed for specific metabolites via liquid
chromatography-tandem mass spectrometry (LC-MS/MS). All
incubations were performed in triplicate.

2.5.4 CYP phenotyping of EA and EB with rhCYPs
Because CYP1A2, 2C9, 2C19, 2D6 and 3A4 are the most
important human CYP isoforms involved in drug metabolism
(Zhang et al., 2008), we investigated whether the above isoforms
were the metabolic enzymes of these isomers. Either EA or EB (10 pM)
was incubated with each of the rhCYPs (100 pmol ml™'; CYP1A2, 2C9,
2C19, 2D6 or 3A4), NADPH (1 mM) and MgCl, (5 mM) in 100 mM
potassium phosphate buffer at pH 7.4 for 10 min. Control groups
contained deactivated rhCYPs. Organic solvent content in the
incubation system did not exceed 0.5%. Sample preparation and
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determination were as described in 2.2.1. All incubations were
performed in triplicate.

Relative contribution of CYP isoforms to EA and EB metabolism
was estimated using the total normalized rate (TNR) approach as
described by Rodrigues (Rodrigues, 1999) and as shown in Eq. 5. The
metabolism rate (pmol/min/pmol CYP) for each rhCYP isoform
(rCYP,) was multiplied by the mean specific content of the
corresponding CYP isoform in native HLMs (mCYP,,) to yield the
normalized rate (NR). Then, NR values were summed to obtain the
TNR and percentages of TNRs calculated for each rCYP,,.

x 100

NR
TNR% =
°~ TNR

_ pmol/ min /pmolrCYP, x pmolmCYP, /mg

= 1
Y (pmol/ min /pmolrCYP, x pmolmCYP, /mg) X 100

5

2.6 Determination of residual EA and EB by
HPLC

Quantification of EA and EB was accomplished via HPLC using an
Agilent 1200 Infinity series instrument (Waldbronn, Germany) fitted with a
Zorbax SB-C18 HPLC column (4.6 mm x 150 mm, 5 pm; Agilent, Santa
Clara, CA, United States). Column temperature was maintained at 40°C
with a mobile phase flow rate of 1 ml/min. The detection wavelength was
220 nm. The two compounds were separated by isocratic elution with a
mobile phase consisting of 30% acetonitrile and 70% H,O. Retention times
of EA and EB were 13.55 min and 20.91 min, respectively. Incubation
sample EA and EB concentrations were quantified using standard curves
prepared from samples over a concentration range of 0.5-100 uM.

2.7 Quantification of CYP isoform activity by
UFLC-MS/MS

The quantification of five CYP-specific substrate metabolites
(paracetamol for CYP1A2; 4-OH-tolbutamide for CYP2C9; 4-OH-
mephenytion for CYP2C19; dextrorphan for CYP2D6; 1'-OH-
midazolam for CYP3A4) was performed according to a method
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previously reported but with slight modification (Shen et al., 2013).
Metabolites were analyzed by a UFLC-MS/MS 8050 system
(Shimadzu Corp., Kyoto, Japan) consisting of an LC-30AD binary
pump, an SPD M30A PDA detector, an SIL-30AC autosampler, a
CTO-20AC column oven and an 8,050 triple quadrupole mass
spectrometer outfitted with a heated ESI source. Samples were
an ACQUITY UPLC® BEH Shield RP-Cig
VanGuard™ column (100 mm x 2.1 mm, 1.7 um; Waters, Milford,
MA, United States) with an ACQUITY UPLC" BEH Shield RP-C18
VanGuard™ precolumn (5 mm x 2.1 mm, 1.7 um; Waters, Milford,
MA, United States).

separated on

3 Results
3.1 HPLC method validation

The newly developed detection method of EA or EB in HLMs
was robust. As shown in Figure 2, endogenous substances within
HLMs did not interfere with EA, EB or IS quantification, which
were completely separated with good peak shape. Calibration curve
regression equations were Y = 24.823X + 0.5169, r?=0.9999 for EA,
and Y = 18.215X + 0.73, r* = 0.9998 for EB over a range of
0.5-100 uM. The limit of quantification (LOQ) of the method
used was 0.5 pM. Intraday and interday precision were within
0.62% and 6.84% for EA, and 1.16% and 5.86% for EB,
respectively, at low, middle and high levels of quality control
(1.5, 10 and 75uM; n = 3). Accuracy ranged
-1.23%-8.77% for EA and 2.86%-9.51% for EB. The
extraction recoveries of EA and EB were over a range of
95.89%-104.13% and 95.09%-106.04%, respectively, at the above
quality control concentrations. The matrix effect was within the
range of 95.54%-102.51% for EA and 102.28%-106.74% for EB.
The two isomers were stable at ambient temperature for 6 h,

from

at —20°C for 3 days or after three freeze-thaw cycles.
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3.2 FMO was not involved in EA and EB
metabolism

Figure 3 details the depletion profiles of EA and EB in HLMs with
or without FMO inactivation. No significant differences in EA or EB
elimination at each time point were noted whether or not FMO was
inactivated by heat treatment. Our findings suggest that FMO was not
involved in EA or EB metabolism. These results were consistent with
the fact that the molecular structures of the two isomers do not contain
heteroatoms such as nucleophilic nitrogen, sulfur or phosphorus
atoms, which can be oxidized by FMO. Thus, FMO was not
inactivated in subsequent experiments.

3.3 BNPP concentration selection in HLMs

The influence of different BNPP concentrations on EA and EB
stability in the absence of NADPH is shown in Figure 4. Compared
with the positive control group (without inhibitor), hydrolysis elimination
rates of EA and EB decreased significantly in the presence of BNPP. The
strongest inhibitory effect on hydrolysis of EA was observed at a BNPP
concentration of 0.5 mM (inhibitory percentage of 87.38%). The greatest
inhibitory rate of EB hydrolysis was observed at a BNPP concentration of
2 mM (86.11%). Our findings suggest that carboxylesterase was the main
enzyme responsible for hydrolysis of EA and EB in HLMs. Moreover,
0.5 mM BNPP was selected to inhibit carboxylesterase activity and thus
EA and EB hydrolysis in HLMs.

3.4 Stability of EA and EB to oxidation and
hydrolysis in HLMs
Stability of EA and EB to oxidation and hydrolysis in HLMs was

evaluated at a concentration of 10 uM by incubation with and without
NADPH or BNPP. Plots of percentages of EA and EB remaining in HLMs
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TABLE 1 Metabolic clearance parameters of EA and EB incubated with HLMs in the absence or presence of NADPH, or inhibitor of carboxylesterase BNPP (mean + SD;

n=3).
Enzyme involved t1/2 (min) CLine [ml/(min-kg)] CLy, [ml/(min-kg)] Metabolism rate (%)
+EA+NADPH+BNPP CYP 111.36 + 5.55 8.90 + 0.77 9.04 + 0.25 55.32 + 1.20
+EA Carboxylesterase 26.70 £ 2.93 65.63 £ 7.15 15.71 £ 0.41 83.26 £ 1.80
+EA+NADPH CYP and carboxylesterase 21.37 £ 0.40 81.35 + 1.53 16.50 + 0.06 89.56 + 0.60
+EB+NADPH+BNPP CYP 94.50 + 6.36 18.44 + 1.24 9.75 + 0.35 47.98 + 4.00
+EB Carboxylesterase 42.66 + 3.09 40.89 + 2.85 13.73 £ 0.33 67.82 £ 3.00
+EB+NADPH CYP and carboxylesterase 21.93 + 0.30 79.26 + 1.09 16.41 + 0.05 89.07 + 0.40
A B
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FIGURE 6
Michaelis—Menten curves of EA (A) and EB (B) in HLMs metabolized by carboxylesterase or CYP and their corresponding Eadie-Hofstee plots (as insert)
(mean + SD; n = 3).

TABLE 2 Oxidative and hydrolysis kinetic parameters of EA and EB in HLMs (mean * SD; n = 3).

Compound Vinax (MmMol/min/mg protein) ClLine [L/(Min-mg)]
Oxidative kinetic parameters EA 41.02 + 8.05 1,497.67 + 186.98 36.87 + 3.12
EB 10.68 + 1.02 515.97 + 124.03 49.26 + 15.47
hydrolysis kinetic parameters EA 63.86 + 3.88 7,945.00 + 291.66 124.75 + 9.56
EB 104.86 + 37.46 7,567.00 + 1471.38 75.00 £ 11.99

versus time are shown in Figure 5. In control samples with deactivated
HLMs, negligible reductions in EA and EB were noted, suggesting that the
non-specific protein binding can be ignored. Moreover, addition of BNPP
to the incubation system markedly slowed EA and EB depletion,
indicating that HLM metabolism of EA and EB occurred mainly by
hydrolysis. The metabolism rate and clearance parameters of the isomers
are shown in Table 1. In the presence of BNPP, the t;/, of EA increased
from 26.70 + 2.93 to 111.36 + 5.55 min, and of EB from 42.66 + 3.09 to
9450 + 6.36 min, suggesting that rapid metabolism of EA and EB
occurred primarily by carboxylesterase. Furthermore, our findings
confirmed metabolic stereoselectivity of EA and EB.

3.5 Kinetics of EA and EB oxidation and
hydrolysis in HLMs

Michaelis-Menten curves of EA and EB HLM metabolism by
carboxylesterase or CYP are shown in Figure 6; parameters relevant
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to oxidation and hydrolysis of EA and EB in HLMs are listed in
Table 2. The values of carboxylesterase-mediated CL;,, of EA and
EB were 124.75 + 9.56 and 75.00 + 11.99 L/(min-mg), respectively,
which were markedly higher than corresponding clearance values
of CYP (36.87 +3.12 and 49.26 + 15.47 L/(min-mg) for EA and EB).
The above results were consistent with metabolic stability findings
and suggest that hydrolysis by carboxylesterase played a dominant
role in EA and EB metabolism. Moreover, differences in K,,, and
Vmax between EA and EB further highlight
stereoselectivity of the isomers.

metabolic

3.6 Hydrolytic stability of EA and EB in HLMs
and RLMs

Because EA and EB were metabolized mainly by hydrolysis, we
compared their hydrolytic stability in both HLMs and RLMs. Both
isomers were hydrolyzed much more rapidly in RLMs than in
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FIGURE 7
Comparison of EA (A,C) and EB (B,D) hydrolysis in HLMs or RLMs. Deactivated microsomes were used as negative control (mean + SD; n = 3).

TABLE 3 Hydrolytic clearance parameters of EA and EB incubated with RLMs (mean * SD; n = 3).

Compound t1/2 (min) CLine [ml/(min-kg)] CLy, [ml/(min-kg)] Metabolism rate (%)
EA 16.19 + 0.51 153.51 + 4.94 40.60 + 0.34 94,61 + 0.4
EB 20.89 + 0.81 118.99 + 4.69 37.70 + 0.46 89.90 + 0.9

TABLE 4 Interactions between EA or EB and CYP isozymes by molecular docking.

Compound Isozymes PDB ID RMSD Total score H-bond number Residues involved in H-bond formation
EA CYP2C9 5W0C 1.73 10.33 1 A/Asn204
CYP2C19 4GQS 1.03 11.89 1 A/Ala297
CYP2D6 3TBG 1.49 838 2 A/Ser304, A/Gol750
CYP3A4 6MA7 1.68 9.66 1 A/Arg212
EB CYP2C9 5W0C 1.73 10.15 0 -
CYP2C19 4GQS 1.03 9.37 1 A/Asn204
CYP2D6 3TBG 1.49 7.99 1 A/Asp301
CYP3A4 6MA7 1.68 10.57 1 A/Phe304

HLMs (Figure 7). The CLy,, values for EA were 65.63 + 7.15 and 3.7 CYP phenotyping
153.51 + 4.94 [ml/(min-kg)] in HLMs and RLMs, respectively
(Tables 1, 3). The CL;, values for EB were 40.89 + 2.85 and
118.99 + 4.69 [ml/(min-kg)] in HLMs and RLMs, respectively.
Interestingly, EA was hydrolyzed more rapidly than EB both in

HLMs and RLMs.

3.7.1 QSAR model prediction of CYP phenotyping

ADMET Predictor 8.5 was used to predict CYPs relevant to EA and
EB. The prediction results for both isomers were identical, suggesting that
CYP3A4 was involved in metabolism of both EA and EB.
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3.7.2 Molecular docking analysis
Molecular docking data for CYP2C9, CYP2C19, CYP2D6 and
CYP3A4 are shown in Table 4 and Figure 8 (the RMSD of CYP1A2 did
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not meet docking standards and the result was excluded). These four
enzymes had reasonable RMSD values less than 2 and total scores
greater than 6, indicating that direct binding with EA and EB was
likely. Bonds were formed primarily by hydrogen bonds; weak
interactions were also involved. As such, CYP2C9, CYP2C19,
CYP2D6 and CYP3A4 were likely involved in EA and EB metabolism.

3.7.3 CYP phenotyping of EA and EB with rhCYPs

Findings revealed that rhCYP isozyme activity was significant.
As shown in Figure 9, both EA and EB were metabolized by human
recombinant CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4,
although to different extents. Table 5 shows the relative
contributions of CYP isoforms involved in the metabolism of
EA and EB. Findings for EA in descending order were as
follows: CYP3A4 (66.20%) > CYP2C9 (19.87%) > CYP1A2
(8.48%) > CYP2C19 (3.50%) > CYP2D6 (1.94%). Findings for
EB in descending order were as follows: CYP3A4 (58.18%) >
CYP2C9 (23.65%) > CYP1A2 (11.62%) > CYP2CI19 (4.39%) >
CYP2D6 (2.15%). Our results indicate that EA and EB were
metabolized by multiple CYP isoforms, of which CYP3A4 was
the main isozyme responsible for oxidative metabolism.
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TABLE 5 Contributions of rhCYPs to EA or EB metabolism assessed by the TNR approach (n = 3).

Compound  CYPs Metabolic rate/ Mean CYP content/ Normalized metabolic rate/ TNR relative
pmol-min~'/(pmol pmol-mg™" (protein) pmol-mg~"-min~" (protein) contribution (%)
rhCYP)
EA 1A2 0.96 45 43.00 8.48
209 1.05 96 100.74 19.87
2C19 0.93 19 17.76 3.50
2D6 0.98 10 9.82 1.94
3A4 3.11 108 335.60 66.20
EB 1A2 1.46 45 65.71 11.62
209 1.39 96 133.69 23.65
2C19 1.31 19 24.81 439
2D6 1.22 10 12.17 2.15
3A4 3.05 108 328.89 58.18

4 Discussion

We explored the metabolic elimination of EA and EB by
carboxylesterase and CYP in HLMs. The CYP-mediated oxidation
of EA and EB was DADPH-dependent. During this reaction, one O
atom in O, is incorporated into the substrate, while another is reduced
to H,O via a proton supplied by NADPH (McLean et al.,, 2015).
However, carboxylesterase-mediated hydrolysis does not require
NADPH (Zhuang et al, 2014). In the setting of combined
metabolism by carboxylesterase and CYP, CL;,, values for EA and
EB were 81.35ml/(minkg) and 79.26 ml/(min-kg), respectively.
Generally, a drug is considered to have a high clearance if its
hepatic clearance exceeds 14 ml/(min-kg) (Liang et al, 2015). As
such, our findings suggest that both EA and EB exhibit high
clearance. The low metabolic stability of these isomers implies that
they are likely to exert short-acting effects; structural modification may
be required to enhance their bioavailability. Based on our unpublished
findings, EA and EB metabolites are primarily products of
carboxylesterase-mediated hydrolysis, where the main hydrolytic
sites are the three ester bonds on branched chains. Thus, the
preservation of active groups and structural modification involving
side-chain ester bonds may be the most important.

Our findings revealed that carboxylesterase-mediated hydrolysis
was the main pathway via which EA and EB were metabolized, as
opposed to CYP oxidation. Metabolic stability analysis revealed that
the CL;y,, of hydrolysis was about seven times that of oxidation for EA
and approximately twice that of oxidation for EB. Moreover, enzyme
kinetic studies further confirmed the dominant role of
carboxylesterase in with
significantly higher hydrolytic V.« values as compared to
oxidation in HLMs both for EA and EB. Co-administration of
carboxylesterase inhibitors with the isomers should thus likely be
avoided. Comparison of the hydrolytic stability of EA and EB between
HLMs and RLMs revealed significant differences in the rate of
hydrolysis between humans and rats. Many studies have suggested

the metabolism of these isomers

metabolic variation of carboxylesterase-substrate compounds among
different species. This phenomenon was likely observed due to
interspecies differences of distribution, substrate preference and
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inhibitor response of carboxylesterase (Wang X. et al., 2020; Zou
et al., 2020; Jin et al., 2022). Therefore, caution should be exercised in
predicting human clinical pharmacokinetics and pharmacodynamics
solely based on rat metabolic parameters.

We found the metabolic parameters of EA and EB to have been
different based on our analyses of metabolic stability and enzyme
kinetics. The oxidation t;,, of EB was shorter than that of EA, although
the hydrolytic t;,, of EB was approximately twice that of EA.
Furthermore, the oxidative V,,., of EA was approximately three
times that of EB. Significantly more rapid hydrolysis of EA as
compared to EB both in HLMs and RLMs suggest that the
Z-configuration in cis-trans isomers for EA and EB was more
easily hydrolyzed by carboxylesterase. The different metabolic
properties of EA and EB, collectively termed stereoselectivity, were
observed likely due to enzymes differing in their affinity toward chiral
drugs (Lu, H., 2007; Marzo and Balant, 1996; Rentsch, 2002). As such,
pharmacodynamic and/or pharmacokinetic properties of isomers
require detailed evaluation in the context of clinical pharmacology
(Marzo and Balant, 1996).

Identification of metabolic enzyme subtypes is essential in
predicting  potential The CYPs
metabolism of approximately 75% of all drugs and play a vital role
in metabolic functions (Lu et al., 2015). Identification of CYP isoforms
responsible for EA and EB metabolism was performed using both in

drug interactions. mediate

silico methods and in vitro experimentation with rhCYPs. The QSAR
model predicted that both isomers underwent metabolism by
CYP3A4. Because different spatial configurations of isomers can
lead to distinct metabolic characteristics, we then used 3D
structures of EA and EB to confirm QSAR predictions via
molecular docking. Our findings confirmed that EA and EB could
directly bind CYP2C9, CYP2C19, CYP2D6 and CYP3A4, suggesting
that these enzymes contain metabolic sites for these isomers.
Interestingly, residues relevant to H-bond formation, H-bond
number and degree of CYP isozyme binding were found to differ
between EA and EB, implying that differences in metabolism among
these isomers manifest on binding. Experimentation using rhCYPs
further verified our prediction results. The CYP isozymes CYP1A2,
CYP2C9, CYP2C19, CYP2D6 and CYP3A4 were selected because they
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are involved in most drug metabolism (Zhang et al, 2008). Our
findings indicate that EA and EB were metabolized mainly by
CYP3A4 at of 66.20% and 58.18%,
respectively, although other CYP isozymes also contributed to their

relative contributions

metabolism to different extents.

5 Conclusion

Although the structures of EA and EB are similar, the metabolic
characteristics of the isomers exhibit stereoselectivity. We found that
rapid carboxylesterase-mediated hydrolysis of EA and EB was
responsible for their rapid elimination. Importantly, significant
differences were noted in metabolic parameters among humans
and rats, as well as more rapid hydrolysis in rats. Finally,
CYP3A4 was confirmed to be the main CYP isoform responsible
for EA and EB oxidation.
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Introduction: Epimedium, a traditional Chinese medicine (TCM) commonly used in
ancient and modern China, is one of the traditional Chinese medicines clinically used
to treat kidney yang deficiency syndrome (KYDS). There are differences in the efficacy
of Epimedium before and after processing, and the effect of warming the kidney and
enhancing yang is significantly enhanced after heating with suet oil. However, the
active compounds, corresponding targets, metabolic pathways, and synergistic
mechanism of frying Epimedium in suet oil to promote yang, remain unclear.

Methods: Herein, a strategy based on comprehensive GC-TOF/MS metabolomics
and network pharmacology analysis was used to construct an “active compounds-
targets-metabolic pathways” network to identify the active compounds, targets and
metabolic pathways involved. Subsequently, the targets in kidney tissue were further
validated by real-time quantitative polymerase chain reaction (RT-gPCR).
Histopathological analysis with physical and biochemical parameters were
performed.

Results: Fifteen biomarkers from urine and plasma, involving five known metabolic
pathways related to kidney yang deficiency were screened. The network
pharmacology results showed 37 active compounds (13 from Epimedium and 24
from suet oil), 159 targets, and 267 pathways with significant correlation. Importantly,
integrated metabolomics and network pharmacologic analysis revealed 13 active
compounds (nine from Epimedium and four from suet oil), 7 corresponding targets
(ALDH2, ARG2, GSTA3, GSTM1, GSTM2, HPGDS, and NOS2), two metabolic pathways
(glutathione metabolism, arginine and proline metabolism), and two biomarkers
(Ornithine and 5-Oxoproline) associated with improved kidney yang deficiency by
Epimedium fried with suet oil.

Discussion: These finds may elucidate the underlying mechanism of yang
enhancement via kidney warming effects. Our study indicated that the
mechanism of action mainly involved oxidative stress and amino acid
metabolism. Here, we demonstrated the novel strategies of integrating
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metabolomics and network pharmacology in exploring of the mechanisms of
traditional Chinese medicines.

KEYWORDS

Epimedium, metabolomics, network pharmacology, processing mechanism, kidney yang

deficiency syndrome

1 Introduction

Epimedium, also known as Xianlingpi, is the dried leaves of a
Berberis plant Epimedium brevicornum Maxim., Epimedium
sagittatum  (Sieb.et Zucc.) Epimedium  pubescens
Maxim., or the dried leaves of Epimedium koreanum Nakai,

Maxim.,

which was first recorded in Shennong Materia Medica Classic
and listed as a medium product, with functions of tonifying the
liver and kidney, strengthening muscles and bones, and removing
wind and dampness (Chinese Pharmacopoeia Commission [CPC],
2020). There are more than 20 processing methods for Epimedium,
including stir-frying, wine roasting, salt roasting, ghee roasting, and
suet oil roasting, among which suet oil roasting is the most
commonly used and has been included in The Chinese
Pharmacopoeia 2020 edition. According to traditional processing
theory, suet oil is sweet and warm, possessing tonifying effects to
treat deficiency syndromes. Epimedium fried with suet oil can play
a synergistic role in strengthening its effect of warming the kidney
and enriching the yang, mainly for impotence and infertility
treatments. Clinical studies showed that Epimedium raw product
focuses on dispelling rheumatism, and strengthening muscles and
bones.

Kidney yang deficiency syndrome (KYDS) is a common syndrome
type in Chinese medicine consultation, and it is also the basic
syndrome type of various diseases. Insufficient kidney Yang may
cause somnolence, cold, cold limbs, impotence, infertility in
women, diarrhea, along with other symptoms of Yang deficiency
(Wu et al., 2022). In the pharmacological research on kidney-yang
deficiency, glucocorticoids, sex hormones, adenine, and kidney/
bilateral adrenalectomy are often used to establish animal models
of kidney-yang deficiency. Conventionally, they are supplemented
with large doses of exogenous glucocorticoids (hydrocortisone) to
further establish the model (Sun et al., 2017).

In previous studies, our research mainly focused on the
mechanism of “heating” and “suet oil” processing factors from the
perspective of the absorption and metabolism of flavonoids in
that
absorption and metabolism of flavonoid glycosides in Epimedium

Epimedium, indicating there were differences in the
(Chen et al., 2009). In the processing process, “heating” could change
the content of main active flavonoids of Epimedium, hence produced
more easily absorbed bioactive flavonoids (Chen et al., 2007; Sun et al.,
2014). The excipient “suet 0il” could further promote the formation of
self-assembled micelles of Epimedium flavonoids in vivo, increased the
solubility of active flavonoids, and improved the absorption of active
flavonoids, to achieve the purpose of synergism (Gu et al., 2019).
However, the effect of traditional Chinese medicine on human body is
a biological process of interaction and integration between
“intervention system (TCM) and response system (biological
2012). It is difficult to match
corresponding disease targets through the disease database for

organism)" (Xiang et al,

TCM diseases, especially for deficiency diseases. Therefore, it is
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necessary to adopt new methods and strategies to systematically
and comprehensively explore the processing mechanism of TCM.

Metabolomics can analyze all metabolites in the whole sample and
comprehensively monitor the changes of metabolites in the body.
Applying the methods and ideas of metabolomics to the processing of
TCM can reveal the changes of metabolism pathway and action
network of TCM before and after processing as a whole (Kui et al.,
2022). Network pharmacology is a new method to systematically and
integrally study drugs from the perspective of biological network
stability. It can systematically study the molecular relationship
between TCM components and complex diseases (Xie et al., 2019).
Metabolomics can be used to construct the target database of disease
metabolites, hence the combined application of metabolomics and
network pharmacology is gradually increasing (Chen et al., 2019). The
multi-omics technology in systems biology may elucidate the
processing mechanism of TCM, from the active components to the
target genes, proteins, metabolites and metabolic pathways of the
body. Therefore, the integration of multi-omics technology is vital to
clarify the mechanism of action in TCM and provide insights into the
processing mechanism of Epimedium.

Epimedium treatment may cause the linkage effect of “active
component group, target in vivo and biological metabolism”, so the
changes of downstream biological metabolites directly reflect the
status of upstream targets. Therefore, based on previous research,
this study used metabonomics—Network pharmacology—Real-time
quantitative polymerase chain reaction (RT qPCR) integration
technology to obtain reasonable and objective data from
biomarkers, metabolic pathways, active ingredient groups and
potential targets, and build a “component—target—metabolism”
thereby synergistic
mechanism of Epimedium fried with suet oil for warming the

network, revealing the processing and
kidney and promoting yang on the whole. This study provides new
insights for studying processing mechanism of traditional Chinese

medicine.

2 Materials and methods
2.1 Reagents and materials

Epimedium was purchased from Shanxi, identified as Epimedium
brevicornum Maxim., courtesy of Professor Baolin Guo, Institute of
Pharmaceutical Botany, Chinese Academy of Medical Sciences (batch
number: 161231). Hydrocortisone injections were bought from
Tianjin King York Group Co., Ltd. (batch number: 1407271;
Tianjin, China). Suet oil was purchased from Inner Mongolia Xilin
Gol Grassland Co., Ltd. (Inner Mongolia, China). Formalin solution
was purchased from Shanghai Aladdin Bio-Chem Technology Co.,
LTD. (batch number: F140859, Shanghai, China). Hydrochloric Acid
was purchased from Nanjing Aojia Chemical Co., Ltd. (batch number:
2013050203, China).

Nanjing, 2-Chloro-L-phenylalanine
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(content >98%) was purchased from Shanghai Hengbo Biological
Technology Co., Ltd. (Shanghai, China). Bis(trimethylsilyl)
trifluoroacetamide (99% BSTFA +1% TMCS) was provided by
Regis Technologies, Inc. (Morton Grove, United States). Sodium
azide was bought from Shandong Xiya Chemical Industry Co., Ltd.
(batch number: S7470, Jinan, China). Urease was bought from
Sigma-Aldrich (batch number: SLBB0100V, St. Louis, MO,
United States). Pyridine was purchased from Adamas Reagent,
Ltd. (batch number: 030928, Shanghai, China). Chromatography
grade methanol was purchased from TEDIA (batch number:
1603253, State of Ohio, United States). Ethanol (analytically
pure) was purchased from Nanjing Chemical Reagent Co., Ltd.
(batch number: 1603233, Nanjing, China). Trichloromethane
(batch number: 10006818) and propan-2-ol (batch number:
80109218) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). HyPure TMMolecular Biology
Grade Water was provided by HyClone (batch number:
SH30538.02, Logan, United States).

Corticosterone  (CORT), Adrocorticotropin (ACTH), 17-
Hydroxysteroids (17-OHCS), trifluorothyronine (T3), Thyroxine
(T4), thyroid-stimulating hormone (TSH), luteinizing hormone
(LH), testosterone (T), and follicle-stimulating hormone (FSH) kits
were purchased from Nanjing Herbaceous Source Biotechnology
Co., LTD.

Agilent 7890B gas chromatography system (Agilent,
United States) coupled with a LECO Chroma TOF Pegasus HT
mass spectrometer (LECO, United States) were employed for
metabonomics analysis. Ultrapure water was prepared by a
Milli-Q water purifier (Merck Millipore, Germany). Heraeus
Fresco 17 Centrifuge (Thermo Scientific, United States). BPG-
9050AH high temperature blast drying oven (HASUC, China).
2 Vortex
United States). CX23 electron microscope (Olympus, Japan).

Vortex Genie® instrument (Scientific Industries,
TNG-T98 Frozen Concentration Centrifugal Dryer (Taicang
Huamei, China). ELISA (Spectra max 190, Shanghai Meigu
Molecular Instrument Co., Ltd., shanghai, china). Quantitative
Real-time PCR LightCycler instrument was provided by Bio-Rad
Laboratories, Inc. (California, United States). Servicebio” RT First
Strand ¢cDNA Synthesis Kit and 2xSYBR Green qPCR Master Mix
(None ROX) were obtained from Wuhan servicebio technology Co.,

LTD. (Wuhan, China).

2.2 Preparation of Epimedium processing and
extraction

The prepared Epimedium decoction pieces (1 kg) were selected
and made three copies in parallel. One sample was evenly added with
hot melted suet oil (200 g), and mixed well. Then, it was oven-baked at
170°C for 7 min to get the Epimedium fried with suet oil. The second
sample was placed into the oven without oil to obtain a similarly
heated Epimedium. The third decoction piece was reserved as raw
control.

All three samples were immersed in boiling water (1:30) for 1 h
before extraction. Then it was extracted three times, 30 min for each
time, filtered through gauze, respectively. The next three filtrates were
merged and concentrated under vacuum, thus extracting solution was
obtained respectively. The extraction flow chart is shown in
Supplementary Figure SI.

Frontiers in Pharmacology

10.3389/fphar.2023.1113213

2.3 Animals and treatments

Thirty-six adult male Sprague-Dawley rats (body weight 230 *+
20 g, animal licence No. SCXK(HU)2014-0001) were provided by
Animal Experiment Center of Soochow University (Suzhou,
China), and raised in the Experimental Animal Center of
Jiangsu Academy of Traditional Chinese Medicine (Nanjing,
China). Rats were housed in a climate-controlled room (relative
humidity of 45% and ambient temperature 22°C-24°C), kept on a
12 h/12 h light-dark cycle, with free access to food and drinking
water.

After a 2-week habituation, all rats were randomly divided into
6 groups with 6 rats in each; Control group (N, No. N1~N6),
Model group (M, No. M1~M6), Suet oil group (A, No. A1~A6),
Epimedium raw product group (B, No. B1~B6), Epimedium
heating product group (C, No. C1~C6), Epimedium fried with
suet oil group (D, No. D1~D6). M, A, B, C, and D group rats were
injected intraperitoneally with hydrocortisone once daily for the
following 10 days. The injection dose was 15 mgkg™" on the first
day, the dose was halved to 7.5 mgkg™" on the second day and
subsequent 9 days. N group was injected intraperitoneally with an
equal volume of 0.9% sodium chloride injection. A, B, C, and D
group rats were administered via intragastric with suet oil
emulsion (0.144 gkg™', 20% of Epimedium content, dispersed in
water with CMC-Na), the Epimedium raw product extract
(0.72gkg™), the
(0.72gkg™"), and the Epimedium fried with suet oil extract

Epimedium heating product extract
(0.72gkg™"), respectively. N and M groups were orally
administered with the same volume of pure water. The
intragastric administration was performed once a day for
10 days. Meanwhile, body weights of the rats in each group
were recorded daily. All animal treatments and experiments
were approved by the Animal Ethics Committee of Jiangsu
Provincial Academy of Chinese Medicine, and were strictly
performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (AEWC-
20200702-119).

2.4 Collection of samples

After the 10th day of administration, all rats were fasted but had
free access to water for 12 h while urine samples were collected. The
12 h urines of all rats were collected into a 50 mL centrifuge tube
containing 20 pL of 1% sodium azide (NaN3). After centrifugation at
4,500 rpm min~' for 10 min in a 4°C low-temperature centrifuge, the
supernatant was taken and stored at —80°C until metabonomics
analysis. Afterwards, blood samples were drawn from the orbit and
collected in two 2 mL centrifuge tubes, one of which contained 20 uL
heparin sodium solution for preparing plasma samples, the other for
preparing serum samples. Then, centrifugation was performed at
4,000 rpm min~' for 10 min in a 4°C low-temperature centrifuge,
and the supernatant was taken to obtain plasma samples and
serum samples. The plasma and serum samples were stored
at —80°C until plasma metabonomics analysis and serum
biochemical analysis.

Biochemical indicators included the hypothalamus-pituitary-
adrenal axis in kidney-yang deficiency rats (Chen and Wang, 2015;
Liu et al., 2016; Zhang et al., 2020): CORT, ACTH and 17-OHCS;
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Hypothalamus-pituitary-thyroid axis related indicators: T3, T4, and
TSH; Hypothalamus-pituitary-gonad axis related indicators: LH, T,
and FSH.

Thereafter, all rats were euthanized in parallel. The kidney tissues
were quickly excised, directly frozen in liquid nitrogen, and stored
at —80°C for subsequent quantitative real-time PCR assays.
Simultaneously, the hypothalamus, pituitary, thyroid, adrenal gland,
testis and kidney of all rats were collected and fixed in formalin
solution for histopathological analysis.

2.5 Preparation of metabonomic samples

The urine samples were thawed before analysis and 100 uL
aliquots of urine sample were added to 20 pL urease (80 mg mL™).
Then the mixture was shaken and mixed for 30 s, and incubated in
an oven at 37°C for 1 h. Subsequently, urine sample mixture and
100 pL aliquots of plasma sample were mixed with 350 pL methanol
and 20 uL L-2-chlorophenylalanine. Post vortex-mixing for 30 s
and centrifugation at 16000 rpm for 20 min at 4°C, the supernatant
of urine sample and plasma sample were transferred into a 2 mL gas
sample bottle (siliconized methane). Moreover, 11 uL of each urine
sample and plasma sample were accurately pipetted and mixed as
the urine and plasma quality control (QC) sample, respectively.
After the supernatants of the urine sample and plasma samples
were completely dry in a vacuum concentrator, 60 pL of
hydrochloride,
dissolved in 20 mgmL™" pyridine) was added and mixed well,

methoxyamine salt reagent (methoxamine
and incubated in an oven at 80°C for 30 min. Thereafter, 80 uL
of BSTFA (containing 1% TCMS, v/v) were quickly added to each
sample. The mixture was incubated in an oven at 70°C for 2 h and
cooled to 25°C. Finally, 10 uL saturated fatty acid methyl ester

standard mixture was added and mixed well for GC-MS analysis.

2.6 Metabonomics analysis

The analysis of plasma and urine samples was performed on an
Agilent 7890B gas chromatography system (Agilent, United States)
coupled with a LECO Chroma TOF Pegasus HT mass spectrometer
(LECO, United States), which was equipped with Agilent DB-5MS
capillary column (30 m x 0.25 mm x 0.25 pum, J&W Scientific, Folsom,
CA, United States). GC-TOF-MS analysis conditions were set as
follows: the injection volume was 1uL with non-split mode.
Carrier gas was helium used with a column flow rate of
1.0 mL min™', the column temperature maintained at 50°C for
1 min and then heated at a rate of 20°C-min™' up to 310°C
maintained for 6 min. The forward inlet purge flow rate was
! 280°C.
Transmission line temperature and ion source temperature were

3mLmin~' and the forward inlet temperature was
270°C and 220°C respectively. The ionization voltage was —70 eV.
The scan range and speed were 50-500 m/z, 20 spectra/sec. The
solvent delays of urine and plasma samples were 455 S and 366 S,
respectively.

Random urine samples (N2), plasma samples (N5) and the
internal standard sample (L-2-chlorophenylalanine) were tested
according to the above conditions. Thereafter, a comparative
analysis of the GC-TOF-MS total ion characteristics (TIC) between
the random urine sample (N2), plasma samples (N5) and the internal
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standard sample were analyzed in order to corroborate and validate
our experimental methodologies as well as the instrument platforms.
The 45 urine samples (including 9 urine QC samples) and plasma
samples (including 9 plasma QC samples) were also tested according
to the above conditions, and TIC of urine and plasma GC-TOF-MS
were obtained for all samples. The retention time of the internal
standard (L-2-chlorophenylalanine) in each TIC was extracted to
investigate the stability of the system.

First, the raw data collected by the GC-TOFMS system were
preprocessed. Single data and single peak in the original data were
filtered, the missing value in the original data were recoded, and the
internal standard (IS) to were utilized to normalize each group of
data. Meanwhile, both TOF 4.3X software (LECO Corporation,
United States) and LECO Fiehn Rtx5 database were used for raw
peak exact matching, baseline filtering and calibration, peak
alignment, deconvolution analysis, peak identification and
integration of peak area. Finally, the standardized data were
imported into SIMCA software (V14.1, MKS Data Analytics
Solutions, Umea, Sweden) for multivariate statistical analysis,
such as, principal component analysis (PCA) and orthogonal
projection to latent structures-discriminant analysis (OPLS-DA)
analysis. Prior to PCA, all variables obtained from GC-MS data
sets went through logarithmic (LOG) transformation and
centralization (CTR) scaling. Meanwhile, prior to OPLS-DA, all
variables obtained from GC-MS data sets underwent logarithmic
(LOG) transformation and unit variance (UV) scaling. Afterwards,
the validity of the OPLS-DA model was tested by 7-fold cross
validation and permutation test (random 200 times). Multivariate
statistical analysis was conducted, combined with traditional
univariate statistical analysis, with variable importance in the
projection of the first principal component of the OPLS-DA
model greater than 1 (VIP >1), while the p-value of Student’s
t-test is less than 0.05 (p < 0.05), was used to screen significantly
different metabolites, and the result was visualized in the form of a
volcano graph. Thereafter, significantly different metabolites were
subjected to pathway analysis with KEGG (https://www.kegg.jp/)
and MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/), which is a
web-based tool for visualization of metabolomics, to identify related
metabolic pathways. Metabolic pathways with p < 0.05 or Impact >0.
10 were screened as the most relevant metabolic pathways and may
be used to distinguish the kidney-yang deficiency model group from
the normal control group.

2.7 Network pharmacology

The active ingredients of Epimedium fried with suet oil mainly
include two parts: the active ingredients of Epimedium flavonoids and
the chemical ingredients of “suet oil” as the processing auxiliary material.
Based on the previous research of the research group (Jiang et al., 2014; Li
et al, 2020), 32 flavonoids were identified in raw and processed
Epimedium products and 25 fatty acids were identified in suet oil, and
made available via PubChem database (https://pubchem.ncbi.nlm.nih.
gov/) to be downloaded in SDF format for the 2D or 3D structure of each
component. The components were then screened with a definite 2D or 3D
structure as the component library of Epimedium fried with suet oil.
Thereafter, based on the PharmMapper database (http://www.lilab-ecust.
cn/pharmmapper/), the species was set to “Homo Sapiens”, and the
potential targets of Epimedium pilaris were predicted. According to the z
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score value, the top 15 targets of each component corresponding to the
score were screened as the action targets of chemical components in
Epimedium. Targets were canonicalized to standard gene names via the
UniProt database (https://www.uniprot.org). The targets of chemical
constituents in Epimedium fried with suet oil are imported into the
STRING database (https://www.string-db.org/) to construct a PPI
network, and then the targets are imported into Cytoscape 3.6.1 to
construct an active ingredient-potential target network. Finally, these
targets were uploaded to the Metascape database (https://metascape.org/
gp/index) for KEGG pathway analysis.

2.8 Integrated metabonomics and network
pharmacology analysis

The metabolic pathways of p < 0.05 or Impact >0.1 obtained from the
metabonomics analysis were mapped to pathways acquired by the
network pharmacology to uncover pathways in which the two
Afterwards, target proteins and compounds
corresponding to Epimedium fried with suet oil from network

correlates. active
pharmacology were reversely searched from the overlapping pathways,
and finally the potential active compounds, target proteins, and metabolic
pathways of Epimedium fried with suet oil affecting KYDS were obtained.
On this basis, these potential targets were further verified via RT-qPCR,
and differential target proteins were shown.

2.9 Quantitative real-time PCR analysis

Firstly, total RNA was isolated and extracted from flash-frozen
kidney tissues. 100 mg of tissue was taken and added into a pre-cooled
homogenized tube (containing 1 mL RNA extract). Grind thoroughly
with the grinder until no tissue is visible, and then take the supernatant
after centrifuging 10min at 12,000 rpm. Then 250 uL of
trichloromethane was added, the centrifuge tube was inverted for
15s, mixed well, and left for 3 min. After separating the cores at
12,000 rpm at 4°C for 10 min, 400 pL of supernatant was transfered to
a new centrifugal tube, adding 0.8 times the volume of propan-2-ol
and mixing it upside-down. After being placed at —20°C for 15 min
and centrifuged at 12,000°C for another 10 min, the white precipitate
at the bottom of the tube was RNA. The liquid was removed by
suction, and 1.5 mL of 75% ethanol was added to wash the precipitate,
and then centrifuged at 4°C at 12,000 rpm for 5 min. After removing
the liquid by suction, the centrifuge tube was placed on the ultra-clean
table and blown for 3 min. The RNA was dissolved by adding 15 uL of
RNase-free water and incubated at 55°C for 5 min. The concentration
and purity of total RNA samples were determined by Nanodrop 2000.
Thereafter, RNA was reversely transcribed to ¢cDNA by using
Servicebio RT Enzyme Mix. Finally, RT-qPCR and data collection
were performed with PCR Master Mix (Bio-rad). The samples were
exposed to pre-denaturation at 95°C for 10 min, followed by 40 cycles
of denaturation at 95°C for 15s and annealing at 60°C for 30s. The
dissolution curve conditions were from 65°C to 95°C, and the
fluorescence signal was collected for every 0.5°C increase in
temperature. Target mRNA expression in each sample was
normalized to the housekeeping gene (GAPDH) to normalize the
starting cDNA levels. The 24T method was used to calculate relative
mRNA expression levels. The PCR primers were listed in
Supplementary Table S1. The experiment was repeated thrice.
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FIGURE 1

Line chart of changes in body weight of rats during the experiment

N, normal group; M, model group; A, suet oil group; B, Epimedium raw
product group; C, Epimedium heating product group; D, Epimedium
fried with suet oil group.

2.10 Statistical analysis

The data from body weight and biochemical indicators were
screened by SPSS 26.0 statistical software package (IBM, Armonk,
NY, United States) and GraphPad Prism 6.01 (GraphPad Software,
Inc., San Diego, CA, United States) software with Student’s t-test or one-
way analysis of variance (ANOVA). Data were presented as the mean +
standard deviation. In all experiments, confidence level was set at 95%
and 99% to determine the significance of difference (p < 0.05, p < 0.01).

3 Results
3.1 Weight changes

The weight changes of rats in each group were shown in Figure 1,
indicating gradual increase of the body weight of rats in the N group
from day 1 until day 10 of the experiment. After modeling, the body
weight of rats in the M group decreased to the lowest at day 3, and
gradually recovered to the original body weight at day 10. The weight
of rats in all treatment groups showed initial decrease followed by a
gradual recovery, and the weight changes of rats in the D group was
approximate to that of N group.

3.2 Biochemical and histopathological results

Figure 2 showed that compared with the N group, the levels of
CORT, ACTH, 17-OHCS, T3, T4, TSH, LH, T, and FSH in the M
group were significantly decreased (p < 0.05, p < 0.01). Apart from
ACTH, the A group had a callback effect on other indicators, although
there was no significant difference. The B group has significant
callback to T3, T and FSH (p < 0.05). The C group had significant
callback to 17-OHCS, T3, TSH (p < 0.05, p < 0.01). All biochemical
indexes were significantly increased in the D group.

As shown in Figure 3, in the kidney-yang deficiency group M,
multiple mild hemorrhages were observed in the hypothalamus tissue.
Pituitary tissue was slightly bleeding, the boundary between nucleus
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Biochemical indexes in kidney-yang deficiency rats N, normal group; M, model group; A, suet oil group; B, Epimedium raw product group; C, Epimedium
heating product group; D, Epimedium fried with suet oil group. Significance compared to N group, *p < 0.05, **p < 0.01; Significance compared to M group,

#p < 0.05, *p < 0.01.

and cytoplasm was unclear. In the thyroid tissue, a large number of
follicular matrix was reduced, many epithelial cells were necrotic and
exfoliated, and nuclear fragmentation was observed. Hemorrhage
was observed locally in adrenal tissue, a large number of
parenchymal cells had granular degeneration, cells were swollen,
and the cytoplasm was loose and lightly stained, showing fine
granularity. A small amount of eosinophilic serous material
exuded from multiple interstitial areas of testis tissue. In the renal
medulla, the renal tubules were significantly dilated, accompanied by
mild connective tissue hyperplasia, and punctate infiltration of
lymphocytes and macrophages. These were consistent with the
results of Tang et al. (Xiang et al., 2012). Except for group A, the
hypothalamus-pituitary-target gland axis (hypothalamus, pituitary,
thyroid, adrenal gland, testis) in group B/C/D was improved to a
certain extent after administration, and the improvement effect of
group D was better than that of group B/C. Taken together, these
results suggested that the hypothalamic, pituitary, thyroid, adrenal,
testis and kidney tissue and cell structures could be altered in the
kidney-yang deficiency induced by intraperitoneal injection of
hydrocortisone, again demonstrating that the hypothalamic-
pituitary gland—the target gland axis was inhibited. After the
intervention treatment of Epimedium processed by heating and
suet oil, the pathological changes of tissue cell structure caused by
kidney yang deficiency was shown to have improved, which further
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revealed the mechanism of Epimedium fried with suet oil to warm
the kidney and promote yang.

3.3 Metabonomics results

3.3.1 Metabolic profile analysis of urine and plasma in
rats

The internal standard (L-2-chlorophenylalanine) retention
time, the GC-TOFMS TIC of the random sample (N2, N5) and
internal standard (L-2-chlorophenylalanine) were shown in
Supplementary Tables S2, S3, Supplementary Figures S2-S5. The
results showed that the experimental method was viable; the
instrument platform was justified, and corroborated with the
conditions in the experimental methodologies. Six groups of
total ion current diagrams of the urine samples and serum
samples analyzed by GC-MS were shown in Supplementary
Figures S6, S7. A total of 759 active peaks were detected in
urine and 261 active peaks in plasma.

3.3.2 Multivariate statistical analysis and potential
biomarkers exploring

An unsupervised PCA was performed first to characterize between-
group differences in rat urine and plasma samples, respectively. As
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Hypothalamus  Pituitary

FIGURE 3

H&E staining of hypothalamus, pituitary, thyroid, adrenal, testis and kidney tissue sections (magnification x200). N, normal group; M, model group; A, suet

oil group; B, Epimedium raw product group; C, Epimedium heating product group; D, Epimedium fried with suet oil group. Hypothalamus: Black arrow
represents the bleeding. Pituitary: Yellow arrow represents the bleeding. Black arrow represents the cell nucleus and the cytosolic boundary. Thyroid: Black
arrow represents the follicular matrix. Yellow arrow represents epithelial cell necrosis. Red arrow represents nuclear fragmentation. Adrenal: Black arrow
represents parenchymal cell degeneration. Testis: Black arrow represents eosinophilic serous material. Kidney: Black arrow represents the renal tubules.
Yellow arrow represents the connective tissue. Red arrow represents the cellular infiltration.
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displayed in Figure 4A, B, the urine and plasma samples of the rats in the
control group and the model group were clustered into two categories on
the PCA score plots, indicating that after modeling, the urine and plasma
endogenous metabolites of the rats in the two groups existed significant
differences. As shown in Figures 4C, D, the rat urine and plasma QC
samples were well-aggregated, indicating that the detection system was
stable and reliable, and the obtained differences could reflect the biological
differences between samples. The urine and plasma samples of the A
group, the B group, the C group, and the D group were all separated from
the M group in the PCA score plots and approached the N group,
indicating that each administration group could regulate the metabolic
disorder of hydrocortisone-induced kidney-yang deficiency rats to
normal to different degrees, and the regulation trend was as follows: D
group > C group > B group > A group.

To further determine the differences of endogenous metabolites in
the urine and plasma of rats after administration, OPLS-DA analysis
was performed on the M group and the N group, respectively. As
shown in Figure 5A, B, both in the urine samples and in the plasma
samples, the N group and the M group were respectively clustered into
one category in the OPLS-DA scores plots, indicating a significant
difference between the N group and the M group. Then, a random
permutation test (n = 200) was performed under the established
OPLS-DA model to evaluate the model’s interpretation rate (R°Y),
predictive ability (Q°) and other parameters. The results were arranged
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in the experiment. R* = 0.900, Q° = -0.330 (urine, Figure 5C); R* =
0.850, Q° = —0.430 (plasma, Figure 5D). The results show that the
model has good stability and prediction ability, and no overfitting
occurs. Combined with VIP >1 and p < 0.05 in the Volcano plot
(Figures 5E, F), the differential variables with the largest contribution
were screened as biomarkers related to kidney-yang deficiency
syndrome, and were identified by LECO Fiehn Rtx5 database and
combined with HMDB databases. Twenty-eight relevant biomarkers
(13 in urine and 15 in plasma) were finally screened, of which 15 were
identified (5 in urine and 10 in plasma). The results are listed in
Table 1. Compared with the N group, nine biomarkers were
upregulated in the M group, four of which were Tyramine,
Galacturonic acid, Gulonate, 3-Hydroxyproline in urine. And 5 in
plasma were D-Mannose, Ornithine, Sucrose, 2,4,6-trimethylPyridine,
Cholesterol. Six biomarkers in the M group were downregulated, 1 in
urine was downregulated as Ribitol, and five in plasma were
downregulated as Citric acid, L-Tryptophan,
Glycerol, Threonic acid.

5-Oxoproline,

3.3.3 Regulation of differential metabolites

Column charts were drawn according to the relative contents
and change trends of the biomarkers in urine and plasma of rats in
each group (Figure 6). After the treatment intervention, the B, C,
demonstrated certain

and D group biomarker contents
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normalizing trends, with that of the D group being the most
significant. The Sucrose and Galacturonic acid could be
significantly recalled in the A group (p < 0.05, p < 0.01),
suggesting that the suet oil had some intervention effect on
The
significantly recall metabolites, especially
Ornithine and Sucrose (p < 0.01). The C group could
significantly recall seven differential metabolites, especially
Sucrose and 2,4,6-trimethyl-Pyridine (p < 0.01). The D group
could significantly recall 13 differential metabolites, especially

kidney-yang deficiency syndrome. B group could

six differential

Tyramine, Ornithine, Sucrose, 2,4,6-trimethyl-Pyridine and
Glycerol (p < 0.01). Compared with B and C groups, D group
had the most differentmetabolites in callbacks, indicating that the
effect of Epimedium fried with suet oil group was the best. It is
possible that Epimedium fried with suet oil regulated kidney-yang
deficiency in rats through the above-described metabolites,
thereby enhancing the warming effect on the kidneys and
strengthen yang.

3.3.4 Metabolic pathway analysis

The biomarkers in Table 1 were imported into MetaboAnalyst 5.0
and the
metabolic pathways with p < 0.05 or Impact >0.1 were screened
out as potential kidney-yang deficiency metabolic pathways. As shown
in Figure 7, five related metabolic pathways were finally screened out,

(http://www.metaboanalyst.ca) for pathway analysis,

namely Galactose metabolism, Glutathione metabolism, Glycerolipid
metabolism, Arginine and proline metabolism and Tryptophan
metabolism.
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Analysis of potential biomarkers of kidney-yang deficiency and
related metabolic pathways suggested that the processing excipient of
suet oil might play a role in warming kidney and promoting Yang by
regulating Galactose metabolism. Epimedium raw product and
Epimedium heating product might improve kidney-yang deficiency
through Galactose metabolism, Glutathione metabolism and Arginine
and proline metabolism. Meanwhile, the metabolic pathways above
were thel metabolic pathways of Epimedium fried with suet oil to
improve the kidney yang deficiency syndrome in rats, which further
explained that the processing mechanism of epimedium could
enhance its effect of warming kidney and promoting Yang after
heating with the auxiliary material suet oil.

3.4 Network pharmacological analysis

Thirty-seven compounds were screened out as the active
compounds library of Epimedium fried with suet oil, including
13 from Epimedium and 24 from suet oil. The specific results are
listed in Supplementary Table S4. Homo sapiens species were selected
to draw the protein-protein interaction (PPI) network of 159 common
targets (Supplementary Figure S8). Then in order to reflect the
relationship between the active compounds of Epimedium and suet
oil and target genes in Epimedium fried with suet oil, a drug-active
compounds-target network was constructed, as shown in the Figure 8.
KEGG enrichment analysis was performed on 159 potential targets of
active components of Epimedium fried with suet oil using Metascape
database, and 267 pathways were obtained (Supplementary Figure S9).
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FIGURE 5

Screening of biomarkers in rats with kidney-yang deficiency. N VS. M, (A) Urine OPLS-DA scores plots, (B) Plasma OPLS-DA scores plots, (C) Urine OPLS-
DA permutation test, (D) Plasma OPLS-DA permutation test, (E) Urine Volcano plot, (F) Plasma Volcano plot. Red represents upregulation of differential
metabolites. Blue represents downregulation of differential metabolites. Gray represents metabolites with no statistical difference.

3.5 Integrative analysis of the network
pharmacology and metabolomics

The five key metabolic pathways in metabolomics were
mapped to the pathways of network pharmacology for analysis
as shown in the Figure 9. It was found that two metabolic pathways
(glutathione metabolism, arginine and proline metabolism)
overlapped with it, and the corresponding 13 active compounds
(9 active compounds in Epimedium and 4 in suet oil) and 7 target
genes were obtained by reverse mapping analysis. Thirteen active
were Quercetin, Epimedin A, Caohuoside B,
Korepimedoside C, Hexandraside E, Epimedin B, Epimedoside
E, Baohuoside I, 2”-O-Rhamnosylicariside II, Methyl
tetradecanoate, Methyl (Z)-heptadec-10-enoate, Methyl (9E)-9-
octadecenoate, Methyl (E)-nonadec-10-enoate. The seven target

compounds

genes were acetaldehyde dehydrogenase 2 (ALDH2), arginase type
IT (ARG2), glutathione S-transferase A3 (GSTA3), glutathione
S-transferase M1 (GSTM1), glutathione S-transferase M2
(GSTM2), hematopoietic prostaglandin D synthase (HPGDS),
Nitric Oxide Synthase 2 (NOS2). The drug-active compounds-
target genes-pathways network was constructed as shown in
Figure 10.

Frontiers in Pharmacology

3.6 Experiment validation

The RT-qPCR verification results were shown in Figure 11. Seven
target genes were expressed in kidney tissue. Compared with the N
group, the expression levels of two target genes (ARG2 and NOS2) in
the M group were significantly increased (p < 0.01). The expression of
five target genes was decreased, and which of three target genes
(ALDH2, GSTA3, HPGDS) were significantly decreased (p < 0.01).
Compared with the M group, the A, B, C and D groups had different
degrees of callback effect on seven target genes. ALDH2, ARG2,
GSTA3, HPGDS, NOS2 had a callback trend in the A group, but
there was no significant difference. The expression of HPGDS target
genes was significantly increased in the B group (p < 0.05). The
expression of ARG2 and NOS2 were significantly decreased in the B
and C groups (p < 0.05). The expression levels of GSTM1, GSTM2 and
HPGDS were significantly increased (p < 0.05, p < 0.01), ARG2 and
NOS2 expressions were significantly decreased (p < 0.01) in the D
group.

The callback results of the target genes in each administration
group showed that the improvement effect of Epimedium fried with
suet oil on kidney-yang deficiency was better than that of the other
three administration groups. Notably, the five target genes with
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TABLE 1 Biomarkers of urine and plasma in kidney-yang deficiency rats (n = 6, Mean + SD).

Metabolite tr/ Formulas  Similarity ~Datebase ID Variation between groups
min
M A B @
vs. N vss. M  vss M vs M
Urine Ribitol 17.776 CsH,,05 864 HMDB0000508 | 2.103 = 0.022 1* 1 1 1 1
Urine Tyramine 22.732 CgH,,NO 920 HMDB0000306  1.990 = 0.032 K 1 1 1 1
Urine Galacturonic acid 23.108 CeH 100, 791 HMDB0002545 | 1.250 | 0.009 T l | 1 1
Urine Gulonate 29.778 CeH,,0, 909 HMDB0003290  2.468 = 0.022 ™ 1 1 1 1
Urine 3-Hydroxyproline 26.867 CsHgNO; 986 HMDB0245903 | 1.478 | 0.037 ™ l | 1 1
Plasma 5-Oxoproline 10.037 CsH,NO, 954 HMDB0000267 ~ 2.122 | 0.042 1* 1 T 1 1
Plasma D-Mannose 11.970 CeH1,04 942 HMDB0000169  2.097 = 0.046 ™ 1 ! 1 1
Plasma Ornithine 11657  CsHp,N,0, 935 HMDB0000214 = 2202 | 0.027 ™ ! 1 1 !
Plasma Citric acid 11.616 CsH;0, 916 HMDB0000094  1.918 | 0.021 1* 1 7 1 1
Plasma L-Tryptophan 13.690 | C;;HpN,0, 762 HMDB0000929  2.185 = 0.008 1+ 1 T 1 1
Plasma Sucrose 15340 | C;,H,0p, 733 HMDB0000258  2.768 | 0.000 T 1 1 1 1
Plasma 2,4,6- 6.477 CgHy N 895 HMDB0245482 | 1.642 | 0.012 ™ ! 1 1 !
trimethylPyridine
Plasma Glycerol 8.229 C,Hg0; 779 HMDB0000131  2.018 = 0.020 1* 1 T 1 1
Plasma Threonic acid 10.115 C4HgOs5 745 HMDB0000943 | 2.184 | 0.010 1* 1 T 1 7
Plasma Cholesterol 19.184 CyyHyO 872 HMDB0000067  2.427 | 0.002 T ! 1 1 !

“1”and ‘|’ represent compounds which are up- and downregulated in the M group compared with the N group or in the administration group (A/B/C/D) compared with the M group. *p < 0.05, **p <

0.01 (one-way ANOVA, with a Bonferroni correction). Similarity: Score the match between the substance and the peak detected by mass spectrometry.

significant callback effects in Epimedium fried with suet oil were
derived from the target genes corresponding to the active compounds
of Epimedium (GSTM1, GSTM2 ARG2 and NOS2) and the target
gene corresponding to the active compounds of suet oil (HPGDS).
Furthermore, the synergistic mechanism of Epimedium fried with suet
oil to warm the kidney and enhance yang was clarified.

3.7 Overall interactive network diagram of
drugs, active compounds, targets, pathways,
and metabolites

Figure 12 showed the overall interaction network diagram of
drugs, active compounds, targets, pathways and metabolites.
Integrating network pharmacology, metabolomics and RT-qPCR
analysis, it was found that Epimedium fried with suet oil mainly
affects 13 active compounds, seven targets, and two biomarkers in two
metabolic pathways, thereby improving kidney-yang deficiency. Its
mechanism of action may mainly involve amino acid metabolism and
oxidative stress.

4 Discussion

Epimedium is a TCM for kidney-yang deficiency. The most
common processing method is suet oil processing, which aims to
effects of
Epimedium. Previous studies have shown that the model of kidney

enhance the kidney-warming and yang-boosting

Frontiers in Pharmacology

yang deficiency was established through glucocorticoid, and its
mechanism was to simulate the pathological state when the
hypothalamic-pituitary-target gland axis (adrenal gland, thyroid
inhibited,
symptoms similar to “kidney yang deficiency” (Zhang et al., 2014).

gland, gonad) was thereby producing deficiency
Kidney-yang deficiency is manifested in macroscopic characterization
(e.g., weight loss), biochemical standards (e.g., decreased hormone
levels of CORT, 17-OHCS, T3, T4, and T), and organ histopathology
(e.g., pathological changes in the hypothalamus, pituitary gland,
thyroid gland, adrenal gland, and testis). This study found that
compared with the N group, the body weight of the M group rats
was reduced, and the levels of hypothalamic-pituitary-adrenal axis
hormones (CORT, ACTH, 17-OHCS), hypothalamic-pituitary-
thyroid axis hormones (T3, T4, TSH) and hypothalamic-pituitary-
gonadal axis hormones (LH, T, FSH) were inhibited. Pathological
changes occurred in the tissues and cellular structures of
hypothalamus, pituitary gland, thyroid gland, adrenal gland, testis
and kidney. Compared with M group, in addition to the A group, B, C,
and D groups could reverse this inhibition of different level and
improve the pathological changes of the organization, and the reverse
effect of Epimedium fried with suet oil was better than that of raw
epimedium and heated epimedium, suggesting that the effect of
warming the kidney and promoting yang of epimedium is
enhanced after being heated and processed with suet oil.
Subsequently, in this study, we analyzed the processing synergistic
mechanism of Epimedium fried with suet oil through metabonomics
combined with network pharmacology. In the metabolomic results,
15 biomarkers related to kidney-yang deficiency were screened in
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urine and plasma, involving five metabolic pathways, namely
Galactose Glutathione metabolism, Glycerolipid
metabolism, Arginine and proline
metabolism. Among them, Galactose metabolism was related to

metabolism,

metabolism, Tryptophan

energy metabolism, while Glutathione metabolism, Glycerolipid

Frontiers in Pharmacology

196

metabolism, Arginine and proline metabolism, and Tryptophan
metabolism were closely related to amino acid metabolism and
oxidative stress. Galactose metabolism regulated by suet oil and
Galactose metabolism, Glutathione metabolism, Arginine and
proline metabolism regulated by Epimedium heating product were
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the metabolic pathways of Epimedium fried with suet oil group to
improve kidney yang deficiency in rats. In the network pharmacology
results, seven target genes (ALDH2, ARG2, GSTA3, HPGDS, GSTM1,
GSTM2, and NOS2) and two linked metabolic pathways (glutathione
metabolism, arginine and proline metabolism) were identified by the
drug-active compounds-target genes-pathways network.

Glutathione comprises cysteine, glutamic acid and glycine. The
main metabolic pathways of glutathione include glutathione
producing glutathione disulfide (GSSG) under the action of
glutathione peroxidase (GSHPx) and cross-linking complex under
the action of glutathione transferase (GST). It plays a role in oxidative
stress, participating in cell apoptosis and regulating signal
transduction (Xu et al, 2014). Studies have found that genes
related to kidney-yang deficiency in the aged are closely related to
aging (Dong et al, 2013), and glutathione deficiency can induce

oxidative stress in the aging process. Increasing the uptake of the

10.3389/fphar.2023.1113213

glutathione, precursors glycine and cysteine, can restore the synthesis
and concentration of glutathione and reduce oxidative stress and
oxidative damage in the aging process (Sekhar et al., 2011). (Du et al.,
2020) used LC-MS metabolomics method to identify 31 biomarkers
related to kidney Yang deficiency from testicular tissue, and 26 of them
could be significantly recovered after Gulingji intervention. It was
speculated that they might improve kidney Yang deficiency syndrome
by regulating glutathione metabolism, arginine and proline
metabolism, glyoxylate and dicarboxylic acid metabolism and other
pathways. In this study, it was found that Ornithine and 5-Oxoproline
are both products of glutathione metabolism and biomarkers of
kidney Yang deficiency. Epimedium fried with suet oil could play
its role in warming kidney and helping Yang by regulating these two
biomarkers of kidney Yang deficiency. GSTA3, GSTMI and
GSTM2 are transferases of glutathione metabolism, which can
catalyze the cross-linking complex between glutathione and
electron-philic complex to protect cells from free radical damage.
HPGDS, also known as glutathione dependent prostaglandin D
synthetase, is involved in the biosynthesis of prostaglandin in adult
testis, thereby affecting the production of spermatogenesis and the
normal function of testis (Korber and Goericke-Pesh, 2019). The
active components of Epimedium fried with suet oil, Quercetin,
Epimedin A, Caohuoside B and Korepimedoside C, mainly acted
on glutathione sulfur transferases (GSTA3, GSTMI1 and GSTM2).
Methyl tetradecanoate, Methyl (Z)-heptadec-10-enoate, Methyl (9E)-
9-octadecenoate and Methyl (E)-nonadec-10-enoate mainly acted on
HPGDS, and then affected glutathione metabolism.

Arginine and proline metabolism is the core process of the
biosynthesis and metabolism of arginine, ornithine, proline,
citrulline and glutamate (Feng et al, 2022). Arginine is a semi-
essential amino acid synthesized from glutamine, glutamate, and
proline via the gut-kidney axis in humans and most mammals, and
plays an important role in the human body as a precursor of various
physiologically important substances (Ma et al., 2019). Several studies
have shown that arginine and its derivatives may be involved in the
pathogenesis of kidney diseases and are markers of pathological
progression (Feng et al., 2020). Arginine is the precursor of the
synthesis of ornithine, which participates in the ornithine cycle
under the action of ornithine carbamoyl transferase, promotes the
synthesis of urea and accelerates the degradation of blood ammonia.
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Overlapping pathways between metabolomics and network
pharmacology analysis.

Arginine can form ornithine and urea under the action of arginase,
and produce nitric oxide under the action of nitric oxide synthase
(Castilho-Martins et al., 2015). These pathways are involved in
biochemical processes such as ammonia detoxification, hormone
secretion and immune system regulation (Chang et al., 2020). The
level of ornithine increased in kidney-yang deficiency rats. It was
speculated that the regulation of ornithine in Epimedium fried with
suet oil group might be related to the adjustment of gut microbiota
balance, the reduction of renal tubulointerstitial fibrosis and the
improvement of renal function. In this study, Hexandraside E, the
active component of Epimedium fried with suet oil, mainly acted on
ALDH2. Epimedin B and Epimedoside E mainly acted on ARG2.
Baohuoside I and 2”-O-Rhamnosylicariside I mainly acted on NOS2.
Thus, they jointly regulated arginine and proline metabolism.
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Galactose metabolism is closely related to glycolytic metabolic
pathways, which can reflect the level of energy metabolism of the
body and is important for stabilizing the structure of the whole
branched carbohydrate chain (Guo et al., 2016; Jin et al., 2019).
Galactose metabolism is not only important for energy production
in cells, but also contributes to the modification of glycolipids and
glycoproteins (Petry and Reichardt, 1998). Galactose metabolism
may be associated with chronic inflammation. When galactose
metabolism is disrupted, it also promotes the release some
inflammatory factors to participate in the body’s inflammatory
response (Nikolac Perkovic et al., 2014). It is found that the liver
and kidney of KYDS rats may be damaged due to the effect of
hydrocortisone, thus affecting galactose metabolism (Chen et al.,
2018). In this paper, the rats with kidney yang deficiency have cold
phobia, kidney damage and other deficiency symptoms, indicating
that their energy metabolism is abnormal. After administration, the
abnormal galactose metabolism in the body gradually returned to
normal, the body’s energy metabolism also tended to return to
normal, and the inflammation was improved.

Glycerolipid metabolism is one of the important ways of lipid
metabolism in the body, and the core reaction is the acetylation of
glycerol and the degradation of triacylglycerol (Li et al., 2022). Lipids are
divided into eight groups, including fatty acids, triglycerides, glycerolipids,
sphingolipids, glycolipids, polyketones, sterolipids, and isopentenol lipids
(Fahy et al., 2005). Changes in lipid metabolites can lead to a series of
pathophysiological phenomena, including obesity (Nam et al., 2018),
inflammation etc, (Ralston et al, 2017). Disturbance of Glycerolipid
metabolism was observed in the early, middle and late stages of
Aristolochic acid nephropathy (Zhao et al, 2015). Glycerol, as an
important small molecule, participates in the Glycerolipid metabolism
(Liu et al., 2019). The results of this experiment showed that glycerol, a
differential marker screened, had an effect on Glycerolipid metabolism.
Compared with the Control group, glycerol content in the kidney-yang
deficiency model decreased. Different

group was significantly
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administration groups could adjust the contents to different degrees,
especially the callback effect of the D group had the most significant.
Tryptophan, as an essential amino acid, is involved in tryptophan
metabolism (Liu et al., 2022). Tryptophan metabolism is closely related
to the central nervous system because tryptophan is involved in
2019). Tryptophan
metabolism is related to the activity of inflammatory bowel disease

serotonin synthesis (Katuzna-Czaplinska et al.,

and has significant effects on gastrointestinal physiology (Hua et al,
2019). Zhou et al. found that tryptophan metabolism was seriously
disturbed in KYDS state in the study of the therapeutic effect of

ShenQiWan on kidney yang deficiency (Zhou et al, 2016). Tong

Frontiers in Pharmacology

199

et al. found that tryptophan is a precursor of serotonin, which is
closely to KYDS metabolic requiring the
participation of intestinal flora (Tong et al, 2022). In this study,
tryptophan metabolism was disturbed in the model group of kidney-

related disorders

yang deficiency rats. This is consistent with the results of the literature.
Compared with the control group, the tryptophan level in the model
group decreased significantly. Epimedium fried with suet oil could
improve the disorder of tryptophan metabolism by significantly
regulating the tryptophan metabolite, showing obvious anti KYDS effect.

To further verify the results, RT-qPCR was used to analyze the
expression levels of the seven selected targets in the kidney tissues of
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the six groups of rats. GSTA3, GSTM1, GSTM2, and HPGDS belong
to the glutathione sulfur transferase series, which are related to
prostaglandin synthesis and participates in glutathione metabolism.
GSTA3, GSTM1, and GSTM2 are widely present in various tissues and
cells of the body, and are related to the occurrence of cell damage,
oxidative stress, poisoning, aging and other disease processes (Chen
et al.,, 2018). Glutathione thitransferase A3 (GSTA3), as one of the
most important members of the glutathione transferase family, is
involved in detoxication and cell protection (Ilic et al, 2010).
GSTA3 has a protective effect on Tubular epithelial-mesenchymal
transition in renal fibrosis (Xiao et al., 2016). Glutathione S transferase
M1 (GSTM1) is an important member of phase II toxic metabolizing
enzyme GST family, which plays a detoxification role by binding with
glutathione (Mehdi et al., 2019). It is reported that GSTM1 can repair
acute kidney injury by reducing endoplasmic reticulum and oxidative
stress (Dai et al., 2021). Glutathione S-transferase M2 (GSTM2) is a
protein involved in the detoxification of reactive oxygen species (Zhou
et al,, 2008). GSTM2 has the activity of prostaglandin E synthetase
(PGES) and can participate in the synthesis of prostaglandin E2
(PGE2) (Beuckmann et al., 2000).

HPGDS is a member of the glutathione S-transferases (GSTs)
family that is closely associated with inflammatory diseases (Huang
et al,, 2021). HPGDS is mainly expressed in hematopoietic cell lines,
catalyzes the synthesis of prostaglandin D2, and reduces inflammation
by regulating the apoptosis of T cells and B cells (Rittchen and
Heinemann, 2019). It was found that icariin can increase the levels
of glutathione sulfotransferase and glutathione, and decrease the levels
of malondialdehyde and nitric oxide (Amanat et al., 2022). In this
study, the expression levels of GSTA3, GSTM1, GSTM2 and HPDGS
were decreased in kidney tissues after modeling, suggesting that
kidney Yang deficiency was accompanied by apoptosis, oxidative
stress injury and inflammation of kidney tissue cells, and then
caused kidney injury. This is consistent with the kidney
histopathological results described above. However, D group could
reverse the above level expression. Therefore, it could be speculated
that Epimedium fried with suet oil might alleviate kidney injury
caused by apoptosis of kidney tissue by increasing the level of
glutathione transferase, and then played the role of warming
kidney and helping Yang.

ALDH2 is related to the body’s energy metabolism and
carbohydrate metabolism (Guo et al, 2020). ALDH2 is an
important endogenous cardioprotective factor in mitochondria (Xia
et al, 2023). Studies have shown that acetaldehyde dehydrogenase
ALDH?2, as a key enzyme in alcohol metabolism in human body, may
affect the occurrence and development of coronary heart disease by
affecting the level of blood glucose metabolism (You et al.,, 2018).
ALDH?2 plays an important regulatory role in the occurrence and
development of tumors, and has a key role in maintaining tumor cell
stemness (Toledo-Guzman et al., 2019). ALDH2 is related to glycolysis
and affects the level of blood glucose metabolism, which is consistent
with the results of kidney yang deficiency involving Galactose
metabolism pathway in this study. In this study, it was found that
the expression level of ALDH?2 in the kidney tissue of the M group was
significantly decreased. It was speculated that the expression level of
these related target genes was decreased during the occurrence of
kidney Yang deficiency, resulting in the inhibition of the body’s energy
metabolism, which was consistent with the literature that kidney Yang
deficiency caused the body’s low energy metabolism (Chen et al,
2018). After administration, the callback trend of D group was closest
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to that of the N group. This suggested that Epimedium fried with suet
oil could promote the expression of ALDH2, improve the body’s
energy metabolism, and then improve the state of kidney Yang
deficiency.

ARG2 is mainly expressed in kidney, brain and prostate, and
located in mitochondria. In clinical studies, arginase activation is
closely related to the occurrence and development of heart, lung
and kidney ischemia-reperfusion injury, hypertension, erectile
dysfunction, atherosclerosis, aging and other diseases (Wu et al.,
2015). Studies have shown that cell aging caused by aging is
associated with increased intracellular ARG2 activity/expression
(Meng and Xiong, 2016). Inhibition of arginase I leads to increased
expression of NOS2, thus promoting the production of NO (Raber
etal,, 2012). In this study, it was found that ARG2 expression level
was significantly increased in the M group, suggesting that kidney
Yang deficiency might be related to the increased expression level
of ARG2 in the kidney tissue, the decreased content of NO and the
increased level of superoxide production, which may lead to renal
endothelial dysfunction. However, Epimedium fried with suet oil
could significantly reduce the ARG2 expression levels, indicating
that it might play its role by reducing ARG2 expression levels and
alleviating the endothelial dysfunction caused by its
overexpression.

NOS?2 is the rate-limiting enzyme of NO synthesis, which plays its
biological role by producing NO and has important clinical
significance in the occurrence and development of diseases (Mount
and Power, 2006). Excessive production of NO by NOS2 will lead to
cell damage and tissue necrosis, and further promote the occurrence
and development of inflammatory diseases. NOS2 is an important
intracellular messenger and molecular marker in the mechanism of
inflammation (Jiang et al., 2016). In the kidney, NO is involved in the
regulation of renal vascular resistance, glomerular filtration rate and
maintenance of renal structural integrity (Da Silva et al., 2021). Many
studies have shown that NOS2 plays a key role in the pathogenesis of
metabolic nephropathy, and it has been found in the pathogenesis of
chronic nephropathy that elevated NOS2 levels produce highly
NO, which is low-grade
inflammatory states (Zhang et al., 2021). In this study, the

reactive associated with chronic
expression level of NOS2 in the D group was significantly
decreased. It suggested that Epimedium fried with suet oil could
reduce the production of NO, reduce the inflammatory state of
kidney tissue and maintain the integrity of kidney structure by

reducing the overexpression of NOS2 in the kidney tissue.

5 Conclusion

In this study, 15 differential metabolites in urine and plasma
were screened by GC-MS technique. The regulatory effect of
Epimedium on abnormal metabolism of kidney Yang deficiency
was related with Galactose metabolism, Glutathione metabolism,
Glycerolipid metabolism, Arginine and proline metabolism,
Tryptophan metabolism. The processing excipient “suet oil”
regulated Galactose metabolism, and regulated

Galactose metabolism, Glutathione metabolism, Arginine and

“heating”

proline metabolism. Together, the two factors enhanced the role
of Epimedium fried with suet oil in warming kidney and enriching
yang. This further explained the processing mechanism of
synergistic effect of Epimedium processed by heating and suet oil.
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Based on the results of metabolomics and network pharmacology,
combined with RT-PCR verification, the results showed that the
13 active components of Epimedium fried with suet oil played the
role of warming kidney and promoting Yang by acting on the seven
target genes, two pathways and two biomarkers of kidney Yang
deficiency, which further elucidated the processing and synergistic
mechanism of Epimedium fried with suet oil. In view of the
characteristics of multi-component, multi-target and overall
synergy of TCM, this study comprehensively characterized the
mechanism of processing effect of Epimedium, which would help
to systematically and profoundly reveal the processing mechanism of
Epimedium fried with suet oil. At the same time, it provides a
research strategy for studying the processing mechanism of TCM
and the action mechanism of TCM in treating deficiency syndrome.
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Integrating metabolomics, bionics,
and culturomics to study
probiotics-driven drug metabolism

Bohai Li*?*?, Lai-Yu Kwok'??, Dandan Wang'??, Lu Li*??,
Shuai Guo®?? and Yongfu Chen®?3*

Key Laboratory of Dairy Biotechnology and Engineering, Ministry of Education, Inner Mongolia Agricultural
University, Hohhot, Inner Mongolia, China, ?Inner Mongolia Key Laboratory of Dairy Biotechnology and
Engineering, Inner Mongolia Agricultural University, Hohhot, Inner Mongolia, China, *Key Laboratory of Dairy
Products Processing, Ministry of Agriculture and Rural Affairs, Inner Mongolia Agricultural University, Hohhot,
Inner Mongolia, China

Many drugs have been shown to be metabolized by the human gut microbiome,
but probiotic-driven drug-metabolizing capacity is rarely explored. Here, we
developed an integrated metabolomics, culturomics, and bionics framework for
systematically studying probiotics-driven drug metabolism. We discovered that
75% (27/36 of the assayed drugs) were metabolized by five selected probiotics,
and drugs containing nitro or azo groups were more readily metabolized. As
proof-of-principle experiments, we showed that Lacticaseibacillus casei Zhang
(LCZ) could metabolize racecadotril to its active products, S-acetylthiorphan and
thiorphan, in monoculture, in a near-real simulated human digestion system, and
in an ex vivo fecal co-culture system. However, a personalized effect was
observed in the racecadotril-metabolizing activity of L. casei Zhang,
depending on the individual's host gut microbiome composition. Based on
data generated by our workflow, we proposed a possible mechanism of
interactions among L. casei Zhang, racecadotril, and host gut microbiome,
providing practical guidance for probiotic-drug co-treatment and novel
insights into precision probiotics.

KEYWORDS

drug metabolism, probiotics, metabolomics, culturomics, bionics

1 Introduction

Aging, along with physical inactivity, overnutrition, and obesity, are major risk factors for
chronic diseases, which have become a legitimate public health issue that limits healthspan
(Franceschi et al, 2018). An increasing number of the global population suffers from
cardiometabolic diseases, such as type 2 diabetes, obesity, hyperlipidemia, hypertension,
and coronary artery disease, which oblige patients to take multiple drugs every day for
months or even years (Ndisang and Rastogi, 2013). However, it has been widely recognized
that the efficacy and toxicity of many drugs vary considerably between individuals. The typical
response rates for commercially available drugs have been reported to be between 50%-75%,
suggesting that on-sale drugs may not be effective in a large population of patients (Spear et al.,
2001). Besides, severe drug side effects have killed more than 1,00,000 people and cost
$30-100 billion per year in the United States (Sultana et al., 2013). Thus, inter-individual
variability in drug responsiveness is a valid concern that not only delays treatment, posing
uncertain impacts on patients” health, but also causes enormous clinical and financial burdens
to patients and society. Thus, it would be of significance to understand factors that result in the
wide inter-individuality of drug responses.
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The gut microbiota is a complex ecosystem that comprises trillions
of cells, including bacteria, viruses, and fungi, and it encodes over three
million genes, showing a broader metabolic potential than human cells
(Kaoutari et al., 2013). The gut microbiota composition presents a
high degree of inter-individual variation due to various environmental
(e.g., diet, lifestyle, habits), physiological (e.g., age, health status), and
genetic (e.g., ethnicity) factors (Falony et al., 2016). Growing evidence
suggests that the gut microbiome is actively involved in drug
(2019a)
between drugs and

metabolism. For example, Zimmermann et al.
studied the

microorganisms, reporting that 176 commonly used drugs could be

systematically interactions
metabolized by 76 human gut bacteria via chemical transformation
(Zimmermann et al., 2019a). Various rodent and human studies have
also shown that gut microbiota-mediated drug modifications could
affect the bioavailability, bioactivity, and toxicity of drugs (Fu et al,,
2015; Koppel et al,, 2017; Zimmermann et al., 2019b). The large inter-
individuality of human gut microbiota can thus contribute to the
variation in drug responses, and it can be considered as a potential
target for modulating drug efficacy and toxicity.

Probiotics are “live microorganisms which when administered
in adequate amounts confer a health benefit on the host” (FAO/
WHO, 2001). Driven by an increasing health consciousness of the
general public, the trend of consuming probiotics is on the rise. The
probiotics market size is predicted to reach around US$
133.92 billion by 2030 from US$ 63.11 billion in 2021
(GlobeNewswire, 2022). Probiotics have gained wide popularity
and are commonly added to various food and health products, e.g.,
yogurts, cheese, juices, nutrition bars, infant formulas, sweeteners,
waters, pizza crust, gum, lozenges, dietary supplements, and so on
(Sadiq et al., 2022). Moreover, probiotics have been increasingly
applied in clinical settings for preventing and treating multiple
medical conditions, partly due to their capacity to restore a
healthier gut microbiota from disease-associated gut dysbiotic
state (Gagliardi et al, 2018). Like other gut microorganisms,
and have been

probiotics encode a variety of enzymes

demonstrated to metabolize various chemicals, such as
organophosphorus pesticides, mycotoxins, and nitrosamines in
both vitro and vivo studies (Srednicka et al., 2021). Thus, the
wide application of probiotics as active food components can also
influence drug efficacy and side effects. However, data on
probiotic-drug interactions are very scant.

This work comprises a series of experiments aiming to assay
probiotic-drug interactions systematically by: 1) profiling the
capacity of five selected probiotic strains [namely, Bifidobacterium
animalis subsp. lactis Probio-M8 (M8), B. animalis subsp. lactis V9
(V9), Lactiplantibacillus plantarum P8 (P8), Lacticaseibacillus
rhamnosus Probio-M9 (M9), and Lacticaseibacillus casei Zhang
(LCZ)] in degrading 36 commonly used clinical oral drugs; 2)
further ability of LCZ

racecadotril into its active forms in monoculture, in a near-real

characterizing the in metabolizing
simulator human digestion system, and as part of the ex vivo
human fecal culture. Our work demonstrated the ability of
probiotics to degrade commonly used drugs through their own
metabolism and/or via modulating the gut microbiome in a
selective manner. This study has provided a framework for
studying probiotic-drug interactions and novel insights into
probiotic-drug co-treatment and probiotic-based personalized

therapy.
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2 Materials and methods

2.1 Chemicals

All 36 investigated drugs and the two standard solutions
(thiorphan and S-acetylthiorphan) were commercially purchased
from Sigma-Aldrich (St. Louis, MO, United States), and the
detailed these
Supplementary  Table SI.  Acetonitrile,

listed in
dimethyl
sulfoxide, formic acid, and ammonium acetate were HPLC grade,
and along with KCl, KH,PO,, NaHCO;, NaCl, MgCl,(H20)s,
(NH,4),CO;, CaCl,(H,0),, L-cysteine, ethyl acetate, HCI, and
NaOH were bought from Merck (Darmstadt, Germany). Bryant
and Burkey Medium (BB), de Man Rogosa Sharpe (MRS) broth,
glycerol, human salivary a-amylase, porcine pepsin, rabbit gastric

information about compounds s

methanol,

extract for gastric lipase, bovine bile, and porcine pancreatin were
purchased from Sigma-Aldrich (St. Louis, MO, United States).
Modified Gifu anaerobic medium (mGAM) broth was purchased
from HyServe GmbH and Co., KG (Germany). Ultrapure water
used throughout the study was prepared by a Milli-Q water
purification system (Millipore, Molsheim, France).

2.2 Probiotic strains and culture conditions

Five probiotic strains were used in this study, including M8, V9,
P8, M9, and LCZ. They were obtained from the Lactic Acid Bacteria
Culture Collection (LABCC) of the Key Laboratory of Dairy
Biotechnology and Engineering, Inner Mongolia Agricultural
University. These five strains have been proven to possess favorable
probiotic properties and are applied in food, beverage, silage, and
other products.

The five bacterial strains were cultured anaerobically for 24 h at
37°C in the MRS medium with 0.5 g/L L-cysteine (ML medium). Each
strain was subcultured twice in the ML medium before use.

2.3 Assaying the drug-metabolizing capacity
of five different probiotic strains

2.3.1 Sample preparation

In an anaerobic chamber (Don Whitley Scientific, Bingley,
United Kingdom), each probiotic strain (adjusted to 5 x 10° CFU/
mL) was inoculated into 10 mL of ML medium. Then, 10 pL of each of
the 36 tested drugs (dissolved in dimethyl sulfoxide, 1 mg/mL) was
added to the probiotic-inoculated medium. A negative control was
processed in parallel by adding 10 uL of each drug to sterile ML
medium without bacterial inoculation. Cultures and controls were
incubated under the same conditions (at 37°C) in the anaerobic
chamber for 24 h. Afterward, cultures were extracted with 20 mL of
ethyl acetate, and the organic phase was collected and concentrated
using the Genevac EZ-2.3 ELITE centrifugal evaporator (SP Scientific,
Inc., New York, United States). The residue was resuspended in 500 pL
methanol and centrifuged at 13,000g, 4°C for 10 min, and the
supernatants were passed through 0.22 um microporous membrane
filters and were stored at —80°C for further liquid chromatography-
(LC-MS)
performed in triplicate.

mass spectrometry analysis. The experiments were
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FIGURE 1
Drug-metabolizing activities of probiotics. (A) Schematic illustration of the assay. (B) Heat map showing the capacity of five probiotic strains
(Lacticaseibacillus casei Zhang, LCZ; Lactiplantibacillus plantarum P8, P8; Bifidobacterium animalis subsp., lactis V9, V9; B. animalis subsp. lactis Probio-M8,
M8; Lacticaseibacillus rhamnosus Probio-M9, M9) in metabolizing 36 drugs. Hierarchical clustering analysis was performed based on degradation rate, and
Cluster | comprised drugs that could be metabolized by all five probiotic strains. The bar chart shows the number of drugs metabolized by each probiotic
strain. * adjusted p < 0.05, Wilcoxon test. (C) Chemical structure of the six cluster | drugs. The common substructures of these drugs are showninred, i.e., a
nitro group in entacapone, tolcapone, tinidazole, and nitrendipine; and an azo group in phenazopyridine and sulfasalazine.

2.3.2 Standards and calibration

Stock solutions of 10 mg/mL concentration (dissolved in HPLC
grade dimethyl sulfoxide) were prepared for all reference standards.
Each stock standard solution was then subjected to serial dilution with
sterile ML medium from a concentration range of 5 ng/mL to 1 ug/mL.
The diluted stocks were extracted using the method described above
and were stored at —80°C before LC-MS analysis.

2.3.3 Targeted quantitative metabolomics analysis
Targeted quantitative metabolomics analysis was performed on an
ultra high performance liquid chromatography coupled with triple
quadrupole mass spectrometry (UPLC-QqQ-MS/MS) system (SCIEX
Exion LC coupled to a SCIEX QTRAP 6500+; SCIEX, Foster City, CA,
United States) along with a Kinetex EVO C18 column (2.1 mm x
100 mm, 1.7 um, Phenomenex, California, Co, United States). The
conditions of UPLC were as follows: autosampler compartment
temperature, 4°C; column compartment temperature, 40°C; mobile
phase A, ultrapure water containing 0.1% formic acid; mobile phase B,
methanol containing 0.1% formic acid. The gradient elution was
programmed as follows: 0.0-1.0 min, 5.0% B; 1.0-6.5 min, 5.0%-
100.0% B; 6.5-9.5 min, 100.0%-100.0% B; 9.5-11.0 min, 100.0%-—
5.0% B; 11.0-12.0 min 5.0% B. The flow rate was 0.4 mL/min, and
the injection volume was 1 pL. The parameters of mass spectrometry

Frontiers in Pharmacology

were set as follows: curtain gas, 25 psi; ion source gas 1, 50 psi; ion
source gas 2, 50 psi; source temperature, 550°C; ion spray voltage in
positive mode, 5,500 V; ion spray voltage in negative mode, —4,500 V;
carrier gas, nitrogen. Multiple reaction monitoring was used for drug
detection and quantification.

2.3.4 UPLC-QqQ-MS/MS data analysis

Data were acquired by the Analyst 1.7.1 software and analyzed
with the SCIEX OS-Q software (both supplied by SCIEX, Foster City,
CA, United States), including standard curve construction and sample
quantification. All further data processing was performed in R-4.1.2
(https://www.R-project.org/) after sample quantification. The drug
degradation rate was calculated according to the following formula:
degradation rate (%) = (R2-R1)/R2 x 100, where Rl and
R2 represented the concentrations of drugs after 24 h incubation
with and without inoculation with probiotics, respectively. The LC-
MS system has an instrument-dependent random systematic error
range of around 20%-30% (Chong et al., 2019). Thus, in this study, the
degradation rate threshold was set at 30% to ensure that the detected
drop in drug concentration was a specific probiotic metabolic effect.
Wilcoxon tests (calculated by kruskal. test function in dplyr R
package) were applied to test whether drug levels were significantly
lower in the probiotics-drug conditions compared with the controls.
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|dentification of drug metabolites produced by L. casei Zhang (LCZ). (A) Schematic illustration of the assay. (B—D) Tandem mass (MS2) spectra of
racecadotril and its metabolites, M1 and M2 (m/z = 296.0950, 254.0844, respectively). (E-G) The bar charts show the peak area of racecadotril and its
candidate metabolites (M1 and M2) at different time points. Error bars represent SD. (H,l) Extracted ion chromatograms (XIC) of thiorphan and
s-acetylthiorphan from authentic chemical standards. The insets show the enlarged peak clusters of their MS2 spectra. (J) The XIC of samples extracted
from culturing LCZ in the presence of racecadotril, and the peaks corresponded to M2 (m/z: 254.0844), M1 (m/z: 296.0950), and racecadotril, respectively.

All p-values were adjusted for multiple hypothesis testing with the
Benjamini-Hochberg procedure (p.adjust function in graphics R
package).

2.4 ldentification of racecadotril metabolites
produced by in vitro LCZ culture

2.4.1 Growth curve construction

In the anaerobic chamber, 5 x 10° CFU/mL of LCZ was inoculated
into 10 mL of ML medium and incubated anaerobically at 37°C for
24 h. The growth curves of LCZ were determined by measuring the
optical density of cultures at 600 nm (OD600) using a Bioscreen C
system (Oy Growth Curves AB Ltd., Helsinki, Finland). The
experiments were performed in triplicate.

2.4.2 Sample preparation

In the anaerobic chamber, LCZ was inoculated at 5 x 10° CFU/
mL into 10 mL of ML medium. Then, 10 pL of racecadotril (10 mg/
mL) was added to the ML medium with and without LCZ. Three
groups were included in this experiment: LCZ-drug (LCZ was
cultivated with racecadotril), LCZ-medium (LCZ was cultivated
without racecadotril), and drug-medium (contained only
racecadotril without bacteria). All groups were incubated under
the same conditions for 24 h at 37°C in the anaerobic chamber.
Samples were collected at 0, 6, 12, and 24 h, respectively, and
collected samples were extracted (using methods described above)
and were stored at —80°C until further analysis. The experiments
were performed in triplicate.
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2.4.3 Non-targeted qualitative metabolomics
analysis

Non-targeted qualitative metabolomics analysis was performed on
an ultra-performance liquid chromatography to quadrupole time-of-
flight (UPLC- Q-TOF) system (SCIEX Exion LC coupled to a SCIEX
Triple TOF 6600+) along with an ACQUITY UPLC HSS T3 C18
(2.1 mm x 100 mm, 1.8 um, Waters, Co., Milford, United States). The
conditions of UPLC, including carrier gas, autosampler compartment
temperature, column compartment temperature, mobile phase A,
mobile phase B, injection volume, and the flow rate, were the same
as described above. The gradient elution was programmed as follows:
0.0-1.5 min, 5.0% B; 1.5-15.0 min, 5.0%-100.0% B; 15.0-18.0 min,
100.0%-100.0% B; 18.0-19.0 min, 100.0%-5.0% B; 19.0-20.0 min,
5.0% B. The parameters of the electrospray ionization (ESI) source
were set as follows: curtain gas, 30 psi; ion source gas 1, 55 psi; ion
source gas 2, 55 psi; source temperature, 550°C; ion spray voltage,
5,500 V in positive mode and —4,500 V in negative mode; declustering
potential, 60 V in positive mode and —60 V in negative mode; collision
energy, 20, 35, and 50 eV in positive mode, and —20, —35, and —50 eV
in negative mode. Information-dependent acquisition together with
dynamic background subtraction was applied in the time-of-flight
mass spectrometry data acquisition to simultaneously collect the full
scan spectrum and the product ion spectra of the most abundant ions,
enhancing the robustness of MS/MS data for metabolite identification.

2.4.4 UPLC- Q-TOF data analysis
Raw data were acquired by Analyst 1.7.1 software (SCIEX, Foster

City, CA, United States) and checked/viewed with PeakView
2.2 software (SCIEX, Foster City, CA, United States). Metabolites
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search and prediction were performed by MetabolitePilot™
2.04 software using default settings (SCIEX, Foster City, CA,
United States).

2.4.5 Metabolite verification

Predicted metabolites of interest were selected for further
verification by comparing their MS profiles (fragments and
retention  time) to  reference standards  solutions  of
S-acetylthiorphan and thiorphan (purchased from Sigma-Aldrich,
St. Louis, MO). Standard solutions of 10 mg/mL (10 uL) were
diluted in 10 mL of sterile ML medium and were subjected to the
same procedures of sample extraction and non-targeted qualitative
metabolomics analysis described above. The experiments were

performed in triplicate.

2.5 Racecadotril-metabolizing capacity of
LCZ in an in vitro simulated human digestion
system

An advanced near-real dynamic in vitro human gastrointestinal
(GI) digestion system (DHS-IV; Xiao Dong Pro-health
Instrumentation Co., Ltd., Suzhou, China) was used to study the
racecadotril-metabolizing capacity of LCZ.

The DHS-IV system comprised mainly the esophagus model,
human stomach model, and human intestine model, and a lot of
rolling-extrusion devices (Supplementary Figures SIA-C). These were
silicone models created by 3D-printing technology and had similar
dimensions, morphology, and anatomy to an actual human GI tract.
The human digestive juices and GI kinetic parameters were prepared
and set to simulate the human digestion process.

Three types of simulated digestive juices (simulated saliva fluid,
gastric fluid, and intestinal fluid) were used to simulate the chemical
environments in the respective models, which were prepared
according to a previous study (Huang et al., 2020). Simulated saliva
fluid (final pH adjusted to 7) was composed of human salivary a-
amylase (75.0 U/mL), MgCl,(H,O)s (0.15 mmol/L), KH,PO,
(3.7 mmol/L), NaHCO; (13.6 mmol/L), KCl (15.1 mmol/L), and
(NH4),CO5; (0.06 mmol/L). Simulated gastric fluid (final
pH adjusted to 1.6 with HCI) was composed of pepsin (250.0 U/
mL), KClI (6.9 mmol/L), KH,PO, (0.9 mmol/L), NaHCO;
(25.0 mmol/L), NaCl (47.2 mmol/L), MgCl,(H,0)s (0.1 mmol/L),
and (NH4),CO; (0.5 mmol/L). Simulated intestinal fluid (final
pH adjusted to 7) was composed of pancreatin (200 U/mL), bile
salts (8.17 g/L), KCI (6.8 mmol/L), KH,PO, (0.8 mmol/L), NaHCO;
(85 mmol/L), and NaCl (38.4 mmol/L). The DHS-IV system was
maintained at 37°C, and all components were sterilized before use.

Racecadotril (40 pL, 1 mg/mL) was added to 40 mL ML medium
with or without pre-inoculated with LCZ (2 x 10" CFU/mL). The
cultures were mixed with 5mL of simulated saliva fluid and then
shaken in a water bath at 55 rpm, 37°C for 20 s to simulate the chewing
action. The “chewed” oral digestive fluid mixtures were then
transferred to the stomach system (pre-loaded with 10 mL of
simulated gastric fluid to simulate the fasting state) through the
esophagus model. During sample loading, simulated gastric fluid
was continuously delivered to the stomach model by a syringe
pump at a controlled rate of 1.75 mL/min for 60 min. Meanwhile,
the pneumatically-controlled driving device was immediately
activated, pressing the silicone stomach model at a rate of three
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compressions per minute by rolling extrusion plates. The pylorus
sieving valve was simultaneously activated to squeeze the pylorus
model at a constant speed of 8 mm/s, adjusting the opening size of the
pylorus model in the range of 0-4.5 mm. The gastric digestive fluid
passing through the pylorus model next entered the intestinal
digestion system. In this process, simulated intestinal fluid was
continuously injected in the intestinal digestion system at a
controlled rate of 1.0 mL/min for 60 min. The intestinal model was
compressed with six sets of rolling extrusion plates at a rate of
36 extrusions per minute. All parameters mentioned above were set
according to previous studies (Peng et al., 2021; Wang et al., 2022) to
mimic the human digestive process. Four milliliters of samples were
collected at the end of the intestinal model at 6, 12, and 24 h. The
experiment was performed in triplicate.

The total viable counts of LCZ were determined from serially
diluted samples by the pour plate technique on ML agar. The
inoculated ML agar plates were incubated anaerobically at 37°C for
48 h before counting the number of bacterial colonies. The survival
rate of LCZ at different time points was calculated according to a
previous study (Peng et al., 2020). The concentration of racecadotril,
S-acetylthiorphan, and thiorphan was determined by the targeted
quantitative metabolomics analysis described above.

2.6 Ex vivo degradation of racecadotril by LCZ
as part of the personalized microbiome

2.6.1 Fecal samples collection

The fecal samples were voluntarily provided by 26 healthy subjects
recruited from the Key Laboratory of Dairy Biotechnology and
Engineering, Inner Mongolia Agricultural University. The included
subjects did not have diabetes, obvious GI, oral, or skin infections or
diseases, malignancies, or a history of antibiotic use 3 months prior to
or during sample collection. This study complied with the Chinese
regulations regarding observational clinical studies and was examined
and permitted by the Ethics Committee of the Affiliated Hospital of
Inner Mongolia Medical University (No. KY2020006).

The fecal sample of each subject represented one personalized
human gut microbiome. Fecal sample processing and ex vivo culture
were performed according to the protocol reported by Javdan et al.
(2020). Briefly, fresh human fecal samples were collected and
transferred to an anaerobic chamber within 15 min of defecation.
To make the frozen fecal glycerol stocks, fecal samples (1 g per sample)
were re-suspended in 15 mL of sterile phosphate buffer supplemented
with 0.1% L-cysteine, allowed to stand for 5 min, mixed evenly with an
equal volume of 40% glycerol, and aliquoted (1 mL) in sterile
cryogenic vials for storage at —80°C until use.

2.6.2 16S rRNA gene amplicon sequencing analysis
of personalized microbiome

The personalized microbiota of each subject was determined by
sequencing the 16S rRNA amplicons generated from metagenomic
DNA extracted from subjects’ fecal microbiota or the ex vivo fecal
culture. To prepare for ex vivo fecal culture, 200 pL from each donor
glycerol stock was inoculated into 20 mL of BG medium and cultured
anaerobically at 37°C. The BG medium comprised the liquid BB
medium and liquid mGAM medium in a ratio of 7:3. After 24 h,
cultures were centrifuged at 13,000 g, 4°C for 10 min. The pellets and
the corresponding fecal samples were used for DNA extraction with
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the PowerSoil DNA Isolation kit (QIAGEN, United States). The
concentration and purity of the extracted DNA were monitored on
1% agarose gels. The V4 region of 16S rRNA was amplified using a
specific primer pair, 515F and 806R (Walters et al., 2016). Illumina
sequencing libraries were prepared using the TruSeq” DNA PCR-Free
Sample Preparation Kit (Illumina, United States). The library quality
was assessed with a Qubit@ 2.0 Fluorometer (Thermo Scientific) and
an Agilent Bioanalyzer 2100 system. The libraries were sequenced on
an Illumina NovaSeq platform, and a dataset of 2 bp x 250 bp of an
average depth of ~50,000 reads was generated.

Raw sequencing reads were de-multiplexed based on sample
barcodes, and the barcode and primer sequences were trimmed.
Then, unmerged paired-end sequences were filtered and analyzed
using QIIME 2 Core 20222 distribution (Bolyen et al, 2019).
Taxonomy was assigned to the resulting amplicon sequencing
variants with a naive Bayes classifier trained on the Greengenes
database. Downstream analyses were performed in R (version
4.1.2) with the ggplot2 package.

2.6.3 Personalized effect of LCZ on racecadotril
degradation

The effect of exogenous addition of LCZ on racecadotril
degradation by personalized microbiome was investigated. An
aliquot of 200 pL of the glycerol stock was inoculated into 20 mL
of BG medium for anaerobic cultivation at 37°C. After 24 h, 20 uL of
racecadotril (1 mg/mL) was added to the culture together with or
without 5 x 10° CFU/mL of LCZ. In the control culture without LCZ
inoculation, equal volume of BG medium was added instead.
Additionally, there was also a drug-medium control (contained
only racecadotril without any bacteria). Both the inoculated
cultures and the controls were anaerobically cultured for another
24h at 37°C. The concentration of the undegraded portion of
racecadotril in the culture was determined by the targeted
metabolomics described above. The

quantitative analysis

experiment was performed in triplicate.

3 Results

3.1 Five probiotic strains showed a variable
drug-metabolizing capacity

First, the capacity of five probiotic strains in metabolizing
36 commonly used clinical oral drugs was tested in vitro by
incubating each drug with/without inoculating with each probiotic
strain, and the drops in the drug concentrations after 24-h incubation
with each probiotic strain compared with culture without bacterial
inoculation were measured by targeted UPLC-QqQ-MS/MS (total
number of tested probiotic-drug interactions, n = 36 drugs x
5 probiotic strains; 3 replicates per test; a total of 1,080 samples
were analyzed, including the negative control; Figure 1A). These
36 drugs were chosen to be tested in this study because they are
commonly used, and they have been reported to be metabolized by
human gut bacteria (Zimmermann et al., 2019a). Supplementary
Table S1 shows the optimized multiple reaction monitoring
transitions, retention time, standard curve equation, and
correlation coefficient (R?) of each analyte. Good linearity was
found in all drugs and standards with R*> greater than 0.9900,

indicating a good quantitative accuracy.
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After the 24-h incubation with probiotic, a significant drug
concentration drop (>30% degradation, adjusted p < 0.05;
Figure 1B) was observed in 75% (27/36) of the assayed drugs. The
V9 strain was able to metabolize the highest number (19/36) of drugs,
followed by P8 (13 drugs), LCZ (12 drugs), M8 (9 drugs), and M9
(9 drugs). Notably, the profile of the drug-metabolizing capacity varied
among the five tested probiotic strains. Three (mycophenolate-
mofetil, clofazimine, and lovastatin), three (pantoprazole, bisacodyl,
and nicardipine), four (danazol, famciclovir, periciazine, diflorasone),
and one (voriconazole) drug could only be metabolized by LCZ, P8,
V9, and M9, respectively, suggesting strain specificity in the drug-
metabolizing capacity.

Notably, clustering based on the probiotic-metabolizing capacity
identified six drugs (namely entacapone, phenazopyridine, tolcapone,
sulfasalazine, tinidazole, and nitrendipine) that were metabolized by
all five probiotic strains. Interestingly, these six drugs were found to
share common substructures (a nitro group in entacapone, tolcapone,
tinidazole, and nitrendipine; an azo group in phenazopyridine and
sulfasalazine; Figure 1C), suggesting that these two functional groups
could be the potential targets for the metabolic modifications by
probiotics.

3.2 LCZ metabolized racecadotril into
S-acetylthiorphan and thiorphan in
monoculture

Microbial transformation can activate or inactivate drugs, or
produce toxic compounds which can induce serious side effects on
the host. Thus, it is important to identify probiotic-produced drug
metabolites and characterize the biotransformation in each probiotic-
drug interaction. A non-targeted LC-MS/MS-based assay was
developed to identify drug metabolites (Figure 2A). A previous
study reported that L. casei could improve diarrhea in children (Lai
etal., 2019), and here we found that LCZ could metabolize racecadotril
(Figure 1B) - a drug for treating diarrhea. So, the probiotic-drug
interaction between LCZ and racecadotril was used to establish this
protocol, which would provide valuable data for future use of
probiotic-drug co-treatment.

First, the in vitro growth response of LCZ was evaluated. No
significant difference was observed in the growth of LCZ regardless of
the presence of racecadotril in the culture medium, suggesting that this
drug did not influence the growth of LCZ in culture (Supplementary
Figure S2). Based on the growth curves, it took approximately 6 and
12h for LCZ to reach the logarithmic and stationary phases,
respectively, and the bacterial cultures remained at the stationary
phase until at least 24 h. Therefore, samples were collected at 0, 6, 12,
and 24 h to monitor changes in the concentration of racecadotril and
metabolite production by metabolomics analyses.

The concentration of racecadotril in the ML medium was
monitored by targeted qualitative metabolomics analysis for auto-
degradation. No significant change was observed in the concentration
of racecadotril after 6-, 12-, and 24-h of incubation at 37°C compared
with 0-h (Supplementary Figure S3), suggesting that racecadotril did
not auto-degrade.

Meanwhile, changes in the concentration of racecadotril and the
formation of its metabolites at these time points were monitored by
non-targeted qualitative metabolomics analysis. The retention time of
all samples showed good coincidence on the overlay TICs in both
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positive and negative modes (Supplementary Figures S4A, B),
indicating good stability of the LC-MS system. Racecadotril was
detected only in the positive but not the negative mode by
searching its theoretical mass to charge ratio (m/z; Supplementary
Figures S4C, D). Thus, the data acquired in positive mode was used for
further metabolite searching through MetabolitePilot™ software.
MetabolitePilot™ is a powerful software package that allows
comparative analysis between two mass spectra for extracting
compounds that appear only in samples but not controls, and it
only extracts compounds that have common MS/MS fragments or
neutral loss compared with the target compound (Supplementary
Figure S5). In our analysis, a compound was deemed as a drug
metabolite when it: 1) was only observed in the LCZ-racecadotril
culture; 2) had common MS/MS fragments or neutral loss with
racecadotril; 3) could be detected in three independent experiments
and increased as the incubation prolonged.

At 0 h, only racecadotril but no other metabolites were detected in
the LCZ-racecadotril culture (Supplementary Figure S6A). At 6h, a
new compound (referred to as M1; m/z = 296.0940, retention time =
8.09; Supplementary Figure S6B) was detected, and its peak size
increased further at 12h (Supplementary Figure S6C). At 24 h, in
addition to M1, another new compound emerged (M2; m/z =
254.0644, retention time = 7.71 min; Supplementary Figure S6D).
These two compounds had two MS/MS fragments (i.e., 145.0645 m/z
and 91.0546 m/z) common to racecadotril, and racecadotril had one
neutral loss [A (386.1426-269.0940) m/z], which is the same as the
fragment seen in the mass spectra of M1 and M2 (corresponding to
117.0696 m/z). Their possible chemical structures were predicted by
the MetabolitePilot™ software (Figures 2B-D; Supplementary Figure
S6). The levels of these two compounds increased as the incubation
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prolonged, accompanied by corresponding decreases in racecadotril
(Figures 2E-G; Supplementary Figures S7A, B). The M2 peak was not
picked up by MetabolitePilot™ at 12 h due to its low signal intensity
(intensity <1,000; Supplementary Figure S7C) and lack of MS/MS
fragments data.

Based on the mass spectra features and chemical structures,
M1 and M2 were predicted to be S-acetylthiorphan and thiorphan,
respectively. Thus, corresponding standard solutions were purchased
from Sigma-Aldrich for UPLC-Q-TOF analysis under the same
conditions as the sample runs, confirming that S-acetylthiorphan
and thiorphan had identical mass, retention time, and MS/MS
and M2, 2H-J;
Supplementary Figures S8A, B). These results confirmed that

fragments as Ml respectively  (Figures
S-acetylthiorphan and thiorphan were the drug metabolites

produced by LCZ from racecadotril.

3.3 LCZ metabolized racecadotril in a
dynamic simulated digestion system

Probiotics are not the native inhabitants of the human GI tract.
Thus, it is essential to study the capacity of probiotics in drug
metabolism together with their viability during the GI transit. A
near-real dynamic in vitro human GI digestion system (DHS-IV)
was applied to further validate the ability of LCZ in metabolizing
racecadotril meanwhile monitoring changes in the bacterial
viability. Samples were collected at the end of the intestinal
model at 6, 12, and 24 h to determine the bacterial viability by
plate counts. Our results showed that the viable counts of LCZ
dropped with time in the in vitro digestion system (59.68%, 41.07%,
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and 25.21% at 6, 12, and 24h, respectively; Supplementary
Table S2).

Meanwhile, the concentration of racecadotril in the in vitro
simulated human digestion system dropped significantly in the
presence of LCZ (p < 0.05; average degradation rate = 77.23%,
61.54%, and 49.56% compared with the baseline; Figure 3A), and
such drop was not observed in the negative control without adding
LCZ. Similarly, the decrease in racecadotril was accompanied by the
increases in the concentrations of s-acetylthiorphan (detected at 6, 12,
and 24 h; Figure 3B) and thiorphan (only detected at 12 and 24 h;
Figure 3C) in the presence of LCZ. Again, such changes were not
observed in the negative control without LCZ.

3.4 LCZ exhibited personalized effects on
racecadotril metabolism

Our data so far suggested that LCZ had the capacity of metabolizing
racecadotril in monoculture; however, whether its drug biotransformation
capacity would be affected by the great complexity and compositional
individuality of the human microbiome when present as part of the gut
microbial community remained to be answered. Thus, the capacity of
LCZ in metabolizing racecadotril was tested in an ex vivo fecal co-culture
system (Javdan et al., 2020) of stool samples collected from 26 healthy
human donors (Figure 4A).

First, the 16S rDNA amplicon profiles of the fecal microbiota and
ex vivo fecal culture microbiota were compared to ensure that the ex
vivo culture procedure would not cause significant bias in
preferentially expanding only few taxa (Figure 4B). Our results
showed that the family-level compositional profiles of the original
fecal microbiota and ex vivo culture of each subject were largely similar
in terms of bacterial relative abundance and diversity, which was also
confirmed by unsupervised hierarchical cluster analysis, showing the
shortest dissimilarity distance between the fecal microbiota and their
ex vivo culture counterparts in most subjects, and they are joining
together as a pair in the dendrogram (Figure 4C). These results
suggested that the ex vivo culturing system supported the growth a
wide variety of the intrinsic fecal microbiota and was representative of
the original personalized fecal microbiome of each subject.

Next, the ability of the ex vivo fecal culture (with/without exogenous
addition of LCZ) to metabolize racecadotril was investigated. Notably,
around two-thirds (18/26; the range of degradation rate = 7.72%-71.83%,
adjusted p = 0.0002 to 0.0286; Supplementary Figures S9; Figure 4D) of
the samples (without the addition of LCZ) showed varying but significant
degree of racecadotril degradation into S-acetylthiorphan and thiorphan,
compared with the blank control; and, in most cases (24/26), the addition
of LCZ did not exhibit significant differences in racecadotril degradation
compared with the natural degradation rate (adjusted p > 0.05).
Interestingly, the supplementation of LCZ in two ex vivo human fecal
culture samples, D5 and D24, significantly enhanced racecadotril
degradation (adjusted p < 0.05; Figure 4D).

To identify potential taxa that might be responsible for the
racecadotril metabolism, correlation analysis was performed. The
relative abundance of Bacteroidaceae was positively correlated with the
degradation rate of racecadotril (R = 0.95, p < 2.2e-6; Figure 4E;
Supplementary Figure S10), and the formation of thiorphan (R = 0.91,
p = L.5e-5) and S-acetylthiorphan (R = 0.86, p = 0.0013; Supplementary
Figure S12A). In contrast, the relative abundance of Clostridiaceae was
negatively correlated with the degradation rate of racecadotril (R = —0.56,
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p = 0.0032; Figure 4E; Supplementary Figure S10), and the formation of
thiorphan (R = —0.50, p = 0.0095) and S-acetylthiorphan (R = —0.56, p =
0.0029; Supplementary Figure S12B).

On the other hand, to find out whether the 24-h exogenous
addition of LCZ had any effect on the microbiota composition of
the ex vivo cultures D5 and D24, metagenomic DNA from these
incubated co-cultures was extracted for comparative V4-16S-rRNA-
based microbiota analysis against its pre-incubation counterpart. After
24-h with LCZ, the
Bifidobacteriaceae, Bacteroidaceae, and Lactobacillaceae increased

incubation relative abundance of
significantly only in D5 and D24 ex vivo cultures (Figure 4F, p <

0.05) but not other samples (Supplementary Figure S11, p > 0.05).

4 Discussion

Current applications of probiotics are not limited to food and
cosmetic products, but are also increasingly used by clinicians to
ameliorate symptoms and/or as adjuvant therapeutics in various
diseases. Probiotics presented good clinical efficacies in GI
dysbiosis, metabolic diseases, and even neurological disorders
(Aponte et al,, 2020). The therapeutic effect of probiotics is usually
not as direct, fast, and effective as drugs; therefore, they are often used
in combination with other drugs as therapeutic adjuvants rather than
drug replacement. One of the proposed symptom-alleviating
mechanisms of probiotics is their ability to restore a healthier gut
microbiota from disease-associated dysbiotic states. Increasing
evidence supports that the gut microbiota is involved in drug
metabolism; thus, as a part of the regular gut microbiota after
being ingested, probiotics are anticipated to take part in drug
interaction as well. Few studies have yet addressed the drug
metabolizing effects of ingested probiotics.

In this study, we first demonstrated that 75% (27/36) of commonly
used oral drugs could be variably metabolized by five probiotic strains.
Notably, the drug-metabolizing profile differed greatly between strains,
suggesting that the drug-metabolizing activity of probiotics is strain-
specific. Such variation, on the one hand, might reflect the different
original niches of the tested strains [V9 isolated from a stool sample (Sun
et al,, 2010); M8 and M9 isolated from human breast milk (Zhang et al.,
2020; Xu et al,, 2021); LCZ and P8 isolated from traditional fermented
dairy products (Ya et al, 2008; Wang et al, 2015)] and their
environmental/metabolic adaptation. For example, a previous large-
scale comparative genomic study of 455 L. plantarum genomes
identified clear habitat-specific features; isolates obtained from
fermented dairy products, animal and human gut/clinical specimens
were found to contain multiple environment-specific genes (Li et al,
2022). In contrast, many early life-associated bifidobacteria isolated from
breastfed infant gut, presumably acquired from mother’s milk, are
functionally specialized in metabolizing human milk (Lawson et al.,
2020). The V9 strain was originally isolated from a human stool
sample. Provided the repetitive exposure of the human GI tract to a
wide variety of drugs, it is not surprising that V9 could metabolize the
most assayed drugs among the tested strains. On the other hand, the
chemical structures of the drugs could be an important factor in
determining whether they could be easily metabolized. Six of the
assayed drugs were found to be metabolized by all five probiotic
strains, and common to these drugs is the presence of a nitro or an
azo group, rendering them degradable under anaerobic conditions,
possibly by azoreductases and nitroreductases that are frequently
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present across lactobacilli, bifidobacteria, and other anaerobes (Marteau
et al,, 1990). Thus, the source of probiotics and the functional groups
carried by the drugs are important information to guide the combined use
of probiotics and drugs.

The metabolism of drugs by probiotics can alter their structure,
changing their bioavailability, bioactivity, and toxicity, which will
inevitably lead to concerns about therapeutic efficacy and safety.
Therefore, we conducted an untargeted metabolomics analysis to
identify probiotic-produced drug metabolites to gain insights into the
biotransformation process. Two key differences set our approach apart
from previous studies. First, instead of collecting samples at the end of the
incubation, samples were collected at multiple time points to reduce false-
positive. Second, previous studies always relied on searching across
existing tandem mass spectral (MS2) databases, such as KEGG,
HMDB, METLIN, mzCloud, and MassBank, for
identification, which are collections of data from different platforms,
such as QTOF, Orbitrap, and QqQ, with widely varied instrumental
conditions, e.g., collision energy and column types. These variations

metabolite

greatly limit the accuracy of the identification. Thus, this study used
MetabolitePilot™ software to identify the metabolites of interest, followed
by experimental verification of the retention time, accurate precursor
mass (MS1), and MS2 spectra with authentic chemical standards under
the same conditions, which is the “gold” standard for metabolite
identification (Vinaixa et al, 2016). By untargeted metabolomics
analysis, it was confirmed that racecadotril was metabolized into
S-acetylthiorphan and thiorphan by LCZ. S-acetylthiorphan and
thiorphan are reported active metabolites of racecadotril (Spillantini
et al, 1986; Eberlin et al, 2012), implicating that the metabolic
transformation of LCZ can contribute to the bioactivity of racecadotril.
It was reported that the liver can metabolize thiorphan into inactive
metabolites such as sulfoxide of S-methylthiorphan, S-methyl thiorphan,
2-methane-sulfinyl methyl propionic acid, and 2-methyl sulfanyl methyl
propionic acid via cytochromes P450 enzymes (Eberlin et al, 2012).
Those inactive metabolites were not identified in this study. A possible
reason for this is that P450 enzymes are generally not present in
Lactobacillaceae (Padayachee et al., 2020).

Both the probiotics and oral drugs would pass through the harsh
conditions in the GI tract, including challenges under low pH, exposure to
multiple digestive enzymes and bile salts, and prolonged peristaltic
churning and mixing actions in their journey through the mouth,
stomach, and intestine. These physical and chemical factors may
directly affect probiotic-drug interactions. So, a dynamic GI model
which simulated both the biochemical and mechanical processes of
human digestion was used to validate the ability of LCZ in
metabolizing racecadotril. The bacterial survival rate in the digestate
collected at the end of the human intestine model was around 25%
after 24-h of simulated digestion, suggesting that LCZ could tolerate
human digestive juices and mechanical churning for a sufficiently long
time. The survival rate of LCZ observed in this model was lower than that
reported in previously static simulated GI juice tolerance tests (including
sequential testing of tolerances to GI juices and bile; and evaluation of bile
salt hydrolase activity) (Wu et al, 2009), indicating that traditional
probiotic screening methods could overestimate the survival of
probiotics through the human GI tract. Particularly, the mechanical
churning stress is not considered in conventional assaying methods.
Consistently, S-acetylthiorphan and thiorphan were mainly detected in
the digestate of the intestinal model in the presence of LCZ but not in the
negative control without bacterial inoculation. These results together
suggested that LCZ could reach the intestine alive and remain active
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in racecadotril degradation. Moreover, the observation of the gradual
decrease in racecadotril accompanied by progressive increases in
S-acetylthiorphan and thiorphan in both the monoculture assay and
simulated human digestive system suggested that the biotransformation
process is a continuous process occurring only in the presence of LCZ.

We then investigated the racecadotril degradation ability of LCZ in an
ex vivo fecal co-culture system, which simulated the natural colonic
environment where probiotics would indeed become part of the host
gut microbiome, at least temporally. Notably, the ex vivo fecal cultures
showed variable racecadotril degradation ability without exogenous
addition of LCZ, suggesting that the gut microbiota can naturally
metabolize racecadotril, though such capacity is personalized due to the
highly individualized gut microbiota composition. Differences in the host
gut microbiome have been shown to lead to inter-individual phenotypic
variations in digestive capacity and pharmacokinetic/pharmacodynamic
responses (Zhu et al,, 2015). We further found that the degradation rate of
racecadotril had a strong positive correlation with Bacteroidaceae while
negatively correlated with Clostridiaceae, highly suggestive of an active role
of these two bacterial families in racecadotril degradation. Our result is
consistent with Zimmermann et al. (2019a)), reporting that racecadotril
could be fully metabolized by human gut isolates belonging to the phylum
Bacteroidetes. Interesting, the exogenous addition of LCZ to the ex vivo
fecal culture with racecadotril did not significantly increase the drug
degradation rate in most cases, except for the fecal cultures of donors
5 and 24, suggesting that the biotransformation of racecadotril by an
individual strain in a microbiota community is a lot more complicated
than in monoculture. It is possible that the growth and gene expression of
LCZ were somehow suppressed by the fecal microbes present in the co-
culture environment in most cases. However, tracking strain-level
microbial dynamics and gene expression changes remain technically
difficult, which need to be addressed in future studies. Our results also
did not rule out the chance that the drug metabolism could be contributed
partly by the endogenous microbiota of the fecal culture. The current study
was only able to show that the increase in racecadotril degradation in the
LCZ-fecal co-cultures of donors 5 and 24 was accompanied by a significant
expansion of the families Bacteroidaceae, Bifidobacteriaceae, and
Lactobacillaceae. The taxonomic resolution of our 16S rRNA analysis
was limited to the family level, but presumably at least part of the
Lactobacillaceae enrichment was a direct effect of LCZ inoculation and
growth. Our previous work found strong positive correlations between
LCZ and specific taxa, including Bifidobacteriaceae, Lactobacillaceae, and
Bacteroidaceae, in human gut (Zhang et al., 2014). The positive correlations
might suggest symbiotic and even mutually stimulating relationships
among these taxa when living under the provided environmental
conditions. Thus, a microbiota community with a higher proportion of
Lactobacillaceae (relative abundance >1%; Supplementary Figure S11) may
benefit the growth of LCZ, which will in turn stimulate the growth of
Bifidobacteriaceae and Bacteroidaceae. On the other hand, Clostridiaceae
showed a strong negative correlation with the racecadotril degradation rate,
suggesting its potential role in inhibiting drug degradation reaction. The
relative abundance of Clostridiaceae in the LCZ-ex vivo fecal co-cultures of
donors 5 and 25 showed opposite trends after the 24-h incubation with
racecadotril (expanded in the co-culture of donor 24, increased from 3.25%
t0 9.43%; diminished in the co-culture of donor 5, decreased from 2.16% to
1.37%; Figure 4F). The contradictory result could again be due to the
limited taxonomic resolution of our 16S rRNA analysis. Clostridiaceae is a
highly diverse family, including a number of genera that contribute to
different nutrient digestibility (Bermingham et al., 2017). It is possible that
the observed responses in Clostridiaceae only represented some of the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1047863

Li et al.

genera within this family. After all, these observations together suggested
that the drug-metabolizing action of LCZ is greatly dependent on its
interactions with the environmental microbiota.

These results provide important insights: 1) previous in vitro
studies showing drug metabolism of single bacterial strains should
be carefully interpreted and needed to be reproduced in assay
conditions taken into account of the complex interactions in the
gut microbial community; 2) probiotic applications, particular in
should not be treated as
supplement but as “precision probiotics” for the best benefits of

clinical scenarios, “one-size-fits-all”
patients and consumers (Sakandar and Zhang, 2022).

Based on our findings, we propose a possible in vivo mechanism of
interactions between LCZ, racecadotril, and host gut microbiota
(Figure 5). Viable LCZ cells transit through the harsh conditions in
the stomach and the small intestine, gaining access to the colon. In the
colon environment, the growth and metabolism of LCZ are favored, in
the presence of some symbiotic and mutually supportive gut
commensals, eg., Bifidobacteriaceae,  Bacteroidaceae, and
The

particularly Bacteroidaceae and possibly LCZ, enhances racecadotril

particularly Lactobacillaceae. expansion of these taxa,
metabolism into its active products, S-acetylthiorphan and thiorphan.

Although the current study design has already taken into account of
multiple factors, such as probiotic specificity, different types of drugs, and
the complex physiological environment of the human gastrointestinal
tract, some important aspects in clinical drug therapy have still not been
considered. For example, whether multiple administration of racecadotril
(or other drugs, particularly those that are known to have a gut microbiota
modulatory effect, e.g, proton pump inhibitors, metformin, selective
serotonin reuptake inhibitors and laxatives) (Weersma et al., 2020) can
change the capacity of LCZ and/or microbiota to metabolize the drug; and
whether single or multiple probiotics administration could change the
microbiota. Generally, combined probiotic formulations are considered
more effective than single-strain probiotic products in preventing and
managing diseases (Mathipa and Thantsha, 2015). These are relevant but
complicated aspects that should be addressed in further studies. Finally,
future experiments should target to increase the sample size and track
microbial dynamics at a finer taxonomic resolution, ideally to a strain-
level precision, which would further confirm the findings of this work and
provide insights into microbiota-probiotic-drug interactions.

5 Conclusion

Nowadays, interest in using probiotics for preventing and
treating multiple diseases is growing. Many probiotics are now
used as adjuvants to drug therapy. This work provided a workflow
for the first
interactions. By

time to systematically study probiotic-drug
established

demonstrated that probiotics could degrade commonly used

using  the framework, we
drugs through their own metabolism and/or via modulating the
gut microbiota in a host selective manner. Although the established
workflow does not reveal the effect of probiotic intake on the
bioavailability, bioactivity, and toxicity of drugs, it provides
practical reference information for the combined wuse of
probiotics and drugs, as well as valuable data for designing in
that

metabolomics, bionics, and especially culturomics would help

vivo validation assays. We envisage incorporating

elucidate inter-individual variabilities in drug responses and
promote the transition to a precision probiotic use approach.
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Introduction: Although pharmacogenetics and pharmacogenomics have been at
the forefront of research aimed at finding novel personalized therapies, the focus of
research has recently extended to the potential of intestinal microbiota to affect drug
efficacy. Complex interplay of gut microbiota with bile acids may have significant
repercussions on drug pharmacokinetics. However, far too little attention has been
paid to the potential implication of gut microbiota and bile acids in simvastatin
response which is characterized by large interindividual variations.

The Aim: In order to gain more insight into the underlying mechanism and its
contribution in assessing the clinical outcome, the aim of our study was to examine
simvastatin bioaccumulation and biotransformation in probiotic bacteria and the
effect of bile acids on simvastatin bioaccumulation in in vitro conditions.

Materials and methods: Samples with simvastatin, probiotic bacteria and three
different bile acids were incubated at anaerobic conditions at 37°C for 24 h.
Extracellular and intracellular medium samples were collected and prepared for
the LC-MS analysis at predetermined time points (0 min, 15min, 1h, 2h, 4h, 6 h,
24 h). The concentrations of simvastatin were analyzed by LC-MS/MS. Potential
biotransformation pathways were analyzed using a bioinformatics approach in
correlation with experimental assay.

Results: During the incubation, simvastatin was transported into bacteria cells
leading to a drug bioaccumulation over the time, which was augmented upon
addition of bile acids after 24 h. A decrease of total drug level during the
incubation indicates that the drug is partly biotransformed by bacterial enzymes.
According to the results of bioinformatics analysis, the lactone ring is the most
susceptible to metabolic changes and the most likely reactions include ester
hydrolysis followed by hydroxylation.

Conclusion: Results of our study reveal that bioaccumulation and biotransformation
of simvastatin by intestinal bacteria might be the underlying mechanisms of altered
simvastatin bioavailability and therapeutic effect. Since this study is based only on
selected bacterial strains in vitro, further more in-depth research is needed in order
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to elicit completely the contribution of complex drug-microbiota-bile acids
interactions to overall clinical response of simvastatin which could ultimately lead
to novel approaches for the personalized lipid-lowering therapy.

KEYWORDS

pharmacomicrobiomics, gut microflora, simvastatin, bile acids, drug metabolism, drug

transport

1 Introduction

Given that each individual has its own unique and relatively stable
bacterial composition (“bacterial fingerprint”), gut microbiota has
attracted a great deal of attention among the scientific community
in the field of personalized medicine. Most research to date has focused
on the relationship between the state of the microbiome and disease
risk (Cullen et al., 2020). In addition to the role in the pathogenesis of
many diseases, pharmacomicrobiomic studies have demonstrated that
gut microbiota may also affect the bioavailability, clinical efficacy and
toxicity of a wide range of drugs. Therefore, pharmacomicrobiomics
has become the focus of many research works as a valuable tool for
predicting therapy outcomes (EIRakaiby et al., 2014; Scher et al., 2020;
Lazarevi¢ et al.,, 2022).

Intestinal microbiota-drugs interactions are possible at different
levels, through both direct and indirect mechanisms, via bacterially
derived metabolites, modulation of barrier function and regulating the
gene
gastrointestinal tract (Wilson and Nicholson, 2017). Since the

expression of different transporters and enzymes in
capability of the gut microbiome to metabolize drugs has been
recognized for over 80 years (Fuller, 1937), the most studied
interaction is the biotransformation of drugs by bacterial enzymes
(Enright et al., 2016; Wilson and Nicholson, 2017; Zimmermann et al.,
2019). Gut microbiota performs a wide range of metabolic reactions
on drugs that may affect the pharmacokinetics of numerous drugs and
the final clinical outcome (Wilson and Nicholson, 2017; Pani¢ and
Mikov 2020). Metabolic transformation of drugs by gut microbiota
and probiotic bacteria may result in the production of active, inactive
or even toxic metabolites contributing to therapeutic effects or even
adverse reactions. While the liver is primarily responsible for the
metabolism via oxidation and conjugation producing polar and high
molecular weight metabolites, the intestinal bacteria is mainly
involved in reductive and hydrolytic reactions but deamination,
dehydroxylation, decarboxylation, demethylation, deconjugation
and proteolysis are also described, therefore representing an
extremely important site of first-pass metabolism (Stojancevi¢ et al.,
2014; Wilson and Nicholson, 2017; Pani¢ and Mikov, 2020). To date,
over one hundred drug molecules have been reported to be
metabolized by intestinal bacteria (Zimmermann et al, 2019).
However, this number is likely much higher since no large-scale
systematic screenings for bacterial metabolism have taken place
(Bisanz et al., 2018).

Beyond the increasingly recognized scenario of biotransformation
by the bacterial enzymes, in a previously published study, we have
demonstrated that drugs may also accumulate in gut bacteria (Pani¢
et al,, 2019). To the best of our knowledge, no previous research had
considered drug-bacteria interactions in terms of bioaccumulation so
this type of interaction is a completely new aspect that needs special
attention in future studies to gain a more in-depth understanding of its
influence on drug bioavailability. In a recently published study in the

Frontiers in Pharmacology

journal Nature, a group of authors has studied the interactions of
15 diverse drugs with 25 common strains of gut bacteria, revealing
70 bacteria-drug interactions that included even 29 entirely novel
mechanisms. It was surprising that the majority of the new
interactions were the drugs accumulating within the bacteria with
or without chemical transformation highlighting the role of the
microbiome in drug delivery, effectiveness and safety (Kliinemann
et al., 2021).

Drugs that are particularly susceptible to the effect of gut
microbiota are those characterized by low solubility and/or
permeability, or modified-release, thereby contributing to longer
residence times of a drug within the gastrointestinal tract wherein
biotransformation by intestinal bacteria may occur (Stojancevic et al.,
2014; Enright et al,, 2016). Additionally, functional group analysis
suggests that particular chemical structures (such as lactones, nitro,
azo and urea groups) predispose drugs for microbial metabolism
(Zimmermann et al., 2019). One such candidate is simvastatin, a
lipid-lowering drug from a group of statins, which acts as a 3-hydroxy-
(HMG-CoA) inhibitor. The
simvastatin molecule consists of aromatic backbone attached to

3-methyl-glutaryl-CoA reductase
dimethylbutanoic acid arm with an ester bond and the ethyl
pyranyl arm with a covalent C-C-bond forming a lactone structure
which represents an inactive form of the drug (Aura et al., 2011). This,
simvastatin is administered as a prodrug while the active carboxylate
form of the drug is 3-hydroxy acid which is produced upon hydrolysis
by esterases, paraoxonases and by non-enzymatic hydrolysis in the
human body (Geboers et al., 2016). The binding of statins to the
catalytic domain of HMG-CoA-reductase is stereoselective and
simvastatin in vivo rapidly converts to the active (3R, 5R)-3,5-
dihydroxypentanoic acids, which in turn inhibit this enzyme (Ye
and Devasthale, 2016). It is known that simvastatin undergoes
extensive hepatic metabolism via various pathways including acid/
lactone interconversion. According to the biopharmaceutical
classification system (BCS), simvastatin belongs to the second class
of drugs characterized by low water solubility and high permeability.
For this group of drugs, dissolution rate is a limiting factor for
2016b). The bioavailability of

simvastatin is rather low (less than 5%) due to variable absorption

bioavailability (DPani¢ et al,

(60%-80%), intensive presystemic elimination and drug efflux
pathways (De Angelis, 2004; Korani et al, 2019). Despite the
confirmed effectiveness of statins therapy in the prophylaxis and
management of cardiovascular disease, a number of studies have
drawn attention to large inter-individual variability in response,
with roughly a third of treated patients achieving the lipid-lowering
goals specified in international guidelines indicating a highly
unpredictable therapeutic outcome in patients (Postmus et al.,
2014; Trompet et al., 2016). Patient-specific factors like genetic
predisposition and the drug characteristics such as low solubility
and dissolution rate of simvastatin may only partly explain these
differences (Pasanen et al.,, 2006; Ramsey et al., 2014; Pani¢ et al,,
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2016b; Lee and Ho 2017; Karazniewicz-Lada et al., 2018). There are
still difficulties with treatment decisions and personalized approaches
to simvastatin therapy remain limited (Reiter-Brennan et al., 2020).
Therefore, insights into the additional factors that may affect the
efficacy of drug are urgently needed to maximize the clinical response.
With an attempt to fill this gap, the research group investigated the
link between gut microbiota and simvastatin response and
demonstrated that antibiotic treatment not only changed the gut
microbiota composition but also attenuated the hypolipidemic
effect of simvastatin in hyperlipidemic mice (He et al, 2017).
Additionally, the metabolomics analysis showed that higher pre-
treatment levels of bacterial derived bile acids correlated with low-
density lipoprotein cholesterol (LDL-C) lowering in patients who had
a good response to simvastatin (Kaddurah-Daouk et al., 2011). These
findings indicate that variability might lie in the interactions with
intestinal microbiota, which will be the topic of this research.

A growing body of studies over the last few decades has
recognized the role of bile acids in the modulation of drug
transport through biological membranes, by affecting their
solubility or permeability through biological membranes (Pani¢
et al., 2018; Dani¢ et al., 2021; Mooranian et al., 2021; Pavlovié¢
et al., 2022). The final outcome of bile acids on drug transport
across the biological membrane depends on many factors including
type and structure of bile acids, their hydrophobicity and
concentration. It should be noted that bile acids increase the
solubility and dissolution rate of non-polar drugs primarily at
the levels higher than the critical micellar concentration (CMC),
while in submicellar concentrations, they mostly influence the drug
transport across the biological membranes (Pavlovi¢ et al., 2018).
Most common drug-bile salt interaction is ion-pairing and the
formed complexes may have either higher or lower polarity
compared to the drug molecule itself (Pani¢ et al., 2018). The
influence of bile acids on drug transport may be achieved through
the effect on active and passive transport (Stojancevic et al., 2013;
Dani¢ et al., 2021; Pavlovi¢ et al., 2022). Much of the current
literature pays particular attention to the effect of bile acids on the
transport into eukaryotic cells through biological barriers such as
the blood brain barrier, skin, buccal, nasal, pulmonary and
intestinal membranes (Moghimipour et al., 2015).

Due to the physiological presence of bile acids in the
gastrointestinal tract and the complex crosstalk between bile acids
and gut microbiota in terms of bacterial biotransformation of bile
acids that affects their composition and signaling pathways
(Wahlstrom et al, 2016; Dani¢ et al, 2018), it would be of
immense importance to study the effect of bile acids on the drug
transport into bacterial cells as well.

It is clear that the behavior of prodrugs such as simvastatin in the
gastrointestinal tract, which includes interactions with intestinal
bacteria and bile acids, may have significant repercussions on
drug
pharmacokinetics. In vitro testing of these interactions is clearly

intestinal absorption,  metabolism  and  overall
an important step in assessing the final effect on the clinical outcome
in patients. To gain more insight into the mechanisms underlying
this process, we investigated: 1) simvastatin bioaccumulation in
probiotic bacteria in in vitro conditions, 2) the influence of
different bile acids

probiotic bacteria and 3) the biotransformation of simvastatin by

on the simvastatin bioaccumulation in

probiotic bacteria using a bioinformatics approach in correlation
with experimental assay.
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2 Materials and methods
2.1 Materials and reagents

Commercial capsules of probiotics (PROBIOTIC, Ivanci¢ i sinovi
d. 0.0, Serbia) containing 5 x 10° lyophilized cells of Lactobacillus
acidophilus  Rosell-52, Lactobacillus rhamnosus Rosell-11 and
Bifidobacterium longum Rosell-175 strains, were used in the study
as representatives of intestinal microbiota. The accuracy of label claims
was confirmed by pretesting the number of viable bacteria in capsules
using traditional methods of cultivation. Bacterial strains have been
identified and characterized by Pasteur Institute, France. Simvastatin
was obtained from Hemofarm AD, Serbia. Cholic acid (CA) and
deoxycholic acid (DCA) were purchased from Sigma Chemicals Co.,
St Louis, MO, United States while 12-monoketocholic acid (MKC) was
synthesized at the Department of Pharmacology, Toxicology and
Clinical Pharmacology, Faculty of Medicine, Novi Sad, Serbia
according to the previously published method of Miljkovic et al.
(Miljkovic et al., 1996). Water, acetonitrile, ethanol and formic acid
were of LC-MS grade and obtained from J.T. Baker (Phillipsburg, NJ,
United States). Phosphate buffered saline pH 7.4 was purchased from
Gibco, Life Technologies, Grand Island, NY, United States.

2.2 Preparation of stock standard and working
standard solutions

The stock solution of simvastatin (5 mg/ml) was prepared by
dissolving the appropriate amount of simvastatin in ethanol. A series
of standard solutions was prepared using the appropriate dilution of
in PBS buffer:AcN (1:4) final
concentrations in the range of 0.625-20 pg/ml. These standard

stock solution to reach the
solutions were used for the determination of linearity and the
construction of the calibration curve. The dependence of the peak
area on the concentration was analyzed. The calibration curve
equation was y = 2621x+33447. The correlation coefficient of the
calibration curve was R* = 0.9974.

Stock solutions of DCA, 12-MKC and CA at concentrations of
25mM were prepared by dissolving the appropriate amount of
respective bile acids in DMSO. In this study, submicellar
concentrations of bile acids were used (0.25 mM) (Natalini et al.,
2007).

2.3 Experimental protocol and sample
preparation

5 x 10° probiotic bacteria were mixed and shaken with 10 ml of
simvastatin solution in PBS buffer (50 pug/ml) in a test tube with a
screw cap making suspension of probiotic bacteria (5 x 10%/mL).
Experimental groups with probiotics were labeled with SP, SPD, SPM
and SPC (without bile acids, with DCA, 12-MKC and CA,
respectively). Control groups were prepared in the same way but
without probiotic bacteria (S, SD, SM, SC, respectively) in order to
distinguish the spontaneous degradation of simvastatin during the
time from the effect of probiotics.

The tubes were incubated at anaerobic conditions at 37°C for 24 h,
gently shaking the tubes occasionally. Extracellular and intracellular
medium samples were collected and prepared for the LC-MS analysis
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at predetermined time points (0 min, 15min, 1 h, 2h, 4h, 6 h, 24 h)
according to previously published procedure (Pani¢ et al., 2019). In
each time point, after the gentle shaking the tubes to uniformly
distribute the content, 100 uL of samples were withdrawn and
centrifuged for 5min at 15,000 rpm to precipitate bacteria.
Precipitated bacteria were used for the analysis of intracellular
content and the remaining supernatant were carefully poured off
and used for analysis of extracellular content. Precipitation of the
proteins in the remaining supernatant was achieved by acetonitrile
which was added to supernatant in ratio 1:4. Then, samples were
centrifuged for 10 min at +4°C and at 15,000 rpm. The obtained
supernatant was used for the analysis of extracellular concentration
of simvastatin. An aliquot of 10 pL was directly injected in LC-MS/MS
system. Precipitated bacteria that remained after the first step of
centrifugation were used for the analysis of intracellular content.
Cells were washed three times gently with PBS and resuspended in
100 pL of deionized water followed by ultrasonic disruption that was
achieved by three 2-min consecutive ultrasound exposure with 3-min
rest intervals between in an ice bath. Bacterial cell debris were then
pelleted by a centrifugation step and the supernatant was diluted 5-
fold with acetonitrile and centrifuged for 10 min at +4°C and at
15,000 rpm before loaded onto a column for the analysis of
intracellular fraction of simvastatin. During the analysis, 5-fold
dilution with acetonitrile was considered. The concentrations of
simvastatin were analyzed by LC-MS/MS. Total concentrations
were calculated theoretically as a sum of extracellular and
intracellular concentrations. In order to avoid misinterpretation of
results due to possible loss of drug by washing the cells, we have
prepared control samples of all studied groups in the last time point
and measured the concentrations of simvastatin after lysis of total
content which contained the total amount of drug. All experiments
were performed in triplicates protected from direct sunlight to prevent
photodegradation of the drug.

2.4 LC-MS analysis

Sample analysis was performed with The LCQ Fleet ion trap mass
spectrometer from Thermo Fisher Scientific, Germany operated in
positive electrospray mode. The mass spectrometer was coupled to an
HPLC system (Thermo Fisher Scientific, Germany) consisting of a
quaternary gradient Surveyor LC pump Plus (Thermo Finnigan) and a
Surveyor Autosampler Plus (Thermo Finnigan). The system was
controlled by Xcalibur LC/MS software (Thermo Fisher Scientific
Corporation, v 2.0.7, 2007). Quantitative analysis was performed using
LC-MS according to a previously published method (Gambhirea et al.,
2011) with minor modifications. In brief, the analysis was performed
using a reverse-phase column Zorbax Eclipse Plus-C18 (150 mm x
2.1 mm, 5um, Agilent Technologies, United States), and a guard
column Zorbax extend C18 (12.5mm x 2.1 mm, 5um, Agilent
Technologies, United States). The mobile phase for isocratic elution
consisted of 0.1% formic acid in water and acetonitrile (30:70% v/v), at
a constant flow rate of 300 uL/min. The injection volume was 10 pL,
the column temperature was 20°C and the duration of one analysis was
15min. The retention time for simvastatin was 9.73 min. The
operating conditions of the mass spectrometer were as follows:
temperature of the heated capillary 350°C, sheat gas flow (nitrogen)
32.00, auxiliary gas flow (helium) 8.0 (in arbitrary units), source
voltage 5.5kV, source current 100 uA, 1 micro-scan with a
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maximum ion injection time of 100ms. MS analysis was
performed in positive ion mode in the whole mass range of m/z
90-600. The ion of the adduct molecule with sodium [M + Na]* was
selected for quantitative analysis.

Identification of simvastatin metabolites i.e. qualitative analysis
was conducted using LC-MS/MS according to method described
previously (Hirth, 2011) with slight modifications. Gradient elution
was performed with the mobile phase consisting of 0.1% formic acid
(A) and acetonitrile containing 0.1% formic acid (B) starting at 42% B
followed by a linear gradient to 90% B over 40 min, holding at 90% B
from 40 to 50 min, back to starting conditions (42% B) over 1.5 min,
and allowing the column to re-equilibrate to the starting conditions
(42% B) during the last 8.5 min period (51.5-60 min). The flow rate
was set to 200 uL/min. Samples were stored at 15°C in an Agilent
autosampler throughout the analyses.

Mass spectral data were acquired on LCQ Fleet™ Ion Trap Mass
Spectrometer (Termo Fischer Scientific, Germany), equipped with an
electrospray ionization (ESI) source operated in positive ionization
(Thermofisher
Corporation, version 2.0.7, 2007) for system operation and data

mode and wused Xcalibur software Scientific
manipulation. MS instrument parameters were optimized by
infusing the SV (10 ug/ml) with a syringe pump into the MS
source at a flow rate of 5 pL/min with LC solvent.

Two scan events were prescribed to run in the LCQ mass
spectrometry. The first event was a full-scan spectrum to acquire
data on the on protonated molecules [M + H]* or adducts with alkali
metal [M + Na]* within the scan range from m/z 150 to 600. The
second scan event was performed using a Data Dependent Scan on [M
+ H]" or [M + Na]". In this mode, three most abundant mass peaks
from the first scan are selected for fragmentation. One pscan was used
for data acquisition, and the maximum injection time was 100 ms.
Product ion MS/MS scans were performed at normalized collision
energy of 30.0 (expressed in relative units, %), the isolation width 2 m/
z, the activation q value 0.250, charge state 2 and the activation time
30 ms. For the dependent scans, dynamic exclusion was enabled with
the following settings: repeat count 2, repeat duration 15 s, exclusion
list size 500, and exclusion duration 60 s.

All data were processed using Qual Browser, which is a part of the
Thermofinnigan Xcalibur software in combination with software used
for Deconvolution is Automated Mass Spectrometry Deconvolution
and Identification System (AMDIS) developed by NIST (National

Institute of Standards and Technology).

2.5 Analysis of simvastatin biotransformation
pathways by bacterial enzymes: Databases
and bioinformatics approaches

Potential simvastatin biotransformation pathways were analyzed
also using a bioinformatics approach and appropriate software
packages.

Simvastatin metabolism was anticipated using freely available
MetaPrint 2D tool (http://www.metaprint2d.ch.cam.ac.uk/metaprint2d/
), which predicts metabolism through data-mining and statistical analysis
of known metabolic transformations reposted in the literature. The atoms
of a xenobiotic at which metabolic transformations are centered are
termed its ‘sites of metabolism (SOM)’. By uploading the SMILES string of
simvastatin molecule, MetaPrint2D predicted metabolic reactions and
sites of a molecule that are most likely to undergo the metabolism, based
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FIGURE 1

Extracellular, intracellular and total simvastatin level over the 24-h
incubation with (SPec, SPic, SPior) and without probiotic bacteria (S)
Statistically significant difference of total simvastatin level, calculated as a
sum of intracellular and extracellular amount, was noted versus
control, without probiotic bacteria, during the entire study period

(*p < 0.05).

on their similarity to known sites of metabolism and sites that are known
not to be metabolized. The predicted metabolic sites/atoms are
probability  of
biotransformation. For each marked site in the structure, Normalized

represented by a color code, indicating the
Occurrence Ratio (NOR) value was generated representing the probability
of enzymatic reaction on the particular atom. The most probable SOM is
shown in red and the least probable in gray, with probability values
ranging from 0 to 1 [red (0.66-1), orange (0.33-0.66), green (0.33-0.15),
white (0.15-0.00), and gray (little/no data)] (Carlsson et al, 2010).
Additionally, to predict the structures of potential metabolites, the
EAWAG-BBD Pathway Prediction System was used (EAWAG-BBD
Pathway Prediction System, 2010).

In order to link suggested metabolic pathways with genes and enzymes
in tested bacteria, we have searched for different databases which contain a
collection of microbial genomes and metabolic pathways. These predictions
are based on data on sequenced genomes, computationally inferred data
and existing information from the scientific literature (Karp et al,, 2019).
Databases-driven analysis of bacterial enzymes is an established technique
applied in research on drug-microbiota interactions (Liu et al, 2017;
Rezazadeh and Babaeipour, 2020; Ankrah and Barker, 2021). The
organism search (Lactobacillus rhamnosus, Lactobacillus acidophillus,
Bifidobacterium longum) was performed on verified BRENDA, BioCyc
and KEGG platforms in order to check their enzymes. Entering a search
term resulted in the list of enzymes that was reviewed for the presence of
specific enzymes which may act on simvastatin as a substrate.

2.6 Statistics

Obtained data were analyzed using statistical software IBM SPSS
Statistics, ver. 21 (Systat Software Inc, San Jose, CA, United States).
The analysis concerned triplicate results. All data were expressed as
mean * standard deviation (SD). The statistical significance of the
difference between the average values of the parameters was tested
using one-factor analysis of variance (ANOVA) with Tuckey’s post-
hoc test for simultaneous comparison of multiple samples, and
ANOVA test of repeated measures with the Sidak test for
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comparing different time points within the same group. Statistical
hypotheses were tested at the level of statistical significance of 5%
(p < 0.05).

3 Results

3.1 Bioaccumulation of simvastatin into
bacterial cells

Figure 1 shows the levels of simvastatin in extracellular (SP.),
intracellular (SP;.) and total (SP,) content during a 24-h
incubation with probiotic bacteria compared to the control (S),
without probiotic bacteria. It can be observed that during the
incubation of simvastatin with probiotic bacteria there was a
statistically significant decrease of the simvastatin level in the
extracellular content (SP..), which was the most pronounced in
the first 15 minutes (from 43.60 + 4.55 pg/ml at 0 min to 13.38 +
1.51 pg/ml at 15 min, p < 0.05). This trend of decreasing the
concentration of simvastatin in the extracellular content
continued throughout the entire observed period, but to a lesser
extent.

Accordingly, already after 15 minutes of incubation, the
presence of simvastatin in the intracellular medium was
recorded (10.72 + 1.37 ug/ml). The concentration continued to
increase during the first 2 hours of incubation reaching the value
26.82 + 0.72 ug/ml, after which it remained relatively stable up to
the end of the incubation period with a slight drop from the second
hour reaching the value 17.69 + 1.01 pg/ml after 24 h.

The total concentrations of simvastatin, calculated as a sum of
extracellular and intracellular concentrations, were statistically
significantly lower in the group with probiotics (SP,) compared
to the control group without probiotics (S) during the entire study
period. The total concentration of simvastatin in the group with
probiotics at 24 h was 19.27 £ 1.16 pg/ml compared to the control
where the concentration was 28.53 + 4.37 ug/ml (p < 0.05). The
level of simvastatin in the control group was relatively stable
during the first 6 h of incubation while it fell significantly at 24 h
of incubation, reaching approximately 35% lower values
compared to the initial concentration (from 43.60 + 4.55 pug/ml
at 0 min to 28.53 + 4.37 pg/ml at 24 h, p < 0.05).

There were no significant differences in any group between
total drug content experimentally and theoretically calculated as a
sum of intracellular and extracellular concentration. Therefore, we
can conclude that the decrease of a drug is a result of metabolic
biotransformation.

3.2 Effect of bile acids on the bioaccumulation
of simvastatin by bacterial cells

Extracellular and intracellular concentrations of simvastatin in
groups with probiotic bacteria and bile acids (SPC, SPM, SPD) were
compared to the group without bile acids (SP) and shown in Figures
2A, B, respectively. LC-MS chromatograms for tested groups are
provided as Supplementary Data (Supplementary Figure S1). In
order to make a comparison between the certain bile acids and to
avoid their membranolytic effect, concentrations of bile acids in the
experiment were equimolar 0.25 mM and under their CMC (4.09 mM,

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1111115

Pani¢ et al.

A

60

50
é 40
=1 ===SPec
c
.2 30
® “==SPCec
€
820 ===SPMec
o
S

===SPDec
10
F oo
0
0 5 10 15 20 25
time[h]
FIGURE 2

10.3389/fphar.2023.1111115

%
20 ]
£ f‘ */ —
® LT — *
20 HAA— S—m =P
-l —7
g 5 5T —spCic
j oy
8 .
£ e SPMic
5 |t $PDic
i
0 5 1 55 20 5

time [h]

(A) Effect of bile acids on extracellular simvastatin concentration over the 24-h incubation (SP¢. - simvastatin with probiotics; SPCec, SPMec, SPDec -
simvastatin with probiotics and addition of CA, 12-MKC, DCA, respectively) (B) Effect of bile acids on bioaccumulation of simvastatin by probiotic bacteria over
the 24-h incubation (SP;. - simvastatin with probiotics; SPC;., SPM;., SPD;c - simvastatin with probiotics and addition of CA, 12-MKC, DCA, respectively). Bile
acids did not lead to a significant change in the concentrations of simvastatin in extracellular medium during the 24-h incubation. During the first 4 hours

of incubation with probiotic bacteria, statistically lower intracellular concentrations were observed in groups with bile acids compared to the control group. At
the end of incubation higher levels of simvastatin in groups with bile acids were recorded (in groups with CA and DCA with statistically significant difference
compared to the control, *p < 0.05) with no significant differences between bile acids themselves.

13.35mM and 1.69 mM for CA, 12-MKC and DCA, respectively)
(Yang et al.,, 2009).

It can be observed that bile acids did not generally lead to a
significant change in the concentrations of simvastatin in extracellular
medium during the 24-h incubation. However, statistically lower
intracellular concentrations were observed in groups with bile acids
compared to the control group during the first 4 hours of incubation.
On the other hand, higher levels of simvastatin in groups with bile
acids compared to the control were recorded at the end of incubation,
with statistical significance in groups with CA and DCA (19.82 +
0.44 pg/ml vs. 17.69 + 1.01 pg/ml and 20.02 + 0.93 pg/ml vs. 17.69 +
1.01 pg/ml, p < 0.05, respectively) with no significant differences
between bile acids themselves.

3.3 Biotransformation of simvastatin:
Databases and bioinformatics approaches

In order to predict potential microbial metabolic pathways of
simvastatin, in silico bioinformatics analysis using the MetaPrint2D
Program was performed. The results of the analysis are shown in
Figure 3. The atoms in the simvastatin molecule that are most
susceptible to metabolic reactions are marked, as well as reactions
that can take place on them. For each atom marked, NOR value is
assigned indicating the probability of predicted reactions occurring. It
can be observed that the most likely metabolic reaction sites are atoms
with the highest NOR value which are colored in red. In simvastatin
molecule, such atoms belong to the lactone ring and the most likely
reactions are dealkylation and ester hydrolysis at atom 023, which
lead to lactone ring opening, as well as dealkylation, dehydration,
dehydroxylation, oxidation and oxidative elimination at C18 atom.
Structures of simvastatin metabolites predicted by EAWAG-BBD
Pathway Prediction System are shown in Supplementary Figure S2.
The presence of enzymes that can catalyze these reactions in tested
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bacterial strains was confirmed by searching various databases and
existing literature.

3.4 Biotransformation of simvastatin:
Experimental assay

Two simvastatin metabolites were detected in incubation medium.
Representative extracted ion chromatograms for simvastatin and its
metabolites M1 and M2 are shown in Figure 4 and their structures are
represented in Figure 5. The relevant msl and MS/MS spectra were
provided as Supplementary Figure S3. First metabolite (labeled as M1)
was identified as an hydroxy acid metabolite based on a molecular
weight increase of 18 Da compared to simvastatin molecule, and its
fragmentation pattern. This metabolite represents the open acid form
resulted from hydrolysis of lactone. The fragmentation pattern is
similar with that of simvastatin with the noticeable fragment ion
located at m/z 321 that corresponds to neutral loss of a side chain i.e.
2,2-dimethyl butyric acid molecule (m/z = 116) from molecular ion, at
m/z 437. Detected metabolite (labeled as M2) was postulated as a
hydroxylated hydroxy acid metabolite, based on a molecular weight
increase of 34 Da compared to simvastatin molecule and its
fragmentation pattern. Molecular weight of M2 metabolite was
determined from the msl spectra in the positive mode, through the
assignment of molecule adducts with proton [M + H]* (m/z 453) and
ions of alkali metals [M + Na]* (m/z 475) and [M + K]* (m/z 491). As
the most intense ions from a full MS scan was molecule adduct with
Na, it was selected for fragmentation. MS2 spectra shows ion peaks
located at 359 and 341 that correspond to the loss of side chain i.e. 2,2-
dimethylbutyric acid molecule (m/z 116) and water molecule (m/z 18)
from [M + Na]* (m/z 475), respectively. It may be concluded that
hydroxylation occurs in naphthalene ring but the accurate position of
OH group was not possible to determine. Based on results of
MetaPrint 2D analysis, carbon atoms 5, 6 and 10 are the potential
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targets for hydroxylation. Structures of simvastatin and identified
metabolites are shown in Figure 5.

4 Discussion

Simvastatin is a drug characterized by large interindividual
variations in clinical response and the causes of these differences
have not yet been fully elucidated. Although pharmacogenetics and
pharmacogenomics have been at the forefront of research examining
the variations in drug response in general, the focus of research has
been recently extended to the potential of intestinal microbiota to
affect drug efficacy. However, far too little attention has been paid to
the potential implication of gut microbiota in simvastatin response,
and therefore, in the focus of our study were simvastatin-gut
microbiota interactions. Considering the lack of information on
drug metabolism by gut microbiota generally, the aim of our
study was to develop a fast and reliable method that might be
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useful for pre-evaluation of the gut microbiota impact on drug
metabolism and transport using probiotic bacteria from a
commercially available product. The first reason is that probiotics
are a normal part of gut microbiota and the second one is that they
are readily available and do not require special preparation since they
contain viable bacteria. Therefore, probiotics are a good option for
intestinal microbiota representatives to gain preliminary results on
the influence of intestinal bacteria on drug metabolism and
pharmacokinetics. Potential interactions were studied in in vitro
conditions during the incubation of simvastatin with selected
probiotic strains and using a bioinformatics approach. The
influence of bile acids on these interactions was examined too,
considering the complex crosstalk between gut bacteria and bile
acids and their effects on drugs transport through biological
membranes by affecting both, drug solubility and permeability.
Both, bacterial biotransformation of simvastatin, and the novel
mechanism, drug bioaccumulation, have been reported and
discussed.
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FIGURE 4

Representative extracted ion chromatograms for simvastatin and its metabolites M1 and M2.

4.1 Bioaccumulation of simvastatin by
bacterial cells

Although a grown body of evidence indicate that intestinal microbiota
can modulate the availability and efficacy of therapeutic drugs, the
systematic mapping of the interactions between drugs and bacteria has
only started recently. Much of the research up to now has proposed the
biotransformation as the main underlying mechanism of interactions
between drugs and bacteria. New aspect that gains a great interest of
scientific community is a potential of bacteria to accumulate drugs that may
largely affect drug bioavailability and effectiveness (Kliinemann et al., 2021).
Since there are no previous studies on simvastatin bioaccumulation in
intestinal bacteria, in this paper we address this mechanism of potential
interaction and its implication in simvastatin action.

From the results obtained which pointed to the increase in intracellular
level of drug and decrease in extracellular level, it may be concluded that
simvastatin has been transported into bacterial cells leading to a drug
bioaccumulation over the time. In addition, a decrease in the total
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concentration of the drug after 24 h of incubation in the group with
probiotic bacteria compared to the control group without bacteria, indicates
that the drug has been additionally partly biotransformed by bacterial
enzymes (discussed in Section 4.3).

The analysis of the experimental group with probiotic bacteria revealed
a significant decrease in the concentration of simvastatin in the extracellular
content. At the same time, the drug has been detected in intracellular
medium and the concentration rises up to the second hour showing a slight
drop after that time. It indicates that the drug has been bioaccumulated by
the cells and after some time it has been either metabolized or excreted out
from the cells. In addition to the spontaneous release of the drug from the
cells, it is assumed that i vivo release of the “trapped” drug that remains in
the cells will occur only after the cell lysis in the digestive system, which
could lead to delayed absorption of simvastatin. Similarly to these results,
our previous study demonstrated that antidiabetic drug gliclazide has been
transported into probiotic bacteria, being accumulated and partly
metabolized through the 24-h incubation (Pani¢ et al, 2019). Since
gliclazide belongs to the same class of drugs as simvastatin according to
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FIGURE 5
Structures of simvastatin and its metabolites, M1 and M2.

the BCS, it may be concluded that similar behavior is to be expected from
other drugs with low aqueous solubility and good permeability properties.
Furthermore, a recently published study has discovered new examples of
drugs that accumulate in bacteria including antidepressant duloxetine, anti-
diabetic rosiglitazone, antiasthmatic drug montelukast and roflumilast
which is used for chronic obstructive pulmonary disease (Kliinemann
etal, 2021). Some of these drugs were shown exclusively to be accumulated,
while the others were found to be both bioaccumulated and metabolized.
The different capacity of drugs bioaccumulation by bacterial species is likely
due to specificity in uptake and efflux systems between the cells. Given that
drug metabolism by bacterial enzymes has long been considered as the
major mechanism of how the bacteria affect the fate of drugs in human
body, these results have provided potentially additional mechanisms of
drug-bacterial interactions that could largely affect drug bioavailability and
therapeutic outcome.

4.2 The influence of bile acids on simvastatin
bioaccumulation by bacterial cells

Given that the final outcome of bile acids on drug transport across the
biological membrane depends on many factors including type and structure
of bile acids, we selected three of them as representatives; one is
representative of hydrophilic bile acids (CA), one is representative of
lipophilic (DCA) and the third one is semisynthetic bile acid (12-MKC)
that has been synthetized in our laboratory. Although there were no
significant differences in simvastatin extracellular levels upon addition of
bile acids, there was a lower level of a drug in bacterial cells up to the fourth
hour, and higher level at the end of the incubation in groups with bile acids
compared to the group without bile acids, thus reaching to the conclusion
that bile acids may slow down the bioaccumulation process. It indicates that
bile acids could to some extent prevent the delayed absorption of
simvastatin that may be caused by “trapping” the drug into bacterial
cells. The effect of bile acids on simvastatin transport into the cells may be
explained from two different aspects, the effect on active and passive
transport. In a previously published study, it was demonstrated that all three
studied bile acids led to the decrease of the distribution coefficient of

Frontiers in Pharmacology

224

10.3389/fphar.2023.1111115

simvastatin in the octanol-buffer system which may be useful in predicting
the effect of bile acids on the passive transport of simvastatin across
membranes. Decreased distribution coefficient means the reduced
affinity for the lipid layer and increased affinity for the aqueous
medium, which may explain the reduced drug transport into cells by
passive diffusion (Pani¢ et al, 2016b). Significant insight into the
interactions between bile acids and simvastatin has been provided by
the computational studies and molecular mechanics calculations where
the formation of more hydrophilic aggregates between bile acids and
simvastatin has been confirmed, in which bile acids are bonded to
simvastatin by hydrophobic interactions, while hydroxyl and keto
groups are oriented toward the outer side of the aggregate, thus
explaining the higher affinity of the complex for water (Dani¢ et al,
2016b). Given that the formation of this complex is a reversible process,
the free fraction of simvastatin was able to pass through the bacterial
membrane, shifting the equilibrium towards the degradation of the
complex, thus explaining the slightly higher concentration of simvastatin
in bacteria after 24-h incubation. However, the disadvantage of these
systems like computational studies and determination of distribution
coefficient is the uncertainty of predicting drug behavior in living
systems due to additional factors such as the presence of membrane
transporters which may be also involved in drug transport across
membranes (Kell and Oliver, 2014). Namely, simvastatin may be
actively imported into and exported out of the cells via bacterial
transporters. This assumption is supported by the fact that the same
eukaryotic transport proteins (P-gp, MRP2 and OATP1B1) participate
in the transport of bile acids and simvastatin (Chen et al., 2005; Klaassen
et al, 2010). As there are close homologous proteins of eukaryotic
transporters in the bacterial cells with similar substrate specificity
(Kourtesi et al, 2013), it is expected that it is possible to achieve
competition of simvastatin and bile acids at the level of bacterial
transporters as well (Pani¢ et al, 2016a; Choi et al, 2018). A great
affinity of bile acids for a number of so-called multidrug transporters in
tested probiotic bacteria has been proved by the molecular docking analyses
(Pani¢ et al, 2016a). Therefore, interactions at the level of transport
proteins may be expected. According to our knowledge, this is the very
first study examining the uptake of simvastatin into bacterial cells and the
effect of bile acids on that process so more in-depth molecular analysis is
highly recommended to gain insight into precise transport mechanisms and
the affinity of these molecules towards membrane transport proteins in

prokaryotic cells.

4.3 Analysis of simvastatin biotransformation
pathways by bacterial enzymes

A large number of studies have proved that the intestinal microbiota
possesses a variety of metabolic activities that are able to modulate the fate of
orally administered drugs and their bioavailability. Drug biotransformation
by intestinal bacteria may have either a positive or a negative effect on drug
activity and efficacy. Although some drugs such as sulfasalazine are
converted by microbial enzymes into their active forms, bacterial
metabolism can also inactivate drugs such as digoxin, or cause toxic
effects as in the case of irinotecan (Stojancevi¢ et al, 2014; Swanson,
2015; Sun et al, 2019).

To expand our understanding of simvastatin-microbiota interactions,
we sought to determine whether the depletion of a drug in our screen can be
explained partly by the microbial biotransformation and gave preliminary
insights into these reactions.
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In terms of chemical structure, the simvastatin molecule contains an
aromatic backbone attached to dimethylbutanoic acid arm with an ester
bond and the ethyl pyranyl arm with a covalent C-C-bond forming a
lactone structure (Aura et al, 2011). The lactone ring in simvastatin
molecule is susceptible to spontaneous hydrolysis, which s
pH dependent, being more pronounced in alkaline than in acidic media
(Alvarez-Lueje et al., 2005; Malenovi¢ et al, 2010; Beltran et al, 2019). As
the experiment was performed at pH 7.4, and the drug level in the control
group without probiotic bacteria at the end of the incubation period were
35% lower compared to the initial concentration it is assumed that
simvastatin has been partially spontaneously hydrolyzed to the acid.
However, during the whole incubation period the total drug level (as a
sum of intracellular and extracellular level) in the group with probiotic
bacteria was generally significantly lower compared to the control group
indicating that in addition to the potential spontaneous degradation, a drug
has been also metabolized by the bacterial enzymes. Hydrolysis of the
lactone ring and the formation of M1 metabolite i.e. hydroxy acid form of
simvastatin may be the also the result of metabolic biotransformation by
esterases of probiotic bacteria Lactobacillus and Bifidobacterium (Arora
etal,, 1990; Gavini et al,, 1991; Brod et al., 2010). Hydroxylated hydroxy acid
metabolite, confirmed by experimental assay as M2 metabolite, may be the
result of further metabolic biotransformation of M1 metabolite i.e.
subsequent hydroxylation that is in agreement with computational
predictions. Additionally, these findings are directly in line with results
of a previously published in vivo study related to gut microbiota-mediated
interactions with lovastatin, which differs only in one methyl group in side
chain from simvastatin, showing that upon ester hydrolysis and lactone ring
opening, subsequent reaction of hydroxylation is likely to occur (Yoo et al.,
2014). The enzymes responsible for this reaction, hydroxylases, have been
documented in examined bacteria (Brod et al., 2010; Kim and Oh, 2013;
Szaleniec et al., 2018).

5 Conclusion

In summary, the results of our study suggest that bioaccumulation
and biotransformation of simvastatin by intestinal bacteria might be
the underlying mechanisms of altered drug availability and
therapeutic effect. It has been shown that bile acids affect the
bacterial bioaccumulation of a drug affecting both, the active and
passive transport that can consequently reflect on absorption rate of a
drug. Obtained results and proposed metabolic pathways may be of
the vital importance in further elucidation of microbial implication
into simvastatin therapeutic outcome. However, the limitation of this
study is that it is based only on selected bacterial strains in vitro
conditions, and further more in-depth research is thus needed in order
to reveal how bioaccumulation and biotransformation of simvastatin
by intestinal microbiota manifests inside the human body and to elicit
completely the contribution of complex drug-microbiota-bile acids
interactions to overall clinical response. Therefore, the results of this
study provide a strong rationale for further investigations of the effects
of drug-gut microbiota-bile acids interactions outside of the usual box
of biotransformation. Mapping these interactions would help us better
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Introduction: Selaginella doederleinii Hieron is a traditional Chinese herbal
medicine, the ethyl acetate extract from Selaginella doederleinii (SDEA) showed
favorable anticancer potentials. However, the effect of SDEA on human cytochrome
P450 enzymes (CYP450) remains unclear. To predict the herb-drug interaction (HDI)
and lay the groundwork for further clinical trials, the inhibitory effect of SDEA and its
four constituents (Amentoflavone, Palmatine, Apigenin, Delicaflavone) on seven
CYP450 isoforms were investigated by using the established CYP450 cocktail
assay based on LC-MS/MS.

Methods: Appropriate substrates for seven tested CYP450 isoforms were selected to
establish a reliable cocktail CYP450 assay based on LC-MS/MS. The contents of four
constituents (Amentoflavone, Palmatine, Apigenin, Delicaflavone) in SDEA were
determined as well. Then, the validated CYP450 cocktail assay was applied to test
the inhibitory potential of SDEA and four constituents on CYP450 isoforms.

Results: SDEA showed strong inhibitory effect on CYP2C9 and CYP2C8 (ICso = 1 g/
ml), moderate inhibitory effect against CYP2C19, CYP2E1 and CYP3A (ICso < 10 pg/
ml). Among the four constituents, Amentoflavone had the highest content in the
extract (13.65%) and strongest inhibitory effect (ICsq < 5 uM), especially for CYP2C9,
CYP2C8 and CYP3A. Amentoflavone also showed time-dependent inhibition on
CYP2C19 and CYP2D6. Apigenin and Palmatine both showed concentration-
dependent inhibition. Apigenin inhibited CYP1A2, CYP2C8, CYP2C9, CYP2E1l and
CYP3A. Palmatine inhibited CYP3A and had a weak inhibitory effect on CYP2EL. As for
Delicaflavone, which has the potential to develop as an anti-cancer agent, showed
no obvious inhibitory effect on CYP450 enzymes.

Conclusion: Amentoflavone may be one of the main reasons for the inhibition of
SDEA on CYP450 enzymes, the potential HDI should be considered when SDEA or
Amentoflavone were used with other clinical drugs. On the contrast, Delicaflavone is
more suitable to develop as a drug for clinical use, considering the low level of
CYP450 metabolic inhibition.

KEYWORDS

herb-drug interaction, the ethyl acetate extract from S. doederleinii, CYP inhibition, cocktail
CYP450 assay, time—dependent inhibition, delicaflavone, amentoflavone
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1 Introduction

Numerous studies have shown that drug-drug interaction (DDI)
can cause serious adverse reactions, drug ineffectiveness and even
death (Han et al., 2012; Kozakai et al., 2012; Al-Ramabhi et al., 2015;
Guengerich, 2021). Induction or inhibition of human Cytochromes
P450 (CYP450) enzyme by compounds is the main cause for drug-
drug metabolic interaction (Qin et al., 2013). About 60%-70% of the
clinical drugs are clear by phase I reaction, where 75% of the involved
metabolizing enzymes are CYP450 isoforms (Kim et al., 2005; Lee and
Kim, 2013). Usually, CYP450 inhibition leads to drug accumulation
and even toxicity (Lin and Lu, 1998; Guengerich, 2008; Hakkola et al.,
2020). Based on that, DDI test is necessary for a chemical from pre-
clinical stage into clinical trials in pharmaceutical industry. The
United States Food and Drug Administration (FDA) guidelines for
DDI test have recommended several major human CYP450 isoforms,
including CYP1A2, CYP2C8, CYP2C9, CYP2C19, CYP2D6 and
CYP3A. Those CYP450 isoforms have account for mostly
enzymatic metabolism of clinical drugs (Prueksaritanont et al,
2013; Sudsakorn et al., 2020). Although CYP2E1 was not clearly
specified in the FDA guidelines, many studies have revealed that
CYP2E1 can metabolize Coumarin, Quinoline, Isoniazid, ethanol,
Caffeine, acetaminophen and other substances. Therefore, it is
reasonable to include CYP2E1 when conducting the DDI study
(Valicherla et al., 2019).

Nowadays, many people consume herbal products for self-health
or medical use in their daily life. Similar to small molecule medicine,
when people take herbal products and drugs at the same time,
potential herb-drug interaction (HDI) should be considered as well
(van Breemen, 2015). In the past 20 years, more and more studies have
shown that there are significant CYP450 enzyme interaction between
herbal products and prescription medicines, which will increase
patients’ risk of unnecessary and unintended adverse effect. For
example, Angelica dahurica root extract inhibited CYP450 enzymes
such as CYP2C, CYP3A and CYP2DI, and caused pharmacokinetic
and pharmacodynamic interactions with Tolbutamide and Diazepam
(Ishihara et al., 2000). Shenmai injection, one of the most popular
herbal medicines in China, has reported to inhibit CYP3A1/2 and
CYP2C6 (Xia et al.,, 2010). Researchers have found that Huanglian
[Rhizoma coptidis (L.)] has obvious inhibition on CYP2D6 (Han et al.,
2011). Newbouldia laevis extract inhibited the enzyme activities of
CYP1A2, CYP2C9, CYP2C19, and Newbouldia laevis showed time-
dependent inhibition effect on CYP1A2 (Thomford et al., 2016).
Licorice is a common use dietary supplement even is consumed as
a condiment, which was found to inhibit several CYP450 enzymes.
What’s more, three major licorice species (G. glabra, G. uralensis and
G. inflata) showed unique pattern pf enzyme inhibition (Li et al.,
2017). The most reported CYP450 isoforms involved in HDI are
CYP1A2, CYP2C, CYP2D6 and CYP3A, which is similar to the list of
small molecules DDI test according to FDA guideline (Choi et al.,
2016; Awortwe et al., 2018).

Selaginella doederleinii Hieron belongs to Selaginella genus of the
Selaginellaceae family and is commonly used as a traditional Chinese
herbal medicine, which was reported to have anti-hyperglycemia, anti-
virus, anti-cancer and other pharmacological activities, and used in the
treatment of nasopharyngeal carcinoma, lung cancer and
trophoblastic tumor (Zheng et al, 2005; Chen et al, 2018). The
previous in vitro and in vivo studies have revealed that the ethyl
acetate extract from S. doederleinii (SDEA) had anti-cancer effect (Yao
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et al,, 2017), especially for lung and colorectal cancer (Sui et al., 20165
Li et al,, 2020). Those main ingredients from the extract, such as
Amentoflavone, Palmatine, Apigenin and Delicaflavone, may account
for the pharmacological activities of SDEA. Among those components,
Delicaflavone was proved to induce apoptosis in cervical cancer HeLa
cells (Yao et al., 2019), colorectal cancer cells (Yao et al., 2020) and
lung cancer cells (Sui et al., 2017). Moreover, Delicaflavone can reverse
cisplatin resistance via endoplasmic reticulum stress signaling
pathway in non-small cell lung cancer cells, which may serve as a
useful adjunct in treatment of cisplatin-resistant lung cancer (Wang
et al, 2020). Therefore, SDEA and Delicaflavone are the most
promising anti-tumor agents, whether use alone or in combination
with other drugs.

Although the pharmacological activities of SDEA and its bioactive
compounds have been extensively studied, there is no report on HDI
of SDEA on human CYP450 enzymes. As a plant extract, the
composition of SDEA is complex, whose metabolic process in
human body is not fully understood. Meanwhile, the HDI study
for the bioactive components of SDEA have not been conducted
either. The pre-clinical study on the ADME properties of candidate
compound is of great significance for improving success rate, reducing
cost and toxic risk, which is crucial for further drug development. This
rule also applies to herbal product drug development (Brantley et al.,
2014). Regulatory agencies in most countries, such as FDA, EMA,
NMPA, et al., all require that new chemicals should be clarified the
possible inhibition or induction effect on human CYP450 enzyme in
the investigational new drug (IND) application stage. For newly
developed medicines, they are likely to be accepted on the market
only if they have clear human metabolic information (Sudsakorn et al.,
2020). Based on that, it is necessary for SDEA and its bioactive
compounds to screen the potential HDI before moving into clinical
trials stage. Thus, a reliable HDI test assay is needed.

Compared to in vivo animal test, in vitro CYP450 probe substrate
approach can provide reliable context and prospective knowledge in
terms of less cost and time (Bjornsson et al., 2003; Venkatakrishnan
et al., 2003), which are widely used in DDI and HDI study. Moreover,
since human and animals (rat, mice et al.) have essential differences in
basic tissue, cell structure and metabolic types, in vitro HDI assay
usually uses commercial human liver microsomes (HLM) or human
recombinant CYP450 enzymes (Lu and Di, 2020). Traditional
CYP450 substrate method owns low efficiency because it only uses
one probe substrate to test the activity of one metabolic enzyme at a
time (“one-in-one” assay), which is difficult to meet the requirements
of high throughput screening (Lin and Lu, 1998). However, as the
development of high performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS), this problem has been solved
finally. The triple quadrupole LC-MS can select specific substrate
metabolites for determination by using multiple reaction monitoring
(MRM), which has better selectivity and specificity compared with
other analytical methods (liquid chromatography-UV, fluorescence
and luminescence detections, etc.) (Youdim and Saunders, 2010).
Based on the advantages of LC-MS/MS, the cocktail CYP450 assay
(“N-in-one” assay) have been developed, which can simultaneously
test the inhibitory effects of several CYP450 isoforms in one assay,
with the effect of significantly reducing cost and time to evaluate DDI
or HDI (Li et al., 2015; Liua et al., 2015; Spaggiari et al., 2016). The
cocktail assay is very suitable for high-throughput screening in drug
development process, especially for early drug metabolism studies,
which is extremely important for dose design of those compounds
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with multiple metabolic pathways. It has been applied to monitor the
in vitro inhibition activity of various CYP450 enzymes and time-
dependent inhibition study (Chen et al., 2016). Therefore, in our
study, an in vitro cocktail CYP450 assay was established with LC-MS/
MS to reflect the activities of corresponding CYP450 isoforms. This
assay was able to monitor the metabolic changes of specific substrates
and validated by known enzymes inhibitors, so that it could achieve
more accurate detection, better sensitivity and less interference.

In summary, we established an in vitro cocktail CYP450 assay by
LC-MS/MS to detect the inhibitory effects of SDEA and its four
constituents ~ (Amentoflavone, ~ Palmatine,  Apigenin  and
Delicaflavone) on seven human CYP450 isoforms: CYP1A2,
CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2EI and CYP3A. To
determine whether SDEA and its components are the potential
inhibitors of any of those important human CYP450 isoforms. Our
research could reveal the metabolic interactions between
CYP450 enzymes and SDEA constituents, which could clarify the
clinical safety issues and promote the drug development of SDEA and

its constituents.

2 Materials and methods
2.1 Materials and chemicals

Pooled mixed gender human liver microsomes from 50 donors
were purchased from XenoTech (Lenexa, United States), [-
nicotinamide adenine dinucleotide phosphate (NADPH) were
purchased from solarbiobiotech (Beijing, China), Omeprazole
(HPLC purity> 99%), Taxol (HPLC purity> 99%), Tolbutamide
(HPLC purity> 99%), Chlorzoxazone (HPLC purity> 99%),
Dextromethorphan Hydrobromide (HPLC purity> 98%), Alpha-
Naphthoflavone (HPLC purity> 98%), Fluconazole (HPLC purity>
98%), Quercetin (HPLC purity> 98%) and Ketoconazole (HPLC
purity> 99%) were purchased from Dalian Meilunbio. Co. Ltd
(Dalian, China), Phenaceti (HPLC purity> 99%), Sulfaphenazolum
(HPLC purity> 99%), Quinidine (HPLC purity> 99%) were purchased
from Shyuanye Biotechnology Co. Ltd (Shanghai, China),
Testosterone (HPLC purity> 98%) were purchased from Derick
Biotechnology Co. Ltd (Chengdu, China), 4-Methylpyrazole (HPLC
purity> 97%) were purchased from J&K Scientific (San Jose,
United States).

The SDEA extract was prepared following our previously
described procedure (Sui et al, 2016; Yao et al, 2017).
(purity> 98%, determined by the peak area
normalization method using HPLC-PDA) were isolated from S.
doederleinii and the structure was fully elucidated by MS, UV,
"H-NMR and ">C-NMR, which was confirmed by comparison with
the literatures (Liet al., 2013; Liet al., 2014; Yao et al., 2017; Chen et al.,
2018). Amentoflavone (HPLC purity> 98%) and Apigenin (HPLC
purity> 98%) were purchased from Dalian Meilunbio. Co. Ltd (Dalian,
China), Palmatine (HPLC purity> 98%) was purchased from
Shyuanye Biotechnology Co. Ltd (Shanghai, China).

Delicaflavone

Methanol and acetonitrile (HPLC grade) were purchased from
Merck KGaA (Darmstadt, Germany), formic acid (HPLC grade) was
purchased from Aladdin (Shanghai, China), ethanol (analytical grade)
was obtained from Sinopharm Chemical Reagents (Shanghai, China),
and ultrapure water was prepared by a Millpore Milli-Q system
(Beddford, United States).
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2.2 Quantitative analysis of four constituents
in SDEA

Amentoflavone, Delicaflavone, Apigenin, Palmatine and Rutin
(internal standard) were precisely weighed and dissolved in
methanol to obtain a stock solution with a concentration of 1 mg/
ml, which was stored in refrigerator at 4°C. Before use, the stock
solution was diluted with methanol into standard working solution
and quality control working solution.

The concentrations of Amentoflavone and Apigenin standard
curve working solution were: 3.125, 6.25, 12.5, 25, 50, 100, 200,
400 and 800 ng/ml; the concentrations of Amentoflavone and
Apigenin quality control (QC) working solution were as 30,
150 and 650 ng/ml. The concentrations of Palmatine standard
curve working solution were: 0.39, 0.78, 1.56, 3.125, 6.25, 12.5, 25,
50, 100 and 200 ng/ml; three level QCs were as 3, 30, and 150 ng/ml.
The concentrations of Delicaflavone standard curve working solution
were: 3.125, 6.25, 12.5, 25, 50, 100 and 200 ng/ml; and three QCs were
as 8, 30 and 150 ng/ml. SDEA solid was accurately weighed and
dissolved with methanol, then sonicated until complete dissolution.
Diluted it with methanol to 1, 5, 25, 40 pg/ml and mix with the 40 ng/
ml internal standard (Rutin) respectively. The mixture was vortexed
for 2min, then centrifuged at 13000 rpm for 10 min at room
temperature. The LC-MS/MS

supernatant was acquired for

quantitative analysis.

2.3 Establishment of cytochrome
P450 cocktail inhibition assay

Potassium phosphate buffer (200 ul, 0.1 M, pH 7.4) containing
1 mM NADPH, 0.5 mg/mL human liver microsomes, and a cocktail
assay of seven probe substrates (Phenacetin for CYP1A2, Paclitaxel for
CYP2C8, Tolbutamide for CYP2C9, Omeprazole for CYP2C19,
Dextromethorphan for CYP2D6, Chlorzoxazone for CYP2EL,
Dextromethorphan and Testosterone for CYP3A) or a single
(<Km) 37°C  for
(Supplementary Table S1). The contents of organic solvent and
DMSO in incubation mixture was under 1% (v/v) and 0.1% (v/v)

substrate were incubated at 15 min

respectively. Reactions were terminated by adding 200 uL of an ice-
cold stop solution consisting of methanol containing Rutin (2 pug/ml)
as internal standard. Samples were subsequently cooled in ice bath to
precipitate proteins. Supernatants were collected into clean tubes after
centrifugation at 12000 rpm at 4°C for 10 min prior to inject into LC-
MS/MS.

2.3.1 Determination of linearity of metabolite
formation

To determine the optimal incubation time for each CYP
substrate, human liver microsomes (0.5 mg/mL) were
incubated at 37°C for 0, 5, 10, 20, 30 and 60 min with each
CYP substrates. All substrates concentration were 1 uM. After
quantitative analysis using LC-MS/MS, the linearity of metabolite
formation was evaluated.

2.3.2 Validation of direct CYP450 inhibition

For the determination of inhibition curves using single substrate
and the cocktail, seven selective CYP inhibitors were used at different
0.05-1 uM a-Naphthoflavone for

concentrations as follows:
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CYP1A2, 1-50 uM Fluconazole for CYP2C19, 0.1-15 pM Quercetin
for CYP2C8, 0.01-5 uM Sulfaphenazole for CYP2C9, 0.005-2 uM
Quinidine for CYP2D6, 0.1-5 uM 4-Methylpyrazole for CYP2E],
and 0.005-1 uM Ketoconazole for CYP3A
Table S2).

(Supplementary

2.4 Concentration-dependent inhibitory
effect of SDEA on CYP450 isoforms

Inhibitory effect of SDEA on CYP450 isoforms was determined by
cocktail assay. SDEA at 10 concentrations from 0 to 200 pg/ml were
used to measure ICs, value. The amount of metabolites produced by
incubation without SDEA (control group) was taken as 100%, then
draw inhibition efficiency curve.

2.5 Concentration-dependent inhibitory
effect of four components in SDEA on
CYP450 isoforms
Single-point  inhibition was assessed by Delicaflavone,
Amentoflavone, Apigenin and Palmatine at 10 pM, using the same
protocol as described in Section 2.3. Percentages of control activity
were calculated to determine inhibition potency. The inhibition curves
were obtained by incubating the cocktail of substrates with
10-11 different compounds’ concentrations, where Delicaflavone
and Amentoflavone were 0-50 pM.

2.6 Time-dependent inhibition study of SDEA,
Delicaflavone and Amentoflavone

In order to explore whether SDEA, Delicaflavone and
Amentoflavone have time-dependent inhibition on
CYP450 isoforms, the cocktail inhibition assay (Section 2.3.) was
used. First, SDEA (0.5 ug/ml), Delicaflavone (2uM), and
Amentoflavone (0.1 uM) were incubated with HLM (0.5 mg/ml) in
the presence and absence of 1 mM NADPH for 35 min. After pre-
incubation, a 20 pl aliquot of the incubation mixture was transferred to
180 pl potassium phosphate buffer (0.1 M, pH 7.4) containing 1 mM
NADPH and mixed probe substrates for secondary culture, then
stopped reaction after 15 min. Enzymes that may be involved in
time-dependent were pre-incubated for 0, 5, 10, 15 and 35 min
respectively, and then re-incubated to determine the type of
inhibition. Residual enzyme activity pre-incubated without NADPH
was set as the control group, then drawing suppression curves based

on the measured data.

2.7 LC-MS/MS conditions

All metabolites and surrogate standards were analyzed by using
LC-MS/MS on a Shimadzu (Kyoto, Japan) LCMS-8040 triple
quadrupole mass spectrometer. Chromatographic separation was
performed using an Ultimate® XB-C18 (100 x 2.1 mm, 3 um) with
gradient elution of water (0.2% formic acid) and methanol at 0.3 mL/
min (gradient B). Column maintained at 40°C. 5 pl of supernatant was
injected for LC-MS/MS analysis.
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The following optimized MS parameters were used: ion spray
voltage: 6.0 kV; Nebulizer gas flow: 3 L/min; Drying gas flow: 12 L/
min; DL temperature: 250°C; Heatblock temperature: 400°C.

2.7.1 Quantitative analysis of SDEA constituents

The gradient elution procedure is: 0-1min, 30%-45% B;
1-3 min, 40%-75% B; 3-5 min, 75%-85% B; 5-8 min, 85%-95%
B; 8-12min, 95% B; 12-13 min, 95%-30% B; 30% B for
equilibration.

Detection was carried out using electrospray with polarity
switching, collision-induced dissociation, and multiple reaction
monitoring (MRM). The MRM mode transition: m/z 536.90 —
375.00 (-) for Amentoflavone; m/z 538.9 — 256.95 (+) for
Delicaflavone; m/z 352.00 — 336.10 (+) for Palmatine; m/z 271.15
— 153.05 (+) for Apigenin; m/z 611.00 — 302.85 (+) for Rutin (IS).
The collision energies (CE) of the four components were
33V, -45V, =35V, =35V and -35 V respectively.

2.7.2 Determination of the inhibitory effects of SDEA
and four constituents on CYP450 enzymes by
cocktail assay

A gradient condition was applied with the following program:
0-1 min, 10%-20% B; 1-1.01 min, 20%-75% B; 1.01-3 min, 75%-77%
B; 3-5 min, 77%-80% B; 5-8 min, 80%-85% B; 8-9 min, 85%-95% B;
9-12 min, 95% B; and then 10% B for equilibration. For specific MRM
parameters, please refer to Supplementary Table S3.

2.8 Data analysis

Quantitative LC-MS/MS data were analyzed using Shimadzu
LabSolutions software (Kyoto, Japan). The Km and ICs, values
were determined by using the GraphPad Prism 5.0 software (San
Diego, United States).

3 Results
3.1 The content of four constituents in SDEA

The structures of Amentoflavone, Delicaflavone, Palmatine, and
Apigenin were shown in Figure 1. Amentoflavone and Apigenin were
linearly related in a range of 3.125-800ng/mL by using 1/X*
weighting. Palmatine showed a linear relationship in the range of
0.391-200 ng/ml, and Delicaflavone showed a linear relationship in
the range of 3.125-200 ng/ml. The four SDEA constituents showed a
good linear relationship over their concentration range with
coefficient of determination > > 0.99 (Supplementary Table S4).

QC samples in three levels (Low QC, Medium QC and High QC)
were prepared separately and used to evaluate those quantitative
methods, all samples were analyzed by three replicates. The related
standard deviation (RSD) of the tested compounds ranged
from -8.88% to 12.60% (Supplementary Table S4). MRM mass
spectrum of blank sample and Limit of Quantity (LOQ) were
displayed in Supplementary Figure SI. As well, all of them
demonstrated the feasibility of this analytical methods.

1 pg/ml, 5 pg/ml, 25 ug/ml and 40 pg/ml SDEA samples were
prepared and injected into LC-MS/MS respectively. Using the
established quantitative method, the content of four constituents in
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FIGURE 1
Structural formula and molecular weight of the components in SDEA.

10.3389/fphar.2023.1108867

Delicaflavone
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TABLE 1 Contents (% w/w) of the four constituents in SDEA. (Higher SDEA concentrations were used because Apigenin and Palmatine are less in SDEA).

Compound SDEA conc. (ug/ml)

Content (%) Average content (%)

% weight compound/weight extract

Amentoflavone 1 13.78 13.65

5 13.53
Delicaflavone 1 229 221

5 213

Palmatine 5 0.019 0.019
25 0.019

Apigenin 25 0.026 0.024
40 0.023

SDEA was determined. The average w/w % (Weight compound/
weight extract) showed that Delicaflavone, Palmatine, Apigenin
were 2.21%, 0.019% and 0.024% respectively, and Amentoflavone
reached 13.65%, which was the most abundant one in those four
constituents (Table 1).

3.2 Development of CYP450 cocktail assay

The probe substrates in this cocktail assay were recommended
based on FDA guidance. CYP3A sub-family can bind multiple

Frontiers in Pharmacology

structurally different substrates (Wrighton et al., 2000; Ekroos
and SjOgren, 2006; Watanabe et al., 2007), it is necessary to use
more than two CYP3A in vitro marker reactions to evaluate the
activity of CYP3A (Wrighton et al., 2000), so that can show more
accurate results (Galetin et al., 2005). We selected Testosterone
and Dextromethorphan as two different substrates of CYP3A
subfamily, their specific products metabolized by CYP3A were
Testosterone: 6P-hydroxytestosterone; Dextromethorphan: 3-

methoxmorphine. The MRM parameters of substrates
corresponding to seven human CYP450 isoforms were
summarized in  Supplementary Table S3. LC-MS/MS
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chromatography of substrates and their metabolites were
included in Supplementary Figure S2.

To determine the optimist incubation time for all substrates, we
measured time-dependent trends in amount of metabolites produced
by seven CYP450 enzyme substrates. Although Dextromethorphan
(CYP2D6), Chlorzoxazone (CYP2E1), Paclitaxel (CYP2C8) remained
linear for first 20 min and metabolic rates of Tolbutamide (CYP2C9),
Omeprazole (CYP2C19), Phenacetine (CYP1A2) were linear for up
15 min, Testosterone (CYP3A4) remained linear only for first 10 min

Frontiers in Pharmacology

and then flattened out. Trend diagram of the generation of metabolites
for seven enzyme substrates with time was included in Supplementary
Figure S3. Compromising sensitivity to detect metabolites formed at
low substrate concentrations and high inhibitor concentrations, an
incubation time of 15 min was finally determined.

Considering the linear curve of metabolic reaction, the final
concentration of substrate is usually lower than its Km value in
order to ensure linear relationship of metabolic rate range and high
affinity. What’s moreover, enzyme-substrate affinity data illustrated
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FIGURE 3

Inhibitory potency curves and ICsq values of SDEA on seven CYP450 enzyme isoforms. Note: 3A-T, CYP3A (Testosterone); 3A-D, CYP3A

(Dextromethorphan).

that the Km value should be similar for a specific enzyme and
substrate, regardless of enzyme source (Donnell et al.,, 2007). Since
the incubated substrates could interact with each other (Spaggiari
et al., 2014), reducing substrate concentration is the most direct and
effective way to reduce the interference (Pillai et al., 2013). Therefore,
the final incubation concentration of each substrate was ideal when it
was below Km. According to the recommended data in literature
(Spaggiari et al, 2014) and sensitivity of MS, final substrate
in assay were determined: Phenacetin (1A2),
Paclitaxel (2C8) and Tolbutamide (2C9) were 10 puM,
Dextromethorphan (2D6) and Testosterone (3A) were 5uM,
Omeprazole (2C19) was 2uM, and Chlorzoxazone (2E1) was
15 uM. All data were summarized in Supplementary Table S1.

concentration

The IC5, values obtained by cocktail assay was compared with a
single substrate using known inhibitors of each enzyme reaction alone,
so as to verify the feasibility of this assay. a-Naphthoflavone was
inhibitor of CYP1A2, our cocktail assay showed that ICsy value of
a-Naphthoflavone on CYP1A2 was 0.18 uM, and the value was
031 uM from single substrate assay, which indicated similar
results. The ICsq value of Quercetin on CYP2C8 was 5.43 uM in
cocktail assay, while the number was 6.07 uM in single substrate
experiment, all of them were located in desirable range by
literature (Kozakai et al., 2012; Chen et al., 2016; Valicherla et al,,
2019). ICsq of other CYP450 isoforms inhibitors
(Sulfaphenazole for CYP2C9, Fluconazole for CYP2C19, Quinidine
for CYP2D6, 4-Methylpyrazole for CYP2EI, Ketoconazole for
CYP3A) on cocktail assay and single substrate method were also

values
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performed and compared. Inhibition curves were shown in Figure 2
and ICs, values were summarized in Supplementary Table S2, all of
them showed good agreement between cocktail assay and single-
substrate approach, which indicated the accuracy of this cocktail
inhibition assay.

3.3 Concentration-dependent inhibition
effect of SDEA and four constituents on
CYP450 isoforms

The established cocktail assay was used to determine potential
HDI of SDEA. Results showed that SDEA has strong inhibitory effect
on CYP2C8 and CYP2C9, where ICs, values were 1.04 pg/ml and
1.06 pg/ml. SDEA also showed moderate inhibitory ability on
CYP2C19 (IC5y was 2.22 pg/ml), CYP2E1 (ICs, was 8.90 pg/ml)
and CYP3A (ICs, was 5.18 ug/ml for Testosterone and 7.97 pg/ml
for Dextromethorphan). The inhibition activities for CYP1A2,
CYP2D6 were mildly, both ICs, values were above 10 pg/ml
(Figure 3).

We also determined the inhibitory effects of SDEA constituents on
seven cytochrome P450 isoforms. At the concentration of 10 puM,
Amentoflavone showed more than 50% inhibitory effect on seven
enzyme types, the inhibitory effect of Apigenin on CYP1A2, CYP2C8,
CYP2C9, CYP2E1 and CYP3A (Testosterone) was more than 50%.
Palmatine inhibits CYP3A (Testosterone) by more than 50% and has a
weak inhibitory effect on CYP2EI. Delicaflavone has a weak inhibitory
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CYP3A (Dextromethorphan).
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FIGURE 6

Percentage reduction in activity of seven enzymes after incubation with SDEA (A), Amentoflavone (B) and Delicaflavone (C) using a single point time-
dependent inhibition screening assay. The experiment was carried out three times. Note: (1) a. presence of NADPH; b. without NADPH. (2) 3A-T, CYP3A

(Testosterone); 3A-D, CYP3A (Dextromethorphan).

effect on CYP2E1 and CYP3A, but it had no obvious inhibitory effect
on the other CYP450 isomers at this concentration (Figure 4).

Amentoflavone were most abundant in four SDEA constituents
(13.65% w/w, Table 1), which showed a broad-spectrum potent CYP
enzymes inhibitory effect. The ICs, values were less than 5 uM for the
seven cytochrome P450 isoforms, especially for CYP2C9, CYP2C8 and
CYP3A, the IC5, values were even less than 0.5 uM (Figure 5A). In
contrast, Delicaflavone only had a moderate inhibitory effect on
CYP3A (Testosterone), weak inhibitory effect on CYP2CS8,
CYP2E1 and had almost no inhibitory effect on the other CYP
isoforms (Figure 5B).

3.4 Time-dependent inhibition study

Possible time-dependent inhibition of SDEA, Amentoflavone and
Delicaflavone was tested using cocktail assay. Single point screening
assay showed that SDEA (0.5 ug/ml) demonstrated a time-dependent
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inhibition on CYP2C19, CYP2D6, CYP3A (Testosterone) (Figure 6A),
and Amentoflavone (0.1 M) showed the time-dependent inhibition on
CYP2C19, CYP2D6 (Figure 6B). While Delicaflavone (2 uM) did not
produce time-dependent inhibition effect on those enzymes (Figure 6C).

Based on these results, we have determined the inhibition effect of
incubation time with SDEA or Amentoflavone on CYP2C19, CYP2D6,
CYP3A (Testosterone) activity. When HLM was co-incubated with SDEA
(0.5 pg/ml) in presence of NADPH for 0-35 min, the metabolic activity of
CYP2C19 decreased from 955% to 69.5%; the activity of
CYP2D6 decreased from 84.5% to 63.5% and CYP3A (Testosterone)
decreased from 98.5% to 63% (Figure 7A). As for Amentoflavone
(0.1 uM), the CYP2CI19 activity decreased from 92% to 61% and
CYP2D6 activity decreased from 91% to 56%, during the 0-35 min of
incubation with HLM and NADPH (Figure 7B). The control group was
without NADPH, after 0-35 min co-incubation of HLM with SDEA or
Amentoflavone, no significant change in enzymes activity was observed.
Those data indicated that SDEA and Amentoflavone may follow a time-
dependent inhibition on CYP450 enzymes.
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Effect of incubation time on the inhibition of CYP3A, CYP2D6 and CYP2C19, with SDEA (A) and Amentoflavone (B). Note: 3A-T, CYP3A (Testosterone).

4 Discussion

In vitro model of human CYP450 enzymes inhibition cocktail
assay used in this study can discover the potential of interaction
between herb and drugs, reduce the risk of using clinical drug, lay a
foundation for clinical medication. Incubation time (15 min) and
substrate concentration were determined by combining literature
data with experimental conditions (Supplementary Table S1). The
established cocktail assay was then validated with known
CYP450 enzymes inhibitors, and was applied to evaluate whether
SDEA and its bioactive constituents produce concentration-
dependent inhibition the
CYP450 enzymes. Amentoflavone and Delicaflavone are the main
active pharmacological components of SDEA and have high content in
SDEA. Palmatine and Apigenin are also SDEA constituents and have
been reported to show inhibitory effects on CYP450 enzymes (von
Moltke et al., 2004; Kim et al., 2000). Moreover, Palmatine and
Apigenin are more common

or time-dependent on selected

in everyday life than other
ingredients, the results will be more practical. Thus, those four
compounds were selected for HDI test.

The experiment results showed that SDEA had a strong
concentration-dependent inhibition effect on CYP2C9 and CYP2C8
(Figure 3), time-dependent inhibition effect on CYP2D6, CYP2C19 and
CYP3A (Figure 7A), which may lead to some serious adverse effects in
clinical use. CYP3A subfamily is a particularly important CYP
metabolizing, mediating over 50% in vivo biotransformation of
clinical drugs (Liu et al.,, 2006; Xia et al., 2015). In addition, CYP3A
subfamily also plays an important role in maintaining metabolic balance
of important endogenous substances such as bile acids, steroid
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hormones and cholesterol (Liang et al., 2015; Xia et al., 2015; Liang
etal, 2016), and it is also the main metabolic enzyme of many narrow-
window drugs, such as Paclitaxel, Bortezomib, and Gefitinib. SDEA not
only inhibits CYP3A (ICs, < 10 pg/ml), more importantly, after 35 min
co-incubation of SDEA with NADPH, CYP3A activity was reduced
from 98.5% to 63%, which significantly increases the risk of herb-drug
interaction with serious consequences. Some oral hypoglycemic agents,
such as Glyburide, Rosiglitazone, and Repaglinide, are mainly
metabolized by CYP2C8 or CYP2CY, it may increase hypoglycemia
risk when those medicines are used together with SDEA. For epilepsy
patients, SDEA should be used with caution when taking Phenytoin and
Valproic acid (metabolized by CYP2C19) at the same time, in order to
avoid serious adverse reactions.

The contents of Amentoflavone and Delicaflavone in SDEA were
13.65% w/w and 2.21% w/w respectively, which were similar to results of
previous studies (Li et al., 2013) (Table 1). Amentoflavone not only shows
pharmacological activities, such as anti-tumor (Ndongoa et al., 2015),
antiviral (Coulerie et al., 2013), antioxidant (Arwa et al, 2015), anti-
inflammatory (Abdallah et al., 2015), but also has therapeutic effects on
central nervous (Zhang et al,, 2015) and cardiovascular system (Yu et al.,
2017). The data indicated that Amentoflavone may be the main
contributor for SDEA to inhibit CYP enzymes activity. Amentoflavone
showed high content in SDEA and strong or moderate inhibitory effect on
CYP1A2, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP3A
(Figure 5A). The inhibitory effect was even stronger than some
specific inhibitors of CYP2C9, CYP2C8 and CYP3A. In previous
reports, Amentoflavone had a strong inhibitory effect on various
CYP450 isoforms such as CYP2C9, CYP2C19, CYP2D6 and CYP3A4
(von Moltke et al., 2004; Kimura et al., 2010), which were consistent with
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the experiment results. It should be noted that this paper found a strong
inhibitory effect on CYP2C8 and a moderate inhibitory effect on
CYP1A2 and CYP2El by Amentoflavone, which were not reported in
previous article (von Moltke et al., 2004). The researchers did not find the
inhibitory effect of Amentoflavone on CYP1A2, which may be related to
the differences in enzyme sources, substrate types and concentrations.
Similar to SDEA, Amentoflavone also has time-dependent inhibitory
on CYP2D6 and CYP2C19 (Figure 7B). Although
CYP2D6 accounts for a small fraction of CYP450 expression in liver,

effects

it participates in metabolism of various drugs. As a therapeutic drug for
breast cancer, Tamoxifen (TAM) has better pharmacological activity only
after the formation of 4-hydroxy-N-demethylamoxifen (Endoxifen),
which is a metabolite catalyzed by CYP2D6 (Kleina et al, 2013).
What's more, CYP2D6 is the most polymorphic metabolic enzyme,
which is of great significance in genetics, especially in
pharmacogenetics. CYP2D6 and CYP2C19 are jointly involved in the
metabolism of psychotropic drugs, such as Selective Serotonin Recycle
Inhibitors (SSRIs), Clozapine (CZ) (Caetanol and Piatkov, 2016; Menkes
et al, 2018) and Risperidone. For those patients who have weak
CYP2D6 and CYP2C19 activities, the inhibition is more dangerous
and may lead to serious consequences (Lymperopoulos et al., 2015). A
recent study has found that Amentoflavone was a strong and broad-
spectrum UDP-glucuronosyltransferase (UGT) inhibitor (Lv et al., 2018).
Since UGT enzymes involve in the most phase II elimination in body, the
inhibition of UGT would bring potential risks for those medicines mainly
clearing by this pathway. Considering the relationship of SDEA and
Amentoflavone, we speculate that SDEA may also have the potential to
produce significant inhibition on UGT, which needs further experiments
to confirm.

Because the content determination and single concentration
inhibition showed that Palmatine and Apigenin contents were low
(Table 1), and the inhibitory effect on enzyme type was not as strong
as Amentoflavone (Figure 4), so no further time-dependent study was
conducted for Palmatine and Apigenin. Unlike SDEA, Amentoflavone,
Apigenin or Palmatine, Delicaflavone shown no significant inhibition
effect on the selected CYP450 isomers at 10 pM, only a weak inhibitory
effect on CYP2E1 and CYP3A. Although Delicaflavone is the isomer of
Amentoflavone, the difference on CYP450 enzymes inhibition effect may
account in the steric hindrance. There are active site (responsible for
substrate biding and NADPH-CYP450 oxidase reaction) and allosteric
site (responsible for outside molecules to modulate enzyme activity) in
CYP450 enzymes (Deodhar et al.,, 2020). It is possible that Amentoflavone
binds to the allosteric site on CYP450 enzymes and lead to a strong
inhibition effect. Delicaflavone did not bind to or weakly work on the
allosteric site on CYP450 enzymes, resulting in the different
CYP450 inhibition activities for those two isomers. Delicaflavone also
has excellent anti-cancer and tumor-suppressing ability, the less influence
on the CYP450 enzymes activity will make it a better candidate for next
step drug development than SDEA or Amentoflavone.

5 Conclusion

Through the established reliable cocktail assay, SDEA was found to
have concentration-dependent inhibition on several CYP450 enzymes,
and inhibited CYP2D6, CYP2C19, CYP3A in a time-dependent
manner. The inhibition activity may be mainly due to the higher
content of component: Amentoflavone (13.65%). Amentoflavone has
inhibitory effects on all tested CYP450 enzymes, the inhibitory effects on
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CYP2C9, CYP2C8 and CYP3A were even greater than the
corresponding specific inhibitors. Amentoflavone also has time-
dependent inhibition on CYP2D6 and CYP2C19. The other two
constituents from SDEA, Apigenin and Palmatine, both showed
concentration-dependent inhibition. For Delicaflavone, no significant
inhibitory effect on CYP450 enzymes was observed. Since Delicaflavone
owns excellent anti-cancer ability and low HDI potential, it was more
suitable to develop as a new anti-cancer drug.
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Dyslipidemia due to renal insufficiency is a common complication in patients
with chronic kidney diseases (CKD), and a major risk factor for the development
of cardiovascular events. Atorvastatin (AT) is mainly used in the treatment of
dyslipidemia in patients with CKD. However, response to the atorvastatin varies
inter-individually in clinical applications. We examined the association
between polymorphisms in genes involved in drug metabolism and
transport, and plasma concentrations of atorvastatin and its metabolites (2-
hydroxy atorvastatin (2-AT), 2-hydroxy atorvastatin lactone (2-ATL), 4-hydroxy
atorvastatin (4-AT), 4-hydroxy atorvastatin lactone (4-ATL), atorvastatin
lactone (ATL)) in kidney diseases patients. Genotypes were determined
using TagMan real time PCR in 212 CKD patients, treated with 20 mg of
atorvastatin daily for 6 weeks. The steady state plasma concentrations of
atorvastatin and its metabolites were quantified using ultraperformance
liquid chromatography in combination with triple quadrupole mass
spectrometry (UPLC-MS/MS). Univariate and multivariate analyses showed
the variant in ABCC4 (rs3742106) was associated with decreased
concentrations of AT and its metabolites (2-AT+2-ATL: B = -0.162, p =
0.028 in the dominant model; AT+2-AT+4-AT: p = -0.212, p = 0.028 in the
genotype model), while patients carrying the variant allele ABCC4-rs868853
(B = 0.177, p = 0.011) or NR1I2-rs6785049 (B = 0.123, p = 0.044) had higher
concentrations of 2-AT+2-ATL in plasma compared with homozygous
wildtype carriers. Luciferase activity was enhanced in HepG2 cells harboring
a construct expressing the rs3742106-T allele or the rs868853-G allele (p <
0.05 for each) compared with a construct expressing the rs3742106G or the
rs868853-A allele. These findings suggest that two functional polymorphisms
in the ABCC4 gene may affect transcriptional activity, thereby directly or
indirectly affecting release of AT and its metabolites from hepatocytes into
the circulation.
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1 Introduction

China has one of the largest populations of patients with chronic
kidney diseases (CKD) in Asia (up to 159.8 million in 2020)
(Liyanage et al,, 2022). Dyslipidemia due to renal insufficiency is
a common complication in patients with CKD, leads to further
development of kidney damage and deterioration of kidney function
(Jungers et al., 1997). Both CDK and dyslipidemia are considered to
be major risk factors for cardiovascular events (Sarnak et al., 2003;
Kopin and Lowenstein, 2017). Therefore, for CKD patients,
treatment of dyslipidemia is particularly important.

Atorvastatin (AT) is currently the first-line drug for lipid
lowering and prevention of cardiovascular disease (Arca and
Gaspardone, 2007). As an HMG-CoA reductase inhibitor,
atorvastatin reduces cholesterol synthesis and increases the
number of LDL receptors on the surface of hepatocytes, thereby
reducing plasma LDL cholesterol levels, and has a stronger lipid-
lowering effect in women or in patients with non-familial
hyperlipidemia (Adams et al, 2015). In addition to its lipid-
lowering effects, atorvastatin also protects the cardiovascular
system and reduces damage to the kidney through its multiple
anti-inflammatory, antioxidative, endothelial protective and anti-
cell proliferative effects (Aviram et al., 1998; Mason, 2006). CKD
patients who are not on dialysis or renal transplantation were are
now recommended to adopt lipid-regulating therapy with statins,
according to the Kidney Disease Improving Global Outcomes
(KDIGO) Clinical Practice Guideline (Tonelli and Wanner, 2014).

However, there are significant individual differences in clinical
responses (efficacy or toxicity) to atorvastatin among different
patients. Previous studies have reported that nearly one-third of
patients fail to achieve lipid-lowering goals despite dose adjustments
to statins based on patient response to treatment (Mangravite et al.,
2006). Observational studies have found that 10%-15% of statin
users experience varying degrees of statin-related muscle side effects,
including mild muscle pain, muscle cramps, muscle weakness and
even the rare and serious symptom of rhabdomyolysis (Abd and
Jacobson, 2011). This individual variation in pharmacodynamics is
related to the level of drug in the plasma (Link et al., 2008). However,
the plasma AT levels are not only influenced by clinical factors such
as gender, age, BMI, co-morbidities and co-administration (Turner
etal,, 2020a; Hirota et al., 2020), but also are strongly associated with
polymorphisms in genes related to drug absorption, distribution,
metabolism and excretion (ADME) (DeGorter et al., 2013; Cruz-
Correa etal,, 2017; Turner et al., 2020b) which have been reported to
have high inter-individual variability (45-fold) (DeGorter et al.,
2013). It is also noteworthy that genetic variability may
contribute to >90% of the variance in plasma AT concentrations,
and mainly occurs in genes for drug metabolizing enzymes and
transporters (DeGorter et al., 2013; Cruz-Correa et al., 2017; Turner
et al., 2020Db).

AT is administered orally as a calcium salt that is absorbed into
the blood via the small intestine and taken up by the OATP
transporter into hepatocytes, where it is metabolized by CYP3A4
and CYP3A5 to the partially bioactive hydroxylated derivatives (2-
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hydroxy atorvastatin (2-AT) and 4-AT) (Lennernis, 2003). AT and
its active metabolites undergo lactonization via an unstable acyl
glucuronide intermediate to produce AT lactone (ATL), 2-ATL and
4-ATL (Prueksaritanont et al., 2002). These lactone metabolites can
be hydrolyzed to the corresponding hydroxy acids by plasma
paraoxonases or by pH changes (Riedmaier et al, 2011)
(Figure 1). AT and its metabolites are mainly eliminated by bile,
with only about 1% excreted by the kidneys (Lennernis, 2003). Its
hydroxylated metabolite was found to inhibit HMG-CoA reductase
as much as AT in vitro, about 70% of the total plasma HMG-CoA
reductase inhibitory activity is accounted for by active metabolites
(Lea and McTavish, 1997; Prake-Davis, 2004). In addition, the active
metabolites of AT also protect the cardiovascular system with
pleiotropic effects such as anti-oxidation and improvement of
endothelial function.?” 2! Therefore, the plasma concentration of
AT metabolites should also be of concern.

CYP3A4 and CYP3A5 enzymes are the main metabolizing
enzymes for AT, playing an important role in disposition of AT.
It has been reported that rs2242480, located on intron 10 of
CYP3A4, is associated with the lipid-lowering efficacy of
atorvastatin (Gao et al., 2008; Peng et al., 2018), and the presence
of rs4646437 in CYP3A4 intron 7 affects CYP3A4 protein expression
and enzymatic activity in a gender-dependent manner (Schirmer
et al., 2007), but there has been no study on the effects of these
polymorphisms on plasma AT concentration. CYP3A5*3
(rs776746C) in intron 3 of CYP3A5 leads to aberrant splicing of
mRNA and truncation of protein, resulting in deletion of
CYP3AS5 protein in individuals homozygous for this allele (Kuehl
et al.,, 2001), and has been shown to be associated with increased
systemic atorvastatin in a prior bioequivalence study in healthy
volunteers (Zubiaur et al., 2021).

The OATP1BI transporter, encoded by SLC O 1BI (Konig et al.,
2000), mediates the absorption of drugs into hepatocytes, and is the
rate-limiting step in the hepatic clearance of atorvastatin (Maeda
etal., 2011). Previous studies have revealed that single coding single-
nucleotide polymorphisms (SNPs, rs4149056 and rs2306283) of SLC
O 1BI are associated with the plasma AT concentration (DeGorter
et al., 2013). Moreover, SLC O 1BI rs4149056 contributes to statin-
induced myopathy, and the Clinical Pharmacogenetics
Implementation Consortium (CPIC) has published guidelines for
the use of atorvastatin in carriers of this SNP (Cooper-DeHoff et al.,
2022), but it is not specifically indicated for CKD complications.

Atorvastatin is a substrate for the efflux transporters
P-glycoprotein, encoded by ABCBI, and BCRP, encoded by
ABCG2, which may limit intestinal absorption and biliary
clearance of AT. The common SNPs of ABCBI (rs1045642,
rs1128503 and rs2032582) have been reported to be associated
with the lipid-lowering efficacy of atorvastatin (Thompson et al.,
2005; Hoenig et al., 2011; Prado et al., 2018), but their association
with plasma AT concentration is unknown. The ABCG2 (421C>A)
variant (rs2231142) contains a replacement of glutamine with lysine
at position 141 in the intracellular region of the protein, and
demonstrates lower protein expression and transport capacity in
cells transfected with the variant than with the wild type (Imai et al.,
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FIGURE 1
Conversion processes of atorvastatin and its metabolites.

2002; Kondo et al., 2004). Although many studies have shown a
correlation between rs2231142 and plasma concentrations of
atorvastatin, the phenotypic results of the effects differ in
different populations (Birmingham et al., 2015; Lee et al., 2019).

In addition to the above transporters, MRP3, MRP4 and MRP5,
which are localized in the basolateral membrane of hepatocytes,
have also been found to be involved in the transport of atorvastatin
in vitro (Knauer et al, 2010; Deng et al., 2021), and their
polymorphisms may play an important role in the plasma
concentration of AT and its metabolites. Previous studies have
indicated that rs4793665 located in the ABCC3 promoter region,
affects the plasma concentration of morphine and its metabolites,
and it is now clear that polymorphisms in ABCC4 rs2274407,
rs3742106, rs868853 and rs9561778 have a significant effect on
plasma levels, drug efficacy and disease susceptibility (Anderson
et al,, 2006; Low et al., 2009; Venkatasubramanian et al., 2014;
Tanaka et al., 2015; Sdnchez-Martin et al., 2016; Chidambaran et al.,
2017; Che et al, 2018). Similarly, ABCC5 variants (rs562 and
rs3749438) also have been reported to be associated with severe
irinotecan-induced toxicity and its plasma concentration (Chen
et al., 2015; Teft et al., 2015).

The pregnane X receptor (PXR, NR1I2), a prototypical member
of the nuclear receptor superfamily, can be activated by a range of
steroids or exogenous drugs to regulate the transcription of target
genes, and plays an important role in the regulation of the
environmental homeostasis and pathophysiological processes
(Rogers et al., 2021). Atorvastatin acts as a ligand for PXR and
activates transcription of target genes, including CYP3A4, CYP3A5,
SLC O 1BI and ABCBI (Marino et al., 2011; Hoffart et al., 2012),
thereby affecting the metabolic process of the drug. Many studies

Frontiers in Pharmacology

Hydrolysis

(0]
HO. i IEI);C CH; 0
OH N " N OH
H
—>
CYP3A4/3A5
F

4-ATL

F

have reported that polymorphisms in NRII2 (rs6785049 and
rs1523127) impact the pharmacokinetics of a variety of drugs,
including immunosuppressive agents (Fanta et al., 2010; Mbatchi
et al.,, 2017), antifungal agents (Zeng et al., 2020), antineoplastic
agents (Liu et al.,, 2017) and anti-AIDS agents (Swart et al.,, 2012).

Accordingly, we examined the effects of reported
polymorphisms in metabolic enzymes (CYP3A4 and CYP3A5)
and transporters (SLC O 1BI, ABCBI and ABCG2) associated
with atorvastatin efficacy, as well as other drug transport-related
gene (ABCC3, ABCC4, ABCC5 and NRII2) variants on plasma
concentrations of atorvastatin and its metabolites in patients with
CKD. The study of individual variation in plasma concentrations of
atorvastatin and its metabolites at the genetic level is helpful to
predict the efficacy and toxicity of atorvastatin in CKD patients
accurately, and has practical guiding significance for clinical
individualized drug application.

2 Materials and methods
2.1 Clinical pharmacogenetic study

2.1.1 Study population

A prospective study was performed with Chinese Han
chronic kidney disease patients recruited from both out-
patients and in-patients of the Nephrology Departments of the
First and Second Affiliated Hospitals of Shantou University
Medical College, from May 2014 to September 2019 (Chinese
Clinical Trial Registry No. ChiCTR2000041391). According to
the inclusion and exclusion criteria (Supplementary Table S1),
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there were 354 eligible CKD patients, 142 patients were excluded
due to missing data, a total of 212 CKD patients participated in
our study. All patients were prescribed atorvastatin (Pfizer, NY,
America) 20 mg/day for 6 weeks. Overnight fasting blood
samples were collected from patients to measure biochemical
parameters and drug levels. Baseline parameters were measured
the morning of the day of treatment initiation, and final
parameters were measured the day the 6-week treatment was
completed. Demographic and clinical information, including age,
sex, body, and medical histories were recorded. Estimated
glomerular filtration rate (eGFR) was calculated according to
the Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) equation (Levey et al., 2009). Experimental subjects were not
randomized into groups and the experimenters were not blinded
because these were deemed inappropriate for the design of this
study. This study was approved by the ethics committees of the
First and Second Affiliated Hospitals of Shantou University
Medical College. All enrolled patients were informed of the
purpose and other matters of the study, understood and
signed the informed consent form.

2.1.2 Genotyping

DNA was isolated from EDTA-coated whole blood tubes,
following patient blood collection, using a TTANamp blood DNA
kit (TTANGEN, Beijing, China). The concentration and purity of
extracted DNA following the manufacturer’s protocols were
determined with a Nanodrop 2000.

Genotyping was performed using TagMan® Real Time
Polymerase Chain Reaction (PCR) allelic
assays, with a Drug Metabolism Enzyme or predesigned probe
and primer (Applied Biosystems, CA, United States), according

discrimination

to the manufacturer’s instructions. TagMan drug metabolism
enzyme genotyping assays (for ABCBI rs1128503, rs2032582,
rs1045642, ABCG2 rs2231142, SLC O 1B1 rs2306283, rs4149056,
CYP3A5 rs776746, CYP3A4 1s2242480, ABCC4 1s3742106,
rs2274407 and NRII2 1rs1523127) wused different PCR
conditions from the predesigned TagMan SNP genotyping
assays (for CYP3A4 rs4646437, ABCC4 rs9561778, rs868853,
ABCC3 154793665, ABCC5 1s562, rs3749438 and NRII2
rs6785049). Conditions for the former were as follows: 95°C
for 10 min, followed by 50 cycles of 95°C for 15s and 60°C for
90s. For the latter, 40 cycles of a 1min annealing/1 min
extension were used. Hardy-Weinberg equilibrium tests were
performed using chi square tests, where the allele frequencies of
the study population were consistent with the law of genetic
equilibrium, as indicated by a p-value >0.05.

2.1.3 Determination of atorvastatin and its
metabolite concentrations

The concentrations of atorvastatin and its metabolites (2-AT,
4-AT, ATL, 2-ATL and 4-ATL) were quantified in EDTA plasma
samples from the 6 week, when the concentration of atorvastatin
and its metabolites were considered to remain at a steady-state
level, by using an UPLC-MS/MS assay with a lower limit of
quantification of 5ng/mL. Blood samples from patients were
mixed with 300ul (100 ug/ml
methaqualone) in 2 ml polypropylene tubes, and the mixtures

internal standard solution

were vortex-mixed for 30s then cenrtifuged at 14,000 rpm for
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10 min at 4°C. A 3 pL aliquot was injected into a 2.7 um Poroshell
120 EC-C18 column (4.6 x 100 mm, Agilent Technologies, Santa
Clara, CA United States of America), and analytes were separated
using gradient elution with 0.1% formic acid in water and
methanol at a flow rate of 0.3 mL/min. Analyte detection was
via multiple reaction monitoring (Sciex triple quadrupole
6,500 QTRAP mass spectrometer with a Turbo V electrospray
source, AB Sciex, United States) using transitions of (M + H*) m/
z): AT 559.3—440.2, 2-AT 575.2—440.2 4-AT 575.2—440.2, ATL
541.3—448.3, 2-ATL 557.2—448.2, 4-ATL 557.2—448.2, and
methaqualone 251.2—132.2.

2.2 Plasmid construction and luciferase
assay

Human embryonic kidney 293T cells (HEK293T) and human
hepatocellular carcinoma cells (HepG2) were cultured at 37°C with
5% CO, and 95% humidity in Dulbecco’s modified Eagle’s medium
(Gibco, United States) supplemented with 10% fetal bovine serum,
100 U/mL penicillin G sodium, and 100 pug/mL streptomycin sulfate
(Gibco).

The 1740bp 3'UTR of ABCC4 (NM_005845), with
incorporated terminal Xbal restriction sites, was amplified
human genomic DNA with PCR primers. The fragment was
then cloned into the luciferase reporter plasmid pGL3-
promoter, and creation of the rs3742106 (T/G) polymorphism
was achieved by site-directed mutagenesis. Similarly, the promoter
of ABCC4 gene was amplified with the primers 5'-TTTCTCTAT
CGATAGGTACCTAGGATTATAGGCGTGAGCC-3* (forward)
and  5'-CTTAGATCGCAGATCTCGAGGCTGGGGCTCCGG
CCGCCACGCC-3’ (reverse). The products were digested with
restriction endonucleases Kpnl and Xhol, and then were cloned
into pGL3-Basic vector, and the rs868853 (G/A) polymorphism
was generated by using PCR-based site-directed mutagenesis. The
recombinant plasmids were validated by PCR, endonuclease
digestion, and DNA sequencing.

Plasmid DNA was isolated with a PureLink HiPure Plasmid
Midiprep kit (Invitrogen, CA, United States), and supercoiled
plasmid DNA was transfected into HEK293T and HepG2 cells
using Lipofectamine 2,000 transfection reagent (Invitrogen)
according to the manufacturer’s protocol. The cells were plated
in 12-well plates 1 day before transfection at a density of 1 x 10 cells
per well, and then were transfected with 2 pg of the reporter
construct, 200 ng Renilla plasmid DNA and 2 pL Lipofectamine
2,000 after reaching 70%-80% confluence. After transfection for
24 h, cells were lysed for sequential measurement with the dual
luciferase assay system (Promega, United States) in the ultra-
sensitive GloMax Navigator Detection System instrument
(Promega). Luciferase results are expressed as the ratio of firefly
luciferase activity to Renilla luciferase activity from triplicate

transfections.

2.3 Statistical analysis

Categorical data are presented as percentages, and

continuous variables complied with normal distribution were
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TABLE 1 Clinical and demographic characteristics of the study population for
atorvastatin treatment (20 mg/day/6 weeks).

Characteristics Total study population (n = 212)

Age (years) 56.4 + 10.9
Males, N (%) 116 (54.7)
Body mass index (kg/m?) 232 + 4.64
Systolic blood pressure (mmHg) 142.0 + 30.0
Diastolic blood pressure (mmHg) 85.5 + 12.0
Hypertension, N (%) 167 (79.5)
Diabetes, N (%) 87 (42.6)
Cardiovascular disease, N (%) 53 (29.1)
Smoking, N (%) 61 (28.9)
Alcohol Consumption, N (%) 14 (6.6)

Baseline Post- Change
Treatment
TC (mmol/L) = 5.89 + 1.86 4.06 + 1.09 -1.77 + <0.001
1.56
TG (mmol/L) | 2.08 + 1.72 1.54 + 1.01 -032 + <0.001
0.81
HDL-C 1.26 + 0.41 123 + 038 ~0.04 + 0.026
(mmol/L) 0.29
LDL-C 3.86 + 1.29 2.51 + 0.96 -132 <0.001
(mmol/L) 1.06
ApoAl (g/L) | 140 +0.33 1.48 + 037 0.04 + 0.26 0.033
ApoB100 1.09 + 0.34 0.74 + 0.30 -033 £ 03 <0.001
(g/L)
LP(a) (mg/L) 292.75 + 295.46 + 279.41 27 + 0.831
255.75 89.45

Abbreviations: TC, total cholesterol; TG, HDL-C, High Density Lipoprotein-Cholesterol;
LDL-C, Low Density Lipoprotein-Cholesterol; ApoAl, Apolipoprotein AI; ApoB100,
Apolipoprotein B100; LP(a), Lipoprotein (a).

expressed as mean + standard deviation (M + SD). The Shapiro-
Wilk test was used for normality testing and non-normal
distributed variables are presented as the median =+
interquartile range (M + Q). The correlation between plasma
concentrations of atorvastatin and its metabolites were analyzed
by Spearman correlation analysis as these variables were skewed
even with a log transformation.

Considering that the lactonization and hydrolysis of
atorvastatin and its metabolites are reversible processes, the
lactone metabolisms and their corresponding hydroxyl acids
were analyzed as a whole (AT + ATL, 2-AT+2-ATL, 4-AT+4-
ATL). The sum of the active components of atorvastatin (AT+2-
AT+4-AT) was also analyzed. Plasma concentrations of atorvastatin
and its metabolites below the lower limit of detection were excluded.
Outlier values (mean * 3*SD) suggestive of errors in sampling
procedure, technical measurements or data manipulation were
excluded from the analysis.

Ancestral alleles from the Ensembl Genome database were
defined as wild-type alleles, and the association between the
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genetic polymorphisms and the plasma concentration of
atorvastatin and its metabolites were assessed in different genetic
models (general, dominant, recessive models) by Mann-Whitney U
or Kruskal-Wallis H tests. The addition concentration of
atorvastatin lactone metabolites and their corresponding hydroxyl
acids was log-transformed and then analyzed with clinical variables
in univariate analyses. Any independent variables with a p-value
of <0.1 in the univariate analysis were entered into a model of
multivariable regression analysis to assess the influences of clinical
variables on drug concentrations using the stepwise method. Finally,
adjusting for gender, age, smoking and alcohol consumption,
multivariable linear regression methods were used to evaluate the
effects of genetic variation and baseline biochemical indices on
plasma concentrations of atorvastatin and its metabolites.
Statistical ~ significance
p-value <0.05. Statistical analyses were performed using SPSS
software (version 23, IBM, United States), and box and whisker
plotting was performed using GraphPad Prism software (version

8.0.2.263, GraphPad, United States).

was defined having a two-sided

3 Results

3.1 Clinical characteristics of the study
population

A total of 212 CKD patients were included in this study. The
baseline clinical information of the patients is shown in Table 1. The
average age of the patients was about 56 years old, and the male to
female ratio was 1.2:1, 79.5% of patients had hypertensive disease,
42.6% had diabetes mellitus and 29.1% had cardiovascular disease.
After 6 weeks of atorvastatin treatment, lipid levels of patients with
CKD significantly improved.

Genotyped variants and their distribution in the population
studied are shown in Table 2. All genotypes tested were in Hardy-
Weinberg equilibrium with the exception of CYP3A5 rs776746 (p =
0.003) and ABCBI rs2032582 (p = 0.027), and the minor allele
frequency (MAF) was close to the MAF of the Southern Chinese
Han Chinese in the 1,000 Genomes database (https://www.ncbi.nlm.
nih.gov/snp/) except for rs776746 and rs2032582, and are given in
Supplementary Table S2.

3.2 Atorvastatin and its metabolite
concentrations

The plasma concentrations of atorvastatin and its metabolites

varied widely among individuals, with patient plasma
concentrations of atorvastatin ranging from 0.097 to 16.520 ng/
mL, 2-hydroxy atorvastatin from 0.062 to 19.900 ng/mL, 4-hydroxy
atorvastatin from 0.179 to 9.785 ng/mL, atorvastatin lactone from
0.064 to 66.390 ng/mL, 2-hydroxy

concentrations ranged from 0.196 to 11.510ng/mL and 4-

atorvastatin  lactone
hydroxy atorvastatin lactone concentrations ranged from 0.398 to
81.700 ng/mL. Spearman’s analysis of the correlation between
atorvastatin and its metabolites showed that the concentrations
of atorvastatin metabolites significantly correlated with the parent
drug (r > 0.5, p < 0.0001) (Figure 2).
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TABLE 2 Genotyped variants and their distribution in the studied population (n = 210).

10.3389/fphar.2023.1102810

Gene SNPs CHR Location Genotype N (%) MAF
CYP3A4 1rs2242480 (intron) 7 99763843 TT 21 (10.0) T =0312
CT 89 (42.4)
CcC 100 (47.6)
CYP3A4 rs4646437 (intron) 7 99767460 AA 12 (5.7) A =0.193
AG 57 (27.1)
GG 141 (67.1)
CYP3A5 1s776746 (intron) 7 99672916 CcC 69 (32.9) T = 0474
CT 83 (39.5)
T 58 (27.6)
SLC O 1BI rs4149056 (missense variant) 12 21178615 CC 4 (1.9) C=0.114
CT 40 (19.0)
T 166 (79.0)
SLC O 1B1 rs2306283 (missense variant) 12 21176804 AA 10 (4.8) A =0.202
AG 65 (31.0)
GG 135 (64.3)
ABCBI rs1128503 (synonymous variant) 7 87550285 AA 98 (46.7) G =031
AG 94 (44.8)
GG 18 (8.6)
ABCBI rs1045642 (missense variant) 7 87509329 AA 31 (14.8) A =0412
AG 111 (52.9)
GG 68 (32.4)
ABCBI rs2032582 (missense variant) 7 87531302 CC 49 (23.3) T=0.1
CA/CT 106 (50.5)
AA/TT/AT 55 (26.2)
ABCG2 rs2231142 (missense variant) 4 88131171 GG 78 (37.1) T = 0.369
GT 109 (51.9)
T 23 (11.0)
ABCC3 1rs4793665 (2 kb upstream) 17 50634726 CcC 5(2.4) C=0.131
CT 45 (21.4)
T 160 (76.2)
ABCC4 1rs3742106 (3'UTR) 13 95021537 AA 43 (20.5) A =0.486
AC 118 (56.2)
cc 49 (23.3)
ABCC4 rs9561778 (intron) 13 95061461 GG 92 (43.8) T =0.331
GT 97 (46.2)
T 21 (10.0)
ABCC4 rs2274407 (missense variant) 13 95206781 AA 5(2.4) A =0.152
AC 54 (25.7)
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TABLE 2 (Continued) Genotyped variants and their distribution in the studied population (n = 210).

10.3389/fphar.2023.1102810

Gene SNPs CHR Location Genotype N (%) MAF
CcC 151 (71.9)
ABCC4 rs868853 (2 kb upstream) 13 95302822 CC 5(2.4) C=0.129
CT 44 (21.0)
T 161 (76.7)
ABCC5 rs562 (3'UTR) 3 183920057 CcC 46 (21.9) C=0493
CT 115 (54.8)
TT 49 (23.3)
ABCC5 rs3749438 (intron) 3 183987396 AA 40 (19.0) A =0.436
AG 103 (49.0)
GG 67 (31.9)
NRII2 rs6785049 (intron) 3 119814886 AA 41 (19.5) A =0412
AG 91 (43.3)
GG 78 (37.1)
NRII2 rs1523127 (5'UTR) 3 119782192 AA 121 (57.6) C=0229
AC 82 (39.0)
cC 7 (3.3)
Notes: 2 blood samples were missing.
Abbreviations: SNP, single nucleotide polymorphism; CHR, chromosome; MAF, minor allele frequency.
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TABLE 3 Association between SNPs and plasma concentrations of AT + ATL.

10.3389/fphar.2023.1102810

Genotypes AT + ATL, umol/L p-value
M £ Q

ABCC4 rs9561778 General GG 88 0.0075 + 0.0105 Ref

GT 94 0.0051 + 0.0095 0.05

T 20 0.0080 + 0.0150 0.458

ABCC4 159561778 Dominant GG 88 0.0075 + 0.0105 0.039
GT + TT 114 0.0053 + 0.0098

ABCC4 153742106 Dominant AA 4 0.0078 + 0.0174 0.034
AC + CC 160 0.0059 + 0.0094

ABCBI 151128503 Recessive AA 95 0.0084 + 0.0111 0.047
AG + GG 107 0.0050 + 0.0090

Notes: bold fonts indicates p < 0.05.

TABLE 4 Association analysis between SNP and plasma concentration of 2-AT+2-ATL.

Genotypes 2-AT+2-ATL,umol/L p-value
M+ Q

ABCC4 153742106 General AA 40 0.0050 + 0.0049 Ref

AC 111 0.0039 + 0.0042 0.158

cC 48 0.0029 + 0.0040 0.017

ABCC4 153742106 Dominant AA 40 0.0050 + 0.0049 0.015
AC + CC 159 0.0036 + 0.0044

ABCC4 153742106 Recessive cc 48 0.0029 + 0.0040 0.046
AC + AA 151 0.0041 + 0.0041

ABCC4 15868853 General TT 155 0.0036 + 0.0042 Ref

Cr 39 0.0056 + 0.0056 0.015

cC 5 0.0026 + 0.0055 0219

ABCC4 15868853 Dominant TT 155 0.0036 + 0.0042 0.017
CT + CC 44 0.0050 + 0.0057

NRII2 156785049 Dominant GG 75 0.0035 + 0.0045 0.048
AG + AA 124 0.0039 + 0.0043

CYP3A5 15776746 Recessive cc 66 0.0044 + 0.0054 0.049
CT +TT 133 0.0036 + 0.0042

Notes: bold fonts indicates p < 0.05.

3.3 Association between gene
polymorphisms with plasma concentrations
of atorvastatin and its metabolites

First, the effect of baseline clinical characteristics of plasma
concentrations of atorvastatin and its metabolites was evaluated
by univariate and multivariate analyses. A high Apolipoprotein Al
(apoAlI) level was correlated with higher plasma levels of AT +
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ATL (B = 0.421, p = 0.003), and baseline Lipoprotein a (LPa) (p =
2.44E-04, p = 0.037) and glucose (B = —0.019, p = 0.027) had an
independent influence on the concentration of 2-AT+2-ATL. In
terms of the plasma level of AT+2-AT+4-AT, it depended in part
on levels of apoAI (B = 0.374, p < 0.001), ALB (f = -0.013, p =
0.012), glucose (B = —0.023, p = 0.012), eGFR (B = -0.004, p =
0.031) and alcohol consumption (B = -0.303, p = 0.015),
indicating exposure levels of atorvastatin and its metabolites
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TABLE 5 Association analysis between genetic variants and plasma concentration of AT+2-AT+4-AT.

Genotypes AT+2-AT+4-AT,umol/L
M£Q
ABCC4 153742106 General AA 42 0.0065 £ 0.0069 Ref
AC 114 0.0053 + 0.0074 0377
cC 49 0.0038 + 0.0057 0.027
ABCC4 153742106 Recessive cc 49 0.0038 + 0.0057 0.008
AC + AA 156 0.0056 + 0.0074

Notes: bold fonts indicates p < 0.05.

TABLE 6 Plasma atorvastatin and its metabolite concentrations-linear regression model coefficients.

Variable Effect (B)
2-AT+2-ATL
Glucose -0.019 0.025
LP(a) 2.00E-04 0.083
ABCC4 rs3742106 —-0.162 0.028
ABCC4 15868853 0.177 0.011
NRI1I2 rs6785049 0.123 0.044 0.14
AT+2-AT+4-AT
ApoAl 0.352 0.001
ALB -0.013 0.006
Glucose -0.021 0.026
eGFR —-0.004 0.016
ABCC4 rs3742106CC -0.212 0.028
ABCC4 rs3742106AC -0.029 0.723 0.19

Notes: bold fonts indicates p < 0.05.
Adjusted for gender, age, smoking and alcohol consumption.

LP(a), lipoprotein (a); ApoAl, Apolipoprotein Al; ALB, albumin; eGFR, estimated glomerular filtration rate.

may be affected by hepatic and renal function (Supplementary
Table S3).

The effect of genetic polymorphisms on plasma concentration
of atorvastatin and its metabolites was analyzed in different genetic
models (Supplementary Tables S4A-C). In the general model,
three SNPs of ABCC4 were significantly associated with the
concentration of atorvastatin and its metabolites, showing that
plasma 2-AT+2-ATL and AT+2-AT+4-AT levels were lower in
individuals with the rs3742106 homozygous variant allele (CC)
than the wild-type allele carriers (approximately reduced by 42% in
both, p < 0.05, Table 4, Table 5), but the plasma concentration of 2-
AT+2-ATL with  the
rs868853 heterozygous genotype (CT) when compared with the
TT genotype (p = 0.015, CT vs TT) (Table 4). After correcting
p-values with the Bonferroni-Dunn test, no association between
rs9561778 polymorphism and plasma AT + ATL levels was
observed (Table 3).

In the dominant model, patients carrying the variant
rs3742106 allele had of 2-AT+2-ATL than
homozygous wild-type allele carriers (p = 0.015, AA vs AC +
CC) (Table 4), and the homozygous wild-type rs9561778 allele
carriers showed higher plasma concentrations of AT + ATL (p =
0.029, GG vs GT + TT). Interestingly, subjects with one or two

significantly increased in patients

lower levels
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copies of the variant ABCC4 rs868853 or NR112 rs6785049 allele had
increased plasma concentrations of 2-AT+2-ATL (p = 0.017, TT vs
CT + TT; p = 0.048, GG vs AG + AA) (Table 4). For the CYP3A4
rs464637 polymorphism, although the plasma concentration of 4-
AT+4-ATL was distributed differently in carriers of different
genotypes, there were only 10 cases of the AA genotype in CKD
patients, which may reduce the statistical power.

In the recessive model, the wild-type rs1128503 allele carriers
had lower AT + ATL levels (p = 0.047, AA vs AG + GG) (Table 3),
but plasma levels of 2-AT+2-ATL and AT+2-AT+4-AT decreased in
individuals with the homozygous rs3742106 variant than wild-type
allele carriers (p = 0.046; p = 0.008; CC vs AC + AA) (Table 4,
Table 5). There were no significant associations between these
polymorphisms and the plasma concentrations of 4-AT+4-ATL
(Supplementary Table S4).

Furthermore, multivariate linear regression analysis showed that
the rs3742106 and rs868853 variants of ABCC4 and the NRII2
rs6785049 polymorphism were predictors of plasma 2-AT+2-ATL
levels after adjustment for gender, age, smoking and alcohol
consumption. In addition, baseline levels of lipoprotein (a) and
glucose were correlated to the plasma 2-AT+2-ATL concentration,
which together explained 14% of the variance in the plasma 2-AT+2-
ATL concentration (Table 6; Figure 3). The ABCC4 rs3742106CC
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genotype was a predictor of lower AT+2-AT+4-AT levels
(B = -0.212, p = 0.028), and explained 19% of the variance in
the plasma levels of this component with other significantly non-
genetic clinical factors (Table 6).

3.4 Functional effects of genetic variants
in vitro

The clinical trial showed significant associations between
ABCC4 and NRII2 polymorphisms (rs868853, rs3742106 and
rs6785049) with plasma levels of atorvastatin and its metabolites,
so we further investigated the functional effects of these genetic
variants in vitro. Since rs6785049 is located in intron of NRII2, we
only studied ABCC4 polymorphisms, in the promoter and 3’
untranslated (3'UTR) regions, using a luciferase assay in vitro.
The luciferase constructs and information of the polymorphism
sites are shown in Figures 4A,D. The constructs, which were
comprised of the ABCC4 sequence (promoter or 3'UTR region)
and a luciferase reporter gene, were transfected into HEK293T and
HepG2 cells. Functional studies showed variant alleles of rs868853-
A had significantly lower luciferase activities than rs868853-G in
both cell lines (HEK293T p = 0.0026, HeG2 p = 0.022), rs3742106-G
had significantly lower luciferase activities than rs3742106-T in
HepG2 cells lines (p = 0.0031), but not significantly in HEK293T
(p = 0.31). (Figure 4).

4 Discussion

Individual differences in response to atorvastatin exist between
patients. In this study, we investigated the association between
genetic variants in drug metabolism- and transportation-related
of atorvastatin and its

genes, and plasma concentrations

metabolites in patients with chronic kidney disease. Eighteen
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polymorphisms in 9 genes (CYP3A4, CYP3A5 SLC O 1BlI,
ABCB1, ABCG2, ABCC3, ABCC4, ABCC5 and NRII2) were
identified and displayed non-significant deviation from Hardy-
Weinberg equilibrium, except for rs776746 and rs2032582,
indicating that the study population is representative. However,
the reason why two SNPs were not in equilibrium in our population
is unclear.

DeGorter et al. demonstrated a high, 45-fold inter-individual
variability in circulating atorvastatin levels following treatment with
the same dose (DeGorter et al., 2013). Similarly, we found large
individual differences in plasma concentrations of atorvastatin and
its metabolites, especially for its lactone metabolites (over 80-fold).
Considering that lactonization and hydrolysis of atorvastatin is
reversible with a change in pH (Jemal and Xia, 2000), the lactone
metabolites and their corresponding hydroxyl acids were analyzed
as a whole, avoiding conversion that might be affected by
environmental factors in the disposal of blood samples, and
correlated with genetic polymorphisms. The from
univariate and multivariate analyses showed that the ABCC4
rs3742106  polymorphism with  plasma
concentrations of AT and its metabolite, indicating patients
carrying the wild-type allele (C) have higher 2-AT+2-ATL and
AT+2-AT+4-AT levels than variant allele (A) carriers. We
further show rs3742106, located in the region of ABCC4
encoding the 3'UTR, is an independent factor affecting plasma

results

was  associated

concentrations of AT and its metabolites.

ABCC4 is located on chromosome 13q32.1, contains 31 exons
and encodes the multidrug resistance-associated protein MRP4,
which is localized in the basolateral membrane of cells in the
liver, but is more highly expressed in the parietal membrane of
renal tubular cells in the kidney (Russel et al, 2008). ABCC4
polymorphisms have mostly been reported to correlate with
tumor prognosis and the efficacy of anti-HIV drugs. Anderson
reported  that triphosphate
concentrations were 20% higher in patients carrying the

et al plasma  lamivudine
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ABCC4 rs3742106 and rs868853 affect luciferase reporter activity. (A) Schematic representation of the ABCC4 3'UTR expression plasmid and the
position of corresponding mutant sites. Firefly luciferase constructs contained the SV40 promoter, luciferase coding region and a fragment of the ABCC4
3'UTR. The rs3742106 SNP polymorphism site is indicated by the arrow. Plasmid constructs were transfected into HEK293T (B) and HepG2 cells (C). (D)
Schematic representation of the ABCC4 promoter expression plasmid and the position of the corresponding mutant sites. Firefly luciferase
constructs contained 2 kb fragment of the ABCC4 promoter, luciferase coding region and SV40 poly (A). The rs868853SNP polymorphism site is
indicated by the arrow. Plasmid constructs were transfected into HEK293T (E) and HepG2 cells (F). Data represent the mean values of four independent
experiments +SD. Each experiment was conducted in triplicate. Ns indicates statistically non-significant; *p < 0.05, **p < 0.01 were considered as

significant.

rs3742106 variant allele C than in carriers with the homozygous AA
genotype (Anderson et al., 2006). Similarly, Rungtivasuwan et al.
also found the plasma concentrations of tenofovir were 30% higher
in patients carrying variant allele than in the AA genotype carriers
infected with HIV (Rungtivasuwan et al., 2015), which is opposite to
our findings. However, these seemingly paradoxical results can be
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explained on the basis of the metabolic characteristics of the drug
and the localization of MRP4. Anti-HIV drugs are mainly excreted
by the kidneys, thus the level of MRP4 efflux transport in the parietal
membrane of renal tubular cells can directly influence the plasma
of anti-HIV drugs. Thus, rs3742106C may reduce
MRP4 protein expression, resulting in reduced efflux of drugs in

level
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renal tubular cells (Anderson et al., 2006), allowing an increase in
drug plasma concentrations. In contrast, atorvastatin is metabolized
in the liver and mostly eliminated by the bile, with only about 1%
excreted by the kidneys (Lennernds, 2003). Combining the
correlation between rs3742106 and plasma concentrations of AT
and its metabolites with the reporter gene results, it is hypothesized
that rs3742106C also decreases hepatic MPR4 protein expression,
leading to a decrease in drug excretion from hepatocytes into the
hepatic sinusoids and into the circulation, resulting in a decrease in
plasma levels of AT and its metabolites. These results further
validate  Anderson’s  first  hypothetical
rs3742106 affecting the expression of ABCC4.

Variant allele carriers of rs868853(C), which is located in the
ABCC4 promoter, exhibited higher 2-AT+2-ATL levels than
homozygous wild-type carriers (TT), and rs868853 was found to

description  of

be an independent influence on plasma concentrations of 2-AT+2-
ATL after adjusting for non-genetic factors by multiple linear
regression. Palikhe et al. showed asthma patients with the
rs868853G allele had higher concentrations of asthma severity
markers in blood and urine, and that the rs868853G SNP
increased ABCC4 promoter transcriptional activity, suggesting
that rs868853C may be associated with the transport of
metabolites from immune cells (Palikhe et al, 2017).
Additionally, carriers of the rs868853T allele were found to have
a lower susceptibility to Kawasaki disease in a southern Chinese
population (Che et al., 2018). However, there has been no reported
on the association between this SNP and the pharmacokinetics or
pharmacodynamics of drugs. To the best of our knowledge, this is
the first report on the influence of rs868853 on plasma
concentrations of AT and its metabolites. Interestingly, luciferase
assays demonstrated the ABCC4 rs868853G allele enhanced
transcription compared with the rs868853A allele, which is
consistent with Palikhe’s results. Taken together, the rs868853(C/
G) variant allele may enhance the transcriptional activity of ABCC4,
resulting in enhanced expression of MRP4, leading to increased
efflux of AT and its metabolites from the basal membrane of the
hepatocyte into the circulation.

It was reported that rs9561778, located in an intron of ABCC4,
was associated with cyclophosphamide-induced adverse effects
(gastrointestinal toxicity and leukopenia or neutropenia) in
patients with breast cancer, and FASTSNP suggested that
rs9561778 may be located within transcription factor binding
sites or intron enhancer sequences, and is a pathogenic variant
affecting gene expression (Low et al., 2009). In our study, we found
patients carrying the rs9561778 (T) variant allele had decreased
concentrations of AT + ATL compared to homozygous wild-type
(GG) carriers, but there was no statistical difference in our multiple
linear regression analysis, suggesting that rs9561778 is not an
independent factor affecting plasma concentrations of AT and
Therefore, the
rs9561778 and plasma concentration of AT and its metabolites

its metabolites. association between the
still needs to be further explored. Our results explain the clinical
and cellular evidence that the polymorphisms of ABCC4 are
associated with the circulating levels of AT and its metabolites,
which changed the expression of the transporter encoded by
ABCCA.

The pregnane X receptor (PXR), is encoded by NRII2 on
chromosome 3q12/13.3, and contains nine exons, but only

Frontiers in Pharmacology

10.3389/fphar.2023.1102810

exons two to nine are involved in encoding protein (Zhang
et al., 2001). PXR is widely expressed in a variety of tissues,
mainly in the liver and intestine (Lamba et al., 2005). Genetic
polymorphisms in PXR may explain the variation in the expression
of the target genes (Lamba et al., 2005), which may affect the
pharmacokinetics or pharmacodynamics of atorvastatin. Several
studies have demonstrated a relationship between rs6785049 and
the plasma concentrations of various drugs (Miura et al., 2008;
Mbatchi et al., 2017; Zeng et al.,, 2020). When we considered
polymorphisms in NRII2, we found rs6785049A was associated
with increased concentration of 2-AT+2-ATL. Additionally, active
metabolites (2-AT and 4-AT) of atorvastatin also are ligands of
PXR, and 4-AT reduced induction of genes regulated by PXR
compared to 2-AT and AT in vitro, which may be due to the
weaker ability of the 4-AT to induce expression of target genes as
the result of the retention of co-repressors during ligand activation
(Hoffart et al., 2012). We show a genetic variant in PXR is
associated with the plasma concentration of 2-AT+2-ATL,
which may partly be explained in part by the metabolism of
atorvastatin, i.e. since active metabolites are produced by
CYP3A, acting as ligand to activate PXR regulates CYP3A4/
CYP3A5, thereby producing more hydroxylated metabolites
especially of 2-AT. Moreover, it has been reported that
individuals with the GG genotype have twice the expression
levels of CYP3A in enterocytes, than rs6785049A carriers, after
the activation of PXR (Zhang et al., 2001). Taken together, these
results imply that multiple pathways act together to cause
differences in plasma 2-AT+2-ATL concentrations in patients
carrying different genotypes.

CYP3A5 is another atorvastatin metabolizing enzyme, and its
genetic polymorphisms have an important impact on the
distribution of drugs (Zubiaur et al., 2021), although it has been
found that CYP3A5 contributes less than 15% to atorvastatin
metabolism in vitro (Park et al., 2008). CYP3A5*3 (rs776746C) is
the major CYP3AS5 allele that found in all ethnic groups (Zhou et al.,
2017) and is functionally deficient (Kuehl et al., 2001). In our study,
we found patients with the homozygous CC variant genotype have
higher levels of 2-AT+2-ATL compared to the wild-type allele
carriers. A previous study by Kim et al. found that after a single
dose of simvastatin, the AUCy ;, was 3.3-fold higher in healthy
individuals with the CC genotype than in those with the TT
genotype (Kim et al, 2007). On the contrary, Zubiaur et al.
indicated individuals carrying the C allele had lower plasma
concentration of atorvastatin than the TT genotype carriers

(Zubiaur et al,  2021). Significantly, the  CYP3A5
rs776746 polymorphism was not in equilibrium in our
population. Thus, further association analysis between

rs776746 and plasma concentrations of AT and its metabolites,
in large representative groups, is needed to clarify the reason for the
different conclusions.

The P-glycoprotein protein encoded by ABCBI plays an
important role in the absorption of oral drugs in the intestine,
and polymorphisms of this gene have been reported to be related
to the lipid-lowering effect of atorvastatin (Thompson et al., 2005;
Rebecchi et al.,, 2009; Hoenig et al., 2011; Kadam et al., 2016).
Although rs1045642, located in exon 26 of ABCBI, does not
change the expression of mRNA and protein, it may change of
P-glycoprotein folding (Kimchi-Sarfaty et al., 2007). Non-
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etheless, there is a lack of studies into the effect of ABCBI-
rs1045642 on the metabolism of patients to atorvastatin.
ABCBI 1s1045642AA was associated with higher plasma
concentrations of AT + ATL in this study. Therefore, this
association still needs to be further verified.

Although a number of polymorphisms have been suggested as
candidates for the pharmacokinetic variability of atorvastatin, the
present study is the first to indicate the involvement of ABCC4-
rs3742106 and rs868853, as well as NRII2-rs6785049. While the
current study demonstrates the contribution of genetic
polymorphisms to the plasma concentrations of atorvastatin and
its metabolites, there are a number of limitations. First, the sample
size of this study is limited, and of a single ethnic population.
Secondly, although drugs that may interact with atorvastatin have
been excluded from the inclusion criteria, patients may have taken
other medications during the 6 weeks of statin use, which may have
had an impact on atorvastatin, and some drugs may have undetected
effects on the statin, so factors of drug combination should be
carefully analyzed in future research. In addition, it has been
reported that chronic kidney disease affects the pharmacokinetics
of drugs cleared by non-renal mechanisms (Yeung et al., 2014), thus
the results of this study are only applicable to the CKD population.

5 Conclusion

In conclusion, the genetic variants in drug metabolism- and
their
concentrations of atorvastatin and its metabolites were identified

transportation-related  genes and effects on plasma
and characterized in CKD patients. The present findings suggest
the CC genotype of ABCC4-rs3742106 is associated with decreased
concentrations of AT and its metabolites, whereas patients carrying
the ABCC4-rs868853 or NRII2-rs6785049 variant had higher
of 2-AT+2-ATL
homozygous wild-type carriers with CKD. In addition, we also
found that two ABCC4 SNPs may affect transcriptional activity,

thereby affecting release of AT and its metabolites from

concentrations in plasma compared with

hepatocytes into the circulation. These novel findings increase the
panel of potential genetic biomarkers related to atorvastatin
metabolism, and the results also help to improve the efficacy and
toxicity prediction of atorvastatin in patients with CKD.
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Introduction: Cryptotanshinone(CTS), a compound derived from the root of
Salvia miltiorrhiza, has been linked to various of diseases, particularly
pulmonary fibrosis. In the current study, we investigated the benefit of CTS on
Sprague-Dawley (SD) rats induced by bleomycin (BLM) and established high
performance liquid chromatography-tandem mass spectrometry (HPLC-MS/
MS) methods to compare pharmacokinetics and tissue distribution in
subsequent normal and modulated SD rats.

Methods: The therapeutic effect of CTS on BLM-induced SD rats was evaluated
using histopathology, lung function and hydroxyproline content measurement,
revealing that CTS significantly improved SD rats induced by BLM. Additionally, a
simple, rapid, sensitive and specific HPLC-MS/MS method was developed to
determine the pharmacokinetics of various components in rat plasma.

Results: Pharmacokinetic studies indicated that CTS was slowly absorbed by oral
administration and had low bioavailability and a slow clearance rate. The
elimination of pulmonary fibrosis in 28-day rats was slowed down, and the
area under the curve was increased compared to the control group. Long-
term oral administration of CTS did not accumulate in vivo, but the clearance
was slowed down, and the steady-state blood concentration was increased. The
tissue distribution study revealed that CTS exposure in the lungs and liver.

Discussion: The lung CTS exposure was significantly higher in the model group
than in the control group, suggesting that the pathological changes of pulmonary
fibrosis were conducive to the lung exposure of CTS and served as the target
organ of CTS.

KEYWORDS

cryptotanshinone, pulmonary fibrosis, comparative pharmacokinetic, tissue distribution,
HPLC-MS/MS
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He et al.

1 Introduction

Pulmonary Fibrosis (PF) is a chronic, progressive and
irreversible lung disease common in clinical practice. In the early
stage, it is characterized by alveolar epithelial cell injury, interstitial
lung inflammation and interstitial lung edema. In the end stage, a
large amount of Extracellular Matrix (ECM) deposition, abnormal
proliferation, activation of fibroblasts and destruction of tissue
structure destruction occur (Urban et al, 2015; Barratt et al,
2018; Sgalla et al,, 2018). The lung tissue thickens, scar tissue
forms and lung function decrease significantly, eventually
developing organ dysfunction and respiratory failure (King et al.,
2011). Pulmonary fibrosis is prevalent in the elderly, and its
incidence increases yearly. The average life expectancy after
diagnosis is approximately 2.8 years, and the salvage rate is lower
than for most tumors (Chanda et al, 2019). The etiology of
pulmonary fibrosis is complex. Many factors are known to cause
pulmonary fibrosis, such as smoking, environmental pollution, lung
injury, virus and drugs (Rangarajan et al, 2016). Idiopathic
pulmonary fibrosis (IPF), the most severe form of pulmonary
fibrosis, has a high mortality rate and a poor prognosis (Richeldi
et al, 2017). Pulmonary fibrosis is treated primarily with
glucocorticoids, anti-inflammatory drugs, immunosuppressants,
and antifibrotic drugs. Although drug therapy can alleviate
disease symptoms and improve respiratory function, long-term
use is prone to adverse reactions (du Bois, 2010) and cannot
significantly improve the survival rate of patients (Spagnolo et al.,
2015). It is important to obtain more effective drugs due to adverse
reactions and the limited effectiveness of existing drugs in
preventing and treating fibrosis. Additionally, recent studies (Li
et al., 2022) reveal that various natural small-molecule compounds
have certain therapeutic effects on pulmonary fibrosis, so developing
natural small-molecule compounds is important.

Cryptotanshinone (CTS) is a diterpenoid quinone lipid-
soluble compound extracted from the root of S. miltiorrhiza.
It benefits from abundant sources, low toxicity and low relative
molecular weight. It has high biological activity and high
content among the extracts of S. miltiorrhiza. Recently, CTS
has been proven to have anti-inflammatory, antioxidant, anti-
angiogenic and anti-proliferative activities, and play a role in
various malignant tumors (Wang et al.,, 2017; Qi et al., 2019;
Chen et al., 2020; Luo et al., 2020), cardiovascular diseases
(Zhang et al., 2021), neuroprotection (Kwon et al., 2020) and
other diseases. Our laboratory has conducted multiple studies
on CTS, and discovered that CTS could significantly improve
pulmonary fibrosis in rats induced by bleomycin (BLM), and
reverse the fibrosis level of human fetal lung fibroblasts (HLF)
induced by factor-beta 1 (TGF-B1) by inhibiting the STAT3 and
Smad2/3 phosphorylation (Zhang et al., 2019). Furthermore,
our laboratory revealed that treatment with CTS attenuates
adult rat cardiac fibroblasts and cardiac fibrosis rats induced
by angiotensin Il (Ma et al., 2014). However, the comparative
pharmacokinetics and tissue distribution of CTS under normal
and model conditions remain unclear.

Pharmacokinetic (PK) based studies are considered a reliable
approach for identifying and screening potential bioactive
components that contribute to the pharmacological effects of
natural compounds and to better elucidate their mechanisms of
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action (Sun et al.,, 2012). Numerous factors, including species,
age, sex, mode of administration, dose of administration, and
disease (Labrecque and Bélanger, 1991; Lin, 1995; Meibohm et al.,
2002; Shi and Klotz, 2011), affect drug absorption (A),
distribution (D), metabolism (M), and excretion (E). Diabetes
(Pass et al., 2002; Wang et al., 2003; Lam et al., 2010), liver injury
(Adawi et al., 2007; Li et al., 2010), chronic heart failure (Huang
et al., 2021), inflammatory diseases (Gong et al., 2009; Cressman
et al., 2012) and fever (Gao et al., 2014) may cause significant
changes in the body’s drug metabolic enzymes, transporters, cell
permeability and intestinal microbiota, affecting the ADME
process of drugs. Therefore, studying animal or human
pharmacokinetic parameters under pathophysiological and
conditions

normal may help us better understand the

mechanism of pharmacodynamic action. According to
pharmacokinetic studies, CTS is widely distributed in fat and
mucosal tissues, accumulating most in rat lungs after oral or
intravenous injection (Pan et al., 2008).

This study examines the pharmacokinetics of A in rats using the
LC-MS/MS method established by Song et al. (2005). This method
has the advantages of sensitivity and high efficiency. It plays an
important role in a pharmacokinetic study. This study may promote
the CTS for the first time based on a study of the pharmacodynamics
of rats with pulmonary fibrosis and normal rats lavage for drug
pharmacokinetics and reveal the CTS in the dynamic change law of
pulmonary fibrosis in rats in vivo. Tissue distribution study may
discuss the distribution of the CTS in the body, and lung targeting
intends to elucidate the relationship between distribution and

pharmacodynamics in vivo.

2 Materials and methods
2.1 Reagents and chemicals

Cryptotanshinone standard (HPLC) was purchased from
Aladdin, and a Loratadine (LTD) standard (HPLC) from China
Institute for Pharmaceutical and Biological Products. Methanol
(HPLC) was acquired from Amethyst. Ethyl acetate (HPLC),
purchased from Kermel and formic acid (HPLC) from Aladdin.
Ultrapure water was attained from made by laboratory, Bleomycin
from Macklin, Hydroxyproline test box from Nanjing Jiancheng
Bioengineering Institute and sodium carboxymethylcellulose
cellulose from Tianjin Zhiyuan Chemical Reagent Co., LTD.,,
Normal saline was attained from Jiangxi Kelun Pharmaceutical
Co., LTD., Sodium pentobarbital, purchased from Beijing Huayye
Huanyu Chemical Co., LTD. and 4% paraformaldehyde from
Sevier Bio.

(1) Bleomycin sulfate solution: The molding dose was 5 mg/kg, and
the volume of trachea infusion was 0.1 mL/100g. The
concentration of bleomycin solution prepared with normal
saline was 5 mg/mL.

(2) Sodium carboxymethyl cellulose slurry: Weigh 5.0 g sodium
carboxymethyl cellulose powder, sprinkle it in a beaker
containing 1,000 mL distilled water, stir well, and place it

it fully expanded, get 0.5%

carboxymethyl cellulose slurry.

overnight, make sodium
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(3) Cryptotanshinone suspension: The administration dose was
60 mg/kg, and the administration volume was 1 mL/100 g by
gavage, that is, the concentration of prepared cryptotanshinone
suspension was 6 mg/mL. The powder was fully ultrasonic to
form a stable suspension for use.

(4) 1% sodium pentobarbital: The anesthetic dose of rats was
45 mg/kg and intraperitoneally injected. Check whether any
crystals precipitate before use. Heat it in a 37°C water bath to
dissolve it completely.

2.2 Animals and treatments

This study followed the Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 85-23, revised 1996). Specific Pathogen
Free (SPF) male Sprague-Dawley (SD) rats weighing 220-260 g were
provided and raised in an SPF environment in by the Animal
Experiment Center of Sun Yat-sen University East Campus (license
number: SCXK 2011-0029). Animal quarantine observation was
3-5days. The animals’ appearance and physical signs, behavioral
activities, body weight, diet and other indicators were observed
during this period. Animals in good condition with no abnormal
behavior and activity can be tested.

2.2.1 Model establishment and evaluation

Thirty male SD rats were randomly divided into six groups (n =
5 rats per group), A to F: (A) 14-day control group; (B) 14-day model
group; (C) 28-day control group; (D) 28-day model group; (E) 28-
day control group; and (F) 28-day model group. Pulmonary fibrosis
was induced through the tracheal infusion of 5 mg/kg bleomycin in
the model group, but not in the control group. E and F were
administrated 60 mg/kg CTS from the second day after modeling
for 28 days, and other groups were not administrated CTS. Lung
function and pathology tests were performed in groups A and B on
the 15th day after modeling, and in group C-F on the 29th day after
modeling.

2.2.2 Single-dose pharmacokinetic study

Twenty male SD rats were randomly divided according to body
weight into four groups (n = 5 rats per group), 1 to 4: (1) 14-day
control group; (2) 14-day model group; (3) 28-day control group; (4)
28-day model group. The rat model of pulmonary fibrosis induced
by tracheal infusion of bleomycin was established in the model
group, while the control group was not interfered. The 14-day group
rats underwent blood were collected at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8,
12, and 24 h after administration CTS on the 14th day after
modeling. The 28-day group rats underwent blood were collected
at 0.25,0.5,1,1.5,2, 3,4, 6, 8, 12, and 24 h after administration CTS
on the 28th day after modeling.

2.2.3 Multi-dose pharmacokinetic study

Ten male SD rats were randomly divided into two groups
according to body weight (n = 5 rats per group): (5) multi-dose
control group and (6) multi-dose model group. The model group
was induced pulmonary fibrosis by tracheal drip bleomycin, while
the control group did not interfere. The rats in the two groups were
administrated 60 mg/kg CTS by gavage on the second day after
modeling for 28 days. Blood were collected at the 26th and 27th day
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and 0,0.25,0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 h on the 28th day after
modeling after administration.

2.2.4 Tissue distribution study

Forty male SD rats were randomly divided into two groups
according to body weight (n = 20 rats per group): (7) control group
and (8) model group. The model group was induced pulmonary
fibrosis via tracheal drip bleomycin, while the control group did not
interfere. After 28 days of modeling, they were randomly divided
into four subgroups according to body weight: 0.5h group, 3h
group, 10h group and 24 h group. At 0.5, 3, 10, and 24 h after
administration on the 28th day after modeling, the corresponding
subgroups of heart, liver, spleen, lung, kidney, and brain tissues were
collected separately.

2.3 Pulmonary function assay

Lung function indicators of each rat were collected using a small
animal pulmonary function instrument (EMKA, France) on the
14th day after modeling for groups A and B and on the 28th day after
modeling for groups C-F. The rats were placed into the whole body
plethysmography system, and the environment was kept quiet and
the ambient air flow rate was stable. After the rats had reached a state
of calm, data were collected continuously for more than 5 min. The
indexes of lung function can be obtained: inspiratory time,
expiratory time, relaxation time, maximum inspiratory volume,
maximum expiratory volume, ventilatory volume per min,
respiratory rate, end-inspiratory apnea, end-expiratory apnea, and
mid-expiratory flow rate.

2.4 Histology and morphological analysis

SD rats in groups A and B were sacrificed on the 14th day after
modeling, and rats in groups C-F were sacrificed on the 28th day
after modeling; their whole lungs of rats were quickly removed.
Immediately fixed with 4% paraformaldehyde for 24 h, left lung
tissue embedded paraffin and cut into slices of 5 pm. Sections were
stained with hematoxylin and eosin (HE), and Masson’s trichrome
and lung histopathological changes were evaluated. Sections were
photographed using a light microscope (EVOS FL Auto Cell
Imaging System, United States).

2.5 Measurement of hydroxyproline (HYP)
assay

HYP, a unique distribution in connective tissue collagen, is a

post-translational ~ product of proline hydroxylation. The

hydroxyproline content reflects collagen metabolism and
regulation. In this study, HYP content in lung tissue was
determined using alkaline hydrolysis (da Silva et al., 2015). Fresh
right lung tissue (weight of 80-100 mg) was chopped in vitro, add
1 mL of hydrolyzed was added to a test tube. After cooling the tube
to room temperature with tap water, the pH of the lysate was
adjusted to 6.0-6.8 and 10 mL of double distilled water was added.

Then, centrifuged at 3,500 rpm for 10 min, and suck on 1 mL to new
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TABLE 1 lonic reaction pairs and collision energies of cryptotanshinone and loratadine.

Compounds Precursor ion (m/z) Product ion (m/z) Mode CE (V)
Cryptotanshinone 297 251 Positive 21
Loratadine 383 266 Positive 31

test tubes. The following steps of HYP test Kit instructions (Nanjing
Jianchen Bioengineering Institute, China, #A030-2) were followed.
Each sample was measured at 550 nm using the following formula to
calculate HYP content:

Hydroxprolinecontent (ug/mg)

_ Measured OD value — Blank OD value

" Standard OD value — Blank OD value x Standard content

Lysate total volume (mL)

Organization wet weight (mg)

2.6 Sample processing

The whole blood was extracted quickly from SD rats through
main abdominal vein, and the blood was placed in the
heparinized collection vessel, centrifuged at 3,000 rpm for
and the upper
measurement of 100 ul plasma sample, add 10uL of

10 min, plasma was obtained. Precise
loratadine working solution (plasma, heart, spleen, kidney,
brain samples use 200 ng/mL LTD working solution; liver
and lung samples use 500 ng/mL LTD working solution) and
500 puL ethyl acetate for liquid-liquid extraction. The mixture
was vortexed for 1 min and centrifuged at 12,000 x g for 4 min.
The organic phase of the upper layer was 400 pL and dried in a
vacuum for 2 h at room temperature. The mobile phase [100 uL;
methanol-1% formic acid water (90:10, V/V)] was added to
redissolve, vortex for 1 min, and centrifuged at 12,000 x g for
3 min at low temperature. Add 100 pL mobile phase [methanol-
1% formic acid water (90:10, V/V)] to redissolve, vortex for
1 min, and centrifuge at 12,000 x g for 3 min at low temperature.
An aliquot (80 pL) of the supernatant was transferred into a
sample vial for HPLC-MS/MS analysis.

2.7 HPLC-MS/MS conditions

The injection volume was 5 pL and the flow rate was kept at
0.2 mL/min. The separation was performed using a HyPURITY C18
(I.D. 2.1 mm x 50 mm, 3 pm, Thermo Scientific, US) column. The
mobile phase consisted of methanol and water with 1% formic acid
(90:10, V/V). The column temperature was 30°C.

Liquid chromatography-mass spectrometry (Thermo Finnigan,
TSQ Quantum) was used to detect CTS in biological samples. The
sub-source was electrospray ionization (ESI) with positive ion
scanning mode, and the scanning mode was Selected Reaction
Monitor (SRM). Spray voltage: 4,000 V; Sheath gas: 35 psi;
Auxiliary gas: 10 psi; Capillary temperature: 350°C; Peak width of
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color filter: 20.0 s; Collision gas pressure: 1.9 mtorr; Scanning width:
0.7 m/z; Scanning time: 0.1 s. Our optimized SRM parameters for
the analyte and internal standards (ISs) detection are shown in
Table 1.

2.8 Preparation of stock solutions, working
solutions, and quality control samples

CTS and LTD standard substances were precisely weighed and
dissolved in 50% methanol to prepare 1 mg/mL CTS and LTD
reserve solutions. The working solution was marked into blank rat
plasma to generate calibration curves, and the following
concentrations were obtained:

(1) The first set (for plasma, heart, spleen, kidney and brain
samples): the CTS reserve solution was diluted step by step with 50%
methanol to obtain the CTS standard curve working solution with
the concentration of 10-2,000 ng/mL. CTS Quality control (QC)
samples were prepared at low, middle and high concentrations of 20,
200, and 2,000 ng/mL, respectively.

The LTD reserve liquid was diluted step by step with 50%
methanol to obtain 200 ng/mL LTD internal standard working
liquid.

(2) The second set (for liver and lung samples): the CTS reserve
solution was diluted with 50% methanol step by step to obtain the
CTS standard curve working solution with a the concentration of
20-5,000 ng/mL. CTS QC samples were prepared at low, middle and
high concentrations of 50, 500, and 3,000 ng/mL, respectively.

The LTD reserve liquid was diluted step by step with 50%
methanol to obtain 500 ng/mL LTD internal standard working
liquid.

All samples were stored at 4°C before UPLC-MS/MS analysis.

2.9 Method validation

The developed HPLC-MS/MS method was validated in terms of
specificity, linearity, lower limit of quantification, precision, and
accuracy.

Specificity was assessed by comparing chromatograms of drug-
free blank samples, low-concentration CTS quality control samples,
and biological samples treated with 60 mg/kg CTS. The weighted
least square regression method was used for linear regression
analysis. The horizontal coordinate was the concentration of CTS
drug (ng/mL), and the vertical coordinate was the ratio of
chromatographic peak area between CTS and LTD. Intraday
accuracy and precision were assessed progressively using five
replicates of the high, medium, and low QC samples over a
single day, whereas intraday accuracy and precision were assessed
using five replicates over three consecutive days. The lower limit of
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FIGURE 1

Effect of CTS treatment on BLM-induced SD rats. (A) Animal Experiment Diagram for Pharmacodynamic Study (Study 1) and Animal experiment
diagram for pharmacokinetic Study (Study Il). (B—J) Measurement of pulmonary function parameters. (K) Determination of hydroxyproline in lung tissue.
(L,M) H&E and Masson staining of heart tissue in each group; a: 14-day control group; b: 14-day model group; c: 28-day control group; d: 28-day model
group; e: control group after 28 days of CTS administration; f: Model group after 28 days of CTS administration; Scale bar = 200 ym. One-way
analysis of variance combined with Dunnett’'s multiple comparison method was used for analysis, and all data were expressed as mean + SD. *p < 0.05;

**p < 0.01.
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quantitation was assessed by substituting the peak area ratio of CTS
and LTD into the standard curve and comparing it with the standard
concentration.

2.10 Pharmacokinetic data and statistical
analysis

The experimental data were statistically processed using
GraphPad Prism 9.0 biostatistics software (GraphPad Prism 9.0,
San Diego, CA, United States). The date was analyzed using one-way
Analysis of Variance (ANOVA) combined with Dunnett’s multiple
comparison method. The pharmacokinetic software DAS 2.0 was
used to calculate the main pharmacokinetic parameters according to
the non-av model: the calculated parameters were the maximum
plasma concentration (C,,.y), elimination half-life (t1/2), time to
reach maximum plasma concentration (Ty,.x), area under the
plasma concentration curve (AUC) versus time (AUC,_,) from
time zero to the time of last measured concentration, AUC from
time zero to infinity (AUC,_,), and total body clearance (CL), mean
residence time (MRT), Apparent clearance rate (CL/F), Apparent
distribution volume (V4/F), Mean drug concentration at steady state
(Cav), Steady-state plasma concentration (AUCg) and degree of
fluctuation (DF).

3 Results

3.1 Therapeutic effects of CTS on BLM-
induced SD rats

Pharmacokinetic studies in model animals are based on the
assumption that the animal models are stable and that the
with
characteristics. Endotracheal administration of a single dose of

pathological changes are consistent clinical disease
BLM (5mg/kg) resulted in decreased lung function, implying
successful induction of pulmonary fibrosis in SD rats. The
maximum inspiratory capacity (PIF, Figure 1B), mid-expiratory
flow rate (EF50, Figure 1C), ventilation volume per minute (MV,
Figure 1H), maximum expiratory volume (PEF, Figure 1I) and
respiratory rate (f, Figure 1I) of rats in each model group were
significantly increased. End expiratory apnea (EEP, Figure 1D),
expiratory time (TE, Figure 1E), relaxation time (RT, Figure 1F)
and inspiratory time (TI, Figure 1G) were significantly reduced
compared to the corresponding control group. Nevertheless, the
variation trend of all model groups is consistent (Figures 1A-]). The
14-day model group displayed a significant change, followed by the
28-day model group, while the 28-day model group revealed the
least change.

At 14 days after BLM treatment, the pulmonary morphology
and structure were obviously disordered, with numerous pulmonary
bullae and increased infiltration of inflammatory cells, but the
pulmonary tissue fibrosis was mild (Figures 1K, L). After 28 days
of BLM treatment, numerous collagen fibers appeared in lung tissue,
and the thickness of the fibrous scar increased, and the degree of
fibrosis aggravated (Figures 1K, L). All indicators were remission in
the rat model group treated with CTS for 28 days (Figures 1K, L).
Additionally, consistent with MASSON staining results, HYP did
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not significantly increase after 14 days of BLM treatment, but
after 28days. The HYP
significantly downregulated after CTS treatment (Figure 1M).

significantly increased level was
These results indicated that severe inflammatory reactions
destroyed the alveolar structure and seriously affected the
respiratory function of rats in the early stage of the model. The
alveolar structure was repaired and respiratory function improved
with the self-repair of lung tissue. However, the abnormal repair
resulted in the production of many collagen fibers and irreversible
structural changes in lung tissue. In conclusion, we have successfully
constructed pulmonary fibrosis SD rats induced by BLM, and
continuous treatment with CTS has a good therapeutic effect on
the pathological changes of pulmonary fibrosis SD rats induced
by BLM.

3.2 HPLC-MS/MS method optimization

Different chromatographic columns were tested to develop an
efficient HPLC-MS/MS method for quantitative analysis of CTS.
The HyPURITY CI18 (LD. 2.1mm x 50 mm, 3 pm, Thermo
Scientific, US) was compared to Hypersii BDS C18 (LD.
21 mm x 150 mm, 5um, Elite HPLC, Dalian, China). The
chromatographic column has the advantages of small particle
size, short length, high separation potency and high efficiency.
After gradient modification of the mobile phase, CTS and LTD
exhibited a relatively long retention time, a good peak shape and a
high degree of separation when the methanol-1% formic acid water
ratio was 90:10 (V/V). The CTS and LTD response and separation
were better when the injection volume was 5 pL. Furthermore, spray
voltage, capillary temperature, sheath gas and auxiliary gas were
optimized for CTS and LTD standard solutions to improve the
charged rate of the compounds. The CTS and LTD were completely
decomposed into stable daughter ions by optimizing collision energy
and collision gas pressure. Appropriate collision conditions and
daughter ions were selected respectively to conduct quantitative
analysis on ion pairs.

3.3 Validation of the HPLC-MS/MS method
for simultaneous quantitative analysis of CTS

The CTS and INTERNAL standard LTD
chromatograms obtained from blank plasma samples, low-

specific

concentration CTS quality control samples, and 60 mg/kg CTS
after oral administration were detected. The peak times of CTS
and internal standard LTD were about 1.54 and 1.38 min,
respectively. There was no interference with each other and no
interference from endogenous substances. It demonstrated that the
analytical method is specific.

The linear range of CTS concentration in plasma, heart,
spleen, kidney, and brain samples was 1-200 ng/mL, whereas
the linear range of CTS concentration in liver and lung samples
was 2-500 ng/mL. Analysis of plasma quality control samples
from the same batch demonstrated RE of —9.2% to —3.0% and
RSD of 2.7%-8.6%. Plasma quality control samples were analyzed
for three consecutive days with RE of =5.8% to —1.5% and RSD of
4.0%-7.2%. Additionally, the RE of the same batch and the
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FIGURE 2

Mean blood concentration-time curve of CTS in SD rats. (A)

Mean plasma concentration-time curves of 14-day single dose CTS in
control and model SD rats (n = 5). (B) Mean plasma concentration-
time curves of 28-day single dose CTS in control and model SD

rats (n = 5). (C) Mean plasma concentration-time curves of 28-day
multi-dose CTS in control and model SD rats (n = 5).

quality control samples of each organization for three
consecutive days were all in the range of —20% to 20%, with
RSD of less than 20%, all in line with the guidelines. According to
the HPLC-MS/MS analysis established in this study, the lower
limit of quantification of CTS in plasma samples was 1 ng/mL.
The lower limit of quantification was 1 ng/mL in heart, spleen,
kidney, and brain samples, while 2 ng/mL in liver and lung
samples. The RE and RSD of six LLOQ samples in plasma

were 0.0% and 7.1% respectively. The RE of LLOQ samples in
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each tissue was in the range of —20% to 20%, with RSD less
than 20%.

The results demonstrated that the experiments were consistent
and reproducible, that the method provided sufficient exclusivity,
and that the HPLC-MS/MS method was sensitive and efficient
enough to be used for routine analysis and pharmacokinetic
studies of analyses.

3.4 Pharmacokinetic study

Normal rats and pulmonary fibrosis models were given a
single dose of 60 mg/kg CTS on days 14 and 28, and normal rats
and pulmonary fibrosis models were given a continuous dose of
60 mg/kg CTS for 28 days. The validated assay was successfully
applied to both groups. Simultaneously, the concentration data
of plasma CTS at different time points were measured for
pharmacokinetic study. The mean plasma concentration-time
curves based on the data and the major pharmacokinetic
parameters calculated based on the non-AV model are
provided in the Figure/Table.

Figure 2 and Table 2 illustrate the 14-day and 28-day data of
CTS single dose, whereas Figure 2 and Table 3 depict the 28-day data
of multiple doses.

The results of the t-test demonstrated no significant
differences in major pharmacokinetic parameters between
the control and the model groups at 14 days of a single dose
(p < 0.05). Based on the average blood concentration-time
curve, the model group exhibited faster absorption and an
earlier peak time. The control group and model groups
indicated a bimodal phenomenon
bioavailability. After a

with  low oral
of 28days, the
elimination half-life and mean dwell time were significantly

single dose
different between the control and the model groups (p < 0.05),
but there was no significant difference in other parameters (p <
0.05). The elimination half-life and average dwell time of the
model group were significantly longer than those of the control
group. The area under the curve was larger than that in the
control group, but there was no statistical difference between
individuals. The control group rats and the model group rats
also exhibited a bimodal phenomenon.

After 28 days of continuous administration, there were
significant differences in the curve area and clearance rate
between the control and the model groups (p < 0.05), and
there was no significant difference in other parameters (p >
0.05). The elimination half-life, average dwell time, average
steady-state  concentration = and  steady-state  drug
administration curve area of the model group were also
significantly increased compared to the control rats, but
there was no statistical difference due to the large individual
differences. The blood concentration values demonstrated that
the three steady-state blood concentrations were all low.

The model group had a higher blood concentration than the
control group at each time point. At the last blood collection
point, the plasma concentration of CTS in the model group was
still higher. The average blood concentration-time curve
observation revealed that the bimodal phenomenon also
administration. Additionally, the

exists in multi-dose
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TABLE 2 Major pharmacokinetic parameters of rats in the single-dose control group and model group on days 14 and 28 (mean + SD, n = 5, *p < 0.05 versus Day

28 Control group).

PK parameters

Tonax (h) 6.40 + 2.19 400 + 122 5.00 + 1.41 4.60 + 2.30

Cpnax (ng/mL) 3223 £ 6.65 4152 + 10.79 32.79 + 10.57 40.80 + 15.48

AUCq., (ng/mL-h) 3259 + 140.8 366.8 + 58.8 297.8 + 137.9 467.2 + 258.1

AUCq.oo (ng/mL-h) 4269 +99.9 385.8 + 70.7 310.4 + 145.7 518.1 + 276.8

CL/F (L/h) 1475 + 372 160.1 + 31.6 220.0 + 74.4 146.1 + 742
V4/F (L) 14083 + 634.5 1139.3 + 152.7 1441.7 + 417.5 1570.7 + 1067.2

ty, (h) 6.88 + 322 5.02 + 0.81 463 + 0.59 7.03 + 1.20*

MRT (h) 12.83 + 4.43 9.42 + 137 8.85 + 0.63 11.13 + 0.99*

TABLE 3 Major pharmacokinetic parameters of 28-day multi-dose control
group and model group (Mean + SD, n = 5, *p < 0.05 versus Control group).

EICINEES

Tinax (h) 7.40 + 4.34 8.00 + 2.45
Cnax (ng/mL) 39.30 + 14.31 45.10 + 7.42
AUC,., (ng/mL-h) 507.0 + 152.2 709.6 + 143.8
AUCy., (ng/mL-h) 567.0 + 178.2 988.4 + 318.8*
CL/F (L/h) 113.6 + 31.5 65.8 + 21.0*
Vy/F (L) 1128.5 + 285.7 1081.1 + 394.8

tya (h) 7.11 + 1.86 12.71 + 8.01
MRT (h) 10.95 + 2.77 19.40 + 10.48

Cavissy (ng/mL) 414 + 1.74 7.41 + 3.08

DF 9.18 + 2.52 6.03 % 2.69

AUC,, (ng/mL-h) 99.3 + 41.74 177.9 + 73.9

individual differences of model group rats were significantly
greater than those of control group rats.

3.5 Tissue distribution study

After a single oral administration of 60 mg/kg CTS, the
concentrations of CTS in various tissues (heart, liver, spleen,
lung, kidney, and brain) at different time points were measured
(Figure 3). CTS was widely distributed in various organs,
including the lung and liver. In the control and the model
groups, the distribution trend of CTS was consistent: lung >
liver > heart > spleen > kidney > brain at 0.5 h, lung > liver >
heart > kidney > spleen > brain at 3 h, lung > liver > heart =
kidney > spleen > brain at 10 h, lung > liver > kidney > heart >

Frontiers in Pharmacology

spleen > brain at 24 h. The amount of CTS exposure in the heart,
liver, spleen, kidney, and brain of the two groups of rats did not
differ significantly. However, the exposure amount in the lungs
of the model group was significantly higher than that in the
control group.

4 Discussion

Pharmacokinetic research is an important part of the process of
new drug development, because it guides the entire process and
serves as a foundation for pharmacodynamics, toxicology and drug
preparation research. Pharmacokinetic studies in animal models of
disease can better reflect the dynamic changes of drugs and explain
the pharmacokinetic basis of the pharmacological effects of drugs.
BLM is a basic glycopeptide anticancer antibiotic. It is frequently
used as an intratracheal infusion in experimental animals to cause
severe inflammation and pulmonary fibrosis (Della Latta et al., 2015)
due to its strong pulmonary toxicity (Moeller et al., 2008). In the
previous pharmacodynamic study of CTS in pulmonary fibrosis rats
treatment, the high-dose group of 60 mg/kg exhibited a good
pharmacodynamic effect and no side effects (Zhang et al., 2019).
Additionally, the amount of oral CTS inhaled into the systemic
circulation was small (Song et al, 2007; Wang et al,, 2020), so
choosing a higher dose may be beneficial to compare the
pharmacokinetic characteristics of CTS in normal and pulmonary
fibrosis rats.

After intragastric administration of CTS to rats, the
absorption was slow, the amount absorbed into the systemic
circulation was low, the CTS was widely distributed in the body,
and the elimination rate was relatively slow. At 14 days, the
pharmacokinetic characteristics of the control and the model
groups were the same. The faster absorption of the rats in the
model group may be due to the increased permeability of vascular
endothelial cells caused by the inflammatory reaction (Wautier
and Wautier, 2022). The 28-day model group had slower
elimination and longer dwell time, and the area under the
curve was significantly higher than in the control group. This
may be due to the decline of lung function or even the overall
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FIGURE 3

Tissue distribution of CTS in SD rats. (A—F) The concentration of SD rats in the control group and model group at different time points after oral
administration of 60 mg/kg CTS. (G) The concentration of SD rats in the control group at different time points after oral administration of 60 mg/kg CTS.
(H) The concentrations of 60 mg/kg CTS in each tissue at different time points in the model group. One-way analysis of variance combined with
Dunnett's multiple comparison method was used for analysis, and all data were expressed as mean + SD. *p < 0.05; **p < 0.01.

physiological function of rats; the speed of CTS clearance and CTS released slowly from the lungs into the blood.
metabolism is reduced. It is also possible that the drug Changes in intestinal microbiota under pathological
accumulation in the substantively diseased lungs increased, conditions may lead to slower metabolic rates (Morgan et al,
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2018; Parvez et al, 2021). However, the steady-state blood
concentration and the area under the curve of the model
group were slightly higher than those of the control group,
and the area under the curve and clearance rate of the model
group were significantly higher than those of the control group,
which was further amplified by long-term administration. These
results suggest that in rats with advanced pulmonary fibrosis, the
substantial lung lesions may greatly influence the
pharmacokinetic behavior of CTS, resulting in the slow
elimination of CTS. Moreover, a bimodal phenomenon
occurred in all experimental groups, a common phenomenon
in non-intravenous drug injection, possibly because CTS is
widely distributed in vivo and tissue redistribution occurs.
Gastrointestinal imbalance (Hatton et al., 2019) and liver-
intestinal circulation also caused the bimodal phenomenon.
The tissue distribution study revealed that CTS could be detected
in all tissues 0.5h after administration of 60mg/kg CTS
administration by gavage, indicating that CTS could be rapidly
and widely distributed in various tissues and organs after oral
administration. The peak concentration of all tissues reached 3 h
after administration, and high concentrations of CTS could still be
detected at 10 h after administration. CTS could be detected at 24 h
after administration except in brain tissue, indicating that CTS was
retained in all tissue and organs for a long time. After gavage of CTS to
rats, the concentration of CTS in lungs and liver was higher than in
other tissues and organs, indicating that they are likely to be the
effector organs or toxic organs of CTS. This result is consistent with
literature reports: CTS has therapeutic effects in liver cancer, ethanol-
induced liver injury (Nagappan et al., 2019), liver failure (Jin et al,
2014), liver fibrosis (Han et al., 2019), lung cancer (Vundavilli et al.,
2020) and pulmonary fibrosis (Zhang et al,, 2020), among other
diseases (Liu et al,, 2021), and is metabolized through in the liver
(Zeng et al., 2018). Compared to the control group, there was no
significant difference in the amount of CTS exposure in the heart,
liver, spleen, kidney, and brain of rats in the model group after the
gavage of CTS. However, the amount of CTS exposure in the lung
tissue was significantly increased, indicating that the pathological
changes of pulmonary fibrosis are conducive to the targeted
distribution of CTS in the lung. This phenomenon may be caused
by pulmonary vascular hyperplasia accompanied by increased
permeability of vascular endothelial cells. It is also possible that
(collagen, fibers,

aminoglycans, or cytokines) have a better binding effect on CTS.

components of lung dysplasia collagen

5 Conclusion

This was the first study to investigate the pharmacokinetic
characteristics and tissue distribution of CTS in normal and
pulmonary fibrosis rats, and to compare the pharmacokinetic and
tissue distribution differences between the two rat groups. The results
demonstrated that the distribution and metabolism of CTS and the
targeted distribution of CTS in the lungs were affected by the
pathological conditions of pulmonary fibrosis, as evidenced by the
increase of the area under the curve, clearance half-life, average dwell
time and high exposure of CTS in the lungs of pulmonary fibrosis rats.
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Hypolipidemic and insulin
sensitizing effects of salsalate
beyond suppressing inflammation
In a prediabetic rat model

Martina HuttlY, Irena Markova®, Denisa Miklankova?,
Iveta Zapletalova?, Petr Kujal®, Jan Silhavy*, Michal Pravenec* and
Hana Malinska®*

'Center for Experimental Medicine, Institute for Clinical and Experimental Medicine, Prague, Czech,
2Department of Pharmacology, Faculty of Medicine and Dentistry, Palacky University, Olomouc, Czech,
*Department of Pathology, Third Faculty of Medicine, Charles University, Prague, Czech, “Institute of
Physiology, Czech Academy of Sciences, Prague, Czech

Background and aims: Low-grade chronic inflammation plays an important role
in the pathogenesis of metabolic syndrome, type 2 diabetes and their
complications. In this study, we investigated the effects of salsalate, a non-
steroidal anti-inflammatory drug, on metabolic disturbances in an animal
model of prediabetes—a strain of non-obese hereditary hypertriglyceridemic
(HHTQ) rats.

Materials and Methods: Adult male HHTg and Wistar control rats were fed a
standard diet without or with salsalate delivering a daily dose of 200 mg/kg of body
weight for 6 weeks. Tissue sensitivity to insulin action was measured ex vivo
according to basal and insulin-stimulated **C-U-glucose incorporation into
muscle glycogen or adipose tissue lipids. The concentration of methylglyoxal
and glutathione was determined using the HPLC-method. Gene expression was
measured by quantitative RT-PCR.

Results: Salsalate treatment of HHTg rats when compared to their untreated
controls was associated with significant amelioration of inflammation,
dyslipidemia and insulin resistance. Specificaly, salsalate treatment was
associated with reduced inflammation, oxidative and dicarbonyl stress when
inflammatory markers, lipoperoxidation products and methylglyoxal levels were
significantly decreased in serum and tissues. In addition, salsalate ameliorated
glycaemia and reduced serum lipid concentrations. Insulin sensitivity in visceral
adipose tissue and skeletal muscle was significantly increased after salsalate
administration. Further, salsalate markedly reduced hepatic lipid accumulation
(triglycerides —29% and cholesterol —14%). Hypolipidemic effects of salsalate were
associated with differential expression of genes coding for enzymes and

Abbreviations: COX, cyclooxygenase; Fas, fatty acid synthase; Glo-1, glyoxalase-1; GPx, glutathione
peroxidase; GSH, reduced form of glutathione; GSSG, oxidized form of glutathione; GR, glutathione
reductase; HHTg, hereditary hypertriglyceridemic; Hmgcr, 3-hydroxy-3-methylglutaryl-coenzym A
reductase; IL-6, interleukin 6; Ldlr, LDL receptors; MCP-1, monocyte chemoattractant protein-1;
NAFLD, non-alcoholic fatty liver disease; NFkB, nuclear factor kB; Ppara, peroxisome proliferator-
activated receptor «; RAGE, receptor for advanced glycation end-products; SOD, superoxide
dismutase; Srebpf, sterol regulatory element-binding protein; TAG, triacylglyceroles; TNFa, tumor
necrosis factor a.
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transcription factors involved in lipid synthesis (Fas, Hmgcr), oxidation (Ppara) and
transport (Ldlr, Abc transporters), as well as changes in gene expression of
cytochrome P450 proteins, in particular decreased Cyp/a and increased Cyp4a

isoforms.

Conclusion: These results demonstrate important anti-inflammatory and anti-
oxidative effects of salsalate that were associated with reduced dyslipidemia and
insulin resistance in HHTg rats. Hypolipidemic effects of salsalate were associated
with differential expression of genes regulating lipid metabolism in the liver. These
results suggest potential beneficial use of salsalate in prediabetic patients with

NAFLD symptoms.

KEYWORDS

salsalate, low-grade inflammation, prediabetes, lipid metabolism, cytochrome P450,

oxidative stress

1 Introduction

Prediabetic states characterized by insulin resistance, impaired
glucose tolerance and disturbances in lipid metabolism, are
accompanied by low-chronic inflammation that can contribute to
the onset of T2DM and its complications. Thus, the amelioration of
inflammation can have preventive and beneficial effects and
represents a potential target for treatment of patients with
metabolic syndrome, prediabetes or T2DM (Wu and Ballantyne,
2020).

Salicylate is one of the oldest drugs in clinical practice for
treating inflammation. Salicylates exist in 2 forms: acetylated
form - aspirin and non-acetylated form—salsalate. Unlike aspirin,
which can lead to impaired coagulation and gastric irritation,
especially at increased doses, salsalate is insoluble in the acidic
gastric environment, is absorbed only in the small intestine and
thus omits the gastric mucosa (Scheiman and Elta, 1990; Vane,
2002). Therefore, it is relatively safe for long-term clinical use.

In general, salicylates provide anti-inflammatory effect through
the inhibition of cyclooxygenase (COX) enzymes. However, salsalate
only mildly inhibits the COX pathway, but strongly inhibits NF-«xB
cascade and thus decreases the production of pro-inflammatory
cytokines (Higgs, et al., 1987). It has been previously reported that
anti-inflammatory action of salsalate can participate in improving
glucose homeostasis (Liang, et al., 2015) suggesting that salsalate
might have antidiabetic efficacy with minimal side effects.

In addition to its anti-inflammatory and anti-diabetic effects,
salsalate can have other beneficial effects, in particular the effects
on insulin sensitivity and lipid metabolism, some of which may
be related to the anti-inflammatory effects of salsalate, others
may be independent of these effects. Several recent studies
confirmed the hypolipidemic effects of salsalate in diabetic
mice (Nie, et al., 2017) and rats with inflammation induced by
transgenic expression of human CRP (Trnovska, et al., 2017), as
well as in individuals with abnormal glucose tolerance (Goldfine,
et al,, 2013) and patients with T2DM (Barzilay, et al., 2014). On
the other hand, mechanisms responsible for metabolic effects of
salsalate have not been fully elucidated. Accordingly, in this
study, we investigated the effects of salsalate treatment on
glucose and lipid metabolism, liver steatosis, glutathione
system, inflammatory parameters and dicarbonyl stress in a
rat prediabetic model with insulin resistance - a strain of
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hereditary hypertriglyceridemic (HHTg) rats, which exhibits
most of symptoms of metabolic syndrome but without fasting
hyperglycemia and obesity (Zicha et al., 2006). In contrast to the
high-fat or high-sucrose diet induced obesity and subsequent
symptoms, the strain of HHTg rats represents a model of insulin
resistance with genetically determined presence of aggravated
lipid spectrum in circulation as well as increased ectopic lipid
storage and all in absence excessive obesity. Thus, this animal
model could refer to non-obese patients suffer from metabolic
syndrome symptoms as insulin resistance and severe
dyslipidemia, especially. Given the low cost of salicylates,
administration of salsalate to people with prediabetes and
metabolic syndrome could be an additional and alternative

therapy.

2 Methods
2.1 Animals and experimental procedure

All experiments were performed in accordance with the Animal
Protection Law of the Czech Republic (311/1997), which is in
with  the
recommendations for the use of laboratory animals (86/609/ECC)

compliance European = Community  Council
and were approved by the Ethical Committee of the Ministry of
Education of the Czech Republic as well as by the Ethical Committee
of the Institute for Clinical and Experimental Medicine. The study
6-month-old

hypertriglyceridemic rats (HHTg) from the Institute for the

was carried out on male  hereditary
Clinical and Experimental Medicine, Prague, Czech Republic as
the non-obese prediabetic model and on Wistar rats (obtained from
Charles River, Germany) as the control group. Rats were maintained
in a 12-h light/12-h dark cycle room with the temperature at
22°C-25°C, allowed free access to food and water. Animals were
randomized into groups (each group n = 8) and were fed standard
laboratory diet (maintenance diet for rats and mice; Altromin, Lage,
Germany) with or without salsalate (Cayman chemical,
United States, Item 11911) supplementation at daily dose
200 mg/kg of body weight for 6 weeks. At the end of the
experiments, rats were sacrificed after light anesthesia (zoletil
5mg/kg b. wt.) in a postprandial state, blood and tissues were

collected and stored at —80°C.
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2.2 Analytical methods and biochemical
analysis

Serum glucose, triglycerides and total cholesterol were
determined using kits from Erba Lachema, (Czech Republic).
HDL-cholesterol, non-esterified fatty acid (NEFA) with kits from
Roche Diagnostic, (Germany). Serum insulin, glucagon, high
molecular weight (HMV) adiponectin, hs CRP, leptin, MCP-1,
IL-6 and TNFa concentrations were determined using rat ELISA
kit (Mercodia, Sweden; MyBioSource, United States; eBioscience,
United  States; BioVendor, Czech  Republic).
aminotranspherase (ALT) and aspartate aminotraspherase (AST)

Alanine

enzyme activity was determined spectrophotometrically using
diagnostic kit (Roche Diagnostics, Mannheim, Germany).

For the oral glucose tolerance test (0GTT), blood glucose was
determined after a glucose load (3g of glucose/kg b. wt.)
administrated intragastrically after overnight fasting. Preceding
the glucose load, blood was drawn from the tail at 0 min and
then 30, 60 and 120 min thereafter.

To determine triglycerides and cholesterol content in the liver
and skeletal muscle, samples were extracted using a chloroform/
methanol mixture. The resulting pellet was dissolved in isopropyl
alcohol, with triglycerides content determined by enzymatic assay
(Erba-Lachema, Brno, Czech Republic).

2.3 Basal and insulin-stimulated glucose
utilization in adipose tissue and skeletal
muscle

For measurement of insulin-stimulated incorporation of glucose
into lipids or glycogen, epididymal adipose tissue or skeletal muscle
was incubated for 2h in 95% O, + 5% CO, in Krebs-Ringer
bicarbonate buffer, pH 7.4, containing 0.1 uCi/mL of "“*C-U
glucose, 5 mmol/L of unlabeled glucose, and 2.5 mg/mL of bovine
serum albumin (Fraction V, Sigma, Czech Republic), with or
without 250 uU/mL insulin. Extraction of lipids or glycogen was
followed by a determination of insulin-stimulated incorporation of
glucose into lipids or glycogen (Malinska, et al., 2015). In epididymal
adipose tissue, basal and adrenaline-stimulated lipolysis were
measured ex vivo based on the release of NEFA into the
incubating medium.

2.4 Parameters of oxidative and dicarbonyl
stress

Concentrations of reduced (GSH) and oxidized (GSSG)
form of glutathione were determined using HPLC diagnostic
kit with fluorescence detection (ChromSystems, Germany).
Methylglyoxal concentrations were measured using the same
HPLC method with fluorescence detection after derivatization
with 1,2-diaminobenzene (Thornalley, et al., 1999). Activities of
superoxide dismutase (SOD), glutathione peroxidase (GPx),
glutathione reductase (GR), and glutathione transferase were
(ML,
United States). Concentration of conjugated dienes was

analyzed wusing Cayman Chemicals assay Kits

determined by extraction in media (heptan: isopropanol = 2:

Frontiers in Pharmacology

10.3389/fphar.2023.1117683

1) and measured spectrophotometrically in heptan layer.
Lipoperoxidation products were assessed based on levels of
thiobarbituric acid-reactive substances (TBARS) by assaying
the reaction with thiobarbituric acid.

2.5 Relative mRNA expression

Total RNA was isolated from the liver or adipose tissue using
RNA Blue (Top-bio, Czech Republic). Reverse transcription and
quantitative real-time PCR analyses were performed using the
TagMan RNA-to CT 1-Step Kit and TagMan Gene Expression
Assay (Applied Biosystems, United States) and carried out using a
ViiA™ 7 Real PCR System (Applied Biosystems,
United States). Relative expressions were determined after

Time

normalization against -actin and Hprtl as an internal reference
and calculated using the 27**“* method. The results were run in
triplicates.

2.6 Histological evaluation

Liver tissue slices in middle sagittal plane and stomach
specimens dissected along the greater curvature were fixed in 4%
formaldehyde for 24 h, dehydrated and embedded in paraffin. The
sections stained with hematoxylin eosin and picrosirius red were
assessed in blind-test fashion. The non-alcoholic fatty liver disease
(NAFLD) activity scores (NASs) as defined by Kleiner et al. (Kleiner,
et al,, 2005) were used to evaluate the liver parenchyma damage.
Stomach samples were examined for any regressive or inflammatory
changes.

2.7 Statistical analyses

Our hypothesis was to determine whether the effects of
salsalate treatment would be different in prediabetic HHTg
rats than in control Wistars. In this case, we used two-way
ANOVA to test for strain effects, treatment effects and
treatment vs. strain interaction, that determine whether the
salsalate administration have different effect in prediabetic
strain than in control Wistar strain. We used Fisher’s post
hoc LSD test for multiple comparison to determine whether
the effects of salsalate treatment are significant in prediabetic
HHTg and in control Wistar strain. All data are expressed as
mean + SEM and were evaluated on StatSoft” Statistica software
(version 14, Statsoft CZ, Czech Republic). Normality
distribution was tested by the Shapiro-Wilk test. Statistical
significance was defined as p < 0.05.

3 Results

3.1 The effects of salsalate on body
composition

After salsalate treatment, HHTg rats had lower body weight,
while body weight of Wistar rats were not significantly affected
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FIGURE 1

Effect of salsalate treatment on body weight and relative weight of visceral adipose tissues— epididymal and perirenal, and oral glucose tolerance

test in Wistar control and hereditary hypertriglyceridemic (HHTQ) rats. Values are expressed as mean + SEM; n = 8; Effect of salsalate on histological
evaluation of the stomach wall. Representative histological images of intact gastric mucosa of each group showing neither inflammatory changes nor
bleeding (hematoxylin and eosin (H&E) staining, 400x). * denotes significance reflecting the effect of Wistar vs. Wistar + SAL, # denotes significance
reflecting the effect of HHTg vs. HHTg + SAL, ® denotes significance reflecting the effect of Wistar vs. HHTg; *p<0.05; #p<0.05; **p<0.001.

(Figure 1). Decreased body weight in HHTg rats was associated with
decreased relative weight of visceral adipose tissue when epididymal
and perirenal adipose tissue weight was significantly reduced (p <
0.01) (Figure 1). Salsalate treatment did not affect food and water
intake in both animal groups.

3.2 The effects of salsalate on inflammatory
parameters

Salsalate-treated Wistar animals exhibited decreased serum
inflammatory markers MCP-1 and leptin while salsalate-treated
HHTg animals exhibited decreased serum MCP-1 and TNFa
(Table 1). On the other hand, serum levels of IL6 and hs CRP in
Wistar and HHTg groups were not affected by salsalate
administration. No inflammatory changes were observed in
histological evaluation in the liver in salsalate-treated animals
when compared to controls (Figure 1).

3.3 The effects of salsalate on oxidative and
dicarbonyl stress

Salsalate administration in HHTg rats versus untreated

controls was associated with reduced oxidative stress in the
liver as suggested by increased activity of antioxidant enzymes
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SOD and GPx as well as decreased levels of oxidized form of
glutathione and parameters of lipoperoxidation (Table 2). In
addition, salsalate-treated HHTg
dicarbonyl stress when hepatic levels of methylglyoxal were
reduced (Figure 4).

rats showed reduced

3.4 The effects of salsalate on glucose
tolerance and insulin sensitivity

Fasting as well as non-fasting glucose was decreased in
HHTg-treated group and only fasting glucose was decreased in
Wistar-treated group when compared to their respective controls
(Table 1). On the other hand, salsalate administration did not
significantly change AUC for glucose tolerance in both
experimental groups (Figure 1). In salsalate-treated Wistar
group, the levels of insulin and glucagon were markedly
reduced (p < 0.001) while no significant effects of salsalate
was observed in HHTg rats (Table 1). Epididymal adipose
tissue of salsalate-treated HHTg rats was more sensitive to
lipogenesis
significantly increased (p < 0.001) versus untreated controls

insulin action when insulin-stimulated was
(Figure 3). Salsalate treatment was associated with increased
lipolytic activity of epididymal adipose tissue in both Wistar
and HHTg rats when compared to their respective controls

(Figure 3). Skeletal muscles of HHTg rats treated with
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TABLE 1 Effect of salsalate treatment on serum parameters in Wistar control and prediabetic HHTg rats.

10.3389/fphar.2023.1117683

Wistar Wistar + SAL HHTg HHTg + SAL Ps P+ P,
Fasting glucose (mmol/L) 43 %01 3.8 £ 0.2* 5.5 +0.1%° 52 +0.1° 0.001 0.01 n.s
Non-fasting glucose (mmol/L) 7.0 +0.2 6.7 +0.1 8.3 + 0.2 7.8 +0.2° 0.001 0.05 n.s.
Insulin (nmol/L) 0.46 + 0.06 0.16 £ 0.01*** 0.24 + 0.02%%° 0.21 + 0.02 0.05 0.001 0.001
Glucagon (pg/mL) 371 + 44 184 + 10*** 165 + 9% 150 + 5 0.001 0.001 0.001
HMW adiponectin (ug/mL) 2.87 £ 0.11 2.51 £0.15 2.54 £ 0.16 229 £0.16 n.s n.s n.s
TAG (mmol/L) 1.19 £ 0.05 0.88 £ 0.08 5.71 + 0.18%% 2.24 +0.12% 0.001 0.001 0.001
Total cholesterol (mmol/L) 1.32 £ 0.07 1.17 £ 0.06 1.52 + 0.03° 1.25 + 0.04"* 0.05 0.001 n.s.
HDL-cholesterol (mmol/L) 1.06 + 0.06 0.94 + 0.07 0.75 + 0.02%%° 0.81 + 0.04 0.001 ns. ns.
NEFA (mmol/L) 0.30 + 0.08 0.28 £ 0.05 0.50 + 0.02° 0.47 + 0.04 0.001 n.s. n.s.
Leptin (ng/mL) 729 £ 0.42 5.50 + 0.61* 11.37 + 0.24%% 11.28 + 0.49 0.001 n.s n.s.
MCP-1 (ng/mL) 283 £ 17 219 + 25* 244 + 21 174 + 10° 0.05 0.01 .S,
TNFa (pg/mL) 2.02 £0.13 1.77 £ 0.07 3.75 £ 0.16%° 2.82 + 0.06" 0.001 0.001 0.01
IL-6 (pg/mL) 9.35 + 1.83 8.41 + 1.51 12.67 = 1.05 9.72 £ 0.62 n.s. n.s. n.s.
hs CRP (pg/mL) 247 + 27 282+ 17 230 £ 17 254 + 18 ns. ns. ns.
ALT (pkat/L) 1.05 £ 0.20 1.11 + 0.04 1.16 £ 0.13 1.22 £ 0.07 n.s. n.s. n.s.
AST (pkat/L) 243 +0.16 2.72 £ 0.51 238 £ 0.21 2.84 + 0.04 n.s. n.s. n.s.

Two-way ANOVA results: Ps denotes the significance of Wistar vs. HHTg (strain effects), Pt denotes the significance of salsalate (treatment effects); P; denotes the significance of salsalate in
both strains (treatment vs. strain interaction). For multiple comparisons Fisher’s LSD post hoc test was used; * denotes significance reflecting the effect of Wistar vs. Wistar + SAL, * denotes
significance reflecting the effect of HHTg vs. HHTg + SAL, * denotes significance reflecting the effect of Wistar vs. HHTg, n.s. denotes not significant; *p 0.05, **p*0.001; p0.05, “*p < 0.001;
$p0.05, ***p°0.001. Data are mean + SEM; n = 8 for each group. HHTg, hereditary hypertriglyceridemic rats; TAG, triacylglycerols; MCP-1, monocyte chemoattractant protein; TNFa-tumor
necrosis factor o; IL-6, interleukin-6; hs CRP, high-sensitivity C-reactive protein.

TABLE 2 Effect of salsalate treatment on hepatic oxidative stress parameters in Wistar control and prediabetic HHTg rats.

Wistar Wistar + SAL HHTg HHTg + SAL Ps Pt P,
TBARS, nmol/mgpot 1.32 £ 0.13 1.22 +0.12 1.64 + 0.10° 1.20 + 0.06™ n.s. 0.05 n.s.
Conjugated dienes, nmol/mg, o 320 £ 24 286 +22 41.6 + 2.4% 28.8 + 1.2°% 0.05 0.001 0.05
GSH, pmol/mg 68.61 + 4.33 71.31 + 4.94 62.89 + 2.56 73.06 + 2.96" ns 0.05 n.s
GSSG, pmol/mgp,o 1.11 + 0.10 1.27 £ 0.10 1.74 + 0.16% 1.22 + 0.10* 0.05 ns. 0.01
GSH/GSSG 62.86 + 3.11 56.97 + 2.65 37.49 + 3.10%° 63.20 + 6.12°% 0.05 0.05 0.01
SOD, U/mgror 0.16 £ 0.01 0.17 £ 0.01 0.11 + 0.01% 0.14 £ 0.017 0.01 0.05 n.s.
GPx, umol NADPH/min/mgp,o 276 + 28 259 + 20 222 £ 10 301 + 27° n.s. n.s. 0.05
GR, nmol NADPH/min/mg,o 166 + 13 210 + 29 133 + 12 136 + 13 0.01 n.s. n.s.

Two-way ANOVA, results; Ps, denotes the significance of Wistar vs. HHTg (strain effects), Pr, denotes the significance of salsalate (treatment effects); Py, denotes the significance of salsalate in
both strains (treatment vs. strain interaction). For multiple comparisons Fisher’s LSD, post hoc test was used; * denotes significance reflecting the effect of Wistar vs. Wistar + SAL, © denotes
significance reflecting the effect of HHTg vs. HHTg + SAL, * denotes significance reflecting the effect of Wistar vs. HHTg, n.s. denotes not significant; p*0.05, *p*0.01, **p < 0.001; *p“0.05,
$$p0.01, ***p0.001. Data are mean + SEM; n = 8 for each group. HHTg, hereditary hypertriglyceridemic rats; GSH, glutathione; GSSG, oxidized form of glutathione; SOD, superoxide dismutase;
GPx, glutathioneperoxidase; GR, glutathione reductase; TBARS, thiobarbituric acid-reactive substance.

salsalate contained less triglycerides and showed increased

sensitivity to insulin action when insulin-stimulated
glycogenesis was significantly higher (p < 0.001) compared to
untreated controls (Figure 2). There were no significant
differences in insulin sensitivity parameters in the Wistar

group after salsalate administration.

Frontiers in Pharmacology

3.5 The effect of salsalate on serum and
hepatic lipids

After salsalate administration, serum levels of triacylglyceroles

and total cholesterol were significantly decreased (p < 0.001) in
HHTg rats versus their untreated controls, but HDL cholesterol and
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Effect of salsalate treatment on parameters of insulin sensitivity in
skeletal muscles. Basal and insulin-stimulated **C-U glucose
incorporation into glycogen in muscle (glycogenesis) and skeletal
muscle triglycerides concentration in Wistar control and

hereditary hypertriglyceridemic (HHTQg). Values are expressed as
mean + SEM; n = 8; * denotes significance reflecting the effect of
HHTg vs. HHTg + SAL, ° denotes significance reflecting the effect of
Wistar vs. HHTg; ##p0.01, #*##p<0.001; **p<0.01

NEFA were not affected (Table 1). Salsalate administration
significantly reduced hepatic triglyceride (p < 0.001) and
cholesterol (p < 0.01) concentrations in HHTg rats versus
untreated controls (Figure 4).

3.6 The effects of salsalate on gene
expression

To search for responsible molecular mechanisms of salsalate
protective effects against inflammation and metabolic disturbances
we determined mRNA abundance of selected genes in tissues. Anti-
inflammatory effects of salsalate in HHTg rats compared to
untreated controls were associated with reduced expression of
Ccl2 gene (coding for the MCP-1 cytokine) in adipose tissue (p <
0.01) and in the liver (p < 0.01) (Figures 3, 5). Reduced dicarbonyl
stress in the liver after treatment of HHTg rats with salsalate was
associated with increased hepatic expression of Glo! gene (p < 0.01)
that codes for an enzyme involved in methylglyoxal degradation.

Amelioration of dyslipidemia in salsalate-treated HHTg rats was
associated with reduced hepatic expression of Fasn (p < 0.001) and
Srebpl (p < 0.001) genes coding for lipogenic enzyme and lipogenic
transcription factor, respectively (Figure 4). Reduced hepatic
cholesterol content in HHTg rats after salsalate treatment was
associated with decreased relative expression of Hmgcr gene (p <
0.05), coding for an enzyme involved in cholesterol synthesis, and
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Ldlr gene (p < 0.001), involved in cholesterol transport into the cells
(Figure 4). Salsalate treatment also affected expression of genes
coding for hepatic membrane cholesterol transporters—relative
mRNA expression of Abcg5 was significantly elevated (p <
0.001 for Wistar group; p < 0.05 for HHTg group) while
expression of Abcblb gene (p < 0.05 for Wistar group; p <
0.001 for HHTg group) was markedly decreased in both treated
groups compared to untreated controls (Figure 5). In Wistar
salsalate-treated rats, mRNA expression of Abcbla and Abcal
genes was significantly decreased (p < 0.01; p < 0.05,
respectively.). Salsalate treatment increased mRNA expression of
Abcg8 in Wistar group while decreased in HHTg group of rats
(Figure 5). Increased gene expression of Ppara gene coding for
transcription factor in salsalate-treated animals can contribute to
increased hepatic lipid oxidation (Figure 4). On the other hand, no
differences in mRNA expression of Ppary, Srebf2 and Lpl (Figure 4).
Compared to untreated group, salsalted-treated HHTg rats also
exhibited decreased mRNA expression of Nfe212 (Figure 4).

In the liver, salsalate treatment affected expression of some genes
coding for cytochrome P450 proteins involved in lipid metabolism.
As shown in Figure 5, relative gene expression of Cyp7al and
Cyp5al genes was significantly decreased in both salsalate-treated
Wistar (p < 0.01; p < 0.001, respectively.) and HHTg (p < 0.01; p <
0.05, respectively.) groups of rats whereas markedly elevated relative
gene expression of Cyp4al, Cyp4a2, Cyp4a3 was observed in
salsalate-treated animals (p < 0.001; p < 0.01, respectively.)
(Figure 5). On the other hand, no differences in relative gene
expression of Cyplal and Cyp2el were observed in both Wistar
and HHTg rats (Figure 5). According to histological evaluations of
liver parenchyma we observed no apparent abnormity in any
experimental group (Figure 5).

4 Discussion

In the present study, we investigated metabolic effects of
salsalate and examined responsible mechanisms of these effects
in HHTg rats, a prediabetic model with hypertriglyceridemia and
insulin resistance. Insulin resistance—a typical sign of prediabetic
state was accompanied by changes in lipid metabolism, increased
oxidative stress and the presence of low-grade inflammation. HHTg
rats exhibit all disorders associated with prediabetes but without the
complications of high-fat-diet-induced obesity. Our results
demonstrate that salsalate treatment improved glycaemia, insulin
sensitivity and exhibited hypolipidemic properties.

The anti-inflammatory effects of salsalate are believed to be
attributable to inhibition of pro-inflammatory mediators such as
prostaglandins (Morris, et al., 1985). Salsalate treatment is associated
with inhibition of the COX activity, a key enzyme in biosynthesis of
pro-inflammatory prostanoids, but also inhibition of neutrophil
activation and strongly inhibits NFxB inflammatory pathway
(Rumore and Kim, 2010). Transcription factor NFkB is the
master switch of the inflammatory pathway and stimulating its
activity in adipose tissue and the liver results in insulin resistance
(Goldfine, et al., 2008). In the present study, salsalate treatment
exhibited anti-inflammatory effect in circulation, as well as in
visceral adipose tissue and liver. Decreased MCP-1 expression in
adipose tissue and liver can reduce macrophage infiltration and can
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FIGURE 3

Effect of salsalate treatment on metabolic activity of epididymal adipose tissue. Basal and insulin-stimulated **C-U glucose incorporation into lipids

in epididymal adipose tissue (lipogenesis), lipolysis and relative mRNA expression of MCP1 in Wistar control and hereditary hypertriglyceridemic (HHTg)
rats. Values are expressed as mean + SEM; n = 8; * denotes significance reflecting the effect of Wistar vs. Wistar + SAL, * denotes significance reflecting the
effect of HHTg vs. HHTg + SAL, * denotes significance reflecting the effect of Wistar vs. HHTg; *p < 0.05; ##p<0.01, ###p0.001; **p<0.001.

affect other pro-inflammatory gene expression. These effects can
ameliorate insulin sensitivity and NAFLD progression.

Beneficial effects of salsalate on lipid metabolism in the liver may
be related to reduce oxidative and dicarbonyl stress in HHTg rats.
Salsalate treatment ameliorated oxidative stress by stimulating
antioxidant enzyme activity that can inactivate free radicals in
the liver directly. In addition, increased activity of SOD and GPx
may play a role in decreasing hepatic lipid peroxidation by
participating in the removal of lipoperoxidation products.
Increased GPx activity after salsalate treatment was also linked to
increased levels of glutathione, a sensitive marker of hepatic
oxidative damage. Markedly increased GSH/GSSG ratio following
salsalate administration can mitigate oxidative as well dicarbonyl
stress. Reduced methylglyoxal accumulation can occur due to
Glo-1,
enzyme involved in methylglyoxal degradation. Dicarbonyl stress

increased gene expression of glutathione-dependent
may be involved in the pathogenesis of hepatic steatosis and
methylglyoxal can contribute via several mechanisms to the
development of hepatic steatosis. Methylglyoxal decreases
glutathione levels, induces lipoperoxidation, may impair insulin
signaling and activates RAGE receptors (Huttl, et al, 2020). In
addition, some inflammatory pathways, in particular those related to

NFkB, are activated by methylglyoxal (Neves, et al, 2019).

Frontiers in Pharmacology

According to our previous results (Malinska, et al., 2021), hepatic
methylglyoxal concentrations well correlated with hepatic
triglycerides concentrations. Thus, mitigation of dicarbonyl stress
through decreased methylglyoxal and increased Glol expression,
can protect against NAFLD development and/or progression.

Our results showed that salsalate administration improved
glucose tolerance and insulin sensitivity in peripheral tissues.
Glucose-lowering effect of salsalate was previously observed in
diabetic (Goldfine, et al, 2010) as well in prediabetic individuals
(Faghihimani, et al., 2012), however the exact mechanism was not
clarified yet. It was suggested that salsalate suppresses hepatic
glucose production, positively affects insulin and glucagon and
protects B-cells (Penesova, et al,, 2015; Han, et al,, 2019). Smith
et al. suggested that the mechanism by which salsalate improves
glucose and NAFLD is via

mitochondrial uncoupling (Smith, et al., 2016). Antidiabetic effect

homeostasis salicylate-driven
of salsalate may be also related to reducing intestinal inflammation
and improved gut dysbiosis that was observed in ZDF rats (Zhang,
et al, 2020). Although several studies have found increased
adiponectin levels after salsalate administration (Wang, et al,
2014; Salastekar, 2017), which could contribute to
improvement of insulin sensitivity, in the present study salsalate
did not affect adiponectin levels. It has been also suggested that the

et al,
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Effect of salsalate treatment on hepatic lipids and methylglyoxal accumulation and relative mRNA expression of enzymes and transcription factors
involved of lipid metabolism in Wistar control and hereditary hypertriglyceridemic (HHTQ) rats. Values are expressed as mean + SEM; n = 8; * denotes
significance reflecting the effect of Wistar vs. Wistar + SAL, # denotes significance reflecting the effect of HHTg vs. HHTg + SAL, * denotes significance
reflecting the effect of Wistar vs. HHTg; *p < 0.05, **p < 0.01, ***p < 0.001; *p<0.05, **p<0.01, ***p<0.001; *p<0.05, **p<0.01, **°p=0.001.

IKKp pathway is a target for insulin sensitizing effects of salsalate
(Yuan, et al., 2001).

Severe hepatic lipid accumulation in HHTg rats was ameliorated
following salsalate treatment when both hepatic triglyceride and
cholesterol concentrations were markedly reduced. Lower ectopic fat
accumulation could contribute to increased insulin sensitivity and
reduced lipid peroxidation. Compared to the anti-inflammatory and
antidiabetic effects, the hypolipidemic effects are more pronounced
in the prediabetic HHTg model. Higher efficacy of salsalate in the
presence of serious dyslipidemia and hepatic lipid accumulation is
promising for a potential use of salsalate in prediabetic patients with
NAFLD.

Our analysis revealed differential hepatic expression of selected
genes that may be responsible for hypolipidemic effects of salsalate.
These are genes coding for enzymes or transcription factors which are
involved in lipid synthesis (Fas, Hmgcr, Srebpfl), oxidation (Ppara) as
well as transport into the cells (Ldl receptors, Abc transporters).
Accordingly, reduction of hepatic lipid accumulation can be a
product of decreasing de novo synthesis as well as increasing lipid
oxidation. Decreased gene expression of transcription factor Srebpl can
reduce hepatic lipid accumulation via suppression of lipogenesis, in turn
contributing to improved insulin sensitivity.

Salsalate may modulate fatty acid oxidation, lipid synthesis, and
lipoprotein metabolism. Recently, salsalate has been reported to directly
activate AMP-activated protein kinase, which plays an important role in
the regulation of inflammation and hepatic lipid metabolism (Hawley,
et al,, 2012). Salsalate was found to potently suppress hepatic de novo
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lipogenesis in vitro and in vivo (Smith et al., 2016). A recent report
indicates that salicylates reduced hepatic NF«kB activity and hepatic
VLDL triglycerides production in high-fat fed mice (Baker, et al., 2011).
Other study with diet-induced NASH in mice (Liang et al, 2015)
revealed an important role for PPARa-mediated pathways with regards
to the beneficial effects of salsalate on lipid metabolism. In our previous
study in SHR-CRP rats, a model of inflammation and metabolic
disturbances, we also observed increased hepatic expression of Ppara
gene after salsalate treatment that was associated with reduced ectopic
fat accumulation in the liver (Trnovska et al., 2017).

Abcg5/8 transporters not only play an important role in sterol
absorption and excretion but also provide an important pathway for
cholesterol elimination (Poruba, et al, 2019). Increased gene
expression of Abcg8 transporter indicated higher cholesterol
secretion from hepatocytes into bile. Beyond a role in cellular
cholesterol homeostasis, ABC transporters can be involved in the
secretion and bioavailability of key molecules controlling glucose
and lipid metabolism, such as lipoprotein lipase or insulin (Hardy,
et al,, 2017). Thus, modulation of ABC transporters can associate
with metabolic disorders including T2DM and insulin resistance. In
the present study, in a prediabetic HHTg model with severe
hypertriglyceridemia we observed markedly increased expression
of Abcblb, Abcal, and Abcg8 genes and decreased expression of
Abcbla and Abcg5 genes.

In the present study, salsalate treatment was associated with
alterations in hepatic expression of genes coding for cytochrome
P450 family proteins, especially those that can be associated with
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Effect of salsalate treatment on hepatic relative mRNA expression

of cytochrome P450 family proteins, ABC transporters, inflammation
marker MCP-1 and dicarbonyl stress enzyme Glo-1 in Wistar control
and hereditary hypertriglyceridemic (HHTQ) rats. Values are
expressed as mean + SEM; n = 8; Effect of salsalate on histological
evaluation in the liver. Histological images of liver parenchyma
(picrosirius red (PSR) staining, 200x). We observed no apparent
abnormity in any experimental group. * denotes significance reflecting
the effect of Wistar vs. Wistar + SAL, # denotes significance reflecting
the effect of HHTg vs. HHTg + SAL, ® denotes significance reflecting
the effect of Wistar vs. HHTg; *p < 0.05, **p < 0.01, ***p < 0.001;
#p°0.05, #*#p<0.01, ***p*0.001; *p°0.05, 5p°0.01, **°p0.001.

lipid metabolism and fatty liver development. Hepatic lipid
accumulation in HHTg rats was associated with markedly
increased hepatic gene expression of Cyplal, Cyp4a2 and Cyp4a3
and decreased Cyp2Zel and Cyp7al that can be involved in hepatic
lipid dysmetabolism and fatty liver development as was reviewed by
Jamwal and Barlock 2020.
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According to recent reports, CYP4A isoforms are markedly elevated
in the liver tissues of NAFLD patients (Ryu, et al,, 2019), as well as in
diabetic and obese mice with hepatic steatosis (Zhang, et al,, 2017).
CYP4A cytochromes metabolize EETs (epoxyeicosatrienoic acids) to
HEETs (hydroxy-epoxyeico-satrienoic acids) and act as PPAR-a
agonists. Increased CYP4A after salsalate treatment can contribute to
increased fatty acid oxidation in the liver through increased transcription
factor PPARa (Zhang and Klaassen, 2013). The effect of salsalate on
CYP4a proteins in our study is in agreement with results in model with
essential hypertension and chronic inflammation, the SHR-CRP rats. In
this study, SHR rats with transgenic expression of human CRP exerted
increased gene expression of Cyp4al in the liver following salsalate
administration that was also associated with increased Ppara gene
expression (Trnovska, et al., 2017).

In our study, salsalate treatment was associated with reduced
gene expression of Cyp5a1-CYP450 isoform that metabolizes the
cyclooxygenase product prostaglandin H2 into thromboxane A2, a
potent inducer of vasoconstriction and platelet aggregation. (Ershov,
et al., 2021). Thus, it is possible that salsalate can improve vascular
complications also through decreased CYP5al.

The hepatic CYP7al protein is a rate-limiting enzyme
responsible for cholesterol conversion to 7a-hydroxycholesterol,
which is secreted into bile acids and eliminated (Chiang and
Ferrell, 2020). Since hepatic expression of Cyp7al gene was
reduced in HHTg rats after salsalate treatment, we assume that
decreased hepatic cholesterol concentrations after salsalate
administration are not due to increased elimination, rather to
decreased hepatic synthesis. Taken together, changes in hepatic
gene expressions of CYP family proteins following salsalate
treatment may be involved in reducing lipid accumulation in the
liver. Possible study limitation as well as the strength may be related
to the used strain of rats because the found results can be applied to
specific group of patients in human medicine. However, this is
consistent with the requirements of personalized medicine.

5 Conclusion

Salsalate treatment in HHTg rats markedly reduced inflammation,
oxidative and dicarbonyl stress, ameliorated hepatic lipid metabolism
and ectopic lipid deposition. These effects were associated with increased
insulin sensitivity in peripheral tissues and protect against the
progression and/or development of NAFLD and its symptoms. The
mechanism of beneficial effect of salsalate on metabolic disorders
associated with prediabetic conditions may consist of the changes in
cytochrome P450 proteins and the alleviation in oxidative and dicarbonyl
stress in the liver. In contrast to the anti-inflammatory effect,
hypolipidemic and insulin sensitizing effects of salsalate were more
pronounced in the prediabetic HHTg model which suggests that
salsalate can have potential beneficial use in prediabetic patients with
NAFLD symptoms.
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Introduction: In clinical practice, warfarin is often combined with Compound
Danshen dripping pill (CDDP) for the treatment of cardiovascular diseases.
However, warfarin has a narrow therapeutic index, wide interindividual
variability (genetic and non-genetic factors), and is susceptible to drug-drug
interactions. Our previous study indicated that CDDP might interact with
warfarin in individuals with the epoxide hydrolase gene (EPHX1; single-
nucleotide polymorphism: rs2292566) A/A subtype. We sought to clarify the
interaction between CDDP and warfarin associated with EPHX1 in a
comprehensive and accurate manner.

Methods: Here, EPHX1 A and EPHX1 G cell lines were established. Expression of
microsomal epoxide hydrolase (mEH), vitamin K epoxide reductase (VKOR), and
vitamin K-dependent clotting factors (Fll, FVII, FIX, FX) was measured by western
blotting upon incubation with CDDP and warfarin. mEH activity was evaluated by
measuring  the  transformation of  epoxyeicosatrienoic  acids into
dihydroxyeicosatrienoic acids. Then, healthy volunteers (HVs) with the EPHX1
A/A genotype were recruited and administered warfarin and CDDP to investigate
the pharmacokinetics and pharmacodynamics of warfarin.

Results: CDDP combined with warfarin could decrease expression of mEH and
VKOR, and increase protein expression of Fll, FVII, FIX, and FX, in EPHX1 A cells.
CDDP could slightly influence the pharmacokinetics/pharmacodynamics of
warfarin in HVs with the EPHX1 A/A genotype.

Discussion: Rational combination of CDDP and warfarin was safe with no risk of
bleeding, but the therapeutic management is also needed. The clinical study is
posted in the China Clinical Trial Registry (ChiCTR190002434).

KEYWORDS

warfarin, compound Danshen dripping pill, epoxide hydrolase gene (EPHX1), microsomal
epoxide hydrolase (mEH), pharmacokinetic, pharmacodynamics
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1 Introduction

Use of herbs and herbal products is widespread and increasing
steadily worldwide (Reddy et al., 2021). Sales of herbal supplements
in the USA were more than $8 billion in $2017 and $9.6 billion in
2019 (Suroowan et al., 2021). In 2020, the world trade in medicinal
plants was $138.35 billion and is expected to reach $218.94 billion by
2026 (Cnudde et al., 2022; Hossain et al., 2022). Furthermore, an
estimated one-third of adults in developed countries and
approximately 75%-80% of the population in developing
countries consume herbal medicines for primary healthcare
(Claure-Del Granado and Espinosa-Cuevas, 2021).

However, the increasing use of medicinal plants has attracted
growing concern with regard to their efficacy and safety if combined
with conventional medicines. Herbal plants contain multiple
phytochemicals that act upon different targets and pathways.
Hence, there is a risk of interactions if another drug is
administered simultaneously or successively (Gomes et al., 2021).
Therefore, comprehensive evaluation of interactions between herbal
drugs and conventional drugs is essential.

Warfarin has a narrow therapeutic index, wide variability in
efficacy between individuals, and can interact with other drugs (Mar
et al, 2022). It acts by inhibiting vitamin K epoxide reductase
(VKOR) and disruption of the synthesis of biologically active
forms of vitamin K-dependent (VKD) clotting factors (FII, FVII,
FIX, FX), as well as regulatory factors (protein C, protein S) (Wang
et al, 2021; Abdelnabi et al, 2022). Thus, warfarin is employed
commonly for the prevention and treatment of the coagulopathic
and thromboembolic disorders associated with cardiac valve-
replacement, atrial fibrillation, and other
conditions (Zhang et al., 2021).

In China, the most prevalent herbal medicine used against

cardiovascular

cardiovascular diseases is Compound Danshen dripping pill
(CDDP). It was first launched by the China Food and Drug
Administration in 1995, and has been approved by the
Australian Therapeutic Goods Administration. It is undergoing a
phase-III clinical trial overseen by the US Food and Drug
Administration (Yan et al., 2021; Hu et al., 2022).

In clinical practice, warfarin often combines with CDDP, and
many scholars have reported on this interaction (Chu et al., 2011;
Zhang et al., 2020; Zhuang et al., 2021; Muyambo et al.,, 2022).
However, most reports have focused on animals, healthy volunteers
(HVs), or pharmacometrics models to predict this interaction.
Moreover, whether CDDP interacts with warfarin has been
reported inconsistently.

Recently, we recruited patients with coronary heart diseases and
atrial fibrillation to investigate the interaction between CDDP and
warfarin (Lv et al., 2017; Lv et al., 2019). CDDP did not influence the
stable dose, stable concentration, or International Normalized Ratio
(INR) of warfarin in most patients. However, the INR seemed to be
higher in patients with the epoxide hydrolase gene (EPHXI; single
nucleotide polymorphism (SNP): rs2292566) A/A subtype than in those
with other EPHXI subtypes. There were 33 SNPs identified in the
EPHXI1 gene and mainly two variant EPHX1 alleles (A, G) (Saito, et al,,
2001). The people carrying the A allele was 30% for Caucasian and
nearly 50% for Chinese. Interestingly, previous reports indicated
EPHX1 polymorphisms were not related with warfarin dosage in
Caucasian (Ciccacci, et al, 2011; Ozer, et al, 2013). However,
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EPHX1 A>G could explain about 43% of the interindividual
variability in warfarin dosage requirements for Chinese (Gu et al,
2010). EPHXI1 is the encoding gene of microsomal epoxide hydrolase
(mEH), a crucial enzyme that catalyzes epoxides reactions (Lin et al.,
2020). The potential associations between mEH genotypes and the
susceptibility to certain diseases have been investigated in various
laboratories (Saito, et al., 2001). Moreover, mEH is an important
component of VKOR, and EPHXI variants may alter mEH activity,
thereby influencing the efficacy of warfarin therapy (Cain et al., 1998).
On the other hand, CDDP contained multiple phytochemicals, which
mostly included phenolic acids, saponins and tanshinones (Liu, et al.,
2014). These multiple ingredients would undergo complex metabolic
processes in the body, which might effect the mEH activity and furtherly
influence the coagulation function of warfarin in vivo.

Thus, we wished to clarify the interaction between CDDP and
warfarin associated with EPHX1 in a comprehensive and accurate
manner. Hence, transfected EPHX1 A cells and transfected
EPHX1 G cells were adopted to explore the interaction between
CDDP and warfarin, and the result was verified using HV's with the
EPHX1 A/A genotype.

2 Materials and methods

2.1 Evaluation of the interaction between
CDDP and warfarin associated with EPHX1 a
cells and EPHX1 Gecells

2.1.1 Preparation of EPHX1 A cells and
EPHX1 Geells

Human hepatocarcinoma (HepG2) cells were purchased from
the Chinese Academy of Medical Sciences & Peking Union Medical
College (Beijing, China). They were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin in an atmosphere of 5% CO, at 37°C.
EPHX1 A cells or EPHX1 G cells were prepared as shown in
1A.  Briefly, HepG2
EPHX1 A
EPHX1 G lentiviral particles, which were incorporated within an

Figure cells were transduced with

overexpressed lentiviral particles or
antibiotic puromycin gene and a green fluorescent protein plasmid
that could co-express with the target protein, at a multiplicity of
infection of 10. For comparison, we set a negative control group (BL)
of transfected cells that lacked an overexpressed EPHX1 gene.
Transfected cells were cultured in medium containing
(2 ug/mL) to stably
Subsequently, a microscope (IX71; Olympus, Tokyo, Japan)
equipped with a bandpass filter of 488 nm was used to capture

puromycin select transfected ~ cells.

images of intracellular green fluorescence. Then, we used a flow
cytometer (Accuri C6; Becton Dickinson Biosciences, San Jose, CA,
United States) to measure the proportion of intracellular green
fluorescence from the green fluorescent protein that integrated
with transfected cells. Finally, western blotting was applied to
measure mEH expression in transfected cells.

2.1.2 Determination of the incubation time and

concentration of CDDP and warfarin in cell lines
CDDP was manufactured by Tianjin Tasly Group (Tianjin,

China). Warfarin was obtained from Orion Corporation (Espoo,
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FIGURE 1

Establishment and verification of transfected EPHX1 A cells and transfected EPHX1 G cells. (A) Flowchart for establishment and verification of
transfected EPHX1 A cells and transfected EPHX1 G cells. (B) We used a fluorescence microscope (x10 objective lens) to evaluate transfected EPHX1 A
cells, transfected EPHX1 G cells, and transfected BL cells. Transfected EPHX1 A cells, transfected EPHX1 G cells, and transfected BL cells had abundant
light-green spots, and HepG2 cells had no fluorescence. (C) Fluorescence ratio for transfected EPHX1 A cells, transfected EPHX1 G cells, and
transfected BL cells according to flow cytometry. (D) Protein expression of mEH in transfected EPHX1 A cells, transfected EPHX1 G cells, and transfected

BL cells detected by western blotting.

Finland). Transfected cells were plated evenly on a 96-well cell-
culture plate with ~8,000 cells/well. They were cultured for 24 h at
37°C. Then, they were treated with CDDP or warfarin at
0.0625-8.00 mg/mL for 24 h or 72 h. Subsequently, to each well
added 10pL  of  3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide solution (5 mg/mL), and cells were
allowed to incubate for an additional 4 h in an atmosphere of 5%

was

CO, at 37°C. Then, the cells were centrifugated and the supernatant
was retained. Finally, the blue-purple crystals were dissolved using
dimethyl sulfoxide (150 uL) with agitation for 10 min. The
absorbance of each well was determined at 490 nm. Cell viability
(Supplementary Figure S1) was calculated according to the formula:
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Cell viability = absorbancecyperiment / absorbance ool X 100%

2.1.3 Determination of expression of VKD
coagulation factors

We wished to measure expression of mEH, VKOR, FII, FVII, FIX, and
FX. Whole-cell extracts were prepared using radio immunoprecipitation
assay buffer (Solarbio, Beijing, China) incubated on ice for 30 min. Cell
lysates were centrifuged (13,000 rpm, 25min, 4°C). The protein
concentration of the supernatant was determined by a bicinchoninic
acid protein assay kit (CWBIO, Beijing, China). Lysates (10 j1g) were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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using 10% gels. Proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (Thermo Fisher Scientific Waltham, MA,
United States). PVDF membranes were blocked with 10% non-fat
dried milk at room temperature (Solarbio) for 1.5h and incubated
overnight at 4°C with antibody directed against mEH (1:1000 dilution;
Santa Cruz Biotechnology, Houston, TX, United States), VKOR, FII, and
FIX (1:1000; Abcam, Cambridge, United Kingdom), FVII (1:8,000;
Abcam), FX (1:10,000; Abcam), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; 1:10,000; Solarbio) in TBS-T buffer (Tris
20mM), pH 76, NaCl (100mM), 0.1% Tween-20) for
immunoblotting. After incubation for 2h at room temperature with
secondary anti-rabbit immunoglobulin-G antibody conjugated with
horseradish peroxidase (1:5000; Solarbio), proteins were visualized by
an electrochemiluminescence detection system. Western-blotting signals
were quantified using Image] 1.6.0.20 (US National Institutes of Health,
Bethesda, MD, United States) and were normalized to GAPDH expression.

2.1.4 Enzyme activity of mEH

mEH catalyzes the hydrolysis of lipophilic epoxides to their
corresponding dihydrodiols (Oesch et al., 1971; Gautheron and Jeru,
2021). Free epoxyeicosatrienoic acids (EETSs) are epoxides that can be
degraded further by mEH into dihydroxyeicosatrienoic acids (DHETs)
(McReynolds et al., 2020) (Figure 3E). Thus, the metabolic efficiency of
the substrate (DHETS/EETs) (Arand et al., 1999) was determined to
characterize the catalytic activity of mEH on the endogenous substrates
of 14,15-EET. Valpramide was selected as an inhibitor of mEH.

The concentration of 14,15-EET and 14,15-DHET was
measured by liquid chromatography tandem-mass spectrometry
(LC-MS/MS). The separation and detection of 14,15-EET
(319.2—5219.2) and 14,15-DHET (337.2—207.0) was undertaken
in an Acquity ultra-performance liquid chromatography (UPLC)
system (Waters, Milford, MA, United States) with a Triple Quad
5500 MS/MS detector (AB Sciex, Foster City, CA, United States).
Detailed information and method validation are shown in
Supplementary Materials.

Transfected EPHX1 A cells, transfected EPHX1 G cells, and
transfected BL cells were seeded 1 day before treatment with a
substrate or inhibitor. Then, the cell-culture medium was replaced
with complete medium containing CDDP (0.5 mg/mL) and warfarin
(0.125 mg/mL) (CDDP + War group), or warfarin (0.125 mg/mL)
(War group), or valpramide (100 mg/mL) (valpramide group, VPD).
After incubation with 14,15-EET, 60 L of the cell culture medium was
harvested at 0, 0.25, 0.5, 1, 1.5, 2, and 3 h after addition of 14,15-EET.
Subsequently, to the harvested cell-culture medium was added 3 uL of
chloramphenicol (internal standard) and extracted with ethyl acetate
(180 pL) with vortex-mixing for 3 min and centrifugation (14,000 rpm,
10 min, room temperature). The supernatant was evaporated under a
stream of nitrogen and re-dissolved by 50% methanol/water (60.0 L),
then 2.00 uL was injected into the LC-MS/MS system.

2.2 Evaluation of the interaction between
CDDP and warfarin associated with the
EPHX1 A/A genotype in HVs

2.2.1 Design of the clinical trial
This was an open-label, three-period, controlled before-and-
after trial (China Clinical Trial Registry: ChiCTR1900024344). It
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was conducted at the Second Affiliated Hospital within Tianjin
University of Traditional Chinese Medicine (Tianjin, China). The
protocol was approved by the ethics committees of the Second
Affiliated Hospital within Tianjin University of Traditional Chinese
Medicine. Written informed consent was provided by all
participants. This trial was in accordance with the Declaration of
Helsinki 1964 and its later amendments.

Men and women aged 18-45 years participated in this trial if
they were healthy and the EPHX1 A/A genotype was confirmed. The
key exclusion criteria were coagulation disorders or allergies to
drugs.

2.2.2 Treatment in the clinical trial

Our trial comprised three periods. In the first period, warfarin
(3 mg, p. 0.) was taken once a day. After 3 days, individuals entered
the second period, in which CDDP (10 pills, p. o., t.d.s.) was
administered for 5 days. Finally, participants were treated with a
combination of warfarin (3 mg, p. 0.) and CDDP (10 pills, p. 0.) in
the third period.

During the first and third period, 15 blood samples (2-mL each
time) were collected for the concentration analysis of warfarin at 0.5,
1,1.5,2,3,4,6,8,12,24, 36,48, and 72 h after administration. Eight
blood samples were collected for the detection of coagulation indices
before as well as 12, 24, 30, 36, 48, 54, and 72 h after administration.
Moreover, blood samples were taken from participants once a day
before CDDP administration for assays of coagulation indices to
ensure safety.

2.2.3 Markers of the pharmacokinetics and
pharmacodynamics of warfarin

The plasma concentration of S-warfarin and R-warfarin was
measured by LC-MS/MS, as described previously (Lv et al,, 2017; Lv
et al, 2019). The pharmacokinetic parameters of warfarin were
calculated using the “non-compartmental analysis” tool of Phoenix
WinNonlin 6.4 (Certara, Princeton, NJ, United States). The parameters
were the peak plasma concentration (C,,,y), time to reach Cp.x (tmax)s
the area under the curve from time 0 h-144 h (AUC,_,44), the area
under the curve from time 0 to infinity (AUC,_,), half-life (t;/,),
volume of distribution (V4), and clearance (CL).

In addition, the coagulation indices of prothrombin time (PT),
INR, thrombin time (TT), activated prothrombin time (APTT), and
fibrinogen level were detected according to the manufacturer
instructions of assay kits in the clinical laboratory of the Second
Affiliated Hospital within Tianjin University of Traditional Chinese
Medicine.

2.2.4 Enzyme-linked immunosorbent assays
(ELISAs) to determine the content of VKD
coagulation factors in HVs with the EPHX1 A/A
genotype

Blood samples of the trough concentration and peak
concentration of warfarin were used to measure the content of
mEH, VKOR, FII, FVII, FIX, FX, and FIla using the respective
human ELISA kits. mEH and VKOR kits were from Lanso
(Shanghai, China). FII and FX kits were from Cusabio (Wuhan,
China). FVII and FIX kits were from Ruifan (Shanghai, China). The
FIla kit was from Abcam. FIla is also called thrombin and not exist
in vitro.
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2.3 Statistical analyses

Statistical analyses were carried out using SPSS 22.0 (IBM,
Armonk, NY, United States). Graphs were plotted using Prism
8.0 (GraphPad, La Jolla, CA, United States). ANOVA was used
to compare the results of transfected EPHX1 A cells or transfected
EPHXI G cells by western blotting. For HVs with the EPHX1 A/A
genotype, p-values (two-sided) were calculated and paired t-tests
were used for statistical analyses if the data passed the normality
(Shapiro-Wilk) test, or the Wilcoxon matched-pairs test if the
distribution was not normal. Results are the mean = SD for
continuous variables with a normal distribution. p < 0.05 was
considered significant.

3 Results

3.1 Evaluation of the interaction between
CDDP and warfarin associated with EPHX1 A
cells and EPHX1 G cells

3.1.1 Establishment and validation of transfected
EPHX1 A cells and transfected EPHX1 G cells

Transfected EPHX1 A cells and transfected EPHX1 G cells were
established to explore differences between EPHX1 A and
EPHX1 G subtypes in vitro (Figure 1A). Subsequently, the green
fluorescence located in transfected EPHX1 A cells, transfected
EPHX1 G cells, and transfected BL cells was observed by
fluorescence microscopy, and non-transfected HepG2 cells showed
no fluorescence (Figure 1B). The efficiency of transfection was
examined by flow cytometry: it was 88.3% in transfected EPHX1 A
cells, 91.3% in transfected EPHX1 Gcells, and 84.7% in BL cells
(Figure 1C). Western blotting demonstrated that mEH expression in
transfected EPHX1 A cells and transfected EPHX1 G cells was increased
compared with that in transfected BL cells (p < 0.05) (Figure 1D). These
results suggested that transfected EPHX1 A cells and transfected
EPHXI1 G cells had been constructed successfully.

3.1.2 CDDP combined with warfarin influenced
expression of mEH, VKOR, and VKD clotting factors
(FII, FVII, FIX, FX) in transfected EPHX1 A cells

For the control group, mEH expression (Figures 2A, B) in
transfected EPHX1 A cells was reduced significantly, protein
expression of FII, FVII, FIX, and FX (Figures 2A, D-G) was
increased, and VKOR expression was not significantly different,
compared with transfected EPHX1 G cells. These data suggested
that expression of mEH, FII, FVII, FIX, and FX in transfected
EPHX1 A cells and transfected EPHX1 G cells was significantly
different.

Protein expression of mEH and VKOR (Figures 2A-C) was
decreased in the CDDP + War group (p < 0.05) compared with that
in the War group in transfected EPHX1 A cells. Protein expression
of FII, FVII, FIX, and FX Figures 2A, D-G) in the CDDP + War
group was increased significantly compared with that in the War
group (p < 0.05) in transfected EPHX1 A cells, and there was no
significant difference between the two groups for transfected
EPHX1 G cells and transfected BL cells (p > 0.05). Thus, various
concentrations of CDDP (0.125, 0.5, 1 mg/mL) combined with
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warfarin (0.125 mg/mL) were incubated in transfected EPHX1 A
cells to assess the interaction with CDDP. Expression of mEH and
FIX was significantly different (p < 0.05), whereas the other
indicators did not show a significant difference between the three
concentrations of CDDP (Figures 2H, I). Expression of all the
indicators did not change continually as the CDDP dose increased.

3.1.3 CDDP combined with warfarin influenced the
hydrolytic activity of mEH

CDDP combined with warfarin might affect mEH expression in
transfected EPHX1 A cells, but not in transfected EPHX1 G cells or
transfected BL cells. We wished to ascertain if a combination of
CDDP and warfarin affected the enzyme activity of mEH. Thus, the
substrate of mEH (14,15-EET) was chosen and metabolic efficiency
was calculated. The curves for the metabolic efficiency of 14,15-EET
in transfected EPHX1 A cells and transfected EPHX1 G cells were
higher than that for transfected BL cells (p < 0.05) (Figure 3A).

The metabolic efficiency of 14,15-EET at all time points in the
CDDP + War group was lower than that represented in the War
group for transfected EPHX1 A cells or transfected EPHX1 G cells,
and the difference was significant at 1 h (p < 0.05) (Figures 3B, C, D).
When comparing with VPD group at 1 h, CDDP + War group in
transfected EPHX1 A cells and Gcells were both significantly
decreased (p < 0.05) (Figures 3C, D). These findings suggested
that mEH was the primary enzyme involved in the metabolism of
14,15-EET in transfected EPHX1 A cells and transfected
EPHXI G cells, and that CDDP combined with warfarin might
inhibit the enzyme activity of mEH to decrease the hydrolysis of the
substrate (14,15-EET), but there was no significant difference
between transfected EPHX1 A cells and transfected EPHX1 G cells.

3.2 Evaluation of the interaction between
CDDP and warfarin associated with the
EPHX1 A/A genotype in HVs

3.2.1 Study population

From March 2019 to September 2019, 15 HVs with the
EPHXI1 A/A genotype were selected from the Second Affiliated
Hospital within Tianjin University of Traditional Chinese Medicine.
Eight HVs were enrolled and seven [four males; mean age = 29.25
(range, 22-34) years] completed our clinical trial (Figure 4).

3.2.2 CDDP combined with warfarin influenced the
pharmacokinetic profile of warfarin in HVs with the
EPHX1 A/A genotype

A concentration-time curve was plotted (Figure 5A). The plasma
concentration (ng/mL) of warfarin 72 h after administration in the
first period and third period was determined, and was 100.6 +
28.50 and 124.1 + 29.64 for warfarin, 71.94 + 19.92 and 88.73 +
21.10 for R-warfarin, and 28.65 + 9.578 and 35.32 = 10.50 for
S-warfarin, respectively. The plasma concentration (ng/mL) 144 h
after administration in the first period and third period was 47.93 +
14.07 and 60.97 * 22.67 for warfarin, 35.61 + 11.23 and 45.84 +
17.89 for R-warfarin, and 12.33 + 3.713 and 15.12 + 6.294 for
S-warfarin, respectively. Hence, the warfarin concentration 72 h and
144 h after administration was higher in the third period than that in
the first period (Supplementary Table S3, Figure 5A).

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1105702

Chen et al.

10.3389/fphar.2023.1105702

mEH 52K
o [ ) o 25 25
s . s 2 » B2 EPHX1-A
FVIT g2 e o = — T
H T 3 - T = Bl
315 3 15
2 i - ki
= 5 1.0 $ 1041
S | BEELEL] 3 :
— Zos g 0s
: §
FlI s H
0.0 T T T 0.0 T T T
GAPDH | S - - ]"361(133 Con War CDDP+War Con War CDDP+War
T A M 6 A m G A B
Wit ..o b 4+ 4 4+
O e s e e s o O
2.5 £ 25
= T
2 20 2 2 8 20
s » < <
= A Q Q
3 4 T 3 1. 3 15
- o] ok g
£ 10 T g 1 10
2 e e
o a o
= 05 H H |-| |-| < 0. % 05
w w w
0.0: T L} 14 0.0
Con War CDDP+War Con War CDDP+War Con War CDDP+War
2.5 mEH | R EEE S e e sxm :‘:'
: on [ mm——— - o ]
- . VI | e o o o | &350 51
g R — 2 1.4
§ 15 _ [ FIX ——————— .| 4 52K Dt %1.2_
= T — o~
._:' 104 7 FX ' 12K l L] 4= 74KDa %1.0-
_— 084
g FII ———————— | 4-52KDa 3
= 05 X 06
= GAPDH | mmes e s s e e e | #= 36KD2 5 0.4]
0.0 T T T Werouns 024
Con War CDDP+War Py T : A o . . . .
o ‘ D 00 03 06 09 12
coors . . CDDP Concentration(mg/mL)

FIGURE 2

Protein expression of mEH, VKOR, FVII, FIX, FX, and Fll. (A) Protein expression of mEH, VKOR, FVII, FIX, FX, and FIl was measured using western

blotting. (B—G) Protein expression of mEH, VKOR, FVII, FIX, FX, and Fll normalized to that of GAPDH. (H) Protein expression of mEH, VKOR, FlI, FVII, FIX,
and FX at various concentrations of CDDP combined with warfarin. (I) Line chart of protein expression of mEH, VKOR, FVII, FIX, FX, and FIl normalized to
that of GAPDH at various concentrations of CDDP combined with warfarin. % Significant difference when comparing the CDDP (0.125 mg/mL)

group with the CDDP (0.5 mg/mL) group (p < 0.05); #Significant difference when comparing the CDDP (0. 5 mg/mL) group with the CDDP (1 mg/mL)
group (p < 0.05). Data are the mean + SD (n > 3). *p < 0.05, **p < 0.01 and ***p < 0.001. EPHX1-A: transfected EPHX1 A cells; EPHX1 (G) transfected
EPHX1 G cells; BL: transfected BL cells; Con: incubated with cell culture; War: incubated with warfarin; CDDP + War: incubated with CDDP and warfarin.

The pharmacokinetic parameters of warfarin were calculated
using Phoenix WinNonlin. There was a significant difference (p <
0.05) in the AUC, Cp,.x, CL, and V4 between the first period and
third period, whereas t;,, and Ty,.x did not show a significant
difference (Table 1). However, drug elution in HVs was
incomplete in the second period. The residual drug concentration
was converted into a dose, and pharmacokinetic parameters were re-
calculated (Supplementary Table S4): there was no significant
difference in V4 or CL between the two periods. Thus, CDDP
might influence the AUC and C,,,, of warfarin in HVs with the
EPHX1 A/A genotype,
elimination.

but would not influence warfarin

3.2.3 CDDP combined with warfarin influenced
coagulation indices in HVs with the EPHX1 A/A
genotype

PT, INR, and TT were clearly increased at 36 and 72 h in the
third period when compared with those in the first period, and the
differences were significant (Figure 5B). There were significant
differences in PT and the INR at 48h, TT at 48h, and the
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fibrinogen level 72h after administration between the two
periods. A significant difference was not observed in APTT at the
various time points, or PT, the INR, TT, or fibrinogen level at 0, 12,
30, and 54 h between the two periods.

3.2.4 CDDP combined with warfarin influenced the
content of VKDs coagulation factors in HVs with
the EPHX1 A/A genotype

The content of mEH, VKOR, FVII, FIX, EX, FII, and Flla in HVs
with the EPHX1 A/A genotype was measured. Samples were chosen
from the trough concentration (C.;,) and peak concentration
(Cinax) time points of warfarin as measured by ELISAs.

The content of all indices did not show a significant difference
between C,;, and Cp,y in the War group or CDDP + War group
(Figure 6). Thus, Cyin and Cy,, were combined to obtain a “Sum”
group. In the latter, the content of mEH, VKOR, and Flla was
decreased significantly, and the content of FVII, FIX, FX, and FII was
increased significantly, in the third period compared with those in
the first period (p < 0.05). These results suggested that CDDP
combined with warfarin might affect the content of mEH,
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warfarin, valpramide, and CDDP in combination with warfarin on the metabolic efficiency of 14,15-EET in transfected BL cells (B), transfected EPHX1 A
cells (C) and transfected EPHX1 G cells (D). (E) mEH metabolizes EET to DHET. Data are the mean + SD (n > 3). *Significant difference when
comparing transfected EPHX1 A cells to transfected BL cells (p < 0.05). #Significant difference when comparing transfected EPHX1 G cells to transfected
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VKOR, FVII, FIX, FX, FII, and Flla in HVs with the EPHX1 A/A
genotype compared with those taking only warfarin.

4 Discussion

In recent years, formulations based on traditional Chinese
medicine (TCM) have been used widely in clinical therapy and
are, in general, considered safe (Shi et al, 2022). However, an
increased risk of interactions between TCM formulations and
western medicines has been documented.

Warfarin and CDDP are often used in combination
for treatment of cardiovascular diseases (Chu et al., 2011).
Previously, we focused on the EPHX1 A/A subtype (Lv et al,
2017; Lv et al, 2019). In the present study, overexpressing
EPHX1  cells were  established and applied to
evaluate the interaction between CCDP and warfarin. Then,
in vitro results were verified in HVs with the EPHX1 A/A

genotype.
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FIGURE 5

Warfarin concentration and coagulation indices in HVs with the
EPHX1 A/A genotype. (A) Concentration—time curves of warfarin.
Total: concentration of total warfarin; R: R-warfarin concentration; S:
S-warfarin concentration. (B) Line chart of the four coagulation
indices. PT: prothrombin time; INR: International Normalized Ratio of
prothrombin time; TT: thrombin time; FIB: fibrinogen; APTT: activated
prothrombin time. *p < 0.05, **p < 0.005, ***p < 0.001.

mEH was first purified from rabbit liver (Watabe and Kanehira,
1970) and then characterized in human liver (Oesch, 1974). mEH
plays a prominent part in human hepatic physiology because of its
enzyme activity (Gautheron and Jeru, 2021). In hepatocytes, the
primary function of mEH is detoxifying many xenobiotic
compounds (El-Sherbeni and El-Kadi, 2014). It catalyzes the
hydrolysis of various endogenous fatty-acid epoxides to their
respective diols (Edin and Zeldin, 2021), including the
metabolism of endocannabinoid EETs to DHETs.
mEH is an essential component in VKOR, which suggests that

Moreover,

modulation of mEH activity might contribute to blood coagulation
and further influence VKD coagulation factors (Guenthner et al.,
1998). On the other hand, the multiple ingredients from CDDP
would finally eliminate from the body. The mEH acted as a
detoxification role and could convert compounds with epoxides
into a more water-soluble metabolites which would eliminate easier.
During these metabolic pathways, some ingredients or metabolites
from CDDP would influence the expression or activity of mEH, and
finally leading to a content fluctuation of coagulation factors.

In humans, the EPHX1 (SNP: rs2292566) gene includes A/A,
A/G, and A/A subtypes. A genetic polymorphism is a potential
determinant of mEH activity, and contributes to differences among
individuals (Nguyen et al., 2013). The different genes of EPHX1 (A/
G) led to a significant difference in expression of mEH, FII, FVII,
FIX, and FX (Figure 2), which might influence biological functions.
Moreover, the warfarin dose is assumed to be associated with SNP
rs2292566 in the EPHXI gene, so the warfarin dose must be
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managed carefully before the initiation of warfarin therapy
(Pautas et al., 2010).

CDDP combined with warfarin in EPHX1 A cells could reduce
expression of mEH and VKOR, inhibit the enzyme activity of mEH
(Figure 3), increase protein expression of FII, FVII, FIX, and FX
(Figure 2), reduce activation of FII (FIla), and lead to lower activity
of coagulation factors in HVs with the EPHX1 A/A genotype
(Figure 6). However, a significant difference was not observed in
EPHX1 G cells. Therefore, CDDP worked in tandem with warfarin
in HVs with the EPHX1 A/A genotype to restrain the catalytic
activity of mEH and VKOR (Hassett et al., 1994; Shen et al., 2017)
that is required to sustain blood coagulation. Thus, we speculated
that a combination of CDDP and warfarin might prolong PT and
elevate the INR in HVs with the EPHX1 A/A genotype.
combined with CDDP blood
concentrations and pharmacokinetic parameters of warfarin in
HVs with the EPHX1 A/A genotype, which were increased by
~30%. The trough concentration of warfarin in the third period

Warfarin impacted the

(Supplementary Table S3) suggested that drug elution was
incomplete from the first period. Then, residual drugs were
converted to a dose of drug administered, and pharmacokinetic
parameters were recalculated. Ultimately, there was no significant
difference in V4 and CL between the two periods after this
adjustment (Supplementary Table S4).

The INR is used routinely to monitor the level of anticoagulation
elicited by warfarin (Al Ammari et al,, 2020). According to certain clinical
trials as well as criteria set by the Division of Microbiology and Infectious
Diseases within the American National Institute of Allergy and
Infectious Diseases, a 1.01-1.25-fold increase in the upper limit of
normal in coagulation indices is considered to denote a “mild”
difference (Kovacevic et al, 2019; Akdag et al, 2020). In our study,
the increase in PT, the INR, and fibrinogen level was <10% after a
combination of CDDP and warfarin, and all INR values were within
0.91-1.18 (a normal value for a healthy person is 0.8-1.2). Thus, CDDP
combined with warfarin had a very low impact on the INR and did not
show a bleeding risk in HV's with the EPHX1 A/A genotype. Conversely,
expression of mEH, VKOR, FII, FVII, FIX, and FX plateaued gradually
with increasing concentrations of CDDP (Figure 2I), indicating that
VKD dlotting factors (FII, FVII, FIX, FX) would not be inhibited
infinitely with increasing concentrations of CDDP. Thus, the dose
safety of CDDP was shown to be in a combination of CDDP and
warfarin. Collectively, these observations suggest that the interactions
might occur if warfarin is co-administered with CDDP in HVs with the
EPHX1 A/A genotype, but the effect on the pharmacokinetics/
pharmacodynamics of warfarin is slight with no risk of bleeding.

There are some limitations in this study. The dose and ratio of
warfarin and CDDP in cell experiment were not inconsistent with
the clinical dose. For the cell experiment, the concentration of
warfarin and CDDP were determined by the MTT assay
(Supplementary Figure S1) and the survival rate of cells was the
major concern. However, the clinical efficacy and safety were the
essential issue for the patients in clinical. In this study, the results of
cell experiment were further verified by the clinical trial, which
indicated that the cell experiment with different dose from the
clinical could also provide some guidance for the clinical research.
On the other hand, the medication time of the subjects
administrated of warfarin and CPPD was relatively short, and the
subjects were all healthy person. Thus, although there was no risk of
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TABLE 1 Pharmacokinetic parameters of Warfarin in EPHX1 A/A healthy subjects.

Ingredient PK parameter The first period The third period
Mean = SD (ng/mL) Mean £ SD (ng/mL)
Warfarin tyz (h) 64.77 + 7.072 66.42 + 16.11 0.795
AUCy 144 (ng/h/mL) 17443 + 4477 21818 + 4570 0.000%**
AUCq o, (ng/h/mL) 21984 + 5883 28081 + 8220 0.003**
Vg4 (mL) 13393 + 3036 10437 + 1239 0.016*
CL (mL/h) 144.9 + 36.87 114.3 £ 30.01 0.004**
Cinax (ng/mL) 403.4 + 148.2 535.8 + 112.4 0.001%*
Tnax (h) 1.857 + 1.435 0.7143 + 0.3934 0.094
R-Warfarin tys (h) 68.87 + 9.371 73.76 + 23.80 0.583
AUCy 144 (ng/h/mL) 11630 + 2938 14594 + 3088 0.000%**
AUCy ¢, (ng/h/mL) 15255 + 4280 19962 + 6805 0.008*
Vg4 (mL) 20505 + 4506 16283 + 2164 0.022*
CL (mL/h) 2103 + 57.13 164.8 + 51.16 0.003**
Cinax (ng/mL) 204.6 + 71.38 2739 % 58.10 0.001%**
Tnax (h) 1.857 + 1.435 0.7143 + 0.3934 0.094
S-Warfarin ty (h) 55.84 % 5.110 54.57 % 8.595 0.777
AUCy 144 (ng/h/mL) 5812 + 1632 7223 + 1727 0.001%**
AUC, o, (ng/h/mL) 6808 + 1890 8476 + 2455 0.004**
V4 (mL) 37594 + 9569 28630 + 3437 0.017*
CL (mL/h) 466.0 + 109.7 374.1 % 82.69 0.009*
Cnax (ng/mL) 199.0 + 76.90 261.9 % 54.50 0.002**
Tnax (h) 1.500 + 1.414 0.714 % 0.393 0.199
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FIGURE 6

Content of mEH, VKOR, FVII, FIX, FX, Fll, and Flla in HVs with the EPHX1 A/A genotype. (A—G) Blue dot: warfarin group (first period); red dot: CDDP +

War group (third period). ELISAs were undertaken to measure the content of mEH, VKOR, FVII, FIX, FX, FlI, and Flla in HVs with the EPHX1 A/A genotype.
*p < 0.05, **p < 0.01 and ***p < 0.001. Data are the mean + SD (n > 3).
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bleeding for the healthy person, the therapeutic management is also
needed if warfarin is combined with CDDP in patients, especially
those exposed to risks of over-anticoagulation and bleeding.

5 Conclusion

CDDP combined with warfarin might reduce expression of mEH
and VKOR, and increase protein expression of FII, FVII, FIX, and FX,
in EPHX1 A cells. In HVs with the EPHX1 A/A genotype, CDDP could
influence the pharmacokinetics/pharmacodynamics of warfarin
slightly, but the combination is safe with no risk of bleeding, but
this is still a warning signal for patients with EPHX1 A/A.
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