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Editorial on the Research Topic
Insights in obstetric and pediatric pharmacology: 2021

Recent years have provided unprecedented opportunities to advance translational
science in obstetric and pediatric pharmacology. With our Insights 2021 Research Topic
presented herein we also appreciate that there is still much to do. Previous works have
pointed out some of the challenges in our domain; many of these relate to the still
conservative nature of clinical research in obstetric and pediatric populations and sub-
populations (Blehar et al., 2013; Grimsrud et al., 2015) but also include technologies that
have yet to expand to accommodate the unique nuances that define these populations
(Wancura et al., 2019; Scientific and Technical Advisory Council, 2020) as well as the gaps
in physiologic data that needs to be first generated and then shared among the relevant
stakeholders (Moya et al., 2014; Chan et al., 2021) in our ecosystem. Fifteen fantastic
papers have been accepted in this thematic topic covering a multitude of issues but most
highlighting the knowledge gaps that remain and the continued effort required to fill these
gaps. Highlighting these submissions are papers that address advances in dried blood spot
(DBS) analytical methodologies and their utility in supporting material and fetal sampling
in pregnancy studies, physiologically-based PK (PBPK) and population-based PK (PPK)
modeling analyses to assess various pregnancy sub-population (e.g., obese pregnant
women and pregnant women receiving drug therapy), gene and cell therapy for pediatric
patients, and drug metabolism knowledge gaps in pregnant and pediatric populations.

An encouraging theme among these papers is that they not only that they address the
aforementioned knowledge gaps, but they all represent building blocks by which future
preclinical and clinical investigations in obstetric and pediatric pharmacology can
proceed. DBS assays have been around for a long time with many illustrating the
benefit in the clinical conduct in obstetric and pediatric clinical trials and still there is
a reluctance to invest in the approach prospectively to support new drug research and
development due to concerns about transitivity and cross-validation with traditional
analytical methodologies and regulatory acceptance (Amini et al., 2021; Blazquez-Gamero
etal, 2021). Likewise, PBPK has long been appreciated as a relevant approach to facilitate
the design and analysis of obstetric and pediatric pharmacology clinical trials, but few
examples have been generated to spur more widespread use and adoption (Gaohua et al.,
2012; Zhang et al, 2017) though more recent investigations suggest that their
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TABLE 1 Biggest obstacles for obstetric and pediatric pharmacology investigation.

Obstacle

Empiric dosing practices

Lack of creative, collaborative, multidisciplinary research approaches

Reliance on adult drug development experience for dosing, efficacy, and safety
expectations for these populations

Limited consideration of indications that exist only in neonates or during pregnancy

Lack of biomarkers for these populations
Lagging pharmacoepidemiologic investigations

Better data bridges to inform decision making

incorporation into clinical development plans improve both
dosing guidance and drug monograph labeling (Coppola et al.,
2021; Gill and Jones, 2022). Beyond PBPK, artificial intelligence
and machine learning approaches are now being bought to bear
in drug development more commonly and regulatory experience
is growing with more expanded applications (Liu et al., 2022).
Koch et al. remind us that there are opportunities for these newer
quantitative approaches to be applied in perinatology, providing
an excellent application in the treatment of jaundice in preterm
and term neonates.

Therapeutic proteins still represent a gap as a modality for
pediatrics and pregnant women though new promising agents in
this class provide an opportunity to fill these gaps in addition to
benefit patients.

Their development however typically requires some manner
of bridging from small molecule experience in these populations.
Meibohm paper highlights the knowledge gaps and prioritizes
efforts to reduce them for the purpose of accelerating new TP
development in these at-risk populations.

Cell
pharmacology populations continues to be an important

and gene therapy for obstetric and pediatric
therapeutic modality requiring additional study. Several critical
therapeutic areas including cancer, ischemia, and several rare
diseases (Gupta and Anderson, 2014) all represent Frontier
areas where translational research is needed for both risk
assessment and definition of the therapeutic window for agents
under investigation. Currently, there are 3 FDA-approved gene
therapies for pediatric patients, but more are in various stages of
research and development. Challenges remain including those
related to recruiting and educating patients, capital incentives
that support the R&D investment, and financial considerations
onwhether and how reimbursement of such therapies will be
provided. Hence, beyond the drug development challenges,
there are concerns about how to appropriately value and

benefit from these modalities.

Frontiers in Pharmacology

Current State

While some pediatric centers of excellence are embracing more modern dosing practices
including more quantitative approaches to individualized dosing, the default is still
empiric-driven at most in-patient settings and certainly the case for outpatients

Some positive examples exist but they are typically confined to a few therapeutic areas
(e.g., oncology)

Clinical development plans for both obstetric and pediatric populations are almost
nonexistent unless the target indication is specifically for one or both groups; otherwise
plans focus on bridging strategies heavily reliant on the adult (non-pregnant) patient
experience

Financial incentives to develop these indications largely do not exist limiting
prioritization from would-be developers

Obviously linked to other factors but despite a well-recognized deficit remains lacking
Access to data challenging; less incentives for planning and operational resources needed

Access and connectivity of data streams not in place; concerns regarding IP and the
typical bottlenecks around data sharing

These papers are both timely and clinically relevant in their
own right, but they are also likely to be foundational for future
work to come. Obstacles remain for obstetric and pediatric
pharmacology investigation. Table 1 highlights some of the
more commonly identified barriers. Most concerning about
the table is that many of the items listed have been identified
for some time prompting more serious discussion regarding how
we as a community make more substantive progress in some of
the core areas centered around education, data sharing, and
collaboration. Some progress has been made in fact so we can be
encouraged. Recent efforts to support data sharing and
collaboration in the rare disease ecosystem bodes well for
many of the topics highlighted herein (Larkindale et al., 2022)
and recent NICHD grants supporting the collaboration of
research  projects for obstetric and pediatric patient
populations encourage both multidisciplinary collaboration,
education, and data sharing (Pawlyk, 2022). Specifically, The
Obstetric and Pediatric Pharmacology and Therapeutics Branch
of NICHD has established the MPRINT Hub to aggregate,
present, and expand the available knowledge, tools, and
expertise in maternal and pediatric therapeutics to the broader
research, science,

regulatory and drug development

communities. It will serve as a national resource for
conducting and fostering therapeutics-focused research in
obstetrics, lactation, and pediatrics while enhancing the
inclusion of people with disabilities. Our hope with this
Research Topic is that there exists a diverse community of
multidisciplinary scientists dedicated to reducing gaps and

improving the landscape of obstacles that prohibit progress.

Author contributions

The author confirms being the sole contributor of this work
and has approved it for publication.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.842548/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.847021/full
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.995923

Barrett

Acknowledgments

Thanks again for the opportunity to present this position to
our readership.

Conflict of interest

Author JB was employed by the company Aridhia Digital
Research Environment.

References

Amini, F., Auma, E., Hsia, Y., Bilton, S., Hall, T., Ramkhelawon, L., et al. (2021).
Reliability of dried blood spot (DBS) cards in antibody measurement: A systematic
review. PLoS ONE 16 (3), €0248218. doi:10.1371/journal.pone.0248218

Blazquez-Gamero, D., Sdnchez, B., and Folgueira, M. D. (2021). Dried blood spot
testing for detection of congenital cytomegalovirus. JAMA Pediatr. 175 (8),
865-866. doi:10.1001/jamapediatrics.2021.0755

Blehar, M. C,, Spong, C., Grady, C., Goldkind, S. F., Sahin, L., and Clayton, J. A.
(2013). Enrolling pregnant women: Issues in clinical research. Womens Health
Issues 23 (1), 39-45. doi:10.1016/j.whi.2012.10.003

Chan, G. J., Daniel, J., Getnet, M., Kennedy, M., Olowojesiku, R., Hunegnaw, B.
M, et al. (2021). Gaps in maternal, newborn, and child health research: A scoping
review of 72 years in Ethiopia. J. Glob. Health Rep. 5, €2021033. doi:10.29392/001c.
22125

Coppola, P., Kerwash, E., and Cole, S. (2021). Physiologically based
pharmacokinetics model in pregnancy: A regulatory perspective on model
evaluation. Front. Pediatr. 9, 687978. doi:10.3389/fped.2021.687978

Gaohua, L., Abduljalil, K., Jamei, M., Johnson, T. N., and Rostami-Hodjegan, A.
(2012). A pregnancy physiologically based pharmacokinetic (p-PBPK) model for
disposition of drugs metabolized by CYP1A2, CYP2D6 and CYP3A4. Br. J. Clin.
Pharmacol. 74 (5), 873-885. doi:10.1111/j.1365-2125.2012.04363.x

Gill, K. L., and Jones, H. M. (2022). Opportunities and challenges for PBPK model
of mAbs in paediatrics and pregnancy. AAPS J. 24, 72. doi:10.1208/512248-022-
00722-0

Grimsrud, K. N, Sherwin, C. M., Constance, J. E., Tak, C., Zuppa, A. F., Spigarelli,
M. G, et al. (2015). Special population considerations and regulatory affairs for
clinical research. Clin. Res. Regul. Aff. 32 (2), 47-56. doi:10.3109/10601333.2015.
1001900

Gupta, A., and Anderson, S. (2014). Cell and gene therapy: Overview, current
landscape and  future trends. J. Precis. Med. 11. https://www.

Frontiers in Pharmacology

10.3389/fphar.2022.995923

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.

thejournalofprecisionmedicine.com/the-journal-of-  precision-medicine/cell-and-
gene-therapy-overview-current-landscape-and-future-trends/.

Larkindale, J., Betourne, A., Borens, A., Boulanger, V., Theurer Crider, V., Gavin,
P., et al. (2022). Innovations in therapy development for rare diseases through the
rare disease cures accelerator-data and analytics platform. Ther. Innov. Regul. Sci.
56, 768-776. doi:10.1007/s43441-022-00408-x

Liu, Q., Huang, R., Hsieh, J., Zhu, H., Tiwari, M., Liu, G., et al. (2022). Landscape
analysis of the application of artificial intelligence and machine learning in
regulatory submissions for drug development from 2016 to 2021. Clin.
Pharmacol. Ther. 2022, 16. Epub ahead of print. PMID: 35707940. doi:10.1002/
Cpt.2668

Moya, J., Phillips, L., Sanford, J., Wooton, M., Gregg, A., and Schuda, L. (2014). A
review of physiological and behavioral changes during pregnancy and lactation:
Potential exposure factors and data gaps. J. Expo. Sci. Environ. Epidemiol. 24 (5),
449-458. doi:10.1038/jes.2013.92

Pawlyk, A. (2022). Maternal and pediatric precision in therapeutics (MPRINT)
Hub, NIH, obstetric and pediatric pharmacology and therapeutics Branch. https://
www.nichd.nih.gov/about/org/der/branches/opptb/mprint#.

Scientific and technical advisory Council (STAC) of the special journals publisher
(SJP): Research design innovations in obstetrics, gynecology, and pediatrics. Special
J. Obstetrics, Gynecol. Pediatr. [S]-OGPAPR], 2020; 1 (1):1-21.

Wancura, M., McCracken, J. M., Steen, E., Cosgriff—Hernandez, E., Keswani, S.,
and Hakim, J. C. (2019). Emerging technologies in pediatric gynecology: New
paradigms in women’s health care. Curr. Opin. Obstet. Gynecol. 31 (5), 309-316.
doi:10.1097/GCO.0000000000000563

Zhang, Z., Imperial, M. Z., Patilea-Vrana, G. I, Wedagedera, J., Gaohua, L., and
Unadkat, J. D. (2017). Development of a novel maternal-fetal physiologically based
pharmacokinetic model I: Insights into factors that determine fetal drug exposure
through simulations and sensitivity analyses. Drug Metab. Dispos. 45, 920-938.
doi:10.1124/dmd.117.075192

frontiersin.org


https://doi.org/10.1371/journal.pone.0248218
https://doi.org/10.1001/jamapediatrics.2021.0755
https://doi.org/10.1016/j.whi.2012.10.003
https://doi.org/10.29392/001c.22125
https://doi.org/10.29392/001c.22125
https://doi.org/10.3389/fped.2021.687978
https://doi.org/10.1111/j.1365-2125.2012.04363.x
https://doi.org/10.1208/s12248-022-00722-0
https://doi.org/10.1208/s12248-022-00722-0
https://doi.org/10.3109/10601333.2015.1001900
https://doi.org/10.3109/10601333.2015.1001900
https://www.thejournalofprecisionmedicine.com/the-journal-of-%20precision-medicine/cell-and-gene-therapy-overview-current-landscape-and-future-trends/
https://www.thejournalofprecisionmedicine.com/the-journal-of-%20precision-medicine/cell-and-gene-therapy-overview-current-landscape-and-future-trends/
https://www.thejournalofprecisionmedicine.com/the-journal-of-%20precision-medicine/cell-and-gene-therapy-overview-current-landscape-and-future-trends/
https://doi.org/10.1007/s43441-022-00408-x
https://doi.org/10.1002/cpt.2668
https://doi.org/10.1002/cpt.2668
https://doi.org/10.1038/jes.2013.92
https://www.nichd.nih.gov/about/org/der/branches/opptb/mprint#
https://www.nichd.nih.gov/about/org/der/branches/opptb/mprint#
https://doi.org/10.1097/GCO.0000000000000563
https://doi.org/10.1124/dmd.117.075192
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.995923

'." frontiers

In Pharmacology

SYSTEMATIC REVIEW
published: 12 August 2021
doi: 10.3389/fphar.2021.725126

OPEN ACCESS

Edited by:
Catherine M. T. Sherwin,
Wright State University, United States

Reviewed by:

Elena Y. Enioutina,

The University of Utah, United States
Caren Lee Hughes,

Mayo Clinic Florida, United States

*Correspondence:
Ling-Sai Chang
Joycejohnsyoko@gmail.com
Yu-Kang Tu
yukangtu@ntu.edu.tw
Ho-Chang Kuo
erickuo48@yahoo.com.tw

TThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Obstetric and Pediatric Pharmacology,
a section of the journal

Frontiers in Pharmacology

Received: 14 June 2021
Accepted: 03 August 2021
Published: 12 August 2021

Citation:

Huang Y-H, Hsin Y-C, Wang L-J,
Feng W-L, Guo MM-H, Chang L-S,
Tu Y-K and Kuo H-C (2021) Treatment
of Kawasaki Disease: A Network Meta-
Analysis of Four Dosage Regimens of
Aspirin Combined With
Recommended

Intravenous Immunoglobulin.

Front. Pharmacol. 12:725126.

doi: 10.3389/fohar.2021.725126

®

Check for
updates

Treatment of Kawasaki Disease: A
Network Meta-Analysis of Four
Dosage Regimens of Aspirin
Combined With Recommended
Intravenous Immunoglobulin

Ying-Hua Huang’, Yi-Chen Hsin?, Liang-Jen Wang?®, Wei-Ling Feng’,
Mindy Ming-Huey Guo', Ling-Sai Chang'*', Yu-Kang Tu**" and Ho-Chang Kuo'*

"Department of Pediatrics and Kawasaki Disease Center, Kaohsiung Chang Gung Memorial Hospital, Chang Gung University
College of Medicine, Kaohsiung, Taiwan, 2Department of Pediatric Allergy, Immunology, and Rheumatology, Division of
Pediatrics, Chang Gung Memorial Hospital, Taoyuan, Taiwan, *Department of Child and Adolescent Psychiatry, Kaohsiung
Chang Gung Memorial Hospital and Chang Gung University College of Medicine, Kaohsiung, Taiwan, “Institute of Epidemiology
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Aspirin was once believed to reduce the mortality of Kawasaki disease (KD) due to its effect
on the thrombotic occlusion of coronary arteries. However, conflicting evidence has been
found regarding aspirin treatment and its benefit in patients with acute KD. We compared
the efficacy of different aspirin doses in acute KD. A literature search of PubMed, EMBASE,
and Cochrane databases was conducted to identify studies comparing different doses of
aspirin for acute KD. The primary outcome of interest was coronary artery lesions (CAL).
We used random-effects network meta-analysis. Six retrospective studies, including 1944
patients receiving aspirin in doses of 0, 3-5, 30-50, or 80—100 mg/kg/day, were selected.
Therisks of CAL were not significantly different for the various doses of aspirin compared to
the placebo: odds ratio (OR) was 1.10 [95% confidence interval (Cl): 0.70-1.71] for
patients with aspirin 3-5mg/kg/day; OR = 1.23 (95% Cl: 0.67-2.26) for aspirin
30-50 mg/kg/day, and OR = 1.59 (95% Cl: 0.74, 3.421) for 80-100 mg/kg/day. The
P-score ranged from 0.76 for placebo to 0.19 for aspirin 80-100 mg/kg/day. The different
doses of aspirin exhibited no significant difference with regard to the efficacy of CAL or with
the secondary outcomes of intravenous immunoglobulin resistance or hospital stays for
acute KD. Therefore, we found that treatment without any aspirin is not inferior to other
doses of aspirin and can also slightly reduce the risk of CAL.

i di or Ka

Keywords: acetylsalicylic acid, aspirin, Ka ki syndrome, mucocutaneous lymph node

syndrome, salicylate

INTRODUCTION

Pediatrician Kawasaki Tomisaku first published a report in 1967 on about 50 patients who presented
with persistent fever, rash, lymphadenopathy, edema of the limbs, conjunctival injection, redness,
and cracking of the lips, strawberry tongue, and convalescent desquamation (Kawasaki, 1967). Since
then, acute febrile infantile mucocutaneous lymph node syndrome has also been referred to as
Kawasaki disease (KD) because this distinct clinical entity had never been clearly defined before
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(Tanaka, 1975). The correlation between KD and coronary
vasculitis was later established, with KD being classified as a
type of medium vasculitis in a symposium held on systemic
vasculitis held at Chapel Hill, North Carolina in 1994 (Burns,
2018). Histopathological investigation of the vascular findings in
autopsies of KD patients with sudden cardiac death also
demonstrated coronary arteritis (Roberts and Fetterman, 1963;
Kushner and Abramowsky, 2010).

The treatment guidelines published by the American Heart
Association in 2017 recommend that the standard treatment for
acute-phase KD was high-dose intravenous immunoglobulin
(IVIG) (level of evidence A) plus acetylsalicylic acid (aspirin)
(level of evidence C) (McCrindle et al., 2017). However, the
reason for recommending aspirin use is actually because the
experimental group and the control group often use the same
dose of aspirin in clinical trials, which has prevented clinicians
from truly clarifying the aspirin that KD patients genuinely need.
Appropriate treatment can reduce coronary artery aneurysm
incidence on the 30th day. A single dose of IVIG >1 g/kg is
more effective than multiple doses of IVIG for preventing 30 days
of coronary artery aneurysm (Durongpisitkul et al., 1995). IVIG
>1 g/kg plus < 80 mg/kg/day aspirin is as effective as IVIG
>1g/kg plus aspirin >80 mg/kg/day in preventing coronary
artery aneurysm (Durongpisitkul et al, 1995). The effect of
preventing coronary artery aneurysm is proportional to the
total dose of IVIG, which means that the total dose of 2 g/kg
of IVIG is best (Terai and Shulman, 1997). Under the same IVIG
dose, no statistical difference has been found in the effectiveness
of aspirin at 30-50 mg/kg/day and aspirin at 80-120 mg/kg/day
in preventing coronary artery abnormalities (Terai and Shulman,
1997). Due to the continued recommendation of aspirin, analysis
in the relevant literature regarding aspirin not being used in the
acute phase of KD is lacking.

In contrast, despite a lack of evidence provided by randomized
control trials (RCT), traditional high-dose aspirin was considered
to have no significant therapeutic effect in a 10-years
retrospective study of 260 KD children (Platt et al, 2020).
However, understanding the preventive effect of low-dose
aspirin on coronary artery lesions (CAL) is still necessary
(Chiang et al,, 2020). Kuo et al. are currently conducting a
comparative study on the effectiveness of IVIG alone and
high-dose aspirin (80-100 mg/kg/day) as treatment in the
acute phase of KD. The study has been designed as a multi-
center, prospective, randomized controlled double-blind trial
with two parallel groups to determine whether IVIG alone as
the main treatment for acute KD is as effective as the combined
treatment with high-dose aspirin. The endpoint of said trial is the
formation of CAL observed at 6-8 weeks (Kuo et al., 2018).

According to previous studies by Kuo et al., using high-dose
aspirin (80-100 mg/kg/day) in the acute phase of KD has
demonstrated no significant benefit, and the incidence of CAL
and the number of days of hospitalization between high and low-
dose aspirin also showed no significant difference. However,
high-dose aspirin has affected the recovery of hemoglobin.
The results of this study revealed the controversy over high-
dose aspirin use in the acute phase of KD (Kuo et al., 2015). In a
retrospective study with a large sample size, the use of aspirin was

Treatment of KD With Aspirin

most prone to side effects related to the digestive system (5.3%
among 910 KD patients) (Huang et al., 2018). Bleeding in the
upper and lower gastrointestinal tract and abnormal liver
function have been reported, and symptoms of abdominal
discomfort may also appear in patients treated with aspirin
(Matsubara et al., 1996; Zheng et al., 2019; Mammadov et al.,
2020). Asthma caused by aspirin was also a suspected reason for
the increase in the risk of asthma following KD (Kawane et al.,
1996; Van Bever et al., 2004; Huang et al., 2020).

In the plan of a RCT, due to sample size considerations,
designing multiple arms with four commonly used doses
(placebo, 3-5, 30-50, 80-100 mg/kg/day) was impractical and
not feasible. Furthermore, several meta-analysis comparisons
consisted primarily of low- and high-dose comparisons (Zheng
etal, 2019; Chiang et al., 2020; Jia et al., 2020). We still do not know
whether aspirin is necessary for treating KD in the acute phase or
the best dose of treatment, so the diagnosis and treatment
guidelines are currently incapable of providing appropriate
recommendations based on evidence (McCrindle et al,, 2017).
Therefore, it is necessary to use network meta-analysis to
compare the effects of various commonly used treatment doses
of aspirin administered in conjunction with 2 g/kg IVIG.

MATERIALS AND METHODS

This network meta-analysis was reported in accordance with the
general principles of the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) extension to network meta-
analysis ~ (Hutton et al, 2015. We adopted a
population—intervention—-comparison-outcome framework for study
inclusion in order to describe the treatment of acute Kawasaki disease,
the impact of aspirin by dose plus 2 g/kg IVIG in the therapeutic
outcomes of CAL, IVIG resistance, and hospital stays.

Search Strategy

For our comprehensive search, we systematically scanned the
following databases from inception to April 30, 2021: Cochrane
Database of Systematic Reviews (n = 3), Embase (n = 3,573), and
Pubmed (n = 973). Our search strategy was developed in Pubmed
with input from the review team. The Medical Subject Headings
(MeSH) used in the search strategy included [Mucocutaneous
Lymph Node Syndrome (MeSH Terms) OR Kawasaki disease OR
Kawasaki syndrome] AND [aspirin (MeSH Terms) OR
acetylsalicylic acid OR salicylate]. Searches were not limited by
language or study design. The Pubmed strategy was also applied
to all the other resources searched. Search results were imported
into EndNote X9 (Clarivate Analytics, Philadelphia, PA,
United States) and de-duplicated.

We carried out a search for studies of different aspirin doses
and updated searches as necessary. In view of limitations on time
and resources, we decided to identify studies by specifically
searching relevant systematic reviews and meta-analyses.

Studies were initially assessed for relevance using titles and
abstracts. When possible, we obtained full manuscripts of any
titles/abstracts that appeared to be relevant, and two reviewers
independently assessed the relevance of each study.
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FIGURE 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of the study search and selection process. IVIG,
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Excluded by title and abstract (n=3819)

Articles excluded
any doses of aspirin or IVIG not
indicated (n=15)

Articles excluded
1: Low-dose aspirin group contains
patients using high dose aspirin.

Relevant studies were evaluated for quality, and key outcome
data were extracted. The outcome measures to be considered
included the incidence of CAL as the primary outcome, with
IVIG resistance and hospital stays as secondary outcomes. The
incidence of CAL was assessed through echocardiograph. All
coronary artery abnormalities, including either small aneurysm
or dilatation, were considered CAL. If the same study had two
CAL definition methods, we recorded the stricter and more
consolidated one. Using a standardized data form in Microsoft
Excel, two reviewers (LSC and YHH) independently extracted
and tabulated data for study quality, intervention characteristics,
participants, and outcomes from the final list of selected eligible
studies. If any discrepancies were observed between the studies
selected by the same investigators, a third investigator (YCH) was
involved through consensus.

Selection Criteria and Data Analysis

When sufficient data were available for quantitative assessment,
we applied a network meta-analysis (NMA). The population of
interest focused on human studies in which all subjects were
diagnosed with KD. For all doses of aspirin in the acute phase of
KD, we performed a NMA for relevant comparators among
aspirin 0, 3-5, 30-50, and 80-100 mg/kg/day. Evidence on
combined treatments (e.g., 2 g/kg IVIG plus indicated aspirin
doses) was considered for inclusion. The acute phase of KD was
defined as the period that started at the febrile phase after KD was
diagnosed and ended with defervescence according to the
American Heart Association (McCrindle et al., 2017). We did
not consider other studies using any doses of aspirin or IVIG that
were not indicated as part of the NMA.

We conducted random effects NMA by using R software’s
“netmeta” package. The estimates of effectiveness relative to the
reference treatment were summarized using odds ratio with
accompanying 95% confidence intervals (CI) for CAL and
IVIG resistance. The estimates of effectiveness were measured
using mean differences with accompanying 95% CI for our NMA

on days of hospital stays. The treatments were ranked using P-
score. Where possible, consistency between direct and indirect
estimates of treatment effect in the NMA was assessed using the
design-by-treatment interaction model and node-splitting model
(Yu-Kang, 2016). The quality of the nonunionized studies
included in the meta-analyses was determined using the
Newcastle-Ottawa Scale (NOS) (Baumer et al, 2006). Using
said scale, studies that scored at least five
considered to have moderate to high methodological quality.
Quality assessment was undertaken by one investigator and then
independently checked by a second investigator.

I* values can range from 0 to 100%; a value greater than 75%
represents high heterogeneity, while one less than 25% suggests
low heterogeneity (Jia et al., 2020).

stars were

RESULTS

The electronic database searches and manual search of reference
lists from published reviews for clinical effectiveness evidence on
different aspirin doses (i.e., 0, 3-5, 30-50, 80-100 mg/kg/day)
yielded a total of 3,841 abstracts published between 1978 and
2021 after de-duplication between databases (Figure 1). We had
obtained full papers and checked reference lists from records that
were potentially relevant systematic reviews or meta-analyses
(Durongpisitkul et al., 1995; Terai and Shulman, 1997; Baumer
et al., 2006; Ho and Curtis, 2017; Zheng et al., 2019; Chiang et al.,
20205 Jia et al., 2020). A total of 3,819 studies were ruled out after
screening the titles and abstracts.

Of these, 22 studies underwent a further full-text review for
eligibility, and six retrospective comparative studies ultimately
met our inclusion criteria. The study by Dallaire was eliminated
from the analysis since it included 24/365 subjects with aspirin
dose >10 mg/kg/day in the low-dose aspirin group after excluding
patients without IVIG (Dallaire et al., 2017). A small number of
patients also received steroid or infliximab treatment. Ito et al.
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FIGURE 2 | node size corresponding to the number of included studies and
the line width representing the number of included studies comparing the
interventions. The number of direct comparisons was expressed as a number
in the middle of a line between nodes. (A) aspirin O mg/kg/day; (B),

3-5 mg/kg/day; (C), 30-50 mg/kg/day; (D), 80-100 mg/kg/day; d, day.

compared aspirin 30 mg/kg/day along with 2g/kg IVIG to
50 mg/kg/day combined the same IVIG dose (Ito et al., 2020).
Kim et al. compared two groups between KD patients with aspirin
3-5 and >30 mg/kg/day (Kim et al, 2017). All subjects were
prescribed 2 g/kg IVIG. Kuo et al. defined high-dose aspirin
>30 mg/kg/day and compared it with no aspirin use (Kuo
et al., 2015). The patients were treated with a single dose of
IVIG (2 g/kg). Another dual-center retrospective study by Kuo
et al. compared the therapeutic effects of high-dose aspirin
>50 mg/kg/day and low-dose 3-5 mg/kg/day (Kuo et al., 2012).
All patients in both groups were treated with the standard care of
IVIG. In the study by Platt et al., 10 mg/kg/day was regarded as
the cut-off value for high and low doses of aspirin (Platt et al,,
2020). Most patients received the Privigen brand of IVIG. Studies
by Akagi, Koren, Saulsbury, Wang, and others all had KD patients
treated with IVIG at doses other than 2 g/kg (Koren et al., 1985a;
Akagi et al., 1990; Akagi et al., 1991; Saulsbury, 2002; Wang et al.,
2020). Akagi et al. investigated the therapeutic efficacy of 100 vs.
30 mg/kg/day aspirin (Akagi et al., 1990). Koren et al. compared
whether KD patients with and without aspirin 80-180 mg/kg/day
developed coronary artery aneurysms (Koren et al., 1985a). In the
study by Saulsbury et al., patients receiving IVIG were divided
into 400 mg/kg for four consecutive days or a single infusion of
2g/kg, and aspirin treatment was divided into 80-100 or
3-5mg/kg/day (Saulsbury, 2002). The retrospective study of
Wang et al. divided aspirin into the following three groups:
20-29, 30-39, and 40-50 mg/kg/day (Wang et al, 2020).
Migally et al. did not clearly define what dose patients without
high-dose aspirin received, while patients who did not receive
IVIG were also included in the study (Migally et al., 2018). Studies
performed before the beginning or suggestion of IVIG treatment
were excluded (Yokoyama et al., 1980; Koren et al., 1985b; Ichida
et al., 1987). This study did not exclude any papers from its
analysis for the reason that the full-text data was not available.

In total, the included studies consisted of 1944 participants
that we divided into four unique doses (Figure 2). The list of the
final subset is summarized in Table 1. The studies were
conducted primarily in Asia, with the following breakdown:
Korea (n = 2), Japan (n = 1), China (n = 1), Iran (n = 1), and
Canada (n = 1) (Lee et al,, 2013; Rahbarimanesh et al., 2014;
Amarilyo et al., 2017; Dhanrajani et al., 2018; Huang et al., 2018;
Kwon et al., 2020). Two of the studies investigated three different
doses, whereas the other studies investigated only two
different doses.

Coronary Artery Lesions

All doses of aspirin had a similar effect on CAL outcome. We did
not detect significant inconsistencies in the evidence networks for
any of the secondary outcomes. Applying a random-effects
model, the results for all the individual treatment comparisons
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TABLE 1 | Study characteristics and information of the six included studies.

References first author year published Country Study
and characteristic
number
of centers
Kwon et al., 2020 (Kwon et al., 2020) Korea One retrospective cohort
Huang et al., 2018 (Huang et al., 2018) China One retrospective cohort
Dhanrajani et al., 2018 (Dhanrajani et al., Canada retrospective chart
2018) Two review
Amarilyo et al., 2017 (Amarilyo et al., 2017) Israel retrospective, cohort
study
Six
Rahbarimanesh et al., 2014 (Rahbarimanesh  Iran One Not reported
et al., 2014)
Lee et al., 2013 (Lee et al., 2013) Korea One  Not reported

Treatment of KD With Aspirin

Endpoints Total Aspirin Age Male NOS
number mg/kg/day (months) (%)
of
patients
CAL 323 0 39.6 55.6 7
IVIG R 30-50 34.2 59.3
Hospital 80-100 32.8 68
stays
CAL 910 0 22.8 67 8
3-5 23.7 63
30-50 25.8 69
CAL 242 3-5 33 59 7
VIG R
Hospital 80-100 36 58.3
stays
CAL 220 3-5 34.8 65.1 6
VIG R
Hospital 80-100 28.8 63.5
stays
CAL 69 3-5 — - 4
VIG R 80-100
Hospital
stays
CAL 180 0 30.7 58.82 6
VIG R 80-100 30.2 55.81

CAL, coronary artery lesions; IVIG R, resistance to intravenous immunoglobulin; NOS, Newcastle-Ottawa Scale.

(both direct and indirect), are shown in Figure 3. No significant
difference was noted between 30-50 mg/kg/day (compared to
placebo, OR 1.23, 95% CIL 0.67-2.26) and between
80-100 mg/kg/day and placebo (OR 1.59, 95% CI
0.74-3.42). An T* statistic of 0% indicated that heterogeneity
was low for the included studies. No inconsistency was observed
between direct and indirect comparisons in the loop-specific
analysis of CAL (p = 0.8072). Furthermore, one of the
retrospective comparative studies was rated as four stars and
was considered to be of low quality, while the other five reports
were awarded Z six stars and qualified as having high quality.

IVIG Resistance

IVIG-resistant KD patients are defined as patients that need to be
treated again. Possible options are a second dose of IVIG,
infliximab, or intravenous pulse methylprednisolone (Chan
et al., 2019). Re-treatment prolongs the length of hospital stay
and costs and is also a risk factor for CAL (Chang et al., 2020).
The evidence basis of our NMA consisted of five studies involving
1,179 children (Figure 2). Compared to placebo, any aspirin
given to KD patients, such as 3-5, 30-50, and 80-100 mg/kg/day,
showed a decreasing trend in the prevalence of IVIG resistance,
but its CI overlapped with the null effect of one. Regarding IVIG
resistance, no meaningful risk difference was identified among
these four groups. Aspirin 3-5, 30-50, and 80-100 mg/kg/day
were found to be comparable to placebo (Figure 3). We
conducted pairwise meta-analysis for the different aspirin
regimens based on dosing (Supplementary Table S1). Among
the interventions, aspirin 30-50 mg/kg/day ranked highest for the
prevention of IVIG resistance, followed by 80-100, 3-5 mg/kg/

day, and the placebo. An I” statistic of 75.5% indicated substantial
heterogeneity in this model. Visual inspection for publication
bias, which was detected using funnel plots, demonstrated
asymmetry in Figure 4.

Length of Hospitalization

Four studies with a total of 999 participants reported the
duration of hospital stay (Figure 2). The mean duration of
hospital stays ranged from 7.3 days in the aspirin 80-100
group compared to the 3-5 mg/kg/day group in the study by
Amarilyo et al. to 4.1 days in the 3-5mg/kg/day group
compared to aspirin 80-100 in the study by Dhanrajani
et al. (Supplementary Table S2). KD patients using
aspirin 3-5 mg/kg/day showed the shortest hospital stays.
Compared to placebo, the combination of aspirin 3-5 mg/kg/
day and IVIG showed a mean difference (MD) of —0.22 days
(95% CI: —3.62, 3.18) for hospital stays. Upon analyzing the
individual studies, the MD in length of hospitalization was
not statistically significant for any of the direct comparisons;
by evaluating the MD values for each comparison, all
confidence intervals crossed the zero value (Figure 3 and
Supplementary Table S3). Evaluating the P-score, the values
ranged from 0.6853 for aspirin 30-50 mg/kg/day to 0.2840 for
aspirin 3-5mg/kg/day (Supplementary Table S4). After
applying a random-effects model, the results for all the
individual treatment comparisons (both direct and
indirect), are shown in Figure 3, Supplementary Table S3,
and Supplementary Figure S1. Visual inspection of the
symmetrical funnel plot of hospital stays indicated no
publication bias (Figure 4).
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In comparing moderate doses (30-50 mg/kg/day) and high
doses (80-100), the length of hospital stay at a moderate dose
was slightly higher by MD 030 (-2.22-2.82) (Supplementary
Table S3). However, the risk of CAL (OR, 0.77; 95% CI
0.33-1.80) and the chance of needing to be treated again due to
IVIG resistance (Supplementary Table S1) were both slightly lower

in KD patients who received moderate-dose aspirin treatment. The
comparison of 0 and 3-5 mg/kg/day (low dose) and 30-50 and
80-100 mg/kg/day (high dose) of aspirin found that the risks of
CAL and IVIG resistance did not differ significantly.

In summary, from P-scores and forest plots, 3-5 mg/kg/day
aspirin can numerically reduce the length of hospital stays.
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However, the data did not reach statistical differences. The mean
difference of the length of hospital stay was small, i.e., less than 1 day.

DISCUSSION

To the best of our knowledge, this study is the first to identify
effects of different aspirin doses with regard to CAL, IVIG

resistance, and hospital stays in KD using NMA. Although
aspirin has been widely used in the treatment of KD, no
optimal dose has yet been confirmed. Studies have found that
KD children with aspirin 80-100 mg/kg/day had a lower risk of
developing refractory KD and tend to have shorter fever duration
(Lee et al.,, 2013; Dhanrajani et al., 2018). Ito and his colleague
investigated KD outcomes for aspirin 30 and 50 mg/kg/day,
respectively. The risk of refractory KD in the 30 mg/kg/day
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aspirin group was significantly higher than the 50 mg/kg/day
aspirin (odds ratio 1.379, p = 0.021). Even when the difference in
aspirin is only 20 mg/kg/day, different therapeutic effects may be
obtained. Because many studies have not strictly defined the dose
of aspirin, a robust comparison of these different doses remains
incomplete.

In previous studies, results showing aspirin efficacy for KD
have varied. The use of moderate-dose aspirin has been
recommended because no aspirin may be associated with a
higher chance of receiving a second treatment, and
80-100 mg/kg/day aspirin may have life-threatening side
effects (One patient complicated with Reye’s syndrome died)
(Kwon et al., 2020). Moderate or high-dose aspirin was unable to
reduce the CAL risk in KD children compared to 3-5 mg/kg/day

aspirin in the retrospective Korean nationwide survey (Kim et al.,
2017). In accordance with our analysis, it has been suggested that
aspirin <10 mg/kg/day combined with IVIG may be as effective as
aspirin >10 or >30 mg/kg/day plus IVIG (Jia et al., 2020; Platt
et al,, 2020). In addition, prescribing low-dose 3-5 mg/kg/day or
no aspirin for the initial treatment of KD may be associated with a
decreased incidence of CAL compared to aspirin >30 mg/kg/day
(Zheng et al., 2019; Chiang et al., 2020; Jia et al., 2020).

The mechanism of action of low-dose aspirin is anti-platelet
aggregation, which employs the irreversible inhibition of platelet
cyclooxygenase to prevent arachidonic acid from converting into
thromboxane A2, thus reducing platelet aggregation and release
response. Regarding KD treatment, high-dose aspirin was
administered from 80 to 100 mg/kg/day in the US to
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30-50 mg/kg/day in Japan and then changed to low-dose aspirin,
3-5 mg/kg/day, 48 h after defervescence for 6-8 weeks (Chang
et al., 2017). The mechanisms of action of high-dose aspirin
greater than 30 mg/kg/day are anti-inflammatory, analgesic, and
antipyretic (Kato et al., 1979). Aspirin inhibits cyclooxygenase in a
similar manner as other NSAIDs, while high-dose aspirin in
particular inhibits the cyclooxygenase vinylation of the arterial
wall and interferes with the production of powerful vasodilators
and platelet aggregation inhibitor prostacyclin. Prostaglandin and
thromboxane B2 (TxB2) were significantly decreased after
treatment with an aspirin dose of 30 mg/kg/day (Sasai, 1988;
Tanoshima et al, 2019). The TxB2/6-keto- prostaglandin F1
(PGF1) ratio was decreased with the aspirin dose of 2-5 mg/kg
(p < 0.05) (Tanoshima et al.,, 2019). Akagi et al. found that high-
dose aspirin therapy (100 mg/kg/day) may be disadvantageous as
anti-thrombotic treatment because the surveyed plasma TxB2
production, which was completely blocked in patients with
aspirin doses of 30 or 100 mg/kg/day, and plasma 6-keto-PGF1
alpha levels in patients with 100 mg/kg/day on day 14 were lower
than those in patients with an aspirin does of 30 mg/kg/day (Akagi
et al, 1990). An investigation of eicosanoid metabolism identified
significantly lower TxB2 in KD patients with aspirin doses of 30
or 60 mg/kg/kg compared with no aspirin (Fulton et al., 1988).
Salicylate bioavailability correlated to serum concentrations
was impaired during the acute phase and then significantly
increased during the subacute phase. Remarkably lower serum
albumin concentrations resulted in decreased protein binding
in the acute phase and more free salicylates (Koren et al., 1988;
Koren et al, 1991). Aspirin doses lower than 80 mg/kg/day
could not reach the therapeutic concentration; meanwhile,
more than a quarter of patients with aspirin >120 mg/kg/day
exceeded toxic concentration (Koren and MacLeod, 1984).
Another route of aspirin dose above 100 mg/kg/day with
administration posed a beneficial anti-
inflammatory effect (Umezawa et al, 1992). However,
aspirin may cause stomach bleeding, especially when
combined with alcoholic beverages. Combined with
chickenpox or influenza, aspirin can cause Reye’s syndrome,
which has a mortality rate of up to 30% (Matsumoto et al,
2020). Furthermore, in patients with favism, aspirin may cause
hemolytic anemia (Chen et al., 2014).

This NMA had several limitations. First, due to the different
definitions of fever reduction (calculated from the beginning of
IVIG treatment or the end of treatment), the comparison of the
NMA was not possible (Lee et al., 2013; Rahbarimanesh et al.,
2014; Kwon et al,, 2020). Second, due to the retrospective study
design, estimating the adverse effects of aspirin was difficult, so
this NMA could not compare the adverse effects of different doses
of aspirin. Furthermore, pharmacogenomic differences among
patients of different races could have been a confounding variable
(Mallah et al., 2020).

intravenous
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Purpose: WWomen who take lithium during pregnancy and continue after delivery may
choose to breastfeed, formula feed, or mix these options. The aim of the study was to
evaluate the neonatal lithium serum concentrations based on these three feeding
trajectories.

Methods: We followed 24 women with bipolar disorder treated with lithium monotherapy
during late pregnancy and postpartum (8 per trajectory). Lithium serum concentrations
were determined by an AVL 9180 electrolyte analyser with a 0.10 mEg/L detection limit
and a 0.20 mEg/L limit of quantification (LoQ).

Results: There was complete lithium placental passage at delivery, with a mean ratio of
lithium concentration in the umbilical cord to maternal serum of 1.12 + 0.17. The median
times to LoQ were 6-8, 7-8, and 53-60days for formula, mixed, and exclusive
breastfeeding respectively. The generalized log-rank testing indicated that the median
times to LoQ differ according to feeding trajectory (p = 0.037). According to the multivariate
analysis-adjusted lithium serum concentrations at birth, times to LoQ are, on average,
longer under exclusive breastfeeding (formula, p = 0.015; mixed, p = 0.012). No lithium
accumulation was observed in infants under either exclusive or mixed breastfeeding.
During the lactation follow-up, there was no acute growth or developmental delays in any
neonate or infant. Indeed, lithium concentrations in the three trajectories declined in all
cases. However, the time needed to reach the LoQ was much longer for those
breastfeeding exclusively.

Conclusions: In breastfeed infant no sustained accumulation of lithium and no adverse
effects on development or growth were observed.

Keywords: bipolar disorder, lithium, breastfeeding, exclusive maternal breastfeeding, mixed breastfeeding, formula
feeding, pharmacokinetics, mother-infant dyad
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INTRODUCTION

Breastfeeding is an important public health issue because it
promotes health, prevents disease, and contributes to reducing
health inequalities in mothers and nursing infants (US Surgeon,
2011). Human milk is tailored to meet the nutritional needs of
human newborns and infants, including those who are premature
and sick; it provides an optimal balance of nutrients in an easily
digestible and bioavailable form (James et al., 2009). Ideally,
breastfeeding should be used for the first 6 months of life
where possible, followed by a combination of breast milk with
appropriate complementary foods until at least 1-2 years (WHO/
UNICEF, 2003; AAP, 2012). For this purpose, exclusive
breastfeeding is defined as the baby receiving breast milk, with
the possible inclusion of vitamins or minerals through drops and
syrups (Labbock et al, 2012). Exclusive breastfeeding is the
reference model against which all alternative feeding methods
should be measured regarding growth, health, development, and
other short- and long-term outcomes. However, a common
reason for not starting or for interrupting breastfeeding is
medication transfer and risk of infant toxicity. Evidence-based
perinatal psychopharmacology is driven by the need to balance
the disease-related risks (i.e., the natural course of the bipolar
disorder) and any risks to the mother, fetus or infant related to the
exposure to medication.

Lithium is an effective first-line treatment for bipolar disorder
(Yatham et al., 2018). Women who discontinue treatment during
the perinatal period are at high risk of relapse (Vigera et al., 2007).
Continued lithium prophylaxis during pregnancy may not only
maintain mood stability during pregnancy but also prevent
postpartum relapse (Poels al, 2018). Lithium is a
monovalent cation that is absorbed rapidly after oral intake,
and it is not metabolized or bound to proteins, being
eliminated almost exclusively via the kidneys (Granjean and
Aubry, 2009). Anatomic and physiological changes during
pregnancy may progressively alter the pharmacokinetics of
lithium over the course of the three trimesters (Feghali et al.,
2015; Westin et al., 2017; Allegaert, 2020; ). In the third trimester,
lithium clearance has been found to rise by 30-50%, which may
require an adjustment of the dose guided by therapeutical drug
monitoring (Granjean and Aubry, 2009; Wesseloo et al., 2017).
Lithium has complete placental passage, with an ion equilibration
across placental barrier that is remarkably uniform across a wide
range of maternal concentrations (0.2-2.6 mEq/L) (Newport
et al., 2005). Due to the very low molecular weight and lack of
protein binding, lithium is readily transferred to breastmilk (Hale
and Rowe, 2017). Lithium excreted in human breast milk is highly
variable, being approximately 50% (range 0.17-1.07%) of the
mother serum concentration (Imaz et al., 2019; Newmark et al.,
2019). The amount of lithium that receives the infant depends on
several factors, such as the volume of milk transfer to the infant,
the concentration of the lithium in the milk, and the infant’s
ability to absorb (Lawrence, 1994). On the other hand, lithium is
excreted almost entirely by the kidneys and is freely filtered by the
glomeruli. Fractional excretion of lithium is 20%, and 60% of the
filtered lithium is reabsorbed in the proximal tubule and 20% in
the loop of Henle and the collecting duct (Zhuo and Li, 2013). The
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tubular secretion is immature at birth and approaches adult
values by 7-12 months of age (Zhang et al., 2019). However,
the glomerular filtration rate matures more rapidly than tubular
secretion, resulting in a glomerutubular imbalance in neonates.

Lithium use while breastfeeding is a controversial topic, due to
the potential risk to the neonate of lithium accumulation and
secondary toxicity, especially among those who are preterm and
sick (Malhi et al., 2017; Galbally et al., 2018). Two systematic
reviews of clinical studies into lithium use during breastfeeding
found limited evidence about whether one should initiate,
maintain, or discontinue lithium during breastfeeding (Imaz
et al.,, 2019; Newmark et al., 2019).

At present, a woman who takes lithium during pregnancy and
continues after delivery may choose either breastfeeding or
formula feed, or may combine these options. Given the paucity
of clinical data on side effects in the infant, pharmacokinetic data
may help to assess the safety of breast milk. Infant exposure to
lithium is most accurately determined by measuring the drug
concentration in an infant’s serum (FDA, 2005).

In this study, we hypothesized that lithium would not be
accumulated in infants under either exclusive or partial
breastfeeding. Our aim was to evaluate neonatal lithium
concentrations in different feeding trajectories to help
clinicians and patients make informed decisions about lithium
use and breastfeeding during lactation.

METHODS

Subjects and Assessments

We included data from 24 women with bipolar disorder who
received lithium monotherapy and were clinically stable in late
pregnancy in our university hospital between 2006 and 2018.
Among these, eight women each were included into three
groups, as defined by the World Health Organization (WHO,
2008): exclusive breastfeeding, mixed breastfeeding (i.e., 50-80%
breastfeeding) or formula feeding. The participants were required
to meet the DSM-IV-R or DSM-V criteria for bipolar I, bipolar II,
or bipolar NOS. We also ensured that they were not taking
concomitant medication that could interact with lithium (e.g,
ibuprofen). The study was approved by the Ethics Committee for
Drugs Research of the Institution (CEIm: HCD/2020/1305).

At a prenatal visit (33-35 gestational weeks), consistent with
current best practice, all women were informed of the risks
and benefits of lithium use during lactation. The patient and
psychiatrist then collaborated to write a birth and breastfeeding
plan that included clinical management, lithium monitoring in
the mother and infant, and strategies to minimise postpartum
sleep disruption (i.e., partner/parent support overnight for infant
care) (Doan et al,, 2014). All women were taking lithium twice a
day to maintain constant serum lithium concentrations (Malhi
and Tanious, 2011). Women were advised to suspend lithium
administration at the onset of labour in the event of spontaneous
deliveries, or 12h before a scheduled caesarean section or
induction. Lithium was then restarted at the same dose 6h
after vaginal delivery and 12 h after caesarean section. During
subsequent follow-up visits, a senior psychiatrist evaluated the
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psychopathological state of the mothers, and adjusted the dose of
lithium if necessary.

The neonate underwent standard follow-up. At 12-24 h of life,
a neonatologist performed a systematic physical examination; at
48 h, a paediatric nurse performed a screening assessment; and,
after hospital discharge, infants were evaluated regularly by a
paediatrician (e.g., for weight, length, cranial circumference,
neurodevelopment, and vaccination schedule) according to the
standard clinical protocol of the Public Health Agency of
Catalonia (ASPCAT, 2019).

Blood Sample Collection

At delivery, we collected 10 ml paired samples of cord blood and
maternal venous blood. During lactation, two paediatric
nurse phlebotomists simultaneously collected venous blood
from mothers (5 ml) and infants (2 ml), at 10-11 am, before
the mother took her first daily dose of lithium. To study the
behaviour of serum lithium concentrations during the lactation
period we tried to collect samples on days 2,7 + 2,15+ 2,30 £ 5,
and 60 + 5 postpartum; however, this was not always possible due
to the technical difficulty involved and the postpartum schedules,
and so the time intervals were irregular. There were no adverse
incidents in the mothers or neonates/infants during blood
extraction. We stopped neonatal/infant blood analysis at the
request of the mother, and if serum lithium concentrations
were below the limit of quantification (LoQ) of 0.20 mEq/L on
two consecutive occasions. The sample at 48 h postpartum was
obtained during the newborn screening assessment.

Serum Lithium Analysis

For lithium analysis, we collected maternal, cord, and neonatal/
infant venous blood samples in BD Vacutainer® no-additive Z plus
tubes (BD Diagnostics, Preanalytical Systems, Franklin Lakes,
NJ07417). After allowing the blood to clot in an upright position
for at least 30 min, serum was separated by centrifugation at
approximately 3,000 rpm for 10 min and analysed as soon as
possible. If storage was required, the serum samples were capped
and refrigerated at 4°C-8°C until analysis. Lithium concentrations
were determined by an AVL 9180 electrolyte analyser based on the
ion-selective electrode measurement principle (Roche Diagnostics
9,115 Hague Road Indianapolis, IN46256). Two-point calibration
was performed every 4h with a measurement range between 0.1
and 6 mEq/L. The limit of detection was 0.10 mEq/L and the LoQ
was 0.20 mEq/L. Expressed as a percentage (coefficient of variation),
the within-day precision was 0.97-4.1% and the between-day
precision was 1.3-6.4%.

Lithium Concentration Analysis

The ratio of lithium concentration in the umbilical cord to that in
the maternal serum was calculated for each maternal-infant pair
as the lithium placental passage index. The infant serum lithium
concentration was monitored from birth until the time when the
serum lithium concentration reached the LoQ or below. Since
lithium could be taken at arbitrary times, the time of interest was
interval-censored between the last day that the lithium level was
above the LoQ and the first day that it was equal to or below
the LoQ.

Neonatal Feeding Trajectories and Lithium

Statistical Analysis
All data were analysed using SPSS for Windows (Version 25; IBM

Corp., Armonk, NY, United States) and the statistical software
package R (V4.0.2; The R Foundation for Statistical Computing,
Vienna, Austria). A descriptive analysis was performed to
characterize the sample and the placental passage of lithium,
using either absolute and relative frequencies or means, standard
deviations, and ranges as appropriate.

For the analysis of the interval-censored data, we used the
Turnbull estimator to estimate the probability that the LoQ was
reached as a function of time (Turnbull, 1976). The generalized
log-rank test for interval-censored data based on a vector
distribution was used to test whether the median times until
the LoQ differ among feeding trajectories (Fay and Shaw, 2010;
Oller and Langohr, 2017).

To adjust the comparison of the feeding trajectories for the
lithium concentrations at birth, the Weilbull regression model was
applied. This parametric model models the logarithm of the times
of interest assuming that these times follow a Weibull distribution
(Gomez et al, 2009). Following, post-hoc comparisons were
carried out to compare the feeding trajectories in the frame of
this model and the corresponding confidence intervals and
p-values were adjusted for multiple comparisons.

RESULTS

Characteristics of the Samples

Most participants were Caucasian (96%; n = 23), the mean (+SD)
age was 33 + 3.8 years, around half (54%; n = 13) had university
level education, and all were married or had a partner.
Obstetrically, 19 (80%) of the mothers were primiparous and
9 (37.5%) had deliveries by caesarean section. The three study
groups (exclusive breastfeeding, mixed breastfeeding, and
formula  feeding) were  similar with  respect to
sociodemographic and obstetric characteristics.

Two women relapsed postpartum. One woman in the
exclusive breastfeeding group needed a brief hospitalization at
day 45 postpartum for a manic episode with psychotic features
despite having a therapeutic lithium concentration (0.91 mEq/L).
Another woman in the mixed breastfeeding group had a manic
relapse at 36 days, but with subtherapeutic serum levels
(0.21 mEq/L), and her levels improved with outpatient
therapy. Breastfeeding was stopped in both patients.

All neonates were full-term newborns (37.4-41.2 weeks) and
had an adequate weight for gestional age, mean + SD (range)
3,478 + 455¢g (2,500-4,400 g). Table 1 shows the gender and
lithium concentrations at delivery for the 24 full-term neonates
by their feeding trajectory. As shown, the three study groups were
similar with respect to gender and the umbilical cord and
maternal lithium concentrations. There was complete lithium
placental passage at delivery: the mean ratio of lithium
concentration between the umbilical cord and maternal serum
was 1.12 + 0.17. Although most neonates at delivery did not show
signs of lithium toxicity or other adverse clinical events, adverse
effects were recorded in six (25%). In the exclusive breastfeeding
group, there were two cases (25%) of transient hypotonia and one
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TABLE 1 | Descriptive statistics of neonates according to feeding trajectory.

Neonatal Feeding Trajectories and Lithium

AllN =24 Exclusive N = 8 Mixed N = 8 Formula N = 8
Gender
Female 12 (60%) 4 (50%) 5 (62.5%) 3 (37.5%)
Male 12 (60%) 4 (50%) 3 (37.5%) 5 (62.5%)

Intrapartum serum lithium concentration®

Umbilical cord 0.48 (0.22) (0.23-0.96)
Maternal serum 0.43 (0.20) (0.19-0.95)
Ratio 1.12 (0.17) (0.63-1.53)

Data are presented as either N (%) or Mean (SD) (range).
“mEg/L, including the ratio of umbilical cord to maternal serum levels.

0.44 (0.16) (0.23-0.76)
0.39 (0.16) (0.19-0.72)
1.13 (0.11) (1.02-1.30)

0.58 (0.29) (0.26-0.96)
0.50 (0.27) (0.22-0.95)
1.16 (0.16) (1-1.53)

0.42 (0.17) (0.25-0.68)
0.40 (0.15) (0.25-0.64)
1.06 (0.22) (0.63-1.28)
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case (12.5%) of isolated low-set ears. In the mixed breastfeeding
group, three (37.5%) had respiratory distress following operative
delivery (i.e, forceps or caesarean): one needed neonatal
resuscitation in the delivery room (cord lithium, 0.95 mEq/L)
and two required admission to the neonatal intensive care unit for
24 h (cord lithium, 0.55 and 0.96 mEq/L). In the formula feeding
group, there was a single case (12.5%) of transient hypertonia.

The 48 h newborn screening assessment was in all cases normal.
Postpartum neonatal thyroid function (TSH) was between the
normal ranges (0.10-5.65mU/mL) in all cases. Neonatal
bilirubinemia results (by transcutaneous bilirubinometers) were
below 12 mg/dl (2.50-11.50 mg/dl) in all cases. The physiological
weight loss in the first 48 h was 9.3% (8.86-9.76%).

The mean + SD (range) hospitalisation period was 2.83 +
0.86 days (2-4 days).

Finally, paediatricians observed no growth or developmental
delays in any of the infants during follow-up.

Lithium Concentrations

We collected a total of 138 lithium serum samples, 24 samples
from mother-infant pairs at delivery, and 90 samples from
neonates during lactation.

Figure 1 shows the time course data of the serum lithium
concentrations for each of the 24 neonates, where the dotted line
represents the limit of quantification (LoQ) of 0.20 mEq/L. However,
seven cases [fourth in formula group (cases 2, 3, 6 and 7), two in the
mixed breastfeeding group (cases 10 and 11), and one case in the
exclusive breastfeeding group (case 22)] showed a transient increase
of serum lithium concentration (<0.15mEq/L; range: 0.01-0.14)
probably associated to the physiological weight loss. In the exclusive
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breastfeeding group, one case (case 23) showed also a transient
increase (0.14 mEq/L) because of physiological weight loss and
drastic increase in maternal level of lithium concentration
(0.19 mEg/L to 1.09 mEq/L); and another (case 17) showed an
increase of 0.19mEq/L on the 11th day of life because the
infant’s serum sample was hemolyzed.

Supplementary Figure S1 presents the interval-censored
times until the time when lithium levels fell below the LoQ;
the exact moment was not observed and was only known to lie in
these intervals. After 40 days, the lithium serum concentration of
only 4 neonates with exclusive breastfeeding was definitely below
the LoQ, compared to 7 neonates with mixed feeding and 6 with
formula feeding.

Univariate Nonparametric Analysis

Figure 2 (and Supplementary Table 1) shows the estimated
probabilities that the lithium levels falls below the LoQ as a
function of time from birth according to the Turnbull estimator.
The median times until LoQ lay between 6-8 days (formula

Neonatal Feeding Trajectories and Lithium

feeding), 7-8days (mixed), and 53-60days (exclusive
breastfeeding). According to the results of the generalized log-
rank test to compare the lactation types (x2 = 6.8, df = 2, p =
0.037) times to LoQ differed between the feeding trajectories.

Multivariate Analysis

Table 2 provides the parameter estimates of the Weibull regression
model, which was used to compare the feeding trajectories while
adjusting for the lithium concentrations at birth, and shows the
results of the pairwise post-hoc comparisons. The differences
observed among breastfeeding trajectories are not explained by
different lithium levels at birth and we can therefore state that,
on average, the times to LoQ were longest under exclusive
breastfeeding; no statistically significant differences were found
between the mixed and the formula trajectory.

DISCUSSION

As far as we know, this is the first study to compare serum lithium
concentrations during three feeding trajectories after delivery:
namely, exclusive breastfeeding, formula feeding, and a mixed
approach. Notably, no lithium sustained accumulation was found
in infants under either exclusive or mixed breastfeeding. As
expected, however, we found significant differences in the time
taken to reach or exceed the LoQ between the feeding trajectories.
All in all, the results provide substantial support for
recommending maternal breastfeeding in women with lithium-
responsive bipolar disorder in whom lithium prophylaxis helps to
prevent postpartum affective relapse.

In a preliminary study of exclusive breastfeeding in the
neonatal period, we found that lithium clearance in nursing
infants was independent of maternal lithium levels, and that
infant serum lithium concentrations fell over time from delivery
to the third month postpartum, by 43.80% (95%CI: —38.45% to
—43.88%) in the first month and by 58.52% (95%CI: —38.22% to
—-78.90%) at 3 months (Imaz et al., 2021). In women who had
taken lithium weeks before delivery, it was shown that infant

TABLE 2 | Parameter estimates of the Weibull regression model for time until lithium serum concentrations falls below LoQ and pairwise post-hoc comparisons of feeding

trajectories.

Weibull regression model

- Value
(Intercept) 3.566
Lithium concentration® at birth 0.851
Mixed vs exclusive breastfeeding -1.593
Formula vs exclusive breastfeeding -1.357
Pairwise comparisons

- Differences
Mixed vs exclusive breastfeeding -1.593°
Formula vs exclusive breastfeeding —-1.357°
Formula vs mixed breastfeeding 0.237

Abbreviations: Cl, confidence interval; SE, standard error
mEq/L.

SE z P
0.582 6.126 0.000
1.117 0.762 0.446
0.637 -2.501 0.012
0.555 -2.444 0.015

Lower 95%CI Upper 95%ClI P
-3.085 -0.102 0.033
-2.656 -0.057 0.038
-1.284 1.757 0.929

PThe negative sign indicates larger times until lithium serum concentrations falls below LoQ under exclusive breastfeeding.
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serum concentrations in the first week postpartum may reflect
transplacental passage rather than intake via breast milk (Hale
and Rowe, 2017). In the present study, we compared the
pharmacokinetics of serum lithium concentrations from
delivery during three feeding trajectories. The analysis of the
formula feeding trajectory (in which the last infant exposure to
lithium was at delivery) provided us with a reference point with
which to compare the course of the exclusive and mixed
breastfeeding trajectories in the first 7-10 days postpartum.
Although serum lithium concentrations declined in all three
trajectories, the time needed to reach the LoQ was longest in
the exclusive breastfeeding trajectory. The non accumulation of
lithium in breastfeeding infant could be explained by 1) the
decrease of transport of lithium into the milk with age; and 2)
because the neonatal lithium renal excretion increases with
maturation of renal tubular transport, even though tubular
function matures more slowly than glomerular function after
birth (Zhang et al., 2019).

Previous systematic reviews have failed to address clinical
symptoms of lithium toxicity in infants for levels <0.30 mEq/L
(Pacchiarotti et al., 2016; Imaz et al., 2019; Newmark et al., 2019).
We decided to stop monitoring lithium concentrations in infants
when levels reached <0.20mEq/L in two consecutive
determinations (i.e., the LoQ) (Armbruster and Pry, 2008). We
chose the time to reach the LoQ as our outcome variable because
the three groups had different lithium exposures: the last
exposure was at delivery in the formula group, but it
continued in different proportions in the mixed and exclusive
breastfeeding groups. However, neonates in all groups shared the
problems of an immature renal system and the physiological loss
of fluids, which may affect lithium concentrations.

With regard to the effects of transplacental lithium exposure at
birth, six neonates in this sample suffered mild and transient
complications that resolved before hospital discharge. During the
follow-up period, paediatricians found no observable growth or
developmental delay in neonates or infants in any of the three
trajectories.

The postpartum period is associated with the highest lifetime
risk of hospitalisation for women with bipolar disorder (Munk-
Olsen et al., 2009). Lithium has proven to be an effective
preventive treatment during the postpartum period (Berking
et al, 2015). A systematic review and meta-analysis showed a
relapse rate during postpartum in women with bipolar disorder of
37% (Wesseloo et al.,, 2016). In the first month postpartum, the
recommended therapeutical range is >0.80 mEq/L (Wesseloo
et al., 2017). In our sample of bipolar disorder patients under
lithium monotherapy during lactation, only two patients out of 24
(fewer than 10%) relapsed during follow-up (at 36 and 45 days
postpartum respectively): one with a subtherapeutic serum
lithium  concentration, and the other within the
therapeutic range.

The study has several strengths and limitations. The strengths
include its assessment of the three breastfeeding trajectories from
delivery in groups with similar obstetrical and demographic
characteristics. As for to limitations, the study was performed
in a selected sample of bipolar women receiving lithium
monotherapy during pregnancy and lactation, all of whom

Neonatal Feeding Trajectories and Lithium

had full-term newborns. As such, our findings may be not
generalizable to more heterogeneous populations (i.e. pre-term
neonates; sick infants; lithium in polytherapy, and so on). The
amount of lithium transferred to breastfed infant could
be measure directly in infant serum or estimated on the
basis of pharmacokinetics parameters [i.e. milk to maternal
plasma drug concentration ratio (M/P ratio), the relative
infant dose (RID)]. The infant serum concentration
provides information regarding the fraction of drug that is
systematically available to the breastfed child (Begg et al,
2002). It is the most direct measure for risk assessment
(FDA, 2005). We decided to use the infant serum lithium
concentration as direct measure. Having to obtain a blood
sample to analyze the infant serum lithium concentration may
be a limitation, as this is an invasive method that may cause
pain and may be rejected by some parents. Because of this, the
determination of lithium in saliva has been proposed; however,
from the pre-analytical point of view, obtaining saliva in
infants between 0 and 2 months is especially challenging,
and in addition the therapeutic range of lithium in this
matrix has not been yet defined (Murru et al, 2017). We
were also aware of the limit of detectability of the assay used
to measure lithium concentration, especially for values below
the LoQ.

CONCLUSIONS

We conclude that bipolar women treated with lithium
monotherapy during late pregnancy (with a brief peripartum
discontinuation) and postpartum may continue lithium use
during breastfeeding, since it is safe and does not cause infant
harm or accumulation of lithium in our sample. Lithium
concentrations in the three lactation trajectories (exclusive,
mixed and formula) fell in all cases. However, the time needed
to reach the LoQ was much longer in the case of mothers who
breastfed exclusively.

Clinical follow-up is required throughout the postpartum
period to ensure the safety of both the mother and infant. We
recommend that infant lithium serum concentrations be
monitored peripartum at 2 days and 1 week postpartum for all
trajectories, with additional monitoring at 1 and 2 months
postpartum for those who exclusively breastfeed. Later on, if
infant lithemia is < 0.20 mEq/, lithium monitoring may only be
necessary in the case of fever, unusual behaviour, increased
sedation, hypotonia, dehydration, difficulty feeding, or
abnormal growth or development.

Finally, more standardized and collaborative studies are
needed in larger cohorts to better elucidate the extent of
maternal-infant lithium transfer and the effects of breast milk
exposure on infant health and development.
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Background: The use of non-steroidal anti-inflammatory drugs (NSAIDs) during the third
trimester of pregnancy can cause premature constriction of the ductus arteriosus. This
report describes a case of in utero narrowing of the ductus arteriosus (DA) diagnosed
postnatally in a baby with Persistent Pulmonary Hypertension of the Newborn (PPHN), after
maternal use of Diclofenac-Epolamine 140 mg patch during the second and third trimester.

Case Presentation: A fetal ultrasounds revealed an enlarged hypertrophic right ventricle
at 32 weeks of gestation. Detailed questioning of the mother highlighted that topical
Diclofenac (FLECTOR®) had been used at 26 and at 31weeks of gestation. An
echocardiography performed 8h postnatally showed supra-systemic pulmonary
hypertension, a restrictive ductus arteriosus and a dilated right ventricle. The newborn
was treated by inhaled nitric oxide and oral Sildenafil and was discharged from hospital on
day 24. He had a complete normalization of his pulmonary vascular resistance on day 48.

Conclusion: This case illustrates the potential fetal and neonatal complications associated
with maternal topical Diclofenac medication during pregnancy resulting in antenatal closure
of the DA.

Keywords: PPHN (persistent pulmonary hypertension of the newborn), NSAID (non-steroidal anti-inflammatory
drug), ductus arteriosus, NICU (neonatal intensive care unit), pregnancy, neonate

INTRODUCTION

During pregnancy, the right ventricular output is mostly directed from the pulmonary artery to the
aorta, which contributes to systemic circulation (Rasanen et al., 1996). Patency of the ductus
arteriosus is maintained during gestation by an elevated concentration of prostaglandin (PGE,) and a
low fetal blood partial pressure of O, (Clyman, 2006).

The use of non-steroidal anti-inflammatory drugs (NSAIDs) during the third trimester of
pregnancy can cause premature constriction of the ductus arteriosus by inhibiting cyclo-
oxygenase 2 (COX-2) (Van Marter et al, 1996; Gewillig et al, 2009; Storme et al, 2013).
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Diclofenac, a NSAID, was found to show the greatest potency for
inhibition of phorbol ester-induced PGE, production (reflecting
inflammation induced COX-2 activity) compared with a similar
range of NSAIDs in human fibroblasts in vitro. It has also been
classified as one of the most potent inducers of ductus arteriosus
constriction in rats (Momma et al., 1984; Cordero et al., 2001).
Diclofenac is a low molecular weight molecule of 318.15 Da which
crosses trophoblastic membranes easily, with a mean maternal/
fetal drug ratio that is inferior to one, indicating the drug may
accumulate in fetal tissue over time (Siu et al., 2000). The placental
transport of NSAIDs involves specific transports including
monocarboxylate transporter 4 -a proton dependent transporter,
which transports L-lactic acid as a substrate (Emoto et al., 2002).
This case report highlights the importance of informing pregnant
women about the risk of self-medication and topical NSAID use
during pregnancy.

CASE DESCRIPTION

We report the case of a newborn infant with persistent
pulmonary hypertension of the newborn (PPHN) resulting
from antenatal narrowing of the ductus arteriosus related to
maternal application of topical Diclofenac during the second
trimester of pregnancy. The infant was born to a 35-year-old
mother both the course of the pregnancy-the mother’s
second-and antenatal blood tests were unremarkable. As
recommended by the French National technical Committee
on Prenatal Ultrasound Screening, three antenatal
echography were performed during the first, second were
described as normal. The third revealed cardiac ventricular
asymmetry and a right ventricle cardiac hypertrophy
(Figure 1).

A male infant weighing 3,470 g (50th-90th percentile) was
delivered at 39 weeks of gestation by a planned cesarean section
for breech presentation. Apgar scores were 10at both 1 and
5min. A pediatrician examined the baby 8h after birth for
moderate dyspnea. Cardiac auscultation revealed a systolic
ejection murmur loudest over the pulmonary valve Pre-ductal
oxygen saturation was 88% in room air, which increased to 98%
with high flow nasal cannula at 2L/Kg/min and O,
supplementation (from 30 to 100% FiO,). The newborn was
admitted to the Neonatal Intensive Care Unit where an
echocardiography ~ showed  supra-systemic  pulmonary
hypertension with tricuspid regurgitation blood flow velocities
of 60 mmHg (Figure 2), whereas systolic blood pressure was
54 mmHg. An accelerated right-to-left shunting was recorded
across a restrictive DA. No cardiac malformation was found.

Our hypotheses were therefore:

- a premature closure of the ductus arteriosus during
pregnancy,

- a premature closure of the foramen ovale,

- or an alveolar capillary dysplasia.

A CT scan with contrast was performed 5 days after birth,
showing an aneurysm of the inter-atrial septum without

PPHN After NSAID During Pregnancy

FIGURE 1 | Apical 4 chamber during fetal echocardiography at

32 weeks of gestation. Cardiac ventricular asymmetry and right ventricle
cardiac hypertrophy. LV: Left Ventricle; RV: Right Ventricle; RVH: Right
Ventricle Hypertrophy.

shunting, a dilated right ventricle and a markedly dilated main
pulmonary artery.

The newborn was managed by inhaled NO (20 ppm),
alprostadil infusion (0.02 pg™' kg.min") and high-flow oxygen
supplementation through nasal cannulas for 18 days. Oral
Sildenafil was started on day 3 due to the persistence of
pulmonary hypertension. Symptoms improved on day 17, the
ductus arteriosus was closed at day 20 and the infant was
discharged from hospital on day 24 with normalization of
pulmonary pressures (Figure 3). Sildenafil was stopped on day
157. At the age of 1 year, the infant presented no symptoms, a
normal neuro-developmental outcome and a normal
echocardiography.

Rigorous and repeated anamnestic determined that the
mother applied Flector (Diclofenac-Epolamine 140 mg patch,
GENEVRIER SA Laboratory) on her lumbar area for back pain at
26 and 31 weeks of gestational age. In order to further reduce the
pain, a hot water bottle was also applied to the area at the same
time as the patch.

DISCUSSION

This case reveals the risk of a sustained narrowing of the ductus
arteriosus resulting in prolonged persistent pulmonary
hypertension in the postnatal period after maternal use of
topical diclofenac during the second trimester.

Besides NSAIDs, other causes of fetal ductal constriction and
PPHN have previously been reported. Acetaminophen may
increase the risk of prenatal ductus arteriosus constriction,
through inhibition of prostaglandin G2 synthesis. Growing
body of evidence suggests a role of maternal consumption of
polyphenols-rich food (green tea, orange juice, coco bean, spring
vegetables), which interfere with prostaglandin metabolism, in
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FIGURE 2 | Supra-systemic pulmonary hypertension was assessed on echocardiography. Parasternal short axis ventricles (A): Bowing of the interventricular
septum into the left ventricle. Apical 4 chamber (B): Tricuspid regurgitation blood flow velocities higher than 4 m.s™". RV: Right Ventricle; LV: Left Ventricle; IVS:
Interventricular Septum.
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FIGURE 3 | Change of pulmonary artery systolic pressures (mmHg) estimated by measuring peak systolic tricuspid regurgitation velocity. PAPs normalized
2 months after birth. D, Day.

prenatal ductus arteriosus narrowing (Zielinsky and Busato,  indomethacin-induced fetal ductal constriction increases with
2013). After rigorous questioning of the mother, no  advancing gestational age (Luchese et al., 2003). Second trimester
paracetamol treatment or excessive polyphenol-rich food  fetal adverse events have been reported after prolonged NSAID
intake were recorded. exposure of at least 7 days while our case reports the occurrence of
Antenatal narrowing of the DA results in increased = DA narrowing after two topical applications of a daily NSAID
pulmonary artery pressure, which in turn mediates a  patch (48 h of total application) (Dathe et al., 2019).
remodeling of the vascular wall through sustained elevation Only one previous case of antenatal DA closure has been
of vascular stretch stress, leading to structural pulmonary  reported after maternal topical use of diclofenac during the third
hypertension (Storme et al., 2002; Larrue et al., 2005; Shima  trimester of pregnancy. In that case, diclofenac has been applied
et al,, 2011). at 35 weeks gestational age and the constriction of the ductus
Previous studies clearly showed that DA sensitivity to  arteriosus was rapidly reversible at birth (Torloni et al., 2006). In
constricting factors increases during the last trimester of  this latter case report, the formulation of diclofenac increminated
pregnancy (Van den Veyver and Moise, 1993). The risk of in DA narrowing was a gel formulation of diclofenac
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diethlyamine (Cataflam Rmugel 11.6 mg/g, Novartis). It is of
current knowledge that topical NSAIDs, including diclofenac
diethylamine, are associated with systemic effects (Evans et al.,
1995). The patch delivery in diclofenac-epolamine (DI-EP) was
developed more recently to prevent the acute release of NSAIDS
to the bloodstream and control the amount of active substance
delivered through the skin, in contrast to that from application of
bioequivalent gels or ointments of diclofenac (Goh and Lane,
2014). The pharmacokinetics parameters of diclofenac patches
are expected to lengthen the time of product release in the central
comportment, to reach a maximal plasmatic concentration of
about 20 ng/ml (Rainsford et al., 2008). Previous studies on
transplacental pharmacokinetics of diclofenac reported that the
fetal peak plasma concentration was estimated to be one-tenth of
the maternal value (Shintaku et al, 2012). Concerning
pharmacodynamics, an animal predictive model performed on
rats revealed that the concentration-response (response being
DA narrowing) relationship in rat fetus was characterized by an
EC50 of 1.4 ng/ml, reinforcing the plausibility of the link between
diclofenac patch application and DA narrowing in our case report
(Shintaku et al., 2012). Furthermore, it is likely that the use of hot
water bottle for back pain may have promoted skin absorbance of
the drug (Park et al.,, 2008; Panda et al,, 2019).

There are no reports on the occurrence of systemic side effects
related to a single topical NSAIDs application, when applied in
conformity with recommendations of us, in current literature.
The risk of occurrence is often related to misuse; in our case, the
application of heat to the same area as the patch led to an increase
of the drug’s absorption and the modification of the delivery
profile of diclofenac.

Regaéding these elements, the implication of the DI-EP patch
(Flector ) in the occurrence of pulmonary hypertension in
newborn infants cannot be excluded. Furthermore, it is likely
that the use of a hot water bottle for back pain may have
promoted skin absorbance of the drug (Park et al, 2008;
Panda et al, 2019). In light of this evidence, the role of the
DI-EP patch (Flector ) on pulmonary hypertension in newborns
in must be highly considered.

Cases of antenatal closure of the DA after oral use of diclofenac
during the third trimester of pregnancy have more commonly been
reported (Auer et al., 2004). According to the summary of product
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Pediatrics, Division of Rheumatology, Duke University School of Medicine, Durham, NC, United States

Variability in methotrexate (MTX) efficacy represents a barrier to early and effective disease
control in the treatment of juvenile idiopathic arthritis (JIA). This work seeks to understand
the impact of MTX on the plasma metabolome and to identify metabolic biomarkers of MTX
efficacy in a prospective cohort of children with JIA. Plasma samples from a cohort of
children with JIA (n = 30) collected prior to the initiation of MTX and after 3 months of
therapy were analyzed using a semi-targeted global metabolomic platform detecting 673
metabolites across a diversity of biochemical classes. Disease activity was measured using
the 71-joint count juvenile arthritis disease activity score (JADAS-71) and clinical response
to MTX was based on achievement of ACR Pedi 70 response. Metabolomic analysis
identified 50 metabolites from diverse biochemical classes that were altered following the
initiation of MTX (p < 0.05) with 15 metabolites reaching a false-discovery rate adjusted
p-value (g-value) of less than 0.05. Enrichment analysis identified a class-wide reduction in
unsaturated triglycerides following initiation of MTX (g = 0.0009). Twelve of the identified
metabolites were significantly associated with disease activity by JADAS-71. Reductions in
three metabolites were found to be associated with clinical response by ACR Pedi 70
response criteria and represented several microbiota and exogenously derived
metabolites including: dehydrocholic acid, biotin, and 4-picoline. These findings
support diverse metabolic changes following initiation of MTX in children with JIA and
identify metabolites associated with microbial metabolism and exogenous sources
associated with MTX efficacy.

Keywords: juvenile idiopathic arthritis, methotrexate, metabolomic, biomarker, pediatric, pharmacology

INTRODUCTION

Rapid control of disease activity to prevent irreversible joint damage and improve long-term
outcomes continues to be a major therapeutic goal in the treatment of juvenile idiopathic
arthritis (JIA) (Consolaro et al., 2012). Response to drug therapy is currently characterized by a
variable and unpredictable course, which commonly necessitates a trial-and-error treatment
approach to identify an effective treatment regimen (Becker, 2012). In the management of JIA,
methotrexate (MTX) has continued to be a cornerstone of therapy since the establishment of its
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efficacy in the early 1990s (Giannini et al., 1992). However, MTX
is characterized by a delayed onset of action with approximately
one in three patients failing to adequately respond to initial
treatment (Ruperto et al, 2004). At this time, no reliable
biomarkers exist to guide drug selection and optimization and
the current approach wastes precious time and jeopardizes the
overarching goal of early disease control (Funk and Becker, 2016).
As a result, there exists a need to apply novel analytical
approaches to further understand the pharmacology of MTX
and to identify biomarkers to guide clinicians in the selection and
optimization of drug therapy.

Efforts to identify clinical biomarkers of MTX response in JIA
have predominately focused on targeted analyses related to the
disposition of MTX, its intracellular metabolism to form
polyglutamated metabolites, and its pharmacological effects on
folate and folate-dependent biochemical pathways (Funk et al.,
2014; Calasan et al,, 2015). A major limitation to this targeted
approach has been the biased nature of these studies, which often
limit that analysis to only a handful of metabolites representing a
limited number of biochemical pathways. As an -omics approach,
metabolomics offers a relatively unbiased method to investigate
the effect of MTX on a diversity of biochemicals and biochemical
pathways towards an improved understanding of the
pharmacological basis for response to MTX and to identify
potential metabolic biomarkers of MTX response in JIA (Funk
et al., 2020).

The metabolome is the complete set of low-molecular
weight chemicals within a biological system and represents
not only the activities of genetically encoded metabolic
pathways, but also reflects exogenous exposures (e.g., diet,
drugs, vitamins, toxins, microbiota) (Fiehn, 2002).
Metabolomics is the study of these molecules within that
system. In the case of patients, the plasma or serum
metabolome is commonly measured because of the relative
ease of collection, preparation, and storage (Beger et al., 2016).
Metabolomic studies have been conducted in patients with
rheumatoid arthritis (RA) and other autoimmune diseases
and have identified several metabolites and metabolic
pathways associated with disease activity and drug response
(Wang et al,, 2012; Jiang et al., 2013; Kapoor et al., 2013;
Young et al., 2013; Guma et al., 2016). However, this work
represents the first to evaluate metabolomic changes resulting
from the initiation of MTX in JTA and the association of these
changes with the drug’s early clinical efficacy.

In this exploratory study, a semi-targeted global
metabolomics approach is applied to evaluate metabolomic
changes associated with the initiation of MTX in a prospective
cohort of children with JIA. The resulting metabolomic data is
subsequently used to identify potential metabolic biomarkers
of MTX response in these patients and novel biochemical
pathways relevant to MTX efficacy in JIA. The metabolomic
profiles are evaluated using chemometric and network
enrichment analyses to interpret the impact of MTX on the
plasma metabolome and they are then further integrated with
the clinical response data to identify putative metabolomic
markers of MTX response in JIA.

Metabolic Markers of Methotrexate Efficacy

MATERIALS AND METHODS

Patients

Plasma samples were acquired from a single-center prospective
cohort of JIA patients. The study included patients diagnosed with
JIA requiring initiation of MTX monotherapy as deemed
appropriate by their treating provider. Patients who required a
concurrent biologic disease modifying antirheumatic drug
(DMARD) were excluded. Diagnosis of JIA was established
based on the Edmonton 2001 International League of
Associations of Rheumatology (ILAR) criteria for JIA (Petty
et al,, 2004). Patients were initiated on a standardized MTX
dose of 15 mg/m* weekly along with 1 mg folic acid daily. MTX
route of administration for the study was standardized to
subcutaneous, however due to a national shortage of MTX for
injection, oral MTX was permitted (n = 12). All patients completed
3 months of full and consistent dosing of 15 mg/m” of MTX weekly
prior to their follow up sample collection. Concurrent medications
allowed included nonsteroidal anti-inflammatory drugs (NSAIDs)
and daily low-dose corticosteroids (the lesser of 0.2 mg/kg/day or
10 mg of prednisone). Intra-articular corticosteroid injections
(IASI) were allowed, however injected joints were counted as
“active” at follow up to reduce the potential bias resulting from
IASI. Venous blood samples (10 ml) were collected in K2-EDTA
containing tubes prior to initiation of MTX and at the patient’s
routine 3-months follow up clinic visit along with routine
laboratory blood draws. Parental/patient (>18years of age)
written informed consent and patient written informed assent
for patients ages 7-18 years were collected from all participants in
accordance with approval from the Children’s Mercy Hospital
Pediatric Institutional Review Board.

Clinical Data

Clinical response data collected at 3 months included the
American College of Rheumatology (ACR) Pediatric 30, 50,
and 70 response, which is a composite score comprised of: 1)
physician global assessment of disease activity (MD-VAS), 2)
patient/parent assessment of overall well-being (PT-VAS), 3)
functional  ability = (Childhood  Health  Assessment
Questionnaire, CHAQ), 4) number of joints with active
arthritis, 5) number of joints with limited range of motion,
and 6) erythrocyte sedimentation rate (ESR) (Giannini et al,
1997). We also utilized the validated continuous Juvenile
Arthritis disease Activity Score (JADAS-71) compiled from the
normalized ESR, the active joint count, PT-VAS, and MD-VAS
(Consolaro et al., 2009). Additional variables collected included
age, sex, serum c-reactive protein (CRP) levels, MTX route of
administration, NSAID use, and oral corticosteroid use.

Metabolomics Analysis

Plasma was isolated from venous blood samples by centrifugation at
2,000 RPM in a Beckman tabletop centrifuge for 10 min. The
resulting plasma supernatant was separated into aliquots and
stored at -80°C prior to analysis. Samples were shipped on dry
ice to the NIH West Coast Metabolomics Center at the University of
California, Davis (Davis, CA) for global semi-targeted analysis
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utilizing three independent standardized analytical methods to
measure intermediates of primary metabolism, biogenic amines,
and lipids (Cajka and Fiehn, 2016; Fichn, 2016). Samples were
thawed and prepared for analysis using a biphasic liquid-liquid
extraction method developed for metabolomic analysis using plasma
and serum samples across the three analytical platforms, which
includes automated liner exchange-cold injection system gas
chromatography time-of-flight mass spectrometry, charged
surface  hybrid  chromatography electrospray  ionization
quadropole time-of-flight mass spectrometry, and hydrophilic
interaction liquid chromatography electrospray ionization
quadropole time-of-flight mass spectrometry. The resulting peaks
were identified based on retention times and mass spectra from
MassBank of North America and reported as peak height intensities.
Peak height intensity tables were curated by the NIH West Coast
Metabolomics Center and submitted to Metabolomics Workbench
(https://www.metabolomicsworkbench.org/) under Project ID
PR001148. Raw peak intensity data from each analytical platform
underwent a standardized normalization procedure. The
normalization ratio was calculated as the ratio of the sum of
peak heights for all identified metabolites (mTIC) for each
sample to the total average mTIC for all samples. Peak heights
for each metabolite were divided by the normalization ratio to arrive
at the normalized peak height intensity. Metabolites measured in
more than one analytical platform were combined by mean
normalization to give equal weighting to each platform and
averaged. The resulting normalized peak height intensities for
identified compounds were uploaded into MetaboAnalyst 3.0 and
normalized by logarithmic transformation and Pareto scaling (Xia
etal,, 2015; Xia and Wishart, 2016). The resulting data were analyzed
for fold-change and non-parametric paired analysis and visualized
using volcano plots to identify metabolites significantly altered
following the initiation of MTX.

Enrichment Analysis

The fold-change and p-values for each identified metabolite were
extracted and used to conduct chemical and metabolic network
enrichment analysis. Visualization of chemometric and
biochemical networks altered following the initiation of MTX
was conducted using MetaMapp to generate a network map based
on chemical similarity utilizing the Kyoto Encyclopedia of Genes
and Genomes (KEGG) metabolic network database and
Tanimoto substructure similarity coefficients (Barupal et al,
2012). The resulting mapping data was uploaded into
Cytoscape 3.7.1 for visualization. Enrichment analysis based
on chemical similarity was also conducted using the open-
source software Chemical Similarity Enrichment Analysis for
Metabolomics (ChemRICH) (Barupal and Fiehn, 2017). The
ChemRICH analysis uses Tanimoto substructure similarity
coefficients and medical subject headings ontology to generate
non-overlapping clusters of metabolites into distinct chemical
classes and is independent of biochemical pathway assignments.

Statistical Analysis

Analysis of changes in individual metabolites following the
initiation of MTX was conducted in MetaboAnalyst 3.0 using
paired non-parametric univariate analysis. All metabolites

Metabolic Markers of Methotrexate Efficacy

TABLE 1 | Patient demographic and clinical data. Following 3-months of MTX
therapy, patients meeting the ACR Pedi 70 response criteria (ACR Pedi >70)
were considered responsive to MTX and patients failing to meet ACR Pedi 30
response criteria were considered non-responsive to MTX. The demographics,
concomitant medications, route of MTX administration, and baseline and 3-
months measures of disease activity are included and compared between the
two groups (comparisons resulting in a p-value < 0.05 are italicized). Baseline
clinical data are representative of the larger cohort from which these samples

were chosen (data not shown).

ACR pedi <30 ACR pedi>70 p-value
Patients, no 15 15 NA
Female, no. (%) 10 (67) 11 (73) 1.0
Age, years 10 [6,15] 91[5,13] 0.48
NSAID, no. (%) 14 (93) 11 (73) 0.33
Corticosteroids, no. (%) 2 (13.3) 0 (0) 0.48
MTX, subcutaneous, no. (%) 7 (47) 11 (73) 0.26
Baseline ACR Pedi <30 ACR Pedi >70 p-value
Active joints, no 6 [2,11] 6[2,13] 1.0
PT-VAS 6[3,8] 6 [3,8] 0.80
MD-VAS 4 [3,7] 5 [3,6] 0.97
CHAQ 0.4 [0.1.6] 0.7 [0.3.1.2] 0.36
ESR, mm/hr 10 [9,23] 16 [10,57] 0.10
CRP 0.6 [0.5.1.5] 1.5[0.5.3.2] 0.10
JADAS-71 16 [13.24.6] 18.7 [10.6.34] 0.85
3-months ACR Pedi <30 ACR Pedi > 70 p-value
Active joints, no 5[1,9] 01[0,5] 0.02
PT-VAS 5[3,7] 01[0,2] <0.0001
MD-VAS 3.5[1.8.5] 0 [0,1] <0.0001
CHAQ 0.4 [0.1.1] 0 [0,0] 0.003
ESR, mm/hr 9[7.8.17.8] 9[7,14] 0.76
CRP 0.5[0.5.1.1] 0.5[0.5.1.2] 0.31
JADAS-71 14.2 [7.8.17] 2[0,7] 0.0002

achieving a raw p-value less than 0.05 were used in the
chemometric and metabolic network enrichment analyses.
Statistical testing within the chemometric analysis using the
ChemRICH platform was determined by Kolmogorv-Smirnov
testing and an FDR adjusted p-value (q-value) of less than
0.05 was considered significant. Individual metabolites
achieving a q-value less than 0.05 were selected for
individual analysis for their relationship with disease
activity and clinical response to MTX. The Wilcoxon rank-
sum test was used to compare changes in metabolites levels
over the treatment period between patient groups based on
clinical response based on ACR Pedi 70 or JADAS-71.
Spearman’s correlations used to evaluate the
relationships between metabolite levels and disease activity
by JADAS-71 and active joint counts. A multivariate nominal
regression model analysis was used to explore multivariate
associations with MTX response. Analyses were performed
using JMP software version 11 (SAS Institute, Cary, NC).

were

RESULTS

Patient Demographic and Clinical Data
Subjects were identified for inclusion in this analysis from an
ongoing prospective cohort study on biomarkers of MTX
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efficacy in JIA. Subject selection was based on the availability
of plasma samples both at baseline and after 3 months of MTX
therapy at a stable dose of 15 mg/m?, as well as the availability
of clinical response data defined using the ACR Pedi response
criteria. To optimize discrimination, 2 groups comprised of
extreme response phenotypes were selected. Specifically, 15
subjects were selected based on the achievement of ACR Pedi
70 response criteria by 3 months and were classified as
“responders”, and 15 subjects were selected based on their
failure to achieve ACR Pedi 30 response criteria by 3 months
and were classified as “non-responders”. The demographics of
each of the two groups are provided for comparison (Table 1).
The cohort consisted of 30 subjects with a median age of
9.9 years (range: 1.8-17 years), with 21 females, 25 subjects on
concomitant NSAID therapy, 2 receiving corticosteroids, and
18 receiving MTX via subcutaneous injection. No significant
differences in baseline demographic characteristics nor

baseline measures of disease activity were found between
the groups. Of note, there were also no significant
differences in baseline clinical characteristics with the
remaining portion of the cohort excluded from this work
(n = 38) including JIA subtype, age, gender, MTX route of
administration, MD-VAS, PT-VAS, CHAQ, baseline active
joint count, baseline JADAS-71, ESR or CRP. As expected,
multiple measures of disease activity were significantly lower
at the 3-months visit in the responder group compared to the
non-responders, including: JADAS-71, active joint count, PT-
VAS, MD-VAS, and CHAQ.

Impact of MTX on the plasma metabolome in JIA. Using a
semi-targeted global metabolomics approach, 673 identified
metabolites were measured in plasma samples collected for
each patient at baseline and at their 3-months visit. A paired
analysis was conducted to evaluate metabolic changes over the
treatment period and a metabolic network map was created
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FIGURE 2 | Identification of key metabolites altered following the

initiation of MTX. Semi-quantitative data from 673 identified metabolites
measured at baseline and after 3 months of MTX therapy were compared by
paired univariate analysis. Metabolomics data was analyzed using
MetaboAnalyst 3.0 and the resulting volcano plot of key metabolites based on
a g-value < 0.05 are presented. In the volcano plot, black numbered
metabolites represent those found to be altered following the initiation of MTX.

using MetaMapp and visualized in Cytoscape 3.7.1 (Figure 1).
As highlighted, 50 metabolites across a diversity of
biochemical classes were impacted by MTX (p < 0.05).
Further chemometric enrichment analysis by chemical class
clustering was conducted using the ChemRICH platform and
identified a class effect of MTX on unsaturated triglycerides.
MTX treatment was found to be associated with a reduction in
plasma levels of unsaturated triglycerides (q = 0.0009).

Identification of Plasma Metabolic Markers
Responsive to MTX Therapy in JIA

To identify individual metabolic markers that are responsive to
MTX therapy, metabolites found to change over the treatment
period with a g-value less than 0.05 were selected for further
analysis (Figure 2). A total of 15 metabolites met these criteria
and are listed along with their chemical class, fold-change,

Metabolic Markers of Methotrexate Efficacy

direction of change, coefficient of variation for both baseline
and 3-months measurements, and q-value (Table 2). Plots for the
semi-quantitative measurement of each of the identified
metabolites based on log normalized peak intensity is provided
for visual comparison (Figure 3).

Association of Metabolic Markers With
Disease Activity in JIA

Metabolites significantly impacted following the initiation of
MTX were then evaluated for their association with disease
activity using metabolite levels and JADAS-71 scores
combined from both the baseline and 3-months visit
(Figure 4). Lower disease activity scores were found to be
significantly associated with lower levels of 2-aminopyridine
(q =0.002), biotin (q = 0.002), dehydrocholic acid (q = 0.002),
isobutylamine (q = 0.002), glycine-leucine (gly-leu) (q =
0.002), 4-picoline (q 0.002), deferiprone (0.002),
triacylglycerol 53:2 (TG 53:2) (q = 0.004), nicotinic acid
(q 0.007), 4-hydroxymandelonitrile (q 0.007), and
higher levels of adenine (q = 0.005) and 6-aminoindazole
(@ = 0.007). For comparison, the correlation of the
identified metabolites with JADAS-71 were stronger than
those observed for serum CRP levels (p = 0.31, p = 0.31)
and similar to those seen with the ESR (p = 0.45, p = 0.0004),
which is a component of the JADAS-71 composite score
calculation.

Similarly, the total number of active joint counts at baseline
and 3-months were evaluated for their association with the
identified metabolic markers. Lower active joint counts were
associated with lower levels of 2-aminopyridine (p = 0.27, p =
0.03, q = 0.096), biotin (p = 033, p = 001, q = 0.06),
dehydrocholic acid (p = 0.34, p = 0.007, q = 0.06), gly-leu (p =
0.26, p = 0.05, q = 0.096), and higher levels of adenine (p = -0.26,
p=0.05,q=0.096) and 6-aminoindazole (p = -0.35, p = 0.006, q =
0.06). In contrast, active joint counts were not found to be
significantly correlated with either serum CRP levels (p = 0.11,
p = 0.41), or the ESR (p = 0.18, p = 0.17).

Metabolic Markers Associated With MTX

Efficacy in JIA

MTX efficacy in this study was defined as achieving a 70%
improvement in disease activity based on the ACR Pedi 70
response criteria by 3 months. Non-responders were defined as
those not even achieving ACR Pedi 30 response criteria. Changes
in metabolite concentrations over 3 months following the
initiation of MTX were compared between patients classified
as responders and non-responders. Of the metabolites found to
be significantly altered following the initiation of MTX, only
changes in three of these metabolites were found to be associated
with MTX response and included: dehydrocholic acid (q =
0.0003), 4-picoline (q 0.05), and biotin (q = 0.24)
(Figure 5). Low disease activity at 3 months, defined as a
JADAS-71 score of <2.5, was used as a secondary measure of
MTX response. Of the metabolites found to be significantly
associated with ACR Pedi 70 response at 3 months, only
changes in dehydrocholic acid were found to be significantly
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TABLE 2 | Plasma metabolites altered following 3-months of MTX therapy. The table of metabolites are identified by number from the volcano plot in Figure 2. The metabolite
name, chemical class, fold-change color coded based on whether the metabolite increased (red) or decrease (blue), the coefficient of variation (CV) for the metabolite at

the baseline and 3-months timepoint, and the g-value are provided.

# Name Class Fold-change Baseline CV 3-months CV qg-value
1 2-Aminopyridine Pyridine 370 0.38 2.82 25 x 107
2 4-Picoline Picoline 128 0.26 2,65 25x 107
3 Dehydrocholic Acid Bile Acid 14 0.39 1.83 2.5 x 107
4 Deferiprone Pyridine 12 1.74 1.51 2.5 % 10°°
5 Isobutylamine Butylamine 71 0.43 111 2.5 x 107
6 Ethylhexanoate Fatty Acid 6.3 4.45 2,67 3.0 x 10°°
7 Gly-Leu Dipeptide 4.3 0.70 1.02 1.4 x 107
8 Adenine Purine 21 0.50 0.39 1.4 %107
9 Biotin Imidazole 2.2 0.34 0.55 45 %107
10 4-Hydroxymandelonitrile Acetonitrile 2.0 0.40 0.64 0.0011
11 6-Aminoimidazole Indazole 4.8 1.45 0.67 0.0027
12 Ceramide (d34:2) Ceramide 1.1 0.29 0.21 0.0036
13 Nicotinic Acid Pyridine 1.6 1.79 3.88 0.018
14 TG (53:2) Triglyceride 1.5 0.51 0.75 0.023
15 Maleimide Maleimide 1410 0.33 0.33 0.023
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FIGURE 3 | Relative plasma levels of metabolites significantly altered following the initiation of MTX. The log normalized peak ion intensity plots for the eight
metabolites identified by univariate analyses are presented. Data points and representative box and whisker plots are shown based on metabolomics analysis at baseline
and following the 3-months MTX treatment period. Log normalized peak ion intensities were compared between groups using paired non-parametric analysis with
unequal variances.

associated with achieving a JADAS-71 25 (q = 0.06)
(Figure 5D). Further, percent change from baseline in
JADAS-71 was found to be positively associated with the
observed reduction in dehydrocholic acid (Figure 5E).
Although there was no statistically significant association of
route of administration with clinical response (Table 1), MTX
route of administration has previously been demonstrated to

<

impact clinical response to MTX (Visser and Van der Heijde,
2009). As a result, the JIA population was further stratified by
dosing route to investigate if the observed metabolic changes
associated with response varied by route of administration.
Among patients receiving MTX orally, ACR Pedi 70 response
at 3 months continued to be associated with greater reductions in
dehydrocholic acid (p = 0.009), 4-picoline (p = 0.04), and biotin

Frontiers in Pharmacology | www.frontiersin.org

37

December 2021 | Volume 12 | Article 768599


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Funk and Becker

Metabolic Markers of Methotrexate Efficacy

2-Aminopyridine Biotin Dehydrocholic Acid Isobutylamine
60000 p=0.44 15000 =0.44
.’ ppo%g§4 1000 p=0. o 00005 ®10000 ® =044
40000 ° 0” o 10000 ® ° p=0.0005
..... y . st
20000 ﬁ ‘ Ll é\ 5000 Qt & cm‘g o
0 -o.oo 0 & 0 @ibenee 0 étﬂo
40 0 20 40 0 20 40 0 20 40
> GIy-Lel(J) i 4-Picoline Deferiprone TG (53:2)
£ p= 0=0.42 80000 ° =0.39
» | 6000 ®0=0.0006 300000 o p 90000 5 20000 p: )
< 60000 p=0.42 15000 p=0.002
8| 4000 = @ge 200000 e p=0.0009 o®
= Y Xy L “. 40000 : 10000 Jfle  'q:r®
=| 2000 | o A,‘ 100000 | 20000 | o . 5000 2B WSS
3 0 “" 0 cmenee 0 oA e |
o 0 20 40 0 20 40 0 20 40 0 20 40
= Adenine Nicotinic Acid 4-Hydroxymandelonitrile 6-Aminoindazole
> 6000 p=0.35 15000 ¢ °
2000 | _ ® p=038 40000 ¥ o P=0.006 e
®  $=0003 p=0.36 4000 | “gq @, ® 10000 o p=-0.35
] .~‘ p=0.005 ’. p=0.006
o Q s 0 o e om k\'f’ 5000 23
“““ * R
- AL 0 enlleyes o 0 %l.o 0 ado .
0 20 40 0 20 40 0 20 40 0 20 40
JADAS-71
FIGURE 4 | Association of disease activity with metabolite levels over the 3-months treatment period. The normalized peak ion intensity for each of the identified
metabolites was evaluated for its relationship with JADAS-71 scores by Spearman’s rank correlation analysis. The resulting Spearman’s correlation coefficient (p) and
associated p-values are provided.

(p = 0.04). However, among patients receiving MTX by the
subcutaneous route, ACR Pedi 70 response at 3 months was
only associated with greater reductions in dehydrocholic acid
(p = 0.009). A nominal logistic regression model for MTX
response by ACR Pedi 70 criteria was built using route of
administration and change in dehydrocholic acid levels as the
independent variables to evaluate if the relationship of
dehydrocholic acid levels with clinical response were
independent of differences in response based on route of
administration. MTX route of administration was not found to
be significantly associated with response, but greater reductions
in dehydrocholic acid continued to demonstrate a significant
association with response (p = 0.03) in the model.

DISCUSSION

In this work, the initiation of MTX in children with JIA is found
to be associated with a diversity of changes in the plasma
metabolome. Visualization by metabolic network mapping
highlights these changes (Figure 1). Alterations in the plasma
metabolome reflect direct effects of MTX on these metabolic
pathways, or alternatively may reflect alterations in the
immunoinflammatory disease process. Metabolic pathways
predicted to be impacted based on the known pharmacological
activity of MTX include pathways related to folate metabolism,
including intermediates of nucleotide metabolism and

methylation (Cronstein and Aune, 2020). In our study,
treatment with MTX was found to be associated with altered
nucleotide metabolism, including increased plasma adenine and
N,N-dimethylguanosine levels, and decreased levels of adenosine,
guanine, and 8-oxo-2-deoxyadenosine. In contrast to previous
work that found no difference in adenosine concentrations in the
blood of children with JIA receiving MTX (Dolezalova et al.,
2005), this work found a 40% reduction in plasma adenosine
levels following the initiation of MTX. This finding is
contradictory to those expected based on the hypothesis that
MTX mediates its anti-inflammatory activity through the indirect
inhibition of adenosine deaminase resulting in an increase in
extracellular adenosine concentrations (Nalesnik et al., 2011).
However, it must be noted that adenosine is unstable in plasma
and these samples were not prepared in such a manner to control
for this rapid degradation (Lofgren et al., 2018). MTX treatment
was also associated with an increase in the amino acid
phenylalanine with a corresponding reduction in its
N-methylated product, which represents a potential indicator
of reduced methyltransferase activity. However, no significant
reduction in plasma levels of the universal methyl donor
S-adenosyl-methionine were observed (Wang and Chiang, 2012).

The majority of metabolites identified as significantly altered
following the initiation of MTX haven’t been previously identified
as pharmacological targets of MTX. It is possible that changes in
many of these metabolites are reflective of metabolic changes
related to the underlying immunoinflammatory process. The
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FIGURE 5 | Association of changes in metabolite levels with MTX efficacy at 3 months. The fold-change in (A) dehydrocholic acid, (B) 4-picoline, and (C) biotin are
compared between responders and non-responders based on achievement of ACR Pedi 70 response criteria. (D) The fold-change in dehydrocholic acid over the 3-
months treatment period is compared between responders and non-responders based on achievement of a JADAS <2.5. (E) The association between fold-change in
dehydrocholic acid and percentage change in JADAS-71 was evaluated by Spearman’s rank correlation analysis. The resulting Spearman’s correlation coefficient
(p) and associated p-values are provided. Unpaired analysis in (A-D) were conducted by Wilcoxon rank-sum analysis and the resulting p-values are provided.

chemical enrichment analysis found that the only class-wide
metabolic effect associated with MTX treatment was a
reduction in unsaturated triglycerides. This finding is in
agreement with previous studies demonstrating that children
with active JIA had, on average, 37-59% higher plasma
triglyceride concentrations compared to healthy control
subjects, and that inactive disease was associated with
normalization of these levels (Ilowite et al., 1989; Tselepis
et al., 1999). Elevated triglycerides represent a component of a
broader dyslipoproteinemia of autoimmunity attributed to
reduced lipase activity related to pro-inflammatory signaling
and associated with increased atherogenic risk (Wang et al,
2020). Our work also found MTX therapy was associated with
increases in plasma concentrations of several unsaturated fatty
acids, including docosahexanoic acid and linoleic acid. Previous
work has similarly found lower unsaturated fatty acid levels in the
serum of JIA patients with active disease, and found that
unsaturated fatty acid concentrations were inversely associated

with markers of disease activity (Gorczyca et al., 2017). The
omega-3 unsaturated fatty acids have been proposed to alter
eicosanoid metabolism in favor of an anti-inflammatory state and
potentially alter innate and adaptive immune cell function, as well
as cytokine and reactive oxygen species production (Miles and
Calder, 2012) (Gheita et al., 2012).

In evaluating potential metabolic biomarkers associated with
MTX response, only metabolites achieving an FDR-adjusted
p-value (ie., g-value) less than 0.05 were considered. The
resulting metabolites represented a diversity of biochemical
classes, with many representing metabolites that fail to map to
endogenous metabolic pathways. Several of these metabolites
were found to be significantly associated with JADAS-71
scores and active joint counts resulting in associations that
were stronger than those observed with ESR and CRP, which
represent the inflammatory markers commonly used as measures
of active disease in practice. In comparing changes in metabolite
levels based on the ACR Pedi response criteria, changes in
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dehydrocholic acid, 4-picoline, and biotin were found to be
significantly different between responders and non-responders;
and in subjects who achieved a JADAS <2.5, changes in
dehydrocholic acid were found to be significantly different.
Furthermore, changes in dehydrocholic acid were found to be
significantly associated with changes in JADAS over the
treatment period and remained significant after controlling for
MTX administration. None of these metabolites have been
previously associated with the efficacy of MTX and therefore
represent potential novel biomarkers of response.
Dehydrocholic acid is a secondary bile acid and is an
oxidation product of cholic acid (Navarro Suarez et al,
2018). Recognizing that secondary bile acids are primarily
formed through enterohepatic recirculation of primary bile
acids with metabolism occurring via the gut microbiota
(Staley et al., 2017), changes in dehydrocholic acid levels
secondary to MTX therapy support the findings that MTX
efficacy in autoimmune arthritis may be related to its effect
on the gut microbiota (Artacho et al., 2020; Scher et al., 2020;
Nayak et al., 2021; Wu, 2021). This potential relationship is
further supported by the identification of biotin as a metabolite
associated with MTX efficacy, as systemic biotin is at least
partially generated through gut microbial metabolism
(Rowland et al., 2018). 4-picoline is within the class of
compounds known as methylpyridines and is an aromatic
compound found in food stuffs and its presence may
represent consumption of foods containing this compound
(Arn and Acree, 1998). The basis for the relationship
between MTX efficacy and 4-picoline levels will require
further investigation, as its role in metabolism is unknown
and has only been speculated to represent a potential
biomarker of foods enriched in this metabolite, such as tea.
This is the first study to evaluate the relationship between the
effect of MTX on the plasma metabolome in relation to its clinical
effect. Previous metabolic studies have been conducted in RA and
have identified a number of metabolites and metabolic pathways
associated with clinical response to MTX, however these studies
were largely based on metabolomic analysis at a single timepoint.
An NMR-based metabolomics analysis of serum samples from
38 RA patients found significant differences in the concentrations
of 11 metabolites between MTX responders and non-responders
when measured after 24 weeks of therapy (Wang et al., 2012).
This list included markers of nucleotide (uric acid, uracil,
hypoxanthine), amino acid (aspartate, methionine, histidine,
glycine, tryptophan, taurine), TCA cycle (a-oxoglutarate) and
microbial (TMAO) metabolism. The same metabolic pathways
were also found to be impacted by MTX in our study, however the
metabolites representing these changes differed in our pediatric
cohort. This may reflect differences in the study design, in that the
previous study only evaluated metabolite concentrations at the
24-weeks timepoint, while our study focused only on metabolites
that changed in response to MTX therapy over a 12-week period.
Similar efforts have focused on using baseline metabolomic
profiling to identify predictors of drug response (Gosselt et al.,
2020). Responders were found to have significantly lower
concentrations of several markers of nucleotide and amino
acid  metabolism  (guanosine  diphosphate, adenosine
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triphosphate, uric acid, taurine, homocysteine) and higher
concentrations of intermediates of glycolysis (glycerol-3-
phosphate, diphosphoglycerate, phosphoenolpyruvate). These
findings suggested that pretreatment variability in amino acid
metabolism and cellular respiration may predict future response
to MTX therapy, but the work did not explore how MTX
impacted the metabolome and whether the impact on the
metabolome was associated with its efficacy. In fact, the
authors highlighted the need for future longitudinal
metabolomic studies to investigate the impact of MTX on
metabolism in relation to efficacy with a goal of improving
our understanding of the mechanism of action of MTX, as
done here. Another study focused on an untargeted approach
that measured over 3,000 lipid metabolites at baseline and after
4 weeks of therapy to predict MTX response at 6 months in RA
(Maciejewski et al., 2021). The study failed to identify any lipid
species, alone or in combination, that predicted response to MTX.
Again, this study focused on predictive markers of MTX response
and used an untargeted approach limited to lipid metabolites.
Ultimately, our study confirms that MTX has a significant impact
on the plasma metabolome in children with JIA, and that some of
these changes differentiate patients responding to MTX from
those not responding to MTX. Specifically, the metabolites
identified here implicate exogenous and microbiota
metabolites, and highlight the potential role of environmental
and gastrointestinal microbial metabolism as important
mediators in the clinical response to MTX.

The limitations of this study include an exploratory study
design with a limited sample size of 30 JIA patients that was
further divided into two groups based on clinical response. This
sample size was in line with previous metabolomics studies and
power was increased through the use of a paired approach to the
analysis using both baseline and 3-months follow up samples
from the same patients. Choosing extreme response phenotypes
intended to clearly delineate the clinical response differences
between groups and minimize the known heterogeneity in JIA.
The baseline clinical features however did not differ from the
larger cohort. In addition, the identification of statistically
significant metabolomic changes and metabolic biomarkers
demonstrates that the study was adequately powered for these
analytes. Another limitation of the study is the variation in the
route of MTX administration in the study cohort. This could
result in potential confounding variables related to variation in
MTX bioavailability, metabolomic changes, and clinical response.
Although the subcutaneous route is preferred, especially for
higher doses of MTX, such as the 15 mg/m* dose used in this
study, a national shortage of injectable MTX resulted in the use of
oral MTX in 12 of our patients. Although we did not find a
statistically significant difference in response based on route of
administration, there was increased use of subcutaneous MTX in
responders (73%) compared to non-responders (47%). We
attempted to control for route of administration in our sub-
analysis, which ultimately resulted in a reduction in power, but we
were able to confirm the relationship of reductions in
dehydrocholic with clinical response by both routes of
administration. Similarly, although use of NSAIDs and
corticosteroids did not statistically differ between responders
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and non-responders, it must be acknowledged that these
therapeutic agents can also impact the plasma metabolome
and may represent potential confounding factors in this
analysis. Only 2 subjects received corticosteroids in this
cohort, but were not actively on corticosteroids at the time of
baseline or 3-months sampling (i.e., they received and were
discontinued on corticosteroids within the 3-month sampling
window). In addition, recognizing that several of the metabolites
that we found were associated with the gut microbiota, it may
have been helpful to collect information on antibiotic use prior to
initiation of the study and any prospective dietary changes
throughout the study. The effect of diet and diurnal variation
on the plasma metabolome may represent additional
confounding variables, as samples were collected as part of
routine care and were not controlled for either diet or time of
day. However, recent work investigating the impact of season,
time of day, fasting status, tobacco, alcohol, and NSAID use failed
to demonstrate a significant impact of these potential
confounding variables on the metabolome, but did find that
the metabolome was sensitive to sex and age (Hardikar et al,
2020). Although we were not able to capture all potentially
confounding variables in our analysis, our responder and non-
responder groups were found to be similar in both sex and age.
The study is also limited by the semi-quantitative approach to
measuring metabolite levels that lack authentic internal standards
for the absolute quantitation of each of the identified metabolites.
However, this is the standard approach in global metabolomics
analyses. Although multiple analytical platforms were used to
capture a diverse representation of the plasma metabolome, there
remains a multitude of unidentified metabolites that were not
included in this analysis. However, this limitation applies to all
metabolomics studies.

CONCLUSION

Metabolomics represents an unbiased and untargeted approach
to improve our understanding of the underlying biochemical
changes associated with MTX therapy and the relationship of
these changes with its clinical efficacy in JIA. As a result,
metabolomics serves as a tool for hypothesis generation that
holds the possibility of both identifying novel drug target
pathways for the treatment of JIA as well as the identification
of potential metabolic biomarkers to guide clinicians in the
optimization of MTX therapy in JIA. The findings in this
study support a robust and diverse change in the plasma
metabolome following the initiation of MTX in children with
JIA. In particular, MTX therapy is associated with a class-wide
reduction in plasma triglycerides that is likely reflective of the
previously described dyslipoproteinemia of autoimmunity that is
at least partially corrected following the initiation of MTX.
Although a number of individual metabolites representing a
diversity of chemical classes were found to be significantly
associated with disease activity, only a few metabolites were
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found to discriminate between patients based on clinical
response to MTX. These metabolites included dehydrocholic
acid, biotin, and 4-picoline, and are all likely related to
exogenous sources and possibly related to gut microbial
metabolism. Subsequent targeted and functional metabolic
studies are needed to further evaluate these putative
biomarkers of MTX response in JIA.
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Current intervention strategies have not been successful in reducing the risks of adverse
pregnancy complications nor maternal and fetal morbidities associated with pregnancy
complications. Improving pregnancy and neonatal outcomes requires a better
understanding of drug transport mechanisms at the feto-maternal interfaces,
specifically the placenta and fetal membrane (FM). The role of several solute carrier
uptake transporter proteins (TPs), such as the organic anion transporting polypeptide
2B1 (OATP2B1) in transporting drug across the placenta, is well-established. However,
the mechanistic role of FMs in this drug transport has not yet been elucidated. We
hypothesize that human FMs express OATP2B1 and functions as an alternate gatekeeper
for drug transport at the feto-maternal interface. We determined the expression of
OATP2B1 in term, not-in-labor, FM tissues and human FM cells [amnion epithelial cell
(AEC), chorion trophoblast cell (CTC), and mesenchymal cells] using western blot analyses
and their localization using immunohistochemistry. Changes in OATP2B1 expression was
determined for up to 48 h after stimulation with cigarette smoke extract (CSE), an inducer
of oxidative stress. The functional role of OATP2B1 was determined by flow cytometry
using a zombie violet dye substrate assay. After OATP2B1 gene silencing, its functional
relevance in drug transport through the feto-maternal interface was tested using a recently
developed feto-maternal interface organ-on-a-chip (OOC) system that contained both FM
and maternal decidual cells. Propagation of a drug (Rosuvastatin, that can be transported
by OATP2B1) within the feto-maternal interface OOC system was determined by mass
spectrometry. FMs express OATP2B1 in the CTC and AEC layers. In FM explants,
OATP2B1 expression was not impacted by oxidative stress. Uptake of the zombie
violet dye within AECs and CTCs showed OATP2B1 is functionally active. Silencing
OATP2B1 in CTCs reduced Rosuvastatin propagation from the decidua to the fetal
AEC layer within the feto-maternal interface-OOC model. Our data suggest that TPs in
FMs may function as a drug transport system at the feto-maternal interface, a function that
was previously thought to be performed exclusively by the placenta. This new knowledge
will help improve drug delivery testing during pregnancy and contribute to designing drug
delivery strategies to treat adverse pregnancy outcomes.
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INTRODUCTION

More than one in six pregnancies are affected by various
pregnancy-related complications, including preterm birth, fetal
growth restrictions, or preeclampsia, which are associated with
substantial maternal, fetal, and neonatal morbidity and mortality
(Collier and Molina, 2019). Despite the rising trend in pregnancy-
related complications within the past decades in the
United States, current treatment strategies have not been
successful in reducing adverse pregnancy outcomes (D’Alton
et al., 2019). Moreover, the current lack of knowledge about
the effect of maternally administered drugs on the developing
fetus is a major public healthcare concern worldwide (Sachdeva
et al.,, 2009).

Unfortunately, and justifiably, concerns about fetal safety have
limited pharmacotherapy and drug studies during pregnancy
(Costantine, 2014). For example, maternal treatment with
antiepileptic drugs results in fetal teratogenicity, such as
intrauterine growth restriction, congenital anomalies, and
infant mortality (Giiveli et al, 2017). Given that therapy
during pregnancy-related complications may expose the fetus
to adverse effects in utero, a proper understanding of the passage
of drugs across the feto-maternal interface will guide the
development of more accurate and safer pharmacotherapy
during pregnancy. The feto-maternal interface is comprised of
the placenta-decidua basalis interface and the fetal membrane
(FM) (i.e., amniochorion)-decidua parietalis interface, both
acting as protective barriers throughout pregnancy while
maintaining communication between the mother and the fetus
(Menon et al, 2021). Disruption of these interfaces leads to
various pregnancy complications, including preterm birth,
which can have long-term adverse effects on maternal and
fetal health (Menon et al., 2019). Thus, understanding the role
of the feto-maternal interfaces in drug transport is critical to
advancing clinical treatment strategies during pregnancy.

Drug transporter proteins play an essential role in regulating
the transport of drugs across a variety of tissues such as intestinal
enterocytes, kidneys (proximal tubule), hepatocytes, and brain
(International Transporter et al, 2010). The distribution,
substrate  specificity, and activities of the membrane
transporters are essential determinants of drug absorption,
excretion, and in many cases, the extent of drug entry into
target organs (Al-Enazy et al, 2017). The placenta-decidua
basalis interface is the only region studied for drug
transportation functions during pregnancy due to its direct
interaction with maternal blood (Dallmann et al, 2019).
Gestational age-dependent expression of transporter proteins
in the placenta is crucial in limiting fetal toxicities by
preventing entry or facilitating the active efflux of endogenous
waste products and xenobiotics out of the fetal compartment
(Anoshchenko et al., 2020). For example, ATP-Binding Cassette
(ABC) efflux transporters such as breast cancer resistance protein
(BCRP; ABCG2) and P-glycoprotein (P-gp; ABCB1) are among
one of the highly expressed transporters in the placenta, and can

transport diverse therapeutic drugs (such as antihypertensive,
antivirals, and antibiotics), thus protecting the fetus from the
effects of the treatment (Staud et al., 2012; Han et al,, 2018). In
addition to the ABC efflux transporters, the organic anionic
transporters (OATs) and organic anion transporting
polypeptides (OATPs) also play a critical role in the transport
of various endogenous molecules and xenobiotics (Staud et al.,
2012). OATs and OATPs mediate the transport of steroid
sulfates, thyroid hormones, and drugs (e.g., statins), as well as
the transport of waste products (Roth et al., 2012). An essential
member of the OATP family is OATP2BI1. In human placenta,
OATP2B1 is expressed on the basal membrane of the
syncytiotrophoblast (Grube et al, 2007). However, the
physiological and pharmacological role of OATP2BI is poorly
understood, which is one of the focus of our study.

Despite being structurally and functionally different from the
placental interface, the role of FM-decidua parietalis interface in
drug transportation and function remains unclear. Of note, drugs
have to pass through both placenta-decidua basalis and the FM-
decidua parietalis to reach the fetus. Thus, it is important to
understand whether drugs can indeed pass through the FM-
decidua parietalis interface to reach the fetus. An ideal strategy
will be the simultaneous testing of drug transporter expression
and function at both interfaces to have a complete understanding
of drug kinetics (i.e., absorption, distribution, metabolism,
elimination) and its associated effects on the fetus. We
hypothesize that human FMs express transporter proteins,
such as OATP2B, which function as an alternate gatekeeper
for drug transport at the feto-maternal interface.

METHODS
IRB Ethics Committee Approval Statement

Placental samples used for this study were collected after normal
term cesarean deliveries from John Sealy hospital [University of
Texas Medical Branch (UTMB)] at Galveston, Texas,
United States in accordance with the relevant guidelines and
regulations of approved protocols for various studies (UTMB 11-
251). As discarded placentas after delivery were used for the
study, no subject recruitment or consent was required.

Placental and FM Explant Culture

Placental and FM (i.e., amniochorion) tissues from term, not in
labor, cesarean deliveries (TNIL) (n = 5) were used for this project
and prepared as previously described by our laboratory (n = 6
tissues for western blotting and n = 5 tissues for explant culture)
(Ayad et al., 2018; Sheller-Miller et al., 2020). Briefly, the FM was
dissected from the placenta, washed three times in normal saline,
cleaned with sterile saline-moistened gauze to clear any adherent
blood clots and all the decidua, and washed in Hank’s balanced
solution (HBSS) with penicillin 100 U/mL and streptomycin
100 pg/ml. Using a skin biopsy punch, the membranes were
cut into 6-mm disks. Sections were taken from midzone of the
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fetal membranes, avoiding the regions overlying the cervix or
placenta. Four disks of the amniochorion membranes were placed
in each well of a 24-well tissue culture plate with 0.4 ml of
Dulbecco’s modified Eagle’s medium (DMEM) with Ham F12
nutrient mixture 1:1; antibiotics: penicillin (100 IU/ml),
streptomycin (100 ug/ml), and amphotericin B (2.5 pug/ml);
glutamine (2 mmol/L); and 15% heat-inactivated fetal bovine
serum. Cultures were incubated at 37°C with 5% CO,. The
medium was changed at 24 h (hrs.) when the study reagents
were added.

Placental explants were prepared as described previously
(Behnia et al, 2016; Arita et al, 2018). Briefly, placental
tissues were washed with sterile saline. After removal of the
blood clots by gentle blotting, segments of the maternal part
of the placental villi were isolated by sharp dissection, and
subsequently washed and cut 3-5 times. Chopped tissues were
washed in DMEM supplemented with 5% fetal bovine serum (v/
v), penicillin (100 U/mL), and streptomycin (100 pg/ml).
Placental tissue (0.1 gm) was placed in each well of a 24-well
tissue culture plate in 0.5 ml DMEM with Ham F12 nutrient
mixture 1:1; antibiotics: penicillin (100 IU/ml), streptomycin
(100 pg/ml), and amphotericin B (2.5 pg/ml); glutamine
(2 mmol/L); and 10% heat-inactivated fetal bovine serum. The
medium was changed at 24h when the study reagents
were added.

Culture of Immortalized Human FM Cells

Maternal decidual and FM cells [amnion epithelial cells
(AECs); amnion mesenchymal cells (AMCs), chorionic
trophoblast cells (CTCs)] were isolated from term, not-in-
labor, cesarean-delivered FM and immortalized by a standard
HPV16 E6E7 retrovirus protocol (Halbert et al., 1991).
Retroviruses were obtained from the PA317 LXSN 16E6E7
(ATCC® CRL-2203™) cell line. Cells derived from healthy
FM tissues were seeded in 6-well plates. The next day, cells
were infected with 500 pL of the mixture containing 50 puL of
retrovirus supernatant, 5 pug of protamine sulfate in serum-
free culture medium, and incubated at 37°C for 6 h. Culture
medium was replaced with fresh media, and 48 h after the
viral infection, antibiotic selection was started. Five days after
the antibiotic selection process, the immortalized cells were
expanded and passaged several times (up to passage 8) before
using them in the experiments. AMCs and maternal decidual
cells were cultured and maintained in complete media
consisting of Dulbecco’s modified Eagle’s medium
(DMEM) with Ham F12 nutrient mixture 1:1; antibiotics:
penicillin (100 IU/ml), streptomycin (100 pg/ml), and
amphotericin B (2.5 ug/ml); and 5% heat-inactivated fetal
bovine serum. AECs were cultured in complete keratinocyte
serum-free media (KSFM), a culture highly selective for
epithelial cells, supplemented with human recombinant
epidermal growth factor (0.1 ng/ml), bovine pituitary
extract (30 pg/ml), and primocin (0.5 mg/ml) (ant-pm-1;
Invivogen). Supplements were added to the media
immediately before use. CTCs were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with Ham F12 nutrient
mixture 1:1 supplemented with the following: fetal bovine

OATP2B1 Expression in Human Fetal Membranes

serum, penicillin, streptomycin, bovine serum albumin, ITS-
X, CHIR99021, A83-01, SB431542, L-ascorbic acid,
epidermal growth factor, VPA, and Y27632 (ROCK
inhibitor). Cells used for all experiments were within 10
passages.

Stimulation of FM and Placental Explant
Culture With Cigarette Smoke Extract

Cigarette smoke extract (CSE) was prepared as previously
reported by our laboratory (Menon et al., 2013; Sheller et al,
2016; Richardson et al., 2020a). Briefly, smoke drawn from a
single lit commerecial cigarette (unfiltered Camel™, R.J. Reynolds
Tobacco Co.; Winston Salem, NC) was bubbled through 50 ml of
tissue culture medium (DMEM: F12 Ham’s mixture with
antimicrobial agents and FBS). Each cigarette is reported to
contain 26 mg of tar and 1.7 mg of nicotine. The stock CSE
was filter-sterilized using a 0.25um pore Millipore filter
(Millipore, Bedford, MA) to remove insoluble particles. Fetal
membrane and placental explants were then stimulated with CSE
(diluted 1:10 in culture media) for 0, 4, 8, 24 and 48 h. CSE was
prepared freshly for each experiment. After the treatments, the
explants (placental and FM) were removed and processed for
western blotting for OATP2B1. Both placental and FM explants
were used to better understand the expression levels of OATP2B1
in response to CSE stimulation.

Immunohistochemistry for OATP2B1
Immunohistochemistry (IHC) for OATP2B1 was performed
on FM tissues using methods previously described by our
laboratory (Kammala et al., 2020). Briefly, FM sections were
fixed in 4% paraformaldehyde for 48 h and embedded in
paraffin. Tissue sections were cut to 5 um thickness, placed
on a positively charged slide, and attached by keeping them at
50°C for 45 min. Slides were deparaffinized using xylene, and
then rehydrated with 100% alcohol, 95% alcohol, and normal
saline (pH 7.4), followed by staining. Tissue sections were
probed with the antihuman OATP2B1 antibody (1:500,
ab222094, Abcam, Cambridge, United Kingdom) overnight
at 4°C, and IHC anti-rabbit/anti-mouse secondary antibody
(Mouse and Rabbit Specific HRP/DAB (ABC) Detection IHC
kit, ab64264, Abcam, Cambridge, United Kingdom) was
added for 45 min at room temperature, followed by adding
DAB as a chromogen for 15s, and then hematoxylin as a
counterstain for color development. Bright-field microscopy
images were captured using a Nikon Eclipse TS100
microscope (20x and 100x) (Nikon).

Flow Cytometry for Surface Expression of
Fluorophore Conjugated OATP2B1 in FM
Cells

Firstly, anti-human OATP2B1 antibody (ab222094, Abcam,
Cambridge, United Kingdom) was labeled using the CF® Dye
and Biotin Protein Labeling Kits (Biotium, Fremont, CA)
along with Rabbit IgG (AB_2532938, Invitrogen) as per the
manufacturer’s protocol. The next day, the conjugated
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OATP2B1 antibody was used for flow cytometry analysis.
Briefly, FM cells (AEC, AMC, and CTC), maternal decidua,
and BeWo cells (used as a surrogate for placental cells) were
harvested, washed in ice-cold PBS, 10% FCS, 1% sodium azide
and centrifuged at 3,000 rpm for 10 min. Cell pellets were
incubated with specific fluorophore conjugated antihuman
OATP2B1 antibody (1:50) and propidium iodide dye
(BioLegend, San Diego, CA) for 30 min at 4°C in dark.
Cells were washed three times by centrifugation at 400 g
for 5 min and resuspended in 500 uL of ice-cold PBS, 10%
FCS, 1% sodium azide, and analyzed immediately on a
CytoFLEX flow cytometer (Beckman Coulter, Brea, CA).

Fluorescent Zombie Violet Dye Uptake
Determined by Flow Cytometry in FM Cells

Based on our IHC and western blotting data, we chose AECs and
CTCs to further study the uptake function of cell surface
OATP2B1 by flow cytometry. Previous studies have
demonstrated that intracellular accumulation of zombie violet
dye is increased explicitly by OATPs (Patik et al., 2015; Patik et al.,
2018). OATP2BI is known to function almost exclusively at
acidic extracellular pH (Patik et al., 2018). Based on these
criteria, we chose the zombie violet dye uptake assay to
determine the functional capacity of OATP2B1 in FM cells.
Briefly, cells were washed in uptake buffer (125 mM NaC],
4.8 mM K(l, 1.2 mM CaCl,, 1.2 mM KH,PO,4, 12 mM MgSO,,
25 mM MES, and 5.6 mM glucose, with the pH adjusted to 5.5
using 1 M HEPES and 1 N NaOH). After washing 5 x 10° cells
were incubated for 15min at 37°C with Zombie violet
(BioLegend®, San Diego, CA, United States; 0.4 uL zombie
violet/5 x 10> cell) and propidium iodide dye (BioLegend, San
Diego, CA) in a final volume of 100 pL. The reaction was stopped
by adding 1 ml ice-cold PBS and the fluorescence of 10,000 living
cells was immediately determined on a CytoFLEX flow cytometer
(Beckman Coulter, Brea, CA). Dead cells were excluded by
propidium iodide labeling.

Protein Extraction and Western Blotting

Placental and FM explants as well as immortalized maternal
DECs and FM cells (AECs, AMCs, CTCs) were lysed with
radioimmunoprecipitation lysis buffer [50 mM Tris (pH 8.0),
150 mM NaCl, 1% Triton X-100, 1.0 mM EDTA (pH 8.0), and
0.1% SDS] supplemented with a protease and phosphatase
inhibitor cocktail and also phenyl methyl sulfonyl fluoride.
Human FM were homogenized as previously described
(Richardson et al., 2020a). After centrifugation at 12,000 g
for 20 min, the supernatant was collected and protein
concentrations were determined using the Pierce
bicinchoninic acid kit (Thermo Scientific, Waltham, MA,
United States). The protein samples were separated using
SDS-polyacrylamide gel electrophoresis on a gradient
(4-15%) Mini-PROTEAN TGX Precast Gel (Bio-Rad,
Hercules, CA, United States) and transferred to the
membrane using a Bio-Rad Gel Transfer Device (Bio-Rad).
Membranes were blocked in 5% non-fat milk in 1x Tris-
buffered saline-Tween 20 for a minimum of 1h at room

OATP2B1 Expression in Human Fetal Membranes

temperature and then probed overnight at 4°C using
primary antibody overnight. The membranes were then
incubated with secondary antibody conjugated with
horseradish peroxidase, and immunoreactive proteins were
visualized using chemiluminescence reagents ECL WB
detection system (Amersham Piscataway, NJ,
United States). The following anti-human antibodies were
used for western blot: OATP2B1 (1:1,000 for tissues and 1:250
for FM cells, ab245246, Abcam, United States) and B-actin (1:
15,000, Sigma- Aldrich, St. Louis, MO, United States). Protein
band quantification were normalized to B-actin expression in
each lane, and the expression levels were densitometrically
determined using the Bio-Rad Image Lab 6.0 software.

Short-Interfering RNA-Mediated Gene
Silencing of OATP2B1 in CTCs

CTCs were found to have maximum levels of OATP2B1
compared to all other cell types in FMs. Therefore, we chose
CTCs to further study the role of OATP2BI1 in the uptake of
fluorescent zombie violet dye and substrate (Rosuvastatin)
propagation across the FM layers based on our
immunohistochemistry western blot analyses. CTCs were
cultured to 50-60% confluency in DMEM/F12 medium
supplemented with 10% FBS and antimicrobial agents
(penicillin, streptomycin, and amphotericin), and then
transfected with 15 uL of 20 uM oligos (Dharmacon, Lafayette,
CO, United States) directed against OATP2B1 or nontarget
scrambled (control) siRNAs using RNAimax lipofectamine as
per the manufacturer’s instructions (Thermo Fisher Scientific,
Waltham, MA, United States). After 24 h, OATP2B1 knockdown
CTCs were separately used for the fluorescent zombie violet
uptake assay BeWo cells was used as a surrogate of placental
cells. BeWo cells is a commonly used in vitro model for studying
the placental barrier. BeWo cells emulate a term human placental
barrier in culture conditions because of its ability to fuse and form
a syncytium in vitro. In another set of experiments, control and
knockdown CTCs were loaded into the feto-maternal interface
OOC device as previously described (Radnaa et al., 2021), as
further described in the following section.

Use of the Four-co-culture-chamber
Feto-Maternal Interface OOC Device to
Monitor the Propagation of Rosuvastatin
Across Fetal Membrane Cells

The development and validation of the feto-maternal
interface -OOC device have been previously reported by
our laboratory (Richardson et al., 2019; Richardson et al.,
2020b; Richardson et al., 2020¢; Radnaa et al., 2021). In brief,
the microfluidic feto-maternal interface -OOC is composed
of four concentric cell culture compartments (one for
maternal cells and three for fetal cells) interconnected
through arrays of microfluidic channels to allow co-
cultivation of four different cell types. Chamber one, the
central chamber is for maternal DECs, chamber two is for
fetal CTCs, chamber three is for AMCs, and the outermost
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chamber is for AECs. Each cell chamber is 250 pm in height,
and the width of each chamber was designed to mimic the
differences in thickness of each maternal and fetal layer as
seen in utero. The chambers are interconnected through an
array of 24 microchannels (all width: 35 um; length: 600 pm
for CTCs to DECs and AMCs to CTCs, 300 pum for AECs to
AMCs; all height: 5pum) that performed several functions,
such as preventing the flow of cells between compartments
during the initial cell loading process, allowing independent
localized biochemical treatments to each compartment,
enabling independent elution of supernatant from each cell
compartment, and allowing biochemicals to diffuse between
the chambers to enable cell-cell communication. The number
of microchannels, along with the height and width, remained
same throughout all experiments as to not affect the diffusion
rate of molecules. The device contains an on-chip reservoir
block placed on top of the cell culture chamber layer and is
comprised of multiple 4 mm diameter and 2mm deep
reservoirs, where each reservoir is aligned in such a way
that they are placed on top of the inlets and outlets of
each cell culture chamber in the main cell culture layer.
The center culture chamber has one reservoir on top of it
and the outermost culture chamber has four reservoirs on top
of it, while the two middle culture chambers have two
reservoirs each on top of them, to provide sufficient cell
culture medium to all parts of the cell culture chambers
evenly. The feto-maternal interface -OOC was fabricated
in polydimethyl siloxane (PDMS, 1:10 mixture, Sylgard
184; DowDuPont, Midland, MI, United States) using a
two-step  photolithography master mold fabrication
process, followed by a soft lithography process of replica-
molding the final PDMS device from the master mold (Park
et al., 2010). The bonding of the PDMS layer onto the glass
substrate was improved by treating the PDMS layers with
oxygen plasma (Harrick Plasma, Ithaca, NY, United States),
followed by bonding the layer onto a glass substrate. This
process was repeated to bond the PDMS reservoir layer on top
of the device. The feto-maternal interface -OOC device was
stored dry (for up to 1 month) and before using the feto-
maternal interface -OOC, the devices were sterilized with
70% ethanol for 15 min.

Type IV Collagen Loading Into the
Feto-Maternal Interface-O0OC

Microchannels

Before using the feto-maternal interface-OOC, the devices were
washed three times with PBS, filled with type IV basement
membrane collagen Matrigel (Corning Matrigel basement
membrane matrix, DEV-free; 1:25 in media), and incubated at
37°C with 5% CO, overnight. Diluted type IV collagen basement
membrane Matrigel was used to fill the microfluidic channels
between the AMC and the CTC compartments, mimicking the
amnion and chorion basement membranes in utero. These
Matrigel-filled microchannels will allow localized drug
treatment of each cell layer and independently take

OATP2B1 Expression in Human Fetal Membranes

supernatant from each layer. These channels also allow
biochemical to diffuse between the layers and permit cell
migration and transition, as seen in the fetal membrane-
decidua feto-maternal interface.

Cell Seeding and Culture in the
Feto-Maternal Interface-OOC Device

After Matrigel loading, the cell chambers were rinsed two times
with PBS to remove extra Matrigel, and the devices were loaded
with immortalized cells in the different culture chambers.
Immortalized cells were then trypsinized and loaded into the
device, starting from the center chamber to the outside. Cell
loading concentration in each chamber mimicked those of in
utero cell ratios of the FM tissue (60,000 DECs for chamber one,
200,000 CTCs + 5% primary collagen + 25% Matrigel for
chamber two, 62,500 AMCs + 20% primary collagen + 25%
Matrigel for chamber three, and 120,000 AECs for chamber four).
Following cell seeding, both the feto-maternal interface-OOC
devices and the 24-well plates were incubated at 37°C with 5%
CO, overnight before Rosuvastatin treatment.

Rosuvastatin Treatment Preparation
Rosuvastatin was obtained from Sigma-Aldrich (St Louis, MO).
Rosuvastatin calcium salt was prepared as a stock of 10 mg/ml in
serum-free media, and was added in a concentration of 200 nmol/
L. The dose of rosuvastatin was chosen based on the maximum
concentrations achievable in tissues after therapeutic doses, as
previously reported by our laboratory (Ayad et al., 2018). Next
day, rosuvastatin (200 ng/ml) was added to the maternal DEC
chamber, and the supernatant from each chamber (AEC, AMC,
CTC, and maternal DEC) was collected after 4 h. We chose this
time point because previous studies from our laboratory have
observed propagation of rosuvastatin from the maternal decidual
chamber to the AEC chamber of the feto-maternal interface-
OOC within 4 h after introducing the drug (unpublished data).
To confirm the kinetics of Rosuvastatin in OATP2B1 knockdown
CTGCs, the concentration of rosuvastatin in the media collected
from each of the chamber was analyzed by mass spectrometry
(see below for details).

Mass Spectrometry for Analysis of
Rosuvastatin Propagation in the

Feto-Maternal Interface -OOC

Targeted liquid chromatography tandem mass spectrometry (LC-
QQQ) analysis was performed on a TSQ Altis mass spectrometer
(Thermo Scientific, Waltham, MA) coupled to a binary pump
UHPLC (Vanquish, Thermo Scientific). Scan parameters for
target ions as per the Selective Reaction Monitoring (SRM
Table) for Rosuvastatin were used. The injection volume was
10 pL. Chromatographic separation was achieved on a Hypersil
GOLD™ C18 HPLC column (Dimensions: Particle size: 5 um;
Diameter: 50 mm; and Length: 2.1 mm) (Thermo Scientific)
maintained at 30°C using a solvent gradient method. Solvent
A was 0.1% formic acid in water. Solvent B was 0.1% formic acid
in acetonitrile. The gradient method used was 0-1 min (20% B to
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FIGURE 1 | Localization and expression of OATP2B1 transporter protein in fetal membrane tissues and human placenta. (A) Bright field microscopy showing
localization of OATP2B1 (brown) in human fetal membrane AECs and CTCs (left image) at a magnification of 20x (main image) and 100x (inset image) and placental
syncytiotrophoblast at a magnification of 20x (main and inset image (right image). 20x and 100x images were taken in different regions of the tissue. Images are
representative of three biological replicates. Scale bar = 30 pM. (B) Western blot analysis and quantification of OATP2B1 in human fetal membranes and placenta
(maternal and fetal side). B-Actin is used as a loading control. Representative western blots are shown. n = 6 biological replicates. Error bars represent mean +SEM.

60% B), 1-2 min (60% B to 95% B), 2-4 min (95% B), 4-4.1 min
(95% B to 20% B), and 4.1-5 min (20% B). The flow rate was
0.5ml min~'. Sample acquisition and data analysis was
performed using the Trace Finder 4.1 software (Thermo
Scientific).

Statistical Analysis

Statistical analysis and significance were determined by using the
Prism 9 software (Graph Pad, San Diego, CA). Statistical analyses
for normally distributed data were performed using analysis of
variance (ANOVA) with the Tukey Multiple Comparisons Test.
Significance is shown as *p < 0.05 and **p < 0.01. All data are
shown as mean =+ standard error of the mean (SEM).

RESULTS
OATP2B1 Localization in FMs

FMs are divided into morphologically distinct amnion and
chorion membranes, each with its own well-defined

microarchitecture (Menon et al., 2019). First, OATP2B1
localization was confirmed in different layers of FMs by IHC
(n = 3). OATP2BI1 expression was localized on the basolateral
surface of AECs and on both the apical and basolateral surfaces of
CTCs (Figure 1A). In line with previous studies, OATP2B1 was
also localized on the basolateral surface of placental
syncyiotrophoblasts (Figure 1A). Next, we determined the
protein expression of OATP2B1 in FMs by western blotting
(n = 6). The expression level of OATP2B1 was similar in FMs
as in both maternal and fetal sides of the placenta (used as a
positive control in our experiment) (Figure 1B). These results
show that OATP2BI location and expression are relatively similar
in the FM and placenta.

Surface Expression of OATP2B1 in FM Cells
To test whether OATP2BI is expressed on the surface of fetal
membrane cells, flow cytometry analysis was performed on AECs,
CTCs, AMCs, and maternal DECs. As shown in Figure 2A, cells
expressing OATP2B1 receptor bind to a conjugated antibody and
show a distinct shift in flow peak towards right (blue) from the
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FIGURE 2 | Expression of OATP2B1 transporter protein in human fetal membrane cells. (A) Cell surface expression of OATP2B1 in fetal membrane cells (AECs,
AMCs, CTCs) and maternal decidual cells (DECs) using primary antibody conjugated with CFR647. Representative histograms of stained samples are shown. The mean
fluorescence of these histograms was calculated using the FlowJo Software. (B) Western blot analysis and quantification of OATP2B1 in fetal membrane AECs, AMC,
CTCs, and maternal DECs. Actin was used as a loading control. Representative blots are shown. Error bars represent mean + SEM. n = 4 biological replicates.

AEC AMC CTC DEC

Isotype control stained cells (red). In line with our IHC data, flow
cytometry analyses showed differential expression of OATP2B1
on the surface of FM cells (Figure 2A). The surface expression of
OATP2B1 on the CTCs was significantly higher compared to the
maternal DECs (p < 0.5) (Figure 2A). Furthermore, western blot
analysis showed OATP2B1 expression in only AECs and CTCs of
the FM, but not in AMCs and DECs (Figure 2B).

Functional Activity of OATP2B1 in FM AECs
and CTCs

Next, the zombie violet uptake assay was used to determine the
functional role of OATP2B1 in FM cells (Patik et al., 2018; Patik
et al,, 2015). Zombie violet is a fluorescent viability dye that is
taken up by dead cells; however, the presence of OATP can
mediate uptake of zombie violet dye in living cells at an
extracellular pH of 5.5 (Patik et al, 2018). As an internal
control, we have used the propidium iodide (PI) which will
stain also dead cells. As shown in Figure 3A, uptake of the
zombie violet dye by OATP2BI receptor showed a distinct shift in

flow peak towards right (blue) from the live cells (red). The
uptake of zombie violet dye by fetal membrane AECs and CTCs
was comparable to the dye uptake observed in the placental BeWo
cells (Figures 3A,B). Uptake of the dye by the FM and placental
cells suggest that OATP2B1 expressed on cell surfaces of AECs,
CTCs and BeWo are functional.

Oxidative Stress Suppresses OATP2B1

Expression at the Feto-Maternal Interface

Previous reports show that CSE-induced oxidative stress
promotes cellular senescence, cellular transitions, and a pro-
inflammatory environment (increased concentrations of pro-
inflammatory cytokines) (Polettini et al, 2018; Richardson
et al., 2020a). Moreover, a pro-inflammatory environment at
the feto-maternal interface has been reported in preterm birth,
preeclampsia, and fetal growth restriction (Aouache et al., 2018).
Therefore, to determine the effect of CSE-induced oxidative stress
on OATP2BI expression at the feto-maternal interface, FM and
placenta explants were exposed to CSE for up to 24 h (0, 4, 8, 24,
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FIGURE 3 | Functional validation of OATP2B1 in fetal membrane and placental cells. (A) Functional activity of OATP2B1 in fetal membrane (AECs and CTCs) and
placental (BeWo) cells was determined by flow cytometry. Representative histograms of zombie violet dye uptake are shown. (B) The mean fluorescence intensity of
these histograms was calculated using the FlowJo software. n = 4 biological replicates. Error bars represent mean + SEM.

48 h) and analyzed for OATP2B1 expression by western blotting.
Oxidative stress did not have a significant impact on OATP2B1
expression in the FM (Figure 4A); however, CSE led to a
significant decrease in OATP2B1 expression in placental
explants (p < 0.05) (Figure 4B). These results suggest that
oxidative stress or a pro-inflammatory in utero environment
during pregnancy can lead to differential OATP2BI1 expression
at the FM-decidua parietalis interface and the placenta-decidua
basalis interface.

Silencing OATP2B1 in CTCs Reduces Drug

Transport

To validate the contribution of OATP2BL1 in drug transport, the
zombie violet uptake assay was conducted after silencing
OATP2B1. A reduction in OATP2Bl expression was
determined by western blot analysis in CTCs and BEWO cells
(Figure 5A). Knocking down OATP2B1 in CTCs reduced the
uptake of zombie violet dye (as indicated by the zombie violet-
stained blue peak overlapping with the unstained red peak),
suggesting that OATP2B1 in CTCs could play an essential role
in the uptake of substrates within the FM (Figure 5B).
Interestingly, silencing OATP2BI1 had little to no effect on the
zombie violet dye uptake in BeWo cells (Figure 5B). We speculate
that the differences in uptake results between the FM and

placental cells after OXTP2B1 knockdown indicate that
possibly in placental BeWo cells other uptake receptors (such
as OATP1B1) may also contribute to substrate uptake, whereas in
FM CTCs OATP2B1 may play a more predominant role in the
uptake of substrates from the maternal DEC.

To confirm OATP2BI’s role in drug transport, especially in
CTCs, the feto-maternal interface-OOC device was used to study
the contribution of OATP2B1 in the transport of rosuvastatin
through the FM layers. Here, OATP2B1-silenced CTCs were used
and compared to normal CTCs. We used stain as the model drug,
since they are competitive inhibitors of 3-hydroxy-3-
methylglutaryl-coenzyme-A reductase (HMG-CoA reductase)
and have been tested in multiple models of pregnancy
complications, such as preterm birth and preeclampsia (Istvan,
2003; Basraon et al., 2012). Specifically, we selected rosuvastatin
because it is more hydrophilic than other statins (such as
pravastatin) and requires protein transporters such as
OATP2B1 to enter the cell to inhibit the HMG-CoA reductase
enzyme (Climent et al., 2021). This drug was loaded into the DEC
chamber (innermost chamber) and its propagation throughout
the FM layers measured using mass spectrometry (Figure 6A).
Mass spectrometry data suggests that 18.45% of rosuvastatin
propagated from the maternal decidual chamber to the fetal
CTC chamber under control conditions. siRNA-mediated
silencing of OATP2B1 in CTCs however resulted in only
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2.57% of rosuvastatin propagating from the DEC chamber to the
CTC chamber (Figure 6B). Furthermore, OATP2BI silencing
also reduced rosuvastatin propagation from the DEC chamber to
the AEC chamber, where only 0.32% of rosuvastatin was detected
in the AEC chamber from OATP2B1 knockdown CTCs
compared to 1.73% in non-targeted siRNA control CTCs
(Figure 6B). These data further confirm our findings that
OATP2B1 could potentially act as one of the most significant
drug transport receptors in FM CTCs.

DISCUSSION

The feto-maternal interfaces are critical for the transport of

numerous endogenous substrates, including hormones,
steroids, metabolites, neurotransmitters, and exogenous
substrates, including drugs (ie., statins, glycosides, and

antivirals) between the mother and the fetus (Menon and
2017; Richardson and Menon, 2018). Drug
transport across the placental interface is well studied. In
contrast, there is a lack of knowledge regarding the
contribution of the other feto-maternal interface, namely the
FM-decidual interface, as a path for drug transport during
pregnancy. The FM provides mechanical, immune, endocrine,
transportation, and antimicrobial functions during pregnancy
(Menon, 2016). Despite its importance in maintaining pregnancy
and fetal growth, research focusing on the role of FM cells in the
transport of exogenous and/or endogenous substrates is lacking
compared to that of placenta. This is partly because of the
avascular nature of FMs, although chorion trophoblast lines

Richardson,

with vascular maternal decidua. We report for the first time,
to the best of our knowledge, that human FM express functionally
intact transporter proteins that can transport drugs. The
significance of these findings are: 1) OATP2BL1 is expressed in
fetal membranes and is mainly localized in the CTC and AEC
layers; 2) CTC and AEC cell layers show functionally active cell
surface expression of the OATP2B1 transporter; 3) CSE-induced
oxidative stress and pro-inflammatory conditions resulted in a
time-dependent decrease in the expression of OATP2B1 in the
placental explants but not in the FM, and 4) using a four-
chambered feto-maternal interface-OOC device, we showed
that silencing of OATP2B1 in CTCs significantly reduced drug
(rosuvastatin) propagation from the maternal decidua through
the CTCs and AMCs to the AECs. In summary, our findings
suggest that transporter proteins expressed in the FM-decidual
interface can play an important role in drug transport at a similar
level, if not more, than the placenta.

OATP2B1 is predominantly involved in the tissue uptake of
endogenous (i.e., steroid hormones, metabolites, and
neurotransmitters) and exogenous (i.e., statins, glycosides,
and antivirals) substrates, and has a sizeable substrate-
specific difference in affinity of substrate compared to other
OATP transporters because of its multiple substrate binding
sites (Ogura et al., 2020). In line with the previous studies, we
found that OATP2B1 is expressed on the placental
syncyiotrophoblasts basal membrane (fetal-facing). Because
of its localization, OATP2B1 plays an important role in drug
transport and  uptake  of  sulfates  (such  as
dehydroepiandrosterone; DHEA) from the fetal circulation
(Grube et al., 2007). New to the field, OATP2B1 was also
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FIGURE 5 | Effect of OATP2B1 silencing on zombie violet dye uptake assay in placental BeWo cells and fetal membrane CTCs. (A) Western blot analysis and
quantification of OATP2B1 in siRNA-treated BeWo cells and CTCs to determine the efficiency of knockdown. OATP2B1 was silenced in BeWo cells (70%) and CTCs
(80%) using short-interfering RNA (siRNA). Non-targeted scrambled siRNA is used as control siRNA. p-Actin was used as a loading control. Representative blots are
shown. Error bars represent mean + SEM. (B) OATP2B1 siRNA-treated BeWo cells and CTCs were subjected to the zombie violet dye uptake assay. The data
shows that the uptake of zombie violet dye (as indicated by the percent change in mean fluorescence intensity compared to the unstained controls) was reduced to a
greater extentin OATP2B1 siRNA-treated CTCs compared to the siRNA treated BeWo cells. Representative histograms of the dye uptake determined by flow cytometry
analysis are shown. The percent change in mean fluorescence intensity (MFI) in OATP2B1 knockdown CTCs and BeWo cells (*p < 0.07) compared to their respective
controls was calculated using the FlowJo software. n = 4 biological replicates. Error bars represent mean + SEM.

identified on the basolateral surface of AECs as well as on the
apical and basolateral surfaces of CTCs. Our functional data
suggest that OATP2B1 activity on AECs and CTCs is
comparable to that seen in placental BeWo cells. Although
active OATP2B1 receptors were detected on the surface of
FM cells, the transport directionality in each cell types
remains to be confirmed, which we plan to conduct as future
studies. The presence of OATP2B1 on the surface of AECs and
CTCs suggests that fetal membranes can also allow transport
and/or diffusion of drugs and their metabolites to reach the
intraamniotic cavity, amniotic fluid, and the fetus. Furthermore,
the absence of OATP2B1 transporters in the AMCs and
maternal decidua denotes different cell-type specificity that
may have distinct functions in drug transport mechanisms
across fetal membranes. As reported by Richardson et al,
AMC s are not necessarily constituents of fetal membranes,
but they are transient AECs undergoing a recycling process
through cyclic epithelial-to-mesenchymal and mesenchymal-
to-epithelial state (Richardson et al., 2020a), a process required
to maintain FM integrity. Hence, AMCs are not expected to
perform tasks such as transportation of materials between the
feto-maternal compartment. Therefore, lack of functional
transporters such as OATP2B1 in AMCs are justified.

Interestingly, oxidative stress and inflammation can also affect
OATP2B1 expression (Kojovic et al., 2020). For example, a study
by Kojovic et al, reported that OATP2B1 expression was
increased in placentae obtained from women with
preeclampsia  (a  pregnancy-specific =~ disorder  often
characterized by increased oxidative stress and increased pro-
inflammatory cytokines) (Kojovic et al., 2020). An alteration in
the expression of functionally essential transporters (such as
OATP2B1) suggests that placental function is compromised
during pregnancy complications. However, the impact of
oxidative stress and inflammation on OATP2B1 expression in
FMs remained unknown. In our study, OATP2B1 expression
remained unaffected following CSE treatment, whereas in the
placental explants OATP2B1 decreased in a time-dependant
manner following CSE treatment. This finding is contrary to
previous findings (Kojovic et al, 2020), where OATP2B1
expression was increased in preeclamptic placentae (Kojovic
et al., 2020). This could be due to differences between explant
phenotypes used, as Kojovic et al, utilized placental tissues
obtained from preeclamptic women and here cesarian-derived
placental explants were stimulated with CSE. A reduction in the
expression of placental OATP2BI1 transporter under oxidative
stress conditions could potentially lead to a greater risk of
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FIGURE 6 | Role of OATP2B1 in rosuvastatin transport across the feto-maternal interface-OOC. (A) Schematic showing the four concentric cell culture chambers

of the feto-maternal interface-OOC used to determine the role of OATP2B1 in transporting drug across the different fetal membrane chambers [AECs (blue, chamber 1),
AMCs (pink, chamber 2), CTCs (yellow, chamber 3), and maternal DECs (green, chamber 4)]. Rosuvastatin (200 ng/ml) was introduced in the decidual chamber of the
feto-maternal interface-OOC with either control mock siRNA or OATP2B1-knockdowned CTCs. Following incubation for 4 h, media was collected from different

chambers of feto-maternal interface-OOC for mass spectrometry analysis. (B) Under control siRNA conditions, 18.45 and 1.73% of rosuvastatin propagated from the
maternal DEC to the CTC chamber as well as to the AEC chamber, respectively. OATP2B1 silencing in OATP2B1 resulted in only 2.57% rosuvastatin propagation from
the maternal DEC chamber to the CTC chamber, and only 0.32% of rosuvastatin propagation from the DEC chamber to the AEC chamber, and then zero to the CTC
chamber. Data is represented as mean + SEM. Rosuvastatin propagation across the feto-maternal interface -OOC was confirmed from six independent experiments.

substrate accumulation, thus resulting in fetal toxicity. The et al, 2018; Kim et al, 2019). Our study found that
apparent lack of change of OATP2B1 in fetal membrane  rosuvastatin propagates from the maternal decidua to the AEC
explants under similar conditions suggests that fetal layer of fetal membranes. Interestingly, under control conditions
membranes can act to transport drugs from fetal circulation  we found substantial rosuvastatin propagation (18.45%) from
under oxidative stress conditions when placental drug  maternal DEC to CTC chamber, of which only 1.73% of
transporters may be less functional, providing a new avenue  rosuvastatin propagated from CTC to the AEC chamber. We
for drug delivery to the fetus. speculated that the marked decrease in rosuvastatin propagation

We further validated the functional role of OATP2B1 in  from CTC to AEC chamber as evidenced by reduced rosuvastatin
crossing the feto-maternal interface by using an exogenous  concentration could be due to the fact that we measured only the
substrate (rosuvastatin) and siRNA silencing of OATP2B1 in  parent rosuvastatin compound by mass spectrometry, and it is
CTCs in our previously developed feto-maternal interface-OOC  highly plausible that rosuvastatin could be metabolized by the
device. Rosuvastatin is more hydrophilic than other statins (such ~ enzymes in the CTC layer. However, if the reduction in
as pravastatin) and requires protein transporters such as  rosuvastatin propagation into the AEC chamber could be due
OATP2BI to enter the cell to inhibit the HMG-CoA reductase  to metabolism of rosuvastatin in the chorionic layer remains to be
enzyme (Climent et al., 2021). Therefore, it is an ideal candidate confirmed. Furthermore, siRNA-mediated knockdown of
to use as a substrate for characterizing the functions of = OATP2B1 in CTCs resulted in a significant decrease in
transporter proteins. Additionally, rosuvastatin has been  rosuvastatin propagation into the CTC chamber and a
reported to reduce oxidative stress-driven inflammation in  subsequent reduction into the AEC chamber. Our findings
fetal membranes and has lesser side effects and more  further elucidate the role of human FM in drug transport.
effectiveness in regulating inflammatory conditions (Ayad  Additionally, we have determined that CTCs within the FM, a
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layer that forms the barrier between mother and the fetus, play a
vital role in propagating maternal drugs through the fetal
membrane cell layers to reach the amniotic fluid and the fetus.

As noted above, our study provides novel insights into drug
transport mechanisms during pregnancy. The discovery of FM as
an alternate gatekeeper for drug transport across the feto-

maternal interface has broad clinical implications: 1)
Designing novel drug delivery systems that could cross not
only the placenta, but also FM to improve their

pharmacokinetics and therapeutic application; 2) The presence
of transport proteins on fetal membranes is expected to expand
pharmacologic research during pregnancy, as barrier functions of
this second entrance point need to be evaluated thoroughly for
currently used and future drugs; The utilization of feto-maternal
interface-OOC devices for investigating the role of transporter
proteins in drug propagation can be translated to studying drug
kinetics during pregnancy and could potentially reduce the time
and cost associated with clinical and pre-clinical trials.
Strengths of our study include using an innovative four-
chamber microfluidic  organ-on-chip device containing
different cellular layers of FM and maternal DECs
(representing feto-maternal interface) developed and validated
in our laboratory. Our feto-maternal interface-OOC can
maintain cellular interactions of the amniochorion-decidual
interface as seen in vivo, mimics the physiological state of
feto-maternal interactions during pregnancy, and is fully
compatible with various analyses methods such as microscopy
and biochemical analyses. Our findings are not without
limitations, however. We were limited in testing OATP2B1
substrate (rosuvastatin) propagation only from the maternal
decidua through the fetal CTC layer and matrix into the AEC
chamber. More importantly, OATPs have differential affinity
towards transport substrates, such as steroid sulfates, thyroid
hormones, xenobiotics, and drugs; therefore, to fully delineate the
functional role of OATP2B1, propagation of various substrates
via OATP2B1 needs to be further explored. Moreover, substrate
propagation from the AEC chamber to the maternal decidua
could provide an additional understanding of the transport
directionality of OATP2B1s present in AEC and CTC layers of
the fetal membranes, which will be explored in future studies.
In summary, we found that FMs can function as a gatekeeper
for drug transport. The transporter protein, OATP2BI, expressed
on AECs and CTCs, plays an important functional role in drug
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Therapeutic proteins such as monoclonal antibodies and their derivatives, fusions proteins,
hormone analogs and enzymes for replacement therapy are an ever-growing mainstay in
our pharmacopoeia. While a growing number of these medications are developed for and
used in younger and younger pediatric patients, knowledge gaps in the basic
understanding of the molecular and physiologic processes governing the disposition of
these compounds in the human body and their modulation by age and childhood
development are a hindrance to the effective and timely development and clinical use
of these compounds, especially in very young pediatric patient populations. This is
particularly the case for the widespread lack of information on the ontogeny and age-
associated expression and function of receptor systems that are involved in the molecular
processes driving the pharmacokinetics of these compounds. This article briefly highlights
three receptor systems as examples, the neonatal Fc receptor, the asialoglycoprotein
receptor, and the mannose receptor. It furthermore provides suggestions on how these
gaps should be addressed and prioritized to provide the field of pediatric clinical
pharmacology the urgently needed tools for a more effective development and clinical
utilization of this important class of drugs with rapidly evolving importance as cornerstone
in pediatric pharmacotherapy.

Keywords: pediatrics, therapeutic proteins, pharmacokinetics, pediatric extrapolation, ontogeny, neonatal Fc
receptor, mannose receptor, asialoglycoprotein receptor

INTRODUCTION

Over the past 25years, therapeutic proteins such as monoclonal antibodies (mAbs) and their
derivatives, fusions proteins, hormone analogs and enzymes for replacement therapy have gained
major roles in the armamentarium to treat numerous conditions and diseases (Crommelin et al.,
2019). More recently, constructs that are the result of advanced protein engineering such as
bispecifics and similar innovative molecules have been added to this group of molecules and are
receiving major attention in drug development programs (Rathi and Meibohm, 2015; Brinkmann
and Kontermann, 2017). While these protein-based medications are typically first developed and
approved for adult patient populations, extensions of regulatory approval for use in pediatric
populations is frequently pursued after initial market introduction (Zhang et al., 2015; Temrikar
et al., 2020). These efforts have been further spurred and formalized by regulatory incentives and
regulatory requirements that have been established over the past 3 decades in Europe and North
America (Zisowsky et al., 2010; Zhang et al., 2015). In this context, there is an ever growing need to
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Meibohm

establish dosage regimens and dosing recommendations that
address the specific needs of different age groups of pediatric
patients to ensure a safe and effective pharmacotherapy in these
patient populations (Xu et al., 2013; Malik et al., 2021).

While pediatric dosing may be affected by differences in
pharmacokinetic as well as pharmacodynamic processes but
also differences in disease etiology and progression, particular
interest has often been directed towards pharmacokinetic
differences. This is based on the notion that full and partial
extrapolation approaches of efficacy from adults to children
frequently rely on exposure-matching where dosing regimens
of the drug in question in different pediatric populations are
selected in such a way that they achieve drug exposures in the
pediatric patients “similar” to those having shown to be
efficacious and safe in adults (Mulugeta et al, 2016). This
approach of course relies on the assumption that the course of
the disease and the response to the drug are sufficiently similar
between adults and the considered pediatric population, a
prerequisite that needs to be supported by adequate data.

KEY MECHANISMS OF DRUG
DISPOSITION PROCESSES FOR
THERAPEUTIC PROTEINS

The pharmacokinetic processes of distribution and elimination of
therapeutic proteins are governed by combinations of
physicochemical, physiologic and receptor-mediated processes
and have been reviewed in detail elsewhere (Tang et al., 2004;
Mould and Meibohm, 2016; Ryman and Meibohm, 2017;
Meibohm, 2019). In brief, distribution is largely determined by
molecule size and charge. Large therapeutic proteins such as
mAbs with a molecular weight of 150 kDa are largely confined to
the vascular space with only limited distribution into the
interstitial space of extravascular organs and tissues.
Distribution for these molecules is largely driven by convective
extravasation that is, determined by the number and size of pores
between endothelial cells lining the blood and lymphatic vessels
and pressure gradients between hydrostatic and colloid osmotic
pressure in vascular, interstitial and lymphatic spaces and
capillaries.

Elimination processes can broadly be distinguished into
unspecific proteolytic degradation that can either be receptor-
mediated or non-receptor-mediated (Meibohm, 2019). Non-
receptor-mediated  processes are usually initiated by
pinocytosis, a fluid-phase endocytotic cellular uptake of the
therapeutic protein molecule followed by intracellular
lysosomal degradation to small peptides and amino acids. This
degradation process is performed by phagocytic cells of the
reticuloendothelial system as well as endothelial cells lining
blood and lymph capillaries. Organs with major capillary beds
such as muscle, skin and to lesser degree the intestine as well as
organs with high number of phagocytic cells are thus major
contributors to this nonspecific proteolytic degradation
(Eigenmann et al, 2017). In case of receptor-mediated
proteolysis, the intracellular uptake may be mediated by
membrane-standing  promiscuous receptor systems, for
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example, the LDL-receptor, or sugar-recognizing receptors
such as the mannose receptor. Usually, receptor-mediated
uptake processes are substantially faster and more efficient
than pinocytosis, and proteins using these pathways are more
rapidly eliminated. In the specific case where the membrane
receptor that facilitates the intracellular uptake is the
pharmacologic  target, one refers to target-mediated
elimination. Due to the usually high binding affinity of the
therapeutic protein for its pharmacologic target, the target-
mediated elimination process is usually substantially faster
than the elimination processes relying on pinocytosis or
“unspecific” receptor-mediated endocytosis (Tang et al., 2004).
For mAbs and antibody-derivatives, interaction with
immunoglobulin-specific receptors such as the neonatal Fc-
receptor (FcRn) and Fcy receptors may also affect the
clearance of these therapeutic proteins. Interaction with FcRn
in the acidified lysosome after intracellular uptake may prevent
IgG molecules and thus mAbs from proteolytic degradation,
thereby leading to an increased residence time and thus
decreased clearance of these molecules in the systemic
circulation (Ryman and Meibohm, 2017). Interaction between
mADbs and Fcy-receptors expressed on immune cells, while highly
relevant for processing and removal of immune complexes, may
constitute additional elimination pathways, although their overall
contribution seems to be limited for the majority of mAbs
(Thomas and Balthasar, 2019). For small therapeutic proteins
below the glomerular filtration cutoff of approximately 60 kDa,
proteolytic degradation in proximal tubular cells after glomerular
filtration in the kidneys may also contribute to their clearance
(Meibohm and Zhou, 2012).

DIFFERENCES IN THERAPEUTIC PROTEIN
DISPOSITION BETWEEN CHILDREN AND
ADULTS AND RELATED KNOWLEDGE
GAPS

Pediatric extrapolation efforts to establish dosing regimens for
therapeutic proteins are hampered by a lack of a comprehensive
understanding of the differences in drug distribution and
elimination mechanisms between children and adults,
particularly young pediatric patients such as full term and
premature neonates and infants, ie., in the range younger
than 1 year of age. While many disposition processes based on
physicochemical and physiologic processes are reasonably well
understood, those related to receptor-mediated processes remain
in many instances unclear or elusive. In more general terms, size-
related differences between children and adults have relatively
well been characterized, while knowledge on pediatric
maturation-related differences remains spotty.

The distribution processes of most therapeutic proteins, as
described in the previous section, are largely driven by conserved
physicochemical processes together with physiologic differences
between adults and different pediatric age groups and can thus
usually be well predicted for pediatric populations. Therefore,
allometric scaling approaches accounting for body size
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differences between children and adults usually characterize the
distribution of therapeutic proteins well. Only for very young
pediatric patients such as newborns and infants, further
differences may need to be considered. These include the well-
known higher total and extracellular tissue water content, larger
capillary beds and thus capillary surface area per tissue volume,
and higher perfusion rates (Friis-Hansen, 1983; Malik and
Edginton, 2018). All these processes together would be
expected to result in faster extravasation of therapeutic
proteins, lower concentration differences between the vascular
and the extravascular space, and overall larger extravascular
distribution volumes per volume unit of tissue (Temrikar
et al, 2020). While an allometric exponent of 1 has widely
been used to scale distribution volumes between children and
adults based on body weight (Meibohm et al., 2005), more recent
analyses considering a diverse set of protein-based therapeutics
suggest that an exponent of 0.8 might be more appropriate (Malik
et al.,, 2021).

Similar to distribution volumes, clearance values for non-
receptor-mediated  proteolytic degradation processes of
therapeutic proteins in children can also relatively well be
derived from adult values based on allometric scaling with
allometric exponents of 0.75 or 0.85 accounting solely for
body size-based differences between children and adults
(Malik et al., 2021). Only for children younger than 1 year of
age, maturation-related differences also have to be considered.
For example, young infants, newborns and particularly low-birth
weight infants have been reported to exhibit a 2-3 times higher
lysosomal protein turnover normalized for body weight
(Beaufrere, 1994), which would be expected to affect unspecific
proteolytic degradation and result in an increased protein
clearance (Temrikar et al., 2020).

For receptor-mediated elimination processes, however, the
available knowledgebase on age- and maturation-related
differences between children and adults is very scarce. For
FcRn, for example, data have been limited to rodent studies.
While messenger RNA (mRNA) expression of the a-chain of
FcRn in rats suggested an age-associated increase (Tian et al,
2014), more recent results on age-associated expression at the
protein level in mice suggest no relevant differences in expression
from newborn through juvenile animals to adults in skin and
spleen tissues (Limothai, 2015), which may be interpreted as
more definitive due to the often limited mRNA-to-functional
protein correlation for many endogenous proteins including
FcRn (Li and Balthasar, 2018; Temrikar et al., 2020). There
are currently no human data yet available on the ontogeny of
FcRn, especially in very young pediatric patients. A more likely
age-associated effect on FcRn recycling of mAbs and their
derivatives are the well documented substantially lower
reference values for endogenous IgG subclasses in infants
compared to older children and adults (Plebani et al., 1989)
that would be expected to lead to less endogenous competition for
FcRn and thus a more efficient recycling process with potentially
reduced clearance for protein molecules interacting with FcRn
(Temrikar et al., 2020).

An example for a promiscuous membrane receptor facilitating
the uptake of therapeutic proteins for subsequent lysosomal
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degradation is the asialoglycoprotein receptor (ASGPR)
(Stockert, 1995). It is expressed on hepatocytes and facilitates
the uptake of proteins that carry a glycan chain with a terminal
galactose or galactose derivative. Examples are erythropoietin,
reteplase, lanoteplase and clotting factor VIII (Lunghi et al,
2021). ASGPR has also been implicated in the glycoform
selective clearance of therapeutic proteins with complex N- or
O-linked glycosylation structures (Jones et al., 2007; Stefanich
et al., 2008). More recently, ASGPR has also been utilized to
facilitate hepatic targeting of N-acetylgalactosamine-conjugated
RNA interference therapeutics (Li et al., 2021). Data on ASGPR
expression and activity in children is very limited. While ASGPR
has been detected in human fetal liver (Yoshida et al., 1999), age-
related expression levels are limited to mice where activity
increased postpartum and reached adult levels after 5 days
(Collins et al., 1984). Additional knowledge has been inferred
by physiologic pharmacokinetic modelling of pharmacokinetic
data for known ASGPR substrates from different species (Poulin,
2011).

Similar to ASGPR, the mannose receptor is a highly effective
endocytic receptor that is expressed on selected populations of
macrophages and dendritic cells, and that recognizes
glycoproteins with mannosylated glycan chains (Martinez-
Pomares, 2012). High-mannose glycoforms of mAbs have
increased clearance compared to mAbs with other glycans due
to interaction with the mannose receptor (Falck et al., 2021). The
age-associated expression of the mannose receptor is largely
unknown. In mice, the mannose receptor was first detected on
macrophages on day 10 in the embryonic stage and persisted
postnatally thereafter (Takahashi et al., 1998). This may imply
that mannose receptor activity has already reached adult levels at
birth. The major role of FcRn, ASGPR, and the mannose receptor
om the disposition of therapeutic proteins are summarized in
Table 1.

For target-mediated drug disposition processes, data are even
more scarce than for those elimination processes related to less
specific receptor systems such as ASGPR or the mannose
receptor. One might expect that each target has its own
specific ontogeny with age- and maturation-associated
differences in target receptor abundance, turnover and
internalization kinetics (Temrikar et al., 2020). This becomes
especially challenging when new therapeutic targets and/or novel
indications are pursued. In addition, individual pediatric patients
usually follow different temporal developmental trajectories that
further complicate and individualize their dose requirements for
a specific therapeutic protein (Barrett et al., 2012).

DISCUSSION AND PERSPECTIVES

The selection of safe and efficacious dosing regimens for drug
development and applied pharmacotherapy of therapeutic
proteins in pediatric patients is severely hampered by
substantial knowledge gaps on the ontogeny and age-
associated expression and function of receptor systems that are
involved in the molecular processes driving the pharmacokinetics
of these compounds. This is particularly relevant for newborns
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TABLE 1 | Examples of receptor systems affecting the pharmacokinetics of therapeutic proteins with unknown ontogeny.

Receptor system Tissues Recognized Examples for affected
with high expression molecular structure therapeutic proteins

Asialoglycoprotein Hepatocytes (sinusoidal surface) Glycan chains with terminal galactose or Erythropoietin; FSH; clotting factors VII, VIII, IX;
receptor (ASGPR) N-acetylgalactosamine residues reteplase, lanoteplase
Mannose receptor Macrophages, immature dendritic cells, and Glycan chains with high mannose content  High mannose forms for IgG monoclonal

liver sinusoidal endothelial cells (M5-M9) antibodies and their derivatives
Neonatal Fc receptor Vascular endothelial cells and phagocytic cells  FcRn pH-dependent binding site on the Monoclonal antibodies; antibody-derivatives
(FcRn) as well as other cell types, particularly in liver,  constant domain of IgG molecule and and fusion proteins with intact FcRn-binding site

spleen, intestine, lungs and lymph nodes albumin on the Fc domain; albumin fusion proteins
and infants where differences in therapeutic protein There have recently been elegant attempts to impute the lack

pharmacokinetics cannot be fully explained by size differences  of age-associated function of receptor systems such as FcRn

between children and adults and where additional maturation  through PBPK modeling frameworks using known PK data of

processes need to be considered. This article briefly highlighted =~ endogenous and therapeutic proteins (Hardiansyah and Ng,

three receptor systems as examples, FcRn, ASGPR and the  2018; Pan et al, 2020). While these approaches are pragmatic

mannose receptor, but numerous others may be involved in  in the current situation, they still cannot overcome the residual

the disposition process of specific therapeutic proteins as well.  uncertainty associated with the arbitrary assignment of age-

Priorities for filling these knowledge gaps should be initially  associated disposition behavior to one unmeasured model

directed towards those receptor systems that are more broadly =~ component. This underlines the need for basic molecular

relevant to the largest number of therapeutic proteins, for =~ pharmacology investigations in the age groups of interest to

example, FcRn for all mAbs and mAb derivatives with intact  fill our existing knowledge gaps with high quality data. The

FcRn binding site. gained knowledge would likely not only benefit one specific
Population pharmacokinetic modeling (PopPK) and  development project or compound but would likely be more

physiological pharmacokinetic modeling (PBPK) have been  broadly applicable. These opportunities to add to the collective

widely used in support of pediatric extrapolation exercises  pediatric drug disposition knowledgebase will be crucial to

based on exposure-matching approaches for traditional small ~ advance the reliability and reduce the uncertainty of pediatric

molecule drugs (Conklin et al., 2019). While PopPK is a data- extrapolation efforts (Laer et al., 2009; Temrikar et al., 2020).

driven, deductive modeling approach, PBPK can be viewed as  Only then will the currently existing uncertainties in

an inductive approach based on the integrated prior  extrapolation of therapeutic proteins to pediatric patients be

knowledge of drug- and system-specific parameters and  overcome and a more widespread application of prospective

structures (Barrett et al., 2012). A recent analysis of FDA  modeling frameworks in this area be possible.

approval data for the 20 monoclonal antibodies and Fc-fusion

proteins approved at the time in both adult and pediatric

indications revealed that while 19 of the 20 projects included DATA AVAILABILITY STATEMENT

PopPK based modeling and simulation in support of the

selected pediatric dosing regimens, only one of them  The original contributions presented in the study are included in

included a PBPK approach (Liu et al., 2019). This lack of  the article/supplementary material, further inquiries can be

use of PBPK for therapeutic proteins in pediatric indications  directed to the corresponding author.

may partially be related to the highlighted knowledge gaps in

understanding pediatric disposition of these molecules as

PBPK rather than PopPK is largely dependent on an ~ AUTHOR CONTRIBUTIONS

intrinsic understanding of the drug disposition mechanisms

and pathways that underlie a therapeutic protein’s  The author confirms being the sole contributor of this work and

pharmacokinetic behavior. has approved it for publication.
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The limit for possible survival after extremely preterm birth has steadily improved and
consequently, more premature neonates with increasingly lower gestational age at birth
now require care. This specialized care often include intensive pharmacological treatment, yet
there is currently insufficient knowledge of gestational age dependent differences in drug
metabolism. This potentially puts the preterm neonates at risk of receiving sub-optimal drug
doses with a subsequent increased risk of adverse or insufficient drug effects, and often
pediatricians are forced to prescribe medication as off-label or even off-science. In this review,
we present some of the particularities of drug disposition and metabolism in preterm neonates.
We highlight the challenges in pharmacometrics studies on hepatic drug metabolism in
preterm and particularly extremely (less than 28 weeks of gestation) preterm neonates by
conducting a scoping review of published literature. We find that >40% of included
studies failed to report a clear distinction between term and preterm children in the
presentation of results making direct interpretation for preterm neonates difficult. We
present summarized findings of pharmacokinetic studies done on the major CYP sub-
systems, but formal meta analyses were not possible due the overall heterogeneous
approaches to measuring the phase | and Il pathways metabolism in preterm neonates,
often with use of opportunistic sampling. We find this to be a testament to the practical
and ethical challenges in measuring pharmacokinetic activity in preterm neonates. The
future calls for optimized designs in pharmacometrics studies, including PK/PD
modeling-methods and other sample reducing technigues. Future studies should
also preferably be a collaboration between neonatologists and clinical pharmacologists.

Keywords: infant, premature, pharmacokinetics, cytochrome P-450 enzyme system, pharmaceutical preparations

1 INTRODUCTION

Prematurely born children represent a very fragile subset of neonates, as they often present a complex
and challenging pathophysiological condition associated with increased risk of long-term morbidity
and mortality. Treatment includes various pharmaceutical agents, yet there is currently insufficient
knowledge of gestational age dependent differences in drug metabolism. This potentially puts the
preterm at risk of receiving suboptimal drug doses with a subsequent increased risk of adverse or
insufficient drug effects (Kearns et al., 2003; O'Hara et al., 2015; van den Anker and Allegaert, 2021).

Although the need for clinical research to identify optimal drug dosing in term and preterm
neonates has long been acknowledged as indispensable (Tayman et al., 2011; O’'Hara et al., 2015; van
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den Anker and Allegaert, 2021), the progress has been slow.
Recently, data on premature neonates have begun to emerge, and
particularly pharmacometric modeling-approaches have added
available information on this pediatric subgroup (Smits et al.,
2019). However, data is still scarce, and pediatricians are often
forced to prescribe medication as off-label or even off-science
(Barr et al., 2002; Al-Turkait et al., 2020; Schrier et al., 2020).

2 PREMATURITY

The average human gestation is 40 weeks, and prematurity is
defined as being born before 37 weeks of gestation (Engle et al.,
2004). The global prematurity rates are approximately 10% but
vary from 4 to 5% in some European countries to 15-18% in some
parts of Africa and Asia (Blencowe et al., 2012; Chawanpaiboon
et al, 2019). It is a complex and challenging pathophysiological
condition associated with increased risk of long-term morbidity
and mortality (Saigal and Doyle, 2008) and it is the leading cause
of death in children under 5years of age (Harrison and
Goldenberg, 2016; Chawanpaiboon et al., 2019). Prematurity
can be considered a continuum of organ immaturity with
huge differences in presentation, morbidity, and need for
treatment at either end of the spectrum and is often sub-
categorized in moderate to late preterm (32-36 weeks of
gestation), very preterm (28-32weeks of gestation), and
extremely preterm (before 28 weeks of gestation) (Engle,
2004). Neonates can equally be classified per birth weight as
low birth, (LBW, <2500g), very low birth weight (VLBW,
<1500 g) and extremely low birth weight (ELBW, <1000 g)
(World Health Organization, 2004, 10), but although LBW
often is caused by prematurity, it cannot be used directly as a
marker of the degree of prematurity as LBW can be caused by
intrauterine growth restriction (IUGR).

Although there are wide variations in prematurity survival
rates across regions and countries (Helenius et al., 2017), overall
survival rates for premature and particularly extremely premature
neonates have hugely improved since the 1980s (Glass et al.,
2015). Importantly, the limit for early human viability, defined as
the earliest gestational age an infant can potentially survive being
born at, has steadily dropped and some babies delivered at 24, 23,
and even 22 weeks of gestation are now able to survive. A recent
study from Sweden reports a 20% survival rate in children born at
22 weeks (Norman et al.,, 2019) and a Japanese study has found a
survival rate of 36% in children born at 22 weeks (Ishii et al,,
2013). Case reports of children surviving being born at 21 weeks
(Sung et al., 2018; Tiniest Babies Registry) or with birth weight
below 250 g have emerged, but survival remains low (Brumbaugh
etal., 2019). Whereas the reasons for this progress in prematurity
survival certainly are multifactorial, the improvement is believed
to be linked to overall improvement in neonatal intensive care,
such as development of increasingly better artificial airways and
breathing circuits and rational application of mechanical
ventilation and airway distending pressure (Glass et al., 2015;
Pierrat et al., 2021).

Another major driving factor for the improvement in
premature  survival rates has been pharmacological
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advancements, both prenatal, immediately post-natal and post-
natal. Antenatally, the administering of a course of corticosteroids
to women prior to anticipated preterm birth has been
demonstrated to have a marked positive effect of subsequent
preterm mortality and morbidity ever since the first randomized
controlled trial of betamethasone for the prevention of
respiratory distress syndrome in preterm neonates in 1972
(Liggins and Howie, 1972). Subsequently, many clinical trials
have demonstrated the effect of antenatal corticosteroids before
preterm birth, as summarized in a recent systematic Cochrane
review demonstrating its effect on reducing neonatal mortality
(RR 0.78, 95% CI 0.70-0.87), respiratory distress syndrome (RR
0.71, 95% CI 0.65-0.78), and cerebral intraventricular
hemorrhage (RR 0.58, 95% CI 0.45-0.75) (McGoldrick et al.,
2020). Antenatal corticosteroid is a pharmacological cornerstone
of prophylactic treatment in preterm birth.

A huge leap in pharmacological treatment of preterm children,
and possibly one of the single greatest breakthroughs in treatment
of premature children, was the development of exogenous
surfactant administration techniques in the 1980s and early
1990s. Since the first successful attempts in 1980 (Fujiwara
et al., 1980) using the first artificial preparations, this therapy
has become the definitive standard treatment for neonatal
respiratory distress syndrome and is believed to be one of the
most effective medicines in the health system (Hentschel et al.,
2020). As respiratory distress syndrome is the single most
important cause of illness and death in preterm children
(Stevens et al, 2007; Sardesai et al, 2017), surfactant
administration has led to a marked increase in survival and
helped lower the limit for early human viability (Rojas-Reyes
et al., 2012; Sweet et al., 2019; Hentschel et al., 2020).

Pharmacological treatment remains a cornerstone in postnatal
care in preterm children, as demonstrated by a recent review of
drug utilization studies in neonatal units that found a high mean
number of drugs per infant, with eight studies reporting a very high
burden (>30 drugs per infant). Drug use patterns were found to be
generally uniform with antibiotics being the most frequently
prescribed drug in the neonatal department (Al-Turkait et al,
2020). Naturally, trends in general drug prescription have changed
over the years but off-label drug use in premature children is still
very common: of the top 50 medications of extremely low birth
weight premature infants, only 40% were FDA-labeled for use in
infants (Stark et al., 2021). This represents a relative lack of proper
pharmacokinetic (PK) studies in premature children and
remedying this will likely be a long haul due to the difficulties
of conducting clinical PK studies in preterm children.

3 DRUG DISPOSITION IN PREMATURE
NEONATES

Accurate dosing is essential for a safe and effective
pharmacological treatment of premature neonates. An in-
depth knowledge of the anatomical and physiological
particularities of preterm neonates is therefore crucial for the
understanding of the drug pharmacokinetics in this population.
Herein, the differences in ontogeny between the extremely, the
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FIGURE 1 | Prematurity associated pato-physiological conditions potentially altering the pharmacokinetics of drugs (see text for details).

very and the late preterm neonate should be taken into
consideration (Barker et al., 2018; van den Anker et al., 2018).

Also, most aspects of drug disposition are subject to change in
case of co-morbidities, which unfortunately relatively often
occurs in premature neonates. Sepsis, surgery, and (for
moderate and late preterm neonates where such treatment is
possible) advanced treatment such as whole body hypothermia
(Smith et al., 2019), extracorporeal membrane oxygenation
(ECMO), or hemo-dialysis may all significantly alter drug
distribution and metabolism.

A summary of the most important prematurity associated
characteristics of pharmacokinetics in preterm neonates is
presented in Figure 1 and below.

3.1 Absorption
In preterm neonates, the immaturity of absorptive surfaces may
influence drug exposure (O’Hara et al., 2015). At present, there is no
clear consensus describing the ontogeny of gastric pH and its impact
on drug absorption, and gastric emptying time has not been found
age dependent (Bonner et al, 2015). However, gastrointestinal
abnormalities and dysfunctions in preterm neonates can affect
transit time and enteral absorption (Johnson, 2011; van den
Anker and Allegaert, 2021). Developmental differences in the
activity of intestinal drug-metabolizing enzymes and efflux
transporters will most likely affect the exposure of several drugs
in preterm neonates, but this area is still not well understood (Kearns
et al,, 2003; van den Anker and Allegaert, 2021).

The exposure of drugs after rectal administration is
generally increased in preterm neonates, e.g., paracetamol,

most likely due to developmental immaturity of the hepatic
metabolism rather than increased mucosal translocation
(Kafetzis et al., 1979; Ruggiero et al., 2014). Due to the
relatively higher density of skeletal-muscle capillaries in
neonates, water-soluble drugs show an increased
intramuscular absorption, e.g., absorption of amikacin
(Kafetzis et al.,, 1979). Whether this is also the case for
preterm neonates is unknown, but the example of
intramuscular administration of vitamin E acetate in a
lipophilic preparation, showed that the ester was never
systematically detectable in premature neonates as opposed
to E-vitamin delivered in an aqueous preparation (Italian
Collaborative Group on Preterm Delivery, 1991).

The presence of a thinner stratum corneum in preterm
neonates, a higher body surface area-to-weight ratio as well as
higher cutaneous perfusion and hydration of the epidermis places
preterm neonates at risk of adverse effects from topical exposures
due to an increased absorption e.g. corticosteroids (Borzyskowski
etal., 1976; Munro, 1976) and chlorhexidine (Cowen et al., 1979).
Application of antiseptic solutions containing alcohols has led to
severe burns in premature infants (Brayer et al, 2004).
Pulmonary, sublingual, and buccal absorption are not well
studied in preterm or term neonates (O’Hara et al.,, 2015; van
den Anker and Allegaert, 2021).

3.2 Distribution

In the extremely preterm neonate, total body fat content can be as
low as 1% of the total body weight and total body water is
decreasing from 85% in preterm neonates to 75% in term

Frontiers in Pharmacology | www.frontiersin.org

64

February 2022 | Volume 13 | Article 828010


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Mork et al.

neonates (Tetelbaum et al, 2005; Ford and Calvert, 2008)
(Sharma et al., 2008). Due to the lower percentage of fat and
muscle mass in preterm neonates, drugs that are normally rapidly
distributed into the muscle tissue, like fentanyl, will remain in the
plasma compartment for a longer time (O'Hara et al., 2015).
Significant changes in intra/extracellular body fluid distribution
per concurrent weight occurs postnatally during the first week of
life. Thus, both gestational age (GA) at birth and postnatal age
(PNA) influences total body water content and distribution, and
this should ideally be taken into consideration when optimizing
individual drug doses (van den Anker and Allegaert, 2021).

At the time of birth, neonates have lower concentrations of the
drug-binding proteins al-acid glycoprotein and albumin when
compared to older children (Ehrnebo et al., 1971; Windorfer
et al, 1974; Ku and Smith, 2015). The amount of free drug
available for distribution will therefore be increased for highly
protein bound drugs, e.g., theophylline (Aranda et al, 1976).
Effects and toxicity may therefore be obtained at lower total
plasma concentrations. Also elevated plasma levels of bilirubin
can increase the concentration of unbound drugs by displacing
highly bound drugs from protein-binding sites, e.g., ampicillin,
benzodiazepine and phenytoin (Fredholm et al., 1975; Tayman
et al.,, 2011; Zwart et al.,, 2021).

Higher CNS drug concentrations may occur in preterm
neonates due to reduced outward drug transport, however,
this area still needs to be elaborated (Painter et al., 1981; Liu
et al, 2008; Ku and Smith, 2015). Changes in the volume of
distribution are also related to changes in blood flow, tissue
perfusion, membrane permeability and cardiac output (Kearns
et al,, 2003; O’Hara et al., 2015; van den Anker and Allegaert,
2021). Furthermore, it should be noticed that pathological
circulatory conditions, e.g, a hemodynamically significant
persistent ductus arteriosus can also alter the volume of
distribution of drugs in preterm neonates (Ku and Smith,
2015; O’Hara et al., 2015).

3.3 Metabolism

The major site of drug metabolism is the liver and the drug
metabolizing enzymes are broadly divided into phase I and phase
II enzymes. The phase I enzymes are responsible for primary
oxidation, reduction and hydrolysis processes. The most
important group of enzymes involved in phase I metabolism
are cytochrome (CYP) P450 enzymes with a major contribution
of cytochrome P450 3A4 (Hines and McCarver, 2002). However,
while CYP3A4 constitutes 30-40% of the total liver CYP content
in adult, CYP3A7 is found to be the major form in human
embryonic, fetal and newborn liver (Gow et al., 2001; Hines and
McCarver, 2002). In the period from late fetal to early neonatal
life, there appears to be a peak in CYP3A7 activity, then a
transition in expression and catalytic activity from
predominant CYP3A7 to CYP3A4 (de Wildt et al., 1999; Gow
et al., 2001).

Phase II enzymes are responsible for conjugate drug
molecules to allow excretion. Phase II drug metabolizing
enzymes are mostly transferases and include: UDP-
glucuronosyltransferases (UGTs), sulfotransferases (SULTs),
N-acetyltransferases (NATs), glutathione S-transferases
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(GSTs) and various methyltransferases (Xu et al, 2005;
O’Hara et al., 2015).

A lack of activity of metabolizing enzymes can be responsible
for extreme toxicity syndromes (O’Hara et al., 2015). Severe
toxicity syndromes in premature infants have been described
due to reduced capacity of their metabolic systems, e.g., grey baby
syndrome, which is caused by diminished ability to conjugate
chloramphenicol and to excrete the active form in the urine (Craft
et al,, 1974). In addition, gasping syndrome with benzyl alcohol,
where benzoic acid cannot be conjugated but is accumulated,
causing metabolic acidosis in premature neonates (Gershanik
et al., 1982).

Similarly to many other physiological and metabolic
processes in newborns, pharmacokinetics also exhibit a
relative immaturity that changes postnatally, and for the
CYP450 system, it is believed that some CYP450 enzymes
are active in utero while others do not active until after birth
(Gow et al., 2001; O’Hara et al., 2015). When corrected for
weight the content of CYP enzymes in fetal livers is 30-60% of
adult values and full CYP activity is usually achieved by 2 years
of age. Yet, the many physiological and metabolic processes
depend not only on postnatal age, but also on gestational age,
i.e., degree of maturation, at the time of birth (Gow et al., 2001;
Kearns et al., 2003; O’Hara et al., 2015).

Knowledge of maturation of drug metabolizing enzymes is
therefore an important factor in determining drug selection in
neonates. This is further complicated as various elements of the
drug metabolism pathways do not mature at the same rate
postnatally (Hines and McCarver, 2002). For example, use of
codeine is not appropriate during the first month of life as
conversion to morphine via CYP2D6 is low resulting in very
limited effectiveness (O’Hara et al., 2015). Midazolam is
metabolized by CYP3A4 at a slower rate causing increased
duration of sedation and early exposure to opioid infusion in
the first 3 days was associated with higher risk of adverse
outcomes in extremely preterm infants (de Wildt et al., 20105
Shah et al., 2011; Ng et al,, 2012; O’Hara et al., 2015). Contrarily,
CYP1A2 is induced rapidly after birth with post-natal age rather
than post-menstrual age correlating with changes in half-life and
clearance (Hines and McCarver, 2002; Schmidt et al., 2006). This
rapid induction fits clinically with the lack of toxicity to caffeine
seen in even the most premature infants started on caffeine for the
prevention or treatment of apnea of prematurity (Schmidt et al.,
2006). However, the pattern and timing of post-natal CYP1A2
induction remain unclear.

Maturation rates are difficult to generalize, and enzyme-
specific information needs to be determined for an accurate
estimate of drug metabolism including clinical conditions such
as sepsis and complex surgery, nutritional state and diet (infant
formula versus breast milk), polymorphism and even antenatal
exposure to cigarette smoke (Czekaj et al., 2005; Blake et al., 20065
Allegaert, 2017; Li et al,, 2021).

3.4 Excretion

Water soluble drugs with low molecular weight are primarily
eliminated by renal excretion. The glomerular filtration rate
(GFR) is highly dependent on gestational age and is ranging
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from 0.6-0.8 to 2-4 ml per minute per 1.73 m’ in preterm
neonates and term neonates, respectively (Hayton, 2000; Ali
al, 2012). For example, gentamycin is therefore
necessitating dosing intervals of 36-48 h in preterm newborns
but reduced to 24 h in term newborns (Ali et al., 2012; Fuchs et al.,
2014). Also, tubular secretion and reabsorption is reduced in
preterm neonates. Tubular secretion has importance for the renal
elimination of, e.g., penicillins, cephalosporins, and digoxin
(Kearns et al., 2003).

et

4 CHALLENGES IN PHARMACOKINETIC
STUDIES IN PREMATURE NEONATES

4.1 Blind Spots

As the anatomical and physiological characteristics of preterm
neonates differ significantly from older children and adults, the
process of neonatal pharmacological development becomes very
complex. Furthermore, neonatology represents a small sub-field
of pharmacology, and as a small target population, neonates are
often overlooked.

Pharmaceutical companies largely refrain from proactively
investing in the pediatric sector due to both economic and
practical considerations, as reported by the EMA (European
Medicines Agency and its Paediatric Committee, 2016; Van
Driest and Choi, 2019). Even academia-driven research in the
population of preterm neonates is limited and often focused on
various other areas of clinical research than pharmacology.

4.2 Ethical Considerations

The ethical principles of pediatric research are well known (Roth-
Cline et al., 2011), but the challenges are even more pronounced
in the preterm population. Overall, inclusion of newborns in
research should comprise a minimal risk and/or have a potential
for direct benefits for the trial participant to be considered
ethically acceptable (Barker et al., 2018).

Due to the stressful situation of becoming a parent to a
premature child, the required informed parental consent for
neonates participating in research, can be difficult to obtain.
The process may require repeated discussions with the families,
and thus complicate recruitment for studies during the first
hours/days of life (O’Hara et al., 2020).

Failure of recruitment of a sufficient number of premature
neonates within the planned study period may force investigators
to facilitate costly prolongations of the study or even to a
premature study termination without reaching the target
sample size. Failed drug trials and the general lack of pediatric
clinical trials contribute to the high prevalence of off-label use in
neonates.

4.3 Practical Challenges

Fortunately, relatively few children are born very or extremely
preterm, but the scarcity of premature neonates makes it
challenging to include this population in PK studies.
Traditional PK study designs involve multiple blood samples
at fixed intervals and generally require the same number of
samples from all subjects taken at the same time (O'Hara
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et al, 2020). This approach presents practical difficulties in
preterm neonates, as repeated blood sampling quickly exceeds
the regulated (EMA, 2018; Barker et al., 2018) maximum of 1% at
any one time, or 3% within 1 month, amounting to 400 ul or
1.2ml respectively for a neonate weighing 500g. Also, the
sampling procedure may prove challenging, as even something
as mundane as drawing blood often requires experience in the
extremely preterm children. Likewise, urine sampling may prove
difficult to collect in a standardized manner (Van Driest and
Choi, 2019).

5 EXPLORING THE AVAILABLE DATA ON
PREMATURE NEONATES: AN EXAMPLE
USING HEPATIC DRUG METABOLISM

5.1 Methods

A PubMed search was performed on 3 January 2022 for the terms
phase I and phase II metabolism in premature children using the
following search string: {“Infant, Premature” (mesh) OR “Infant,
Extremely Premature” (mesh) OR “Infant, Low Birth Weight”
(mesh) OR “Infant, Very Low Birth Weight” (mesh) OR “Infant,
Premature, Diseases” (mesh) OR [(preterm OR prematurity OR
premature OR prematurely) AND (infant* OR infancy OR baby OR
babies OR neonat* OR newborn*)] OR preemi* OR premi OR
preterm OR “very low birth weight” OR VLBW OR “low birth
weight” OR LBW OR “very low birthweight” OR “low birthweight”}
AND {[“Cytochrome P-450 Enzyme System" (mesh) OR
“Cytochromes” OR  Cytochrome* OR  “P450”] OR
[“Methyltransferases” (mesh) OR “Sulfotransferases” (mesh) OR
“Acetyltransferases” (mesh) OR “Acyltransferases” (mesh) OR
“Glucuronosyltransferase” (mesh) OR glucuronidation* OR
Methyltransferase* OR Sulfotransferase* OR Acetyltransferase*)]}
AND {[humans (Filter)] AND [newborn (Filter)]}.

Manuscripts were reviewed for relevance to the topic of this
review, as well as for citations related to the topic of the review by
two independent reviewers (MLM and CG). In case of
disagreement, a third author (ULT) would arbitrate. This
review should however be considered a scoping rather than a
systematic review.

5.2 Findings

Our search resulted in 1206 hits, of which a total of 70
manuscripts were found relevant to the scoping review
(Aranda et al, 1976; Loughnan et al, 1977; Windorfer and
Pringsheim, 1977; Pitlick et al, 1978; Onishi et al., 1979;
Grygiel and Birkett, 1980; Brazier et al., 1981; Kawade and
Onishi, 1981; Mulhall et al., 1983; Tserng et al., 1983; Ribon
et al., 1984; Grasela and Donn, 1985; Choonara et al., 1989; R]
et al., 1990; Fujii et al., 1993; Hartley et al., 1993, 1994; Reiter and
Stiles, 1993; Brammer and Coates, 1994; Vauzelle-Kervroedan
et al,, 1996; Sato et al., 1997; Treluyer et al., 1997; Wenzl et al,,
1998; Lee et al., 1999; Touw et al., 2000; de Wildt et al., 2001, 2002,
2010; Lowry et al,, 2001; Allegaert et al.,, 2008a, 2008b, 2015;
Wade et al., 2008, 2009, 2009; Knibbe et al., 2009; Mugabo et al.,
2011; George et al., 2012; Ince et al., 2013; Kim et al., 2013; Le
Doare et al., 2013; Wang et al., 2013; Bekker et al., 2014; de Waal
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et al., 2014; Krekels et al., 2015; Mahmood, 2015, 2017; Ogawa
et al., 2015; Pain et al., 2015; Auriti et al., 2016; Cook et al., 2016;
Momper et al., 2016; Flint et al., 2017; Hwang et al., 2017; Sohn
etal., 2017; Voller et al., 2017; JM et al., 2018, 2018; Anderson and
Holford, 2018; Brussee et al., 2018; Leroux et al., 2018; Michelet
et al,, 2018; Neyro et al., 2018; Tsakiri et al., 2018; Gerhart et al.,
2019; Gonzalez et al., 2019; Smith et al., 2019; van Groen et al.,
2019).

Overall, the large heterogeneity of the studies with regards to
both scope, methodology, and particularly the detail of reporting
results, precludes any formal comparison, let alone meta-
analyses. In particular, many studies examined neonates, but
failed to distinguish between term and preterm neonates. This
was the case in more than 40% of the studies. The full spectrum of
prematurity was found to be explored from 22 gestational weeks
and onwards. Extreme premature neonates (born before
28 GA weeks) were included in less than 55% of these studies.

Furthermore, the age of the children at the time of inclusion
and/or sampling (postnatal age, PNA) was unclear in
approximately 30% of the studies. In the remaining articles the
PNA varied from a few hours to 1 year. The overall mean age at
the time of inclusion varied from 4 days to 1.5 months. Keeping in
mind that prematurity is defined as being born before 37 weeks of
gestation, this logically reduces the actual number of included
neonates, who were extremely, very or even late preterm at the
time of sampling. These findings elucidate how most PK studies
in the youngest pediatric populations are not sufficiently
transparent in the presentation of data contributions.

Generally, the gestational- and postnatal ages are displayed in
intervals, making an accurate estimation of the degree of
prematurity impossible. Additionally, the interpretation of the
strength of the contributing data becomes very difficult, as, e.g., a
2 weeks old child that was born at 26 weeks gestational age and a
newborn child born at 28 weeks gestational age are not
necessarily equal in terms of metabolic maturation.

Most studies (approximately 70%) focused on the phase I
metabolism, and the most studied CYP subclasses were CYP3A4,
CYP1A2, CYP2EI1, CYP2C19, and CYP2C9 either as individual
or contributing enzymes. The phase II metabolism systems were
studied in approximately 35% of the articles identified [with
glucuronidation (notably UDP-Glucuronosyltransferase-2B7)]
and sulfation being the most studied.

5.2.1 Phase | Metabolism in Preterm Neonates

In Tables 1-3 we summarize the Cytochrome P450 subclasses, we
found to be the most studied in vivo in preterm neonates,
i.e, 3A4, 1A2, and 2C9/2C19.

5.2.2 CYP3A4

Identified studies of CYP3A4 activity are displayed in Table 1.
Midazolam was predominantly reported as an in vivo probe for
CYP3A4 activity, and the clearance values reported illustrated a clear
tendency towards reduced CYP3A4 activity in preterm neonates as
compared to full born neonates and older children (Burtin et al.,
1994; Vauzelle-Kervroedan et al,, 1996; Lee et al., 1999; de Wildt
et al., 2001, 2002; Ogawa et al., 2015; Brussee et al., 2018; JM et al.,
2018; van Groen et al,, 2019). The largest study identified was a
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population-based study (Burtin et al, 1994) included plasma
samples from 197 neonates (gestational age 26-42 weeks,
postnatal age 0-10 days) on artificial ventilation. Here clearance
was found to be directly proportional to birth weight and gestational
age, but not postnatal age (between 0 and 10 days).

5.2.3 CYP 2C9 and - 2C19

Identified studies of CYP2C19 and CYP2C9 activity are displayed
in Table 2. Only phenobarbital was found reported as an in vivo
probe for CYP2C9 (Pitlick et al., 1978; Ribon et al., 1984; Grasela
and Donn, 1985; MP et al.,, 1989; Touw et al., 2000; Voller et al.,
2017), although additional minor metabolism occurs via
CYP2C19 and CYP2E1 (approximately 5%). A general trend
towards reduced phenobarbital clearance was observed in
premature neonates. In a recent population study, a PK model
was developed based on data sharing from former studies, and the
maturation of clearance was predicted to be dependent on both
body weight and postnatal age in preterm neonates.

The activity of CYP2C19 was investigated by use of the
substrate’s phenytoin and pantoprazole (Loughnan et al., 1977;
Ward et al., 2010). Latest was investigated by Ward et al., in 2010,
who found oral clearance of pantoprazole reduced in preterm
neonates. Oral clearance increased with increased postnatal age,
but no apparent trend was seen for postmenstrual age.

5.2.4 CYP1A2

Primarily theophylline was used as substrate in all the identified
in vivo studies investigating CYP1A?2 activity in preterm neonates
(Grygiel and Birkett, 1980; Brazier et al., 1981; Tserng et al., 1983;
Lowry et al., 2001; Kim et al., 2013; Sohn et al., 2017; Jiang et al.,
2021), which are displayed in Table 3. CYP1A2 was generally
found associated to postnatal age rather than postmenstrual age
and to birth weight. Furthermore, well-known genetic
polymorphism-associated differences in CYP1A2 activity were
not yet found expressed in the preterm population.

5.2.5 CYP2E1

Three studies investigating the in vivo CYP2E1 activity were
identified. Isoniazid (Bekker et al., 2014) and paracetamol (Cook
et al.,, 2016; Flint et al., 2017) were the substrates studied. A
markedly reduced isoniazid clearance was noted in neonates with
low GA and LBW. None of the studies using paracetamols as
substrate succeeded in defining the CYP2E1 maturity, probably
because the contribution of the CYP2E1 pathway is minimal,
albeit important due to formation of the toxic metabolite NAPQ],
for the metabolism of paracetamol.

5.2.6 CYP2D6

In vivo CYP2D6 metabolism has been investigated in premature
neonates using tramadol as substrate (Allegaert et al., 2008a;
2008b). Here, PMA and CYP2D6 polymorphisms (Li et al., 2021)
was found to determine the O-demethylation activity in the
preterm neonates.

5.2.7 Phase Il Metabolism in Premature Neonates
Twenty studies investigating the in vivo phase II metabolism were
identified (Windorfer and Pringsheim, 1977; Mulhall et al,
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TABLE 1 | Summary of studies exploring CYP3A (4/5) activity in preterm neonates.

References Premature GA, PNA, BW, Substrate Dose Clearance Clearance Clearance
(N) range range range parameter premature
Burtin et al. (1994) Min. 96* 26-42 0-10 700-5200 Midazolam 0.032-1.6 mg/kg Total CL Mean 1.2 (SD = !
(IV bolus) 0.96) mi/kg/min
Vauzelle-Kervroedan 7 31.4-36.5 1-14 15640-2700  Cortisol - (endogenous) 6 BOHF/FF Mean 7.2 m
et al. (1996) ratio (SD + 1.5)
Lee et al. (1999) 60 24-31 2-15 523-1470 Midazolam 0.1 mg/kg (IV Total CL Mean 1.0 (SD = !
bolus) 0.2) mi/kg/min
De Wildt et al. (2001) 24 26-34 3-11 760-1630 Midazolam 0.1 mg/kg (IV Total CLand  Mean 2.3 (SD £ !
bolus) 1-OH-M/M 1.5) mi/kg/min
(AUCq_y) ratio  and 0.09
(<0.001-1)
De Wildt et al. (2002) 15 26-31 3-13 Mean 1076 ~ Midazolam 0.1 mg/kg (PO or CL/F and 1- 2.7 (range l
(SD + 240) IV bolus) OH-M/M 0.7-15.5)
(AUCq_y) ratio  ml/kg/min and
0.03
(<0.01-0.96)
Brussee et al. (2018) Min. 55* ND 1-44 770-3700 Midazolam 0.1 mg/kg (IV Total CL > *
30 min infusion)
Ogawa et al. (2015) 34 24-32.9 1-37 598-1868 Doxapram 0.2 mg/kg (IV) Total CL 0.698 L/kg/h l
Brussee et al. (2018) 37 26-34 3-11 770-2030" Midazolam 0.1 mg/kg (PO Hepatic CL 1.62 L/h 1
or V)
Groen et al., 2019 Unclear* 23.9-414 4.2-343.7 2600-8900" Midazolam 111 Ba/kg; Total CL Median 1.8 1
("*C-marked)  37.6 ng/kg (V) (range 0.7-6.7)
ml/kg/min

"Weight at sample time.

*Exact number of premature children included has not been specified.

**The model over-estimated clearance and was not found applicable to predict midazolam CL in critical ill preterm neonates.

BW, birth weight in grams; Bqg, Becquerel; CL, clearance; GA, gestational age at birth in weeks; IV, intravenous; N, number of included premature neonates; ND, not defined; PNA,
postnatal age at start of sampling in days; PO, orally.

TABLE 2 | Summary of studies exploring CYP2C9 (rows 1-6) and CYP2C19 (rows 7-8) activity in preterm neonates.

References Premature GA, PNA, BW, Substrate Dose Clearance Clearance Clearance
(N) range range range parameter premature

Pitlick et al. Unclear* 30-40 <2 1350-2850 Phenobarbital LD, Total CL (T40) - !
(1978) 20 mg/kg (IV)

MD,

5 mg/kg/day
Ribon et al. 17 28-37 <1 1250-3000 Phenobarbital 5 mg/kg (IM) or ~ Total CL (T4,2) - 1
(1984) 10 mg/kg (IV)
De Carolis et al., Unclear* 27-37 ND 800-3090  Phenobarbital LD Total CL (T1,) - 1
1989 20 mg/kg (IV)

MD

5 mg/kg/15 h
Grasela and Min 46* 24-42 1-16 600-3620  Phenobarbital LD, 20 mg/kg Total CL Mean 0.0047 (£19%) o
Donn, (1985) MD, 5 mg/kg L/h/kg
Touw et al. Unclear* 26 + ND 590-4070  Phenobarbital LD 23 + Total Cl/total CL Mean 9.3 (SD + 4.9) 7
(2000) 6-41 11 mg/kg per kg body weight ~ ml/h/mean 4.3

+4 MD (SD + 1.1)

51 mg/kg/day
Voller et al. Min. 25* 24-42 0-22 450-4400  Phenobarbital LD 20 mg/kg Total CL Mean 0.0091 (x9%) 1
(2017) MD 3.9 mg/kg L/h
Loughnan et al. 4 32-36 2-18 760-2950  Phenytoin 12 mg/kg (IV) Total CL (T12) - l
(1977)
Ward et al. 37 23-41 9.1-137.2 2018-4550 Pantoprazol 0.6 or CL/F Mean 0.21 (SD = !
(2010) 1.2 mg/kg/ 0.12) L/h/kg

day (PO) (1.25 mg)

Mean 0.23 (SD +
0.21) Lh/kg (2.5 mg)

*Exact number of premature children included has not been specified.
BW, birth weight in grams; CL, clearance; GA, gestational age at birth in weeks; IM, intramuscular; 1V, intravenous; LD, loading dose; MD, maintenance dose; N, number of included
premature neonates; ND, not defined; PNA, postnatal age at start of sampling in days, PO, orally.
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TABLE 3 | Summary of studies exploring CYP1A2 activity in preterm neonates.
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References Premature GA, PNA, BW, Substrate Dose Clearance Clearance Clearance
(N) range range range parameter premature
Grygiel and 6 28-32 ND 800-1620 Theophylline 4.5 (x0.04) mg/ Theophylline urin - 1
Birkett. (1980) day (PO) metabolite ratio
Brazier et al. 2 32 1-9 1360, 1380  Theophylline 3 mg/kg/8 h (PO) Total CL and - 1
(1981) Theophylline urin
metabolite ratio

Tserng et al. 9 26-32 4-39 780-2050 Theophylline LD 6.6 mg/kg (IV) Theophyliine urin - 1
(1983) MD 2.6 mg/kg/8 h metabolite ratio
Lowry et al. 3 24,28,31 56,21,0 880,1060  Theophyline 2 mg/kg/12 h and Total CL 0.01,0.02 and 1
(2001) and 1800 2.5 mg/kg/12 h (all 0.05 L/h/kg

overdoses)
Kim et al. 100 24.3-35.7 2.8-79.1 500-2900"  Theophylline Dose not specified Total CL 0.16 (SD = 1
(2013) 20%) L/h
Sohn et al. 104 24 + 2-35 5-74 540-2500  Amiphylline LD 8 mg/kg (IV/PO)  Total CL, 0.5 (SD = l
(2017) +5 Theophylline Theophylline urin 0.29) ml/

metabolite ratio min/kg
540-2900" MD 1,3-3 mg/kg/8 0.34 (SD +
or12th h 0.28) ml/
min/kg

Jiang et al. 17 26-32 4-43 750-2400 Caffeine 5.01 + 0.56 mg/kg Total CL 7.3(SD +2.5) 1
(2021) mi/h

"Weight at sample time.

BW, birth weight in grams; CL, clearance; GA, gestational age at birth in weeks; IV, intravenous; LD, loading dose; MD, maintenance dose; N, number of included premature neonates; ND,

not defined; PNA, postnatal age at start of sampling in days; PO, orally.

1983a; Choonara et al., 1989; Hartley et al., 1993, 1994; H et al,,
1993; Reiter and Stiles, 1993; Brammer and Coates, 1994; Sato
et al., 1997; Wenzl et al., 1998; Wade et al., 2008, 2009; Knibbe
et al., 2009; Krekels et al., 2015; Mahmood, 2015; Auriti et al,,
2016; Cook et al., 2016; Flint et al., 2017; MF et al., 2017; Leroux
et al., 2018; Gerhart et al., 2019). A large heterogenitet was found
and several substrates were used and included chloramphenicol,
morphine, fluconazole, lorazepam, micafungin, paracetamol, and
mefenamic acid. Overall, the activity of the phase II metabolis,
pathways were found reduced in preterm neonates. Herein,
morphine metabolism by UGT2B7 was found closely related
to body weight as opposed and post-natal age (day 1-10)
(Knibbe et al., 2009), and fluconazol clearance by UGTB7was
found to increase with increase with BGA, PNA and PMA (Wade
et al., 2008).

5.3 Interpretation
The understanding of developmental pharmacology in infants
and children has increased significantly since the seminal review
by Kearns et al. (2003) and new data have been added in both
neonates in general (Allegaert, 2017) and in premature neonates
(van den Anker and Allegaert, 2021). Furthermore,
pharmacometrics modelling approaches are now, despite
limited data, being used to support neonatal and pediatric
drug development as well as commonly used off-label drugs.
The insight into ontogeny of, e.g., the phase I metabolism of
extreme premature neonates has previously been based on, e.g.,
fetal samples (Kearns et al., 2003). However, with a limit of early
human viability, that is, constantly improving, PK data on the
extreme premature neonates remain unreasonable scarce.

The results from the present study illustrate the difficulties in
obtaining data from the very youngest and smallest neonates.

Particularly, it is challenging to explore include patients shortly
after birth and consequently the early stages of xenobiotic
biotransformation ontogeny remain relatively underexplored.

This is exemplified by our findings, as most studies lacked
detailed information, e.g., on the number of very and extremely
preterm neonates. Importantly, the post-natal age at sampling for
the included patients were often not specified, making definitive
interpretation of these early stages of xenobiotic biotransformation
very difficult. Finally, details on the number of samples deriving
from the preterm neonates was also seldom reported.

As expected, we did find an overall clear tendency of an
immature, and thus reduced, drug metabolism in the preterm
infants when compared to term neonates and older children. This
was the case for virtually all reported enzyme-systems. However,
as we also found a large heterogeneity in the studies, including
methodological differences in the studies pathways and the use of
both non-compartmental- and population PK methods, we
cannot perform any direct comparison or formal meta-analysis
of the reported findings.

6 POSSIBLE SOLUTIONS AND FUTURE
DIRECTIONS

Neonatology has been fortunate to experience some major leaps
in pharmacology treatments for premature children but game-
changing drugs like surfactant are rare. However, new therapeutic
products are increasingly being studied for neonatal diseases and
advances are constantly being made. These current and future
advances must integrate the increased knowledge of the ontogeny
of organ and enzyme systems in premature children. Thereby we
can construct optimized models that takes into consideration the
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normal maturation of neonates (van den Anker and Allegaert,
2021).

As illustrated, there is still a lack of data from extremely
premature children sampled shortly after birth, a testament to
the  practical ~and  ethical challenges.  Neonatal
pharmacological research could benefit from increased
representation of multidisciplinary neonatal clinicians on
relevant committees to streamlining of ethics and
governance procedures for multi-site studies. This will
likely require dedicated time and support as clinician time
for additional service outside of clinical care is often unfunded
and burdensome. Similarly, the practicalities of inclusion of
extremely premature children immediately after birth may be
tackled by increased use of antenatal parental consent
(Memon et al., 2020).

Obviously, the development of sparse plasma/blood sampling
and analyzing techniques improve the feasibility of including the
very small preterm neonates. This fact, and the use of left-over or
opportunistic samples from routine sampling will yield a higher
inclusion rate. Pharmacometric modeling approaches have
reduced the high number of samples needed, but by
combining these modern techniques with a higher inclusion
rate, a high level of detailing will be possible By use of already
existing modeling methods and optimal sampling design,
parameter estimation with maximal precision is possible
(Smits et al., 2021). However, refinement of these methods will
be important for the future.

From a regulatory point of view, it would be highly desirable if
continued improvements on targeted and efficient clinical trial
designs in neonates became standard in pediatric drug
development. Herein, PK and PD characterization in the
pediatric subgroup of neonatology should be considered from
the earliest drug development stages.

Furthermore, development of microdosing studies present an
attractive alternative to overcome ethical and analytical
challenges in  phenotyping studies. ~Microdoses are
subtherapeutic doses (typically < 100th of therapeutic dose)
that are unlikely to elicit any pharmaceutical response or side
effects. The microdosing approach has been validated for, e.g.,
midazolam in preterm neonates (van Groen et al., 2019).

The use of international multicenter studies, pediatric trial
networks, diverse databases, biomarkers, and integration of
Real-world Data, use of artificial intelligence and machine
learning such as text mining and deep-learning models to
extract relevant information from electronic patient records is
likely to further advance neonatal pharmacology (Mulugeta
et al., 2018; Goulooze et al., 2020; Smits et al.). However,
models of any kind should be developed wisely, bearing in
mind that the risk of poor performance is particularly high if
certain age groups such as preterm neonates are
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Pregnancy and associated physiologic changes affect the pharmacokinetics of many
medications, including selective serotonin reuptake inhibitors —the first-line pharmacologic
interventions for depressive and anxiety disorders. During pregnancy, SSRIs exhibit
extensive pharmacokinetic variability that may influence their tolerability and efficacy.
Specifically, compared to non-pregnant women, the activity of cytochrome P450 (CYP)
enzymes that metabolize SSRIs drastically changes (e.g., decreased CYP2C19 activity
and increased CYP2D6 activity). This perspective examines the impact of pharmacokinetic
genes—related to CYP activity on SSRI pharmacokinetics during pregnancy. Through a
simulation-based approach, plasma concentrations for SSRIs metabolized primarily by
CYP2C19 (e.g., escitalopram) and CYP2D6 (e.g., fluoxetine) are examined and the
implications for dosing and future research are discussed.

Keywords: anxiety, depression, pharmacokinctics, pregnancy, SSRI (selective serotonergic reuptake inhibitors)

INTRODUCTION

Selective Serotonin Reuptake Inhibitors (SSRIs) are commonly used to treat depression and anxiety
across the lifespan, including during pregnancy (Mesches et al,, 2020). Among these SSRIs,
citalopram, escitalopram, sertraline, fluvoxamine and fluoxetine are most commonly used during
pregnancy, while paroxetine is used less frequently secondary to concerns related to the risk of
congenital malformations including cardiac malformations (Bérard et al., 2016). In general, when
SSRIs are used in pregnancy, there is a consideration of their benefits and risks, including the
transient syndrome of neonatal SSRI withdrawal (Moses-Kolko et al, 2005), longer term
developmental outcomes of fluoxetine-exposed children and reassuring data suggesting that in
utero SSRI exposure does not affect IQ and language development (Nulman et al, 1997).
Importantly, during pregnancy, plasma SSRI concentrations vary considerably—in part because
of a surfeit of pregnancy-related changes in cytochrome P450 (CYP) activity. This variation in SSRI
exposure may alter efficacy and tolerability, and necessitate dose adjustment in pregnant people.

Physiologic changes during pregnancy substantially alter SSRI pharmacokinetics Table 1.
Pregnancy is associated with delayed gastric emptying, increased gastric pH, increased cardiac
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output, increased total body water and extracellular fluid space,
increased fat compartment, increased renal blood flow and
glomerular filtration rate (GFR), decreased plasma albumin
concentration, and altered cytochrome P450 activity (Pariente
et al.,, 2016). Further, enhanced elimination and associated
decreases in drug exposure (lower peak/trough plasma
concentrations) decrease the availability of some medications
during pregnancy (Pariente et al., 2016). Yet, despite pregnancy
related  variation in  concentrations  of  multiple
medications—including SSRIs—guidance on SSRI dosing
during pregnancy is scarce, with only recommendations from
the American College of Obstetrics and Gynecology that a single
medication at a higher dose be used rather than multiple
medications in treating depression during pregnancy (Tseng
et al, 2015; Arnold and Flint, 2017). Further confounding
drug metabolism in pregnancy is the potential metabolic
contribution of the fetus and placenta. While predominately
located in the liver, CYP enzymes are present in a variety of
tissues including the human placenta. The fetal liver itself has
potential to contribute to maternal drug metabolism, however a
significant contribution is unlikely due to the relatively small
mass (Hakkola et al., 1998).

Herein, we will focus on pregnancy-related changes in SSRI
pharmacokinetics and how variation is influenced by maternal
CYP2C19 and CYP2D6, two cytochrome enzymes whose activity
is not only affected by pregnancy, but also affected by genetic
variation in the genes that encode these enzymes. Additionally,
we will briefly review variation in SSRI exposure during
pregnancy using pharmacokinetic modeling simulations and
propose next steps in understanding how variation in SSRI
pharmacokinetics potentially affect clinical management of
pregnant patients in terms of relapse, tolerability and
withdrawal symptoms.

VARIATION IN SSRI PHARMACOKINETICS

In contemporary clinical practice, treatment guidelines for
anxiety or depressive disorders rarely incorporate factors that
influence antidepressant exposure (other than dose). Moreover,
intrinsic factors that affect SSRI concentrations are rarely
considered in clinical trials of SSRIs. As such, the current
approach to dosing SSRIs is to typically initiate antidepressant
therapy at a ‘starting dose’” and to titrate based on response and
tolerability. However, variation in SSRI exposure contributes to
differences in efficacy and tolerability (Sakolsky et al, 2011;
Strawn et al., 2020). Understanding this variation in pregnancy
has important implications given the prevalence of drug
discontinuation due to non-response and the burden of
depressive and anxiety disorders during pregnancy.

SSRI exposure is affected by many factors (eg, age,
concomitant medications, and CYP activity), as well as
medication dose, amount, and dosing frequency. Further, CYP
activity is influenced by genetic polymorphisms affecting the
amount and/or function of the protein, age-related changes in
the maturation of the enzyme and altered enzyme activity due to
specific diseases, as well as inflammation. For some SSRIs, CYP

SSRI Pharmacokinetics During Pregnancy

activity—which varies among pregnancy—substantially impacts
exposure (Area Under the Curve, AUC), maximum
concentrations (Cpax), and half-life (t,,). Pharmacogenetic
factors that influence CYP activity are rarely included in
current pharmacokinetic models yet understanding these
contributions could enhance understanding of differences in
SSRI pharmacokinetics, particularly during pregnancy, which
itself accentuates this variation in exposure. Such interactions
of pharmacogenetics as well as auto- or drug-based enzyme
inhibition/induction, must be considered to develop precision
dosing algorithms, especially during pregnancy.

SSRI PHARMACOKINETICS AND
PHARMACOGENETICS

Relationships between pharmacokinetically-relevant genes (e.g.,
CYP2D6 and CYP2C19) and SSRI exposure have been established
over the past 2 decades. Recently, a meta-analysis of 94 unique
studies, revealed significant relationships between CYP2D6 and
CYP2C19 metabolizer status and escitalopram, fluvoxamine,
fluoxetine, paroxetine and sertraline exposure and reciprocal
apparent total drug clearance (Milosavljevi¢ et al, 2021).
Further, in non-pregnant patients, modeling studies and
guidelines from the Clinical Pharmacogenetics Information
Consortium (CPIC) and The Dutch Pharmacogenetics
Working Group recommend that dosing for some SSRIs
should consider variation in CYP2D6 and CYP2C19 (Hicks
et al., 2015; Brouwer et al., 2021). Recommendations from the
Food and Drug Administration (FDA) as well as the European
Medicine Agency (EMA) are mixed with regard to variation in
CYP2D6 and CYP2C19 and SSRIs. For example, the FDA
recommends that coadministration of CYP2D6-metabolized
medications with paroxetine should be approached with
caution (GlaxoSmithKline, 2012), whereas for fluoxetine, the
agency recommends, because fluoxetine inhibits CYP2D6
activity, “individuals with normal CYP2D6 metabolic activity
resemble a poor metabolizer... [eo ipso] coadministration of
fluoxetine with other drugs that aremetabolized by CYP2D6
should be approached with caution (Eli Lilly and Company,
2019).” Additionally, the package insert for fluoxetine notes
that concentrations of s-fluoxetine are significantly higher in
patients who are CYP2D6 poor metabolizers compared to
normal metabolizers. However, the package inserts do not
contain specific dosing guidance for either paroxetine or
fluoxetine (GlaxoSmithKline, 2012; Eli Lilly and Company,
2019). For citalopram, the FDA-approved package insert
recommends, based on an AUC increase of 68% in CYP2C19
poor metabolizers that these individuals not be treated with more
than 20 mg/day given the risk of QT prolongation (Allergan USA,
2017). This guidance is reiterated in multiple sections of the
document, including the dosing, arming and dosage/
administration sections of the document. Further, the
document also advises patients with CYP2C19 inhibitors not
be treated with doses >20 mg/day (Allergan USA, 2017). Finally,
the package inserts for escitalopram and sertraline do not provide
any guidance regarding the impact of CYP2C19 phenotype on
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dosing (Forest Pharmaceuticals, 2009). It is important to note
that the FDA labels for most medications were approved before
pharmacogenetic associations were well established, and
inclusion  of pharmacogenetic  information  occurred
retroactively. For example, the anti-coagulant clopidogrel,
which was approved in 1997 and had a boxed warning added
in 2010 warning “diminished antiplatelet effect in patients with
two loss-of-function alleles of the CYP2C19 gene” (Bristol-Myers
Squibb and Sanofi Pharmaceuticals Partnership, 2021) However,
the drug label still does not require pharmacogenetic testing
(Roden and Shuldiner, 2010), which could place the
manufacturer at legal risk.

CYP2D6 and CYP2C19 Activity During

Pregnancy

Pregnancy alters the activity of CYP2D6 and CYP2C19. Implicated in
the metabolism of approximately 25% of all CYP-metabolized
medications, CYP2D6 contributes to the metabolism of multiple
SSRIs (e.g., fluoxetine, paroxetine, fluvoxamine). Further, genetic
polymorphisms in the CYP2D6 gene produce phenotypic
differences:  ultrarapid, normal, intermediate, and poor
metabolizers (Caudle et al, 2020). However, during pregnancy,
CYP2D6 activity across all phenotypes, except poor metabolizers,
increases (Wadelius et al., 1997; Tracy et al., 2005; Ryu et al., 2016).
CYP2D6 poor metabolizers have no enzymatic activity given the
combination of two no function alleles, so increases in activity for
patients with this phenotype may be negligible to nonexistent during
pregnancy.

CYP2C19 is the primary enzyme involved in the metabolism
of escitalopram, citalopram, and sertraline, as well as many other
medications (e.g., proton pump inhibitors, clopidogrel). Similar
to CYP2D6, polymorphisms in the CYP2C19 gene produce
phenotypes of ultrarapid, rapid, normal, intermediate, and
poor metabolizers (Caudle et al., 2017). Small studies have
reported CYP2C19 activity decreases during pregnancy
(McGready et al,, 2003). Like CYP2D6 poor metabolizers, we
suspect CYP2C19 poor metabolizers to have trivial decreases in
activity, if any at all, during pregnancy due to individuals with this
phenotype having two CYP2C19 no function alleles. For several
medications, this pregnancy-related variation in CYP2D6 and
CYP2C19 activity has been associated with increased clearance of
metoprolol (Hogstedt et al., 1985), clonidine, anti-retrovirals and
glyburide. Moreover, several lines of evidence suggest the need to
titrate several medications during pregnancy (Tasnif et al., 2016).

SSRI PHARMACOKINETICS DURING
PREGNANCY

Fewer than a dozen in vivo and modeling studies have examined
SSRI pharmacokinetics in pregnant women (Heikkinen et al., 2002;
Heikkinen et al., 2003; Freeman et al., 2008; Sit et al., 2008; Ververs
et al,, 2009; Sit et al., 2011; Westin et al., 2017), in addition to two
modeling-based explorations of SSRI pharmacokinetics in pregnant
women (Almurjan et al,, 2020; Almurjan et al,, 2021). To extend
these findings and to illustrate how baseline phenotypic variation in

SSRI Pharmacokinetics During Pregnancy

CYP enzymes may affect pregnancy-associated changes in SSRI
pharmacokinetics, we simulated escitalopram and fluoxetine
concentrations at steady state during pregnancy and compared to
a non-pregnant state across metabolizer phenotypes. We estimated
the pregnancy-associated changes using MwPharm (version 3.82,
Mediware, Czech Republic), a pharmacokinetic modeling program
that enables users to approximate a patient’s clearance, volume of
distribution, exposure, and concentration of individual medications
(e.g., escitalopram and fluoxetine + norfluoxetine) based on
previously published parameters (Schenker et al., 1988; Segaard
etal., 2005). A one-compartment and two-compartment model were
used for escitalopram and fluoxetine + norfluoxetine, respectively.
CYP2C19- and CYP2D6-related differences in clearance for
escitalopram and fluoxetine + norfluoxetine, respectively, were
determined based on previously published studies (Chang et al,
2014; Steere et al., 2015; Magalhaes et al., 2020). Model parameters
for each medication were entered, in addition to patient
characteristics, including age, body size, sex, and medication/
dosing history. Considering patient and medication information,
the program simulates a time course of medication plasma
concentrations for a patient, in addition to their estimated effects.
Physiological changes during pregnancy (e.g., total body weight,
creatinine clearance) were based on published parameters (Abduljalil
etal, 2012) and NHANES data (Fryar et al., 2021); these parameters
were reviewed by a board-certified maternal-fetal medicine
physician (SAN) and complete model parameters can be found
in the supplement (Supplementary Table S1-S3).

For a non-pregnant woman treated with escitalopram (20 mg/
day), escitalopram concentrations vary significantly across
CYP2C19 phenotypes, with rapid and ultrarapid metabolizers
having steady state trough concentrations below the lower
therapeutic reference range of 15ng/ml (Figure 1). By
trimesters 2 (week 20) and 3 (week 33), there is an estimated
decrease in CYP2C19 activity by 62 and 68%, respectively, resulting
in trough concentrations for all metabolizer phenotypes within the
therapeutic range (McGready et al., 2003; Ke et al., 2014) (Figure
1). CYP2C19 poor, intermediate, and normal metabolizers are
expected to have similar escitalopram concentrations by trimester 2
due to activity levels bottoming out, with poor metabolizers having
slightly lower concentrations compared to pre-pregnancy due to
increases in weight and creatinine clearance (Abduljalil et al,
2012). Escitalopram simulated data are available in the
supplement (Supplementary Material).

We also evaluated the influence of CYP2D6 phenotypes on the
pharmacokinetics of fluoxetine and its active metabolite,
norfluoxetine. Steady state concentrations were within the
expected therapeutic reference range at a dose of 40 mg/day
during a non-pregnant state (Hiemke et al, 2018) (Figure 2).
By trimester 2 (week 20), CYP2D6 activity is estimated to increase
by 131% compared to a non-pregnancy, and trough concentrations
of the active moiety for all metabolizer phenotypes are within the
therapeutic reference range (Tracy et al,, 2005; Abduljalil et al.,
2012; Hiemke et al., 2018) (Figure 2). CYP2D6 activity is increased
by 137% by trimester 3 (week 33), with trough concentrations still
within the therapeutic reference range for all phenotypes
(Figure 2). Fluoxetine + norfluoxetine simulated data are
available in the supplement (Supplementary Material).
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FIGURE 1 | Modeled escitalopram concentrations in pregnancy for CYP2C19 phenotypes. PM, poor metabolizer; IM, intermediate metabolizer, NM, normal
metabolizer; RM, rapid metabolizer, UM, ultrarapid metabolizer. Dashed gray lines represent therapeutic trough concentrations (Hiemke et al., 2018).
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FIGURE 2 | Modeled fluoxetine and norfluoxetine concentrations in pregnancy for patients treated with fluoxetine 40 mg/day. CYP2D6 phenotypes are shown as
follows: PM, poor metabolizer; IM, intermediate metabolizer; NM, normal metabolizer; RM, rapid metabolizer; UM, ultrarapid metabolizer. Dashed gray lines represent
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Our simulations reflect differences in escitalopram and
fluoxetine pharmacokinetics while accounting for each drug’s
primary metabolizing enzyme (CYP2C19 and CYP2De,
respectively), in addition to changes in total body weight and
creatinine clearance. While this perspective precludes extensive
physiological-based pharmacokinetic modeling that account for
additional parameters that are relevant during pregnancy, these

simulations  reveal significant heterogeneity in  SSRI
concentrations due to CYP enzymes. Of note, our
escitalopram  model  demonstrates an  increase  in

concentrations for CYP2C19 intermediate, normal, rapid, and
ultrarapid metabolizers relative to pre-pregnancy, which
contrasts showing an overall decrease in
escitalopram concentrations throughout gestation (Sit et al,
2008). Whereas we only accounted for CYP2C19, induction of

literature

CYP3A4 and CYP2D6 during pregnancy may partially mitigate
in CYP2C19 activity, thereby decreasing escitalopram
concentrations in later pregnancy (Desta et al., 2002; Tracy
et al, 2005). Further, despite trough concentrations being
within the therapeutic window for escitalopram and fluoxetine
+ norfluoxetine, clinicians should monitor changes in target
symptoms and tolerability, especially later in pregnancy where
SSRI concentrations differ significantly. Models accounting for
multiple CYP enzymes involved in the metabolic pathway of
these medications, among other pertinent parameters, are needed
to further understand the complexity of SSRI pharmacokinetics
during pregnancy (Betcher and George, 2020). This may be
particularly important in some specific populations and, as an
example, in Chinese individuals, CYP2C19 poor metabolizers
had a mean 46% increase in fluoxetine Cy;ax and similar increases
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TABLE 1 | Selective serotonin reuptake inhibitors (SSRIs) and cytochrome P450 enzymes responsible for their metabolism, as well as changes in the activity of these

cytochromes during pregnancy.

SSRI Relative change in References Enzymes Activity in pregnancy
concentration
Citalopram 1 Heikkinen et al. (2002) CYP2C19 Decrease
l Sit et al. (2008) CYP2D6 Increase
1 Westin et al. (2017) CYP3A4 Increase
Escitalopram l Sit et al. (2008) CYP2GC19 Decrease
© Westin et al. (2017) CYP2D6 Increase
CYP3A4 Increase
Paroxetine ! Ververs et al. (2009) CYP2D6 Increase
! Westin et al. (2017) CYP3A4 Increase
Fluvoxamine l Westin et al. (2017) CYP2D6 Increase
CYP1A2 Decrease
Fluoxetine ! Heikkinen et al. (2003) CYP2D6 Increase
l Sit et al., 2010 CYP2C9 Increase
« Westin et al. (2017)
Sertraline 1 Sit et al. (2008) CYP2C19 Decrease
l Freeman et al. (2008) CYP2B6 Increase
T Westin et al. (2017) CYP2C9 Increase
l Heinonen et al. (2021) CYP2D6 Increase

Abbreviations: SSRI, selective serotonin reuptake inhibitor.

1, decrease in concentration. 1, increase in concentration. 3}, dependent on the CYP2D6 metabolizer phenotype. <, no significant change across pregnancy.

in AUC(g..) compared to normal metabolizers (Liu et al., 2001).
Thus, future investigations of fluoxetine and paroxetine
pharmacokinetics, including those in pregnancy, may benefit
from including non-CYP2D6 phenotypes. Finally, no studies (or
models) have examined the impact of transcription regulators of
CYP450 activity in pregnancy, although these transcription
regulators (e.g., testis-specific Y-encoded-like protein [TSPYLs])
affect the activity of CYP2C19 and other P450 enzymes (Qin et al.,
2018). Recent studies suggest that some single nucleotide
polymorphisms may decrease suppression of CYP2CI19
expression and boost metabolism of some CYP2C19-metabolized
SSRIs, including escitalopram and citalopram, and even alter
improvement trajectories in escitalopram and citalopram-treated
adults with depressive disorders (Qin et al., 2020).

Beyond these models, two population pharmacokinetic
modeling studies previously examined pregnancy-related
changes in paroxetine (Almurjan et al, 2020) and sertraline
(Almurjan et al, 2021) concentrations with regard to CYP2D6
and CYP2C19 metabolizer status, respectively. These studies aimed
to identify “appropriate dose titration strategies to stabilize”
medication concentrations within therapeutic ranges during
pregnancy. For paroxetine, a significant number of pregnant
ultrarapid metabolizers had trough concentrations < 20 ng/ml
compared to normal metabolizers and this study suggested that
for most phenotypes, pregnant women may require doses
>20 mg day to maintain an exposure comparable to 20 mg daily
pre-pregnancy (Almurjan et al., 2020). In a virtual modeling study
of sertraline pharmacokinetics in pregnancy, trough sertraline
concentrations decreased throughout pregnancy. Some of this
decreased exposure was related to expansion in maternal

volume and decreased albumin. However, titration of sertraline
was needed for patients of all CYP2C19 phenotypes. Normal and
ultrarapid metabolizers needed doses between 100 and 150 mg
daily (throughout the pregnancy). However, poor metabolizers
needed a dose of 50 mg daily during the first trimester and then
required titration to 100 mg daily during the second and third
trimester (Almurjan et al., 2021).

THERAPEUTIC DRUG MONITORING OF
SSRIS DURING PREGNANCY

Given temporal variation in physiology and drug metabolism
throughout pregnancy, therapeutic drug monitoring could
facilitate understanding of differences in SSRI exposure and
remission during gestation. Though most women take one or
more medications during pregnancy, clinical trials often exclude
pregnant women, so exposure data are lacking for many
medications in pregnant women (NICHD Obstetric and
Pediatric Pharmacology and Therapeutics Branch, 2021).
Recently, the Eunice Kennedy Shriver National Institute of
Child Health and Human Development (NICHD) Obstetric
and Pediatric Pharmacology and Therapeutics Branch
recognized the knowledge gaps in the use of therapeutics in
children, pregnant, and lactating people. The resulting
strategic plan that aims to advance safe and effective
therapeutics for pregnant and lactating people acknowledges
that “a key requirement for the advancement of therapeutics
that can restore the foundation for healthy pregnancies is
understanding how drug action is altered during normal
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pregnancy, the post-partum period, and lactation” (NICHD
Obstetric and Pediatric Pharmacology and Therapeutics
Branch, 2021). Drug action may change during pregnancy
because of myriad mechanisms, including pharmacokinetic
and pharmacodynamic effects. The NICHD Obstetric and
Pediatric Pharmacology and Therapeutics Branch established
the Maternal and Pediatric Precision in Therapeutics Hub to
aggregate knowledge about maternal and pediatric therapeutics
(NICHD Obstetric and Pediatric Pharmacology and Therapeutics
Branch, 2021). We look forward to seeing this hub and the
research projects funded by this mechanism advance precision
therapeutics in pregnancy.

CONCLUSION AND FUTURE DIRECTIONS

Pregnancy is associated with induction of many enzymes,
including CYP2D6, CYP2C9 (as well as CYP3A4, CYP2EI) and
these shifts subtend differences in SSRI metabolism during
pregnancy. However, pharmacokinetic data from prospective
studies in pregnant women are rare and infrequently consider
intrinsic variation in cytochromes activity. Importantly, several
approaches may address the dearth of pharmacokinetic data in
pregnancy and extend model-based recommendations that have
been developed for sertraline and paroxetine (Almurjan et al., 2020;
Almurjan et al., 2021). Phlebotomy performed during usual care
permits opportunistic sampling, an approach that has been used to
examine  developmental = pharmacokinetics of  many
medications—including SSRIs—in children (Girdwood et al,
2021). Additionally, population PK studies may provide
additional information regarding the pregnancy-related
pharmacokinetic changes as they relate to variation in CYP
phenotypes. These simulation studies also have the potential to
examine the impact of dose changes which may normalize
exposure related to pregnancy-related shifts in pharmacokinetic
parameters and CYP phenotypes (Almurjan et al., 2020; Almurjan
et al, 2021). While understanding the effects of this variation in
SSRI pharmacokinetics and the underlying differences in
pharmacokinetic genes on SSRI exposure in pregnancy is in its
early stages, multiple applications can already be imagined. These
include identifying patients at risk of symptomatic worsening as
result of decreased SSRI exposure, recognizing SSRI withdrawal
symptoms related to increased SSRI metabolism in previously
stably treated patients and correctly attributing side effect to
pregnancy-related shifts in SSRI exposure. Further, the
increasing prevalence of obesity and morbid obesity and effects
on adequate medication exposure is poorly understood in
pregnancy. Weight may play a significant role in treating
depression and anxiety in pregnancy, particularly given that
several studies have demonstrated relationships between body
mass index and response in antidepressant-treated patients.
Incorporating the contribution of obesity on CYP enzyme
activity in future models could further enhance our

SSRI Pharmacokinetics During Pregnancy

understanding of variation in exposure and thereby decreasing
treatment failure. Concomitant medications—which are common
in pregnancy—may produce phenoconversion for several CYP
enzymes. In pregnant people, the effects of phenoconversion, or
even its magnitude throughout pregnancy, are poorly understood.
Finally, future studies must examine factors that contribute to
pregnancy-related variation in exposure. These factors include
changes in renal clearance, which increases during the first
trimester, peaks in the second trimester, and diminishes at the
end of pregnancy as well as changes in target engagement (e.g.,
pharmacodynamics).
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Objectives: The objective of this pharmacometric (PMX) study was to (i) characterize
population pharmacokinetics (PPK) and exposure-pain response associations following
intranasal (0.1 mg/kg) or intravenous (IV, 0.05 mg/kg) administration of nalbuphine, with
the goal to (i) evaluate strategies for optimized dosing and timing of painful interventions
in infants 1-3 months old.

Methods: PPK analysis of nalbuphine serum concentrations, prospectively collected 15,
30, and between 120 and 180 min post-dose, utilizing the software package Monolix.
The final PPK model was applied to derive individual time-matched concentration
predictions for each pain assessment (Neonatal Infant Pain Score, NIPS) after
establishment of venous access and urinary catheterization or lumbar puncture. Drug
exposure-pain response simulations were performed to evaluate potential benefits of
higher doses with respect to a previously proposed target concentration of 12 mcg/L
(efficacy threshold).

Results: Thirty-eight of 52 study subjects receiving nalbuphine had at least one
concentration measurement and were included in the pharmacometric analysis. A
two-compartment model with allometric scaling was applied to describe population PK
data, with intranasal bioavailability estimated to be 41% (95%Cl: 26-56%). Model-based
simulations showed that the proposed efficacy threshold (12 mcg/L) is expected to be
exceeded with an IV dose of 0.05 mg/kg for 6 min, with 0.1 mg/kg for 30 min and with
0.2 mg/kg for 80 min. This efficacy threshold is not achieved with intranasal doses of 0.1
and 0.2 mg/kg, whereas an intranasal dose of 0.4 mg/kg is expected to exceed such
threshold for 30 to 100 min.

Conclusion: This PMX study confirmed that bioavailability of intranasal nalbuphine is
close to 50%. Exposure-pain response simulations indicated that an intranasal dose of
0.4 mg/kg is required to provide a comparable pain control as achieved with an IV dose
of 0.1-0.2 mg/kg. The optimal time window for painful procedures appears to be within
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the first 30 min after IV administration of 0.1 mg/kg nalbuphine, whereas such procedures
should be scheduled 30 min after an intranasal dose of 0.4 mg/kg nalbuphine. Additional
clinical studies are warranted to confirm these PMX based recommendations and to
further optimize pain management in this vulnerable infant population.

Keywords: nalbuphine, opioid analgesics, pharmacokinetics, pharmacodynamics, exposure response, infants,

pediatrics

INTRODUCTION

Nalbuphine is an opioid analgesic agent that is used for the
treatment of moderate to severe pain. Due to its unique mixed
agonist and partial antagonist properties (on kappa and mu
opioid receptors, respectively), it shows a lower ceiling effect on
respiratory depression compared to mu receptor agonists such
as morphine or fentanyl (1-3). For this reason it is frequently
used in pediatric patients, including infants and neonates (4-6).
Although nalbuphine has been approved more than 20 years ago,
pharmacokinetic data on the drug remain limited, especially in
children and optimal dosing is not well characterized in infants
and young children (4-10). As the drug undergoes extensive
and variable first-pass metabolism, nalbuphine is usually given
parenterally (1, 4, 8). The metabolism of nalbuphine involves
phase I oxidation-reduction via Cytochrome P450 to 25%
(via CYP2C9 and CYP2C19) and phase II glucuronidation via
UDP-glucuronosyltransferases to 75% (UGT2B7, UGT1A3, and
UGT1A9) (11).

We have previously investigated whether intranasal
administration could be a non-invasive alternative route of
administration in infants 1-3 months of age for interventional
pain management, as establishing venous access can be
particularly time-consuming, difficult and stressful in this age
group (12-16). Despite expected different pharmacokinetic
profiles after intravenous (IV) and intranasal administration, we
observed overall comparable tolerability and exposure coverage
in terms of area under the concentration time curve during
the first 2.5h following single administration of 0.1 mg/kg
intranasal vs. 0.05 mg/kg IV nalbuphine. However, a relatively
high proportion of study subjects exhibited severe pain as
assessed by neonatal infant pain score (NIPS), and a previously
proposed target concentration of 12 mcg/L (in children >1 years
under continuous infusion) (4), was achieved neither by IV nor
intranasal administration in this study.

Population pharmacokinetic and exposure-pain response
modeling are pharmacometric (PMX) tools that can facilitate
evaluation and optimization of current dosing in young children
with the goal to further improve pain control and optimize timing
of interventions (17, 18). As such, key objectives of this PMX
study were (i) to characterize population pharmacokinetics after

Abbreviations: IV, intravenous; PMX, pharmacometric; PPK, population
pharmacokinetics; NIPS, neonatal infant pain score; CL, clearance; Q,
intercompartmental clearance; V, volume of distribution; V1, central compartment
volume; Cpay, maximum serum concentration; tpax, time to reach maximum
serum concentration; ti,, terminal half-life; AUC, area under the concentration
time curve; IQR, interquartile range; kg, rate constant; CYPs, cytochrome P450s;
UGTs, UDP-glucuronosyltransferases.

single IV and intranasal administration in infants 1-3 months of
age, (ii) to explore exposure-pain response associations in these
pediatric patients, and (iii) to perform PMX-based simulations
to evaluate and optimize dosing strategies in this vulnerable
pediatric patient population.

TRIAL DESIGN, PARTICIPANTS AND
INTERVENTIONS

Data used for this analysis originates from a prospective,
single center, open-label pharmacokinetic and safety study
performed in the interdisciplinary emergency department
at the University Children’s Hospital Zurich between 2017
and 2018 (ClinicalTrials.gov Identifier: NCT03059511).
Briefly, infants aged 29 days to 3 months with a minimum
body weight of 3.0kg and fever without a source requiring
interventional pain management for diagnostic procedures
were eligible, while preterm infants with kidney or liver disease
were excluded.

After parental informed consent was obtained, study
participants were alternately allocated to either 0.05 mg/kg IV
or 0.1 mg/kg intranasal nalbuphine (Nalbuphin OrPha® 20
mg/2ml, OrPha Swiss, Kuesnacht, Switzerland). The relative
intranasal dosage was based on intranasal bioavailability reported
for other opioids; according to lipophilicity and molecular weight
we expected nalbuphine intranasal bioavailability between 50 and
80% (15, 19). It should be noted that the Swiss health authority
Swissmedic defined the upper limit of nalbuphine doses to be
investigated in our pediatric study (0.05 mg/kg IV compared to
0.1 mg/kg intranasal nalbuphine). To create ideal conditions to
enhance nasal absorption, a nasal device [Mucosal Atomization
Device (MAD 300) Teleflex, USA] was used to atomize the drug
particles and each nostril was cleaned before drug administration.
With the expected volume of 0.03-0.1 ml we expected minimal
run-off (14, 15, 19).

Blood samples [0.5ml blood, in line with recommendations
(20)] for nalbuphine serum concentration measurement
were obtained 15, 30, and 120 to 180 min post-dose. Painful
diagnostic interventions, including establishment of venous
access for blood sampling, urinary catheterization and
lumbar puncture were carried out 5min before, 20 and
35min after drug administration in the IV study group
and 5, 20 and 35min after drug administration in the
intranasal study group, respectively. Pain score during
each painful intervention was assessed by NIPS (in-house
standard) (21, 22).
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Serum Drug Analysis

Nalbuphine serum levels were measured using liquid
chromatography coupled to tandem mass spectrometry.
The lower limit of quantification was 0.1 mcg/L, the upper
limit of quantification 2,500 mcg/L. Intra- and interday assay
precision was < 8.15% and < 5.3%, respectively.

Pharmacometric Modeling and Simulation
PMX Based Pharmacokinetic Analyses

Data were analyzed by population pharmacokinetic (PPK)
modeling, including all study subjects for whom at least one
serum concentration sample was obtained. Implausible serum
concentrations were defined as rising concentrations after iv
administration, or concentrations >60 mcg/L (>200 mcg/L in a
sensitivity analysis), corresponding to a theoretical distribution
volume of <0.83 L/kg (<0.25 L/kg respectively), i.e., much lower
than estimated from previously reported volume of distribution
of 3.62 £ 1.77 L/kg in children 1.5-5 years (6), and were excluded
from the primary analysis.

PPK model development was conducted using the software
Monolix (version 2018R2, Antony, France: Lixoft SAS, 2018).
IV data was modeled separately in a first step, and then
fitted simultaneously with intranasal data to estimate average
intranasal bioavailability. Monolix version 2020R1 was used
to refit the final model and to perform model simulations in
combination with Simulx in R (R Core Team, https://www.R-
project.org/). Further statistics and figures were also created
using R.

Structural Model

Both one- and two-compartment models were tested to describe
the distribution kinetics of nalbuphine after IV administration.
According to literature the elimination was assumed to follow
first-order elimination Kkinetics (4, 7). Several models were
tested for description of the absorption kinetics following
inclusion of intranasal data, such as simple first- and zero order
absorption, with/without lag-time, using one or several transit-
compartments, with/without accidental enteral absorption (23).

Statistical Model

Inter-individual variability of model parameters was assumed
to be log-normally distributed. For the residual error, both
proportional and mixed error models were tested for both iv and
intranasal data.

Covariate Analysis

Standard allometric scaling was used to account for the
expected relationship between body size and clearance (CL)
and/or volume of distribution (V), respectively (fixed exponents
of 0.75 and 1) (24). The association of model parameters
with further potential covariates (age and gender) was guided
by visual inspection of scatter plots of individual random
effects vs. covariates (for parameters with small eta-shrinkage),
by statistical testing (likelihood ratio test of model with
vs. without covariate included) and decrease in random
inter-individual variability.

Model Evaluation

Non-nested models were compared by their Akaike information
criterion and nested models by the likelihood ratio test, based
on comparison of the objective function value (corresponding to
—2 x log-likelihood). Further model selection criteria were the
decrease in inter-individual variability and residual error, relative
standard error of parameters (target: <30% to maximal 50%) and
state-of-the-art goodness of fit plots (observations vs. predictions,
residual diagnostics, visual predictive check).

Sensitivity Analyses

Two sensitivity analyses were performed by refitting the final
model to the dataset including implausible serum concentrations
>200 mcg/L and >60 mcg/L (see methods section), while
excluding rising concentrations after IV administration.

PMX Based Predictions and Simulations

For each individual, predicted maximum serum concentration
(Cmax), time to reach maximum serum concentration (tpax)
(derived from individual concentration-time profile predictions)
and terminal half-life (t;;;) (derived from individual model
parameters) were calculated, and summarized by median
(interquartile range IQR) for each study group.

Expected overall exposure range was summarized by median
simulated concentration-time profiles with 90% prediction
intervals (5 and 95th percentile) for each study group. Those
prediction intervals were derived from simulations for 5,000
hypothetical individuals with identical weight distribution as
in the analysis dataset, and model-predicted random inter-
individual variability and residual error. In addition, median
concentration-time profiles with 2- or 4- fold higher dosing were
simulated assuming dose proportionality. Simulated exposure
range was compared to previously proposed target concentration
of 12 mcg/L (i.e. efficacy threshold) under continuous iv infusion
in children >1 years for treatment of postoperative pain (4), with
a special focus on duration >12 mcg/L as possible indicator of
duration of effect.

PMX Based Exposure-Pain Response Analyses

Individual concentration-time profile predictions derived from
the final PPK model were further used to derive time-matched
concentration predictions to investigate the association between
drug exposure and severe pain (defined as NIPS >4), and
expected duration of pain relief (i.e., NIPS <4). Initial descriptive
analysis included a summary and boxplots of drug exposure
per intervention and treatment group (median, IQR). Data
from all pain assessments under nalbuphine exposure were
then pooled for a model-based analysis. Fixed and mixed-
effect (random intercept) logistic regression models were applied,
considering linear, log-linear and non-linear relationships
(Emax- and sigmoid Emax concentration-response models) with
serum nalbuphine. The predicted concentration-pain response
(pharmacodynamic) curve was contrasted for model evaluation
with a non-parametric regression line (loess). The predicted
pain response-over-time (pharmacokinetic/pharmacodynamic)
curve was evaluated by comparison of predicted proportions
with severe pain under median drug exposure (and 5/95th
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TABLE 1 | Characteristics of study subjects included in primary population
pharmacokinetic and exposure-response analysis.

Group Nalbuphine Nalbuphine All, iv All, intranasal
0.05 0.1 mg/kg

mg/kg iv intranasal

Number of 15 23 26 26

study

subjects

Male 9 (60%) 14 (61%) 16 (62%) 16 (62%)

Age [days] 56 55 56 (40-70) 55 (39-63)
(37-68.5) (39-62.5)

Weight [kg] 4.7 5.0 5.0 (4.5-5.9) 5.0 (4.7-5.5)
(4.3-6.0) (4.7-5.5)

Continuous variables are given as median (IQR), categorical variables as number (percent).

percentiles, according to PPK model predictions) with observed
proportions of severe pain (mean, 95% confidence interval;
all patients with NIPS assessments included irrespective of
concentration measurements).

RESULTS

Data

Out of 52 study subjects who were included in the study and
received nalbuphine, 48 study subjects (92%) had at least one
serum concentration measured. According to criteria specified
above, concentrations from 10 study subjects were excluded
from the primary PPK analyses: three concentrations because
rising values after iv administration and seven implausible
concentrations (>60 mcg/L; see definition in methods
section). As such a total of 38 study subjects were retained
for primary PPK analysis and exposure-pain response analysis.
Table 1 shows patient characteristics (flowchart is provided
as Supplementary Figure 1). Considering detailed patient
numbers per intervention with available NIPS assessments
under nalbuphine exposure, assessments of 20 patients during
establishment of venous access (intranasal group only), 30
patients during urinary catheterization and 21 patients during
lumbar puncture (intranasal and IV group combined) were
available for exposure-pain response analysis. Corresponding
NIPS assessments for calculation of observed proportions with
severe pain were available for a total of 21 study subjects during
establishment of venous access (intranasal group), 42 study
subjects during urinary catheterization, and 25 study subjects
during lumbar puncture (25).

PMX Modeling and Simulation

PMX Based Pharmacokinetic Analyses

IV nalbuphine data were well described by a two-compartmental
model with the peripheral compartment volume fixed to 2 x
central compartment volume (V1) as reported by Jaillon et al.
(6), and weight-based allometric scaling (26). Given weight
distribution in dataset, weight was centered to 5kg. To further
enhance model stability in the combined intranasal/IV model
we fixed intercompartmental clearance (Qsig) to 15.4 L/h (as
estimated in the IV model), CLsig was estimated to 10.3 L/h
and Vi, to 12.2L. Between-subject variability was included

on CL and V1 (estimated to 77 and 118%, respectively). Given
available data, inclusion of age and sex as covariates did not
reduce inter-individual variability nor improved model fit (P
> 0.05) (correlation with individual random effects illustrated
in Supplementary Figure 2). A simple first-order absorption
model was utilized to describe intranasal absorption kinetics
[rate constant (k,) estimated to 0.81/h]. Lag-time, one or several
transit-compartments did not improve the model fit. Intranasal
bioavailability was estimated to be 0.41 (95%CI: 0.26-0.56).

Sensitivity analyses (details: Table2) resulted in similar
estimates for bioavailability (0.47 to 0.36, with overlapping 95%
CI). In sensitivity analysis I, CL/V1 estimates were 60/63% lower
with largely increased inter-individual variability. In sensitivity
analysis II CL/V1 estimates remained within the 95%CI of the
reported estimates. Visual predictive checks for model evaluation
are provided as Supplementary Figure 3.

PMX Based Predictions and Simulations

Median (IQR) individual Cpax was 3.4 (3.0-4.8) mcg/L after
intranasal administration [at tyja,x = 50 (39-64) min] vs. 17.9
(7.5-32.8) mcg/L after intranasal administration (at time = 0h).
Median terminal t;/, was estimated to be 3.3h (IQR: 2.1-6.1 h),
the initial t; /, to be 0.12h (0.09-0.29 h).

Figure 1A (upper panel) shows model-predicted median
concentration-time profiles and 95% prediction intervals, which
matched the observed concentrations well. The expected median
concentration following 2- or 4-fold higher dosing is shown in
Figure 1B (upper panel). The proposed target concentration of
12 mcg/L was exceeded after IV administration by the median
predicted exposure for 6 min after the studied dose of 0.05 mg/kg
(solid line), for 30 min after double dose of 0.1 mg/kg (dashed
line), and for 80 min after 4-fold dose of 0.2 mg/kg (dotted
line). Following intranasal administration, the proposed target
was exceeded by the median predicted exposure only after 4-fold
increased dose (dotted line), between 30 and 100 min.

PMX Based Exposure-Pain Response Analyses

Table 3 gives a summary of drug exposure during the different
medical interventions in study subjects with low-moderate (NIPS
< 4) vs. severe pain (NIPS > 4). Exposure tended to be higher
during establishment of IV access (P = 0.052) and urinary
catheterization (P = 0.189) in study subjects with low-moderate
pain than in study subjects with severe pain, but less during
lumbar puncture (P = 0.885).

A logistic random intercept model with a log-linear
concentration-pain response relationship on the logit scale
described the pooled data best (lowest bias over concentration
and over time, P < 0.05). The corresponding predicted
probability of severe pain (NIPS > 4) vs. plasma exposure is
contrasted with observed mean proportions (as captured by a
loess) in Figure 2. The baseline probability of severe pain (NIPS
> 4) at a concentration of 1 mcg/L was predicted to 79.5% (95%
CI: 54-96%; interindividual variability expressed as +standard
deviation of estimated random effects = 53.8-92.8%), the odds
ratio for doubling nalbuphine exposure was estimated to 0.49
(95% CI: 0.21-0.86). Non-linear exposure-response relationships
could not be estimated with good confidence.
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TABLE 2 | Population pharmacokinetic parameter estimates of the primary analysis, as well as sensitivity analyses.

Primary analysis
(n = 38 individuals)

Sensitivity analysis | (all data,
except rising concentration after
iv administration)

Sensitivity analysis Il (all data,
except serum concentration > 200
mcg/L and rising concentration after

(n = 45) iv administration)
(n=42)

Parameter Value R.s.e. [%] Value R.s.e. [%] Value R.s.e. [%]
F 0.41 (0.26-0.56)* 18.5 0.405 (0.23-0.58)" 21.6 0.36 (0.23-0.49)* 18.2
ka [h~] 0.81 (0.53-1.09)* 17.6 0.684 23 0.744 241
CL [L/h] for 5 kg infant 10.3 (6.2-14.4)* 20.2 4.6 (0.98-8.2) 40.2 8.86 (5.4-12.3) 20
V1 [L] for 5kg infant 12.2 (5.8-18.6)* 26.7 5.02 (0.98-9.1) 411 8.36 (3.7-13.0)" 28.5
V2 L] Fixed to 2 x V1 Fixed to 2 x V1 Fixed to 2 x V1
Q [/h] for 5 kg infant 15.4 fix 15.4 fix 15.4 fix
omega_CL 0.679 (CV = 77%) 21.9 1.72 (CV = 427.4%) 14.5 0.718 (CV = 82.1%) 19.7
omega_V1 0.936 (CV = 118%) 15.3 2.12 (CV = 940.8%) 12.2 1.16 (CV = 168.5%) 14
Res. Error 0.353 10.1 0.396 10.2 0.39 10.6

R.s.e., relative standard error; F, Bioavailability; ka, rate constant, CL, Clearance; V1, central compartment volume; /2, peripheral compartment volume; Q, intercompartmental clearance;

omega, standard deviation of random-effect; CV, coefficient of variation (inter-individual variability); calculated as \/exp°me9a®> —1 Res. error, residual error (intra-individual variability);

*95% Confidence Interval.
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FIGURE 1 | Nalbuphine exposure (A,B upper panels) and corresponding proportion of patients with severe pain (A,B lower panels). (A) studied nalbuphine dose of
0.05 mg/kg IV and 0.1 mg/kg intranasally, respectively. (B) studied nalbuphine dose compared with simulated 2—-4 x higher dose. Lines: model-predicted median
(solid: studied dose, dashed: 2 x higher dose, dotted: 4 x higher dose). Dots: observed exposure (upper panel A) and observed proportion with severe pain,
respectively (lower panel A, shown with 95% confidence intervals). Shaded area: 5 and 95th exposure percentiles.
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TABLE 3 | Summary of model-predicted individual nalbuphine concentration
during the different medical interventions (establishment of venous access, urinary
catheterization and lumbar puncture) in study subjects with low-moderate (NIPS <
4) vs. severe pain (NIPS > 4).

Median [IQR] serum Median (IQR) serum p-value*
concentration concentration
nalbuphine (mcg/L) nalbuphine (mcg/L)
Patients with NIPS <4 patients with NIPS >4
Establishing 2.93[2.58, 3.63] 1.81[0.73, 2.78] 0.052
venous n=7 n=13
access
(intransal
group only)
Catheterization 3.23[2.76, 9.11] 3.24 [1.65, 6.10] 0.189
n=19 n=11

Lumbar 417 [3.16, 5.02] 4.12[2.92, 5.43] 0.885
puncture n==8 n=13

n, number of study subjects. *Wilcoxon-test.

o
S)
1

0.75

0.50

0.25

probability of severe pain (NIPS>4)
o
P
o

T T
1.0 3.0 10.0 30.0

individual predicted nalbuphine (mcg/L)

0.3

FIGURE 2 | Predicted probability of severe pain (NIPS > 4) from logistic
regression (random intercept model) vs. plasma exposure. Solid line: mean
model prediction. Dashed line: observed mean proportions as captured by a
non-parametric regression line (loess). Boxplots: exposure distribution for
observations with severe pain (plotted at a probability of 1) and those with low
to moderate pain (plotted at a probability of 0). Dots: individual predicted
probabilities.

Pharmacometric simulations illustrating predicted probability
of severe pain over time, compared with observed proportions
under the given dose for model evaluation are shown in
Figure 1A (lower panel). Model-based simulations for 2- or 4-
fold higher doses are shown for predicted median exposure
(Figure 1B). At median predicted Cpayx values, the mean
probability of severe pain would be predicted to 17% (IV, at t =
0h) and 53% (intranasal) under the studied dose, respectively,
decreasing by 2-fold/4-fold higher doses to 9%/5% (IV), and
36%/22% (intranasal).

DISCUSSION

This is the first study reporting population pharmacokinetics
of nalbuphine in infants 1-3 months of age, characterizing IV
and intranasal kinetic profiles after single doses of 0.05 and

0.1 mg/kg, respectively. The model allowed to derive individual
kinetic predictions for investigation of exposure-pain response
associations, and to evaluate the potential benefit of 2-or 4-
fold higher dosing by pharmacometric simulations. Output from
this simulation suggested that doubling studied intranasal dose
with respect to IV dosing may not be sufficient to achieve
optimal pain control, despite a relative bioavailability estimated
to be close to 50% (point estimate: 41%, 95%CI: 26-56%).
Due to different kinetic profile after intranasal administration,
simulations indicate that intranasal doses of 0.4 mg/kg would be
required to exceed a previously proposed target concentration in
50% of the patients, achieved affer 30 min of drug administration.
On the other hand, a standard IV dose of 0.1 mg/kg is expected
to exceed this target concentration within the first 30 min after
drug administration. This finding has important implications for
optimal timing of interventions and supports clinical usefulness
of current IV doses of 0.1-0.2 mg/kg in this age group. Our
PPK model parameters are consistent with previous pediatric
and adult papers (4, 6, 27). For example, our average weight-
normalized CL estimate would calculate to 2.28 L/kg/h (for a
5kg infant) which is close to estimates of 2.89 L/kg/h [reported
for 1.5-5 year old children (6)] to approximately 3.0 L/kg/h
[1-year old infants, (4)], but significantly higher than reported
in neonates (0.5 L/kg/h) (5). This suggests that maturation of
nalbuphine metabolic pathways is almost complete at the age
of 1-3 months. Human in vivo experiments had shown that
the ratio of metabolite production in nalbuphine via CYPs and
UGTs is ~23:77 (11). However, no general developmental pattern
for the individual UGT isoforms is currently available. UGT2B7
activity seemed to reach adult values between 2 and 6 months,
which is more or less in accordance with our assumption (28).
In addition, no age-effect could be observed in our analysis, with
the possible limitation of small patient numbers. That our weight-
normalized clearance is slightly higher than 1.78 L/kg/h reported
in young men (6) is expected for a drug with clearance well
characterized by standard allometric scaling, an approach that
has successfully been used for nalbuphine previously (4). In fact,
our scaled “adult” drug clearance estimate would calculate to 75
L/h for 70kg [=10.3-(70/5)%7°], which is in agreement with 90
L/h (range: 49-137 L/h) reported in adults after 20 mg IV (7).
Estimated intranasal bioavailability of 41% appears much higher
than oral bioavailability reported in adults [12% Aitkenhead et al.
(7) or 16.4-17.4% Lo et al. (29)] (7, 29), and suggests that much of
the drug after intranasal administration was well absorbed by the
nasal mucosa in infants, allowing avoidance of gastrointestinal
and hepatic first-pass metabolism.

Our PPK model-predicted median (IQR) individual Cpy,x of
3.4 (3.0-4.8) mcg/L after intranasal administration at tpyx = 50
(39-64) min was similar to measured Cp,x 0of 4.5 (3.5-5.6) mcg/L
after 37 (32-65) min previously reported (25). The estimated
bioavailability of 41% further confirms the previous observation
that 2-fold higher intranasal than IV doses result in similar
exposure coverage in terms of area under the concentration time
curve (AUC). Our model-based concentration prediction after IV
administration however shows large differences between median
measured “Cpay” after 15 min (6.5 mcg/L) and actually expected
median Cp,x immediately after IV dosing (17.9 mcg/L). It also
revealed that even a 4-fold higher intranasal dose (i.e., 0.4 mg/kg
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intranasal) is not expected to achieve observed Cp,x comparable
with an IV dose of 0.05 mg/kg.

An IV dose of 0.1 mg/kg is exceeding a previously proposed
target concentration of 12 mcg/L (efficacy threshold) for at
least 30 min. To achieve such target exposure an intranasal
dose of 0.4 mg/kg is required. Performed simulations allowed
us to identify an optimal time frame for interventions. Target
concentrations are achieved during the first 30 min after 0.1
mg/kg IV administration, whereas efficacy threshold is exceeded
30 to almost 120 min after 0.4 mg/kg intranasal administration.
The duration of analgesic effect was not formally assessed in our
study, but pharmacokinetic and pharmacodynamic indicators of
duration of effect [duration of concentration > 12 mcg/L (4) and
duration of NIPS < 4, respectively] could be derived by model-
based simulations. In line with this model-based simulations and
target exposure, exposure response associations suggested greater
benefit of intranasal dose increase compared to IV dose increase.
Potential maximal reduction of probability of severe pain was up
to —31% following 0.4 mg/kg intranasal dosing vs. up to —12%
with 0.2 mg/kg IV dosing.

Our PMX study has a several limitations. With this model-
based analysis, we cannot conclude about the safety of simulated
higher intranasal doses up to 0.4 mg/kg; the safety and tolerability
of studied doses was not subject of this analysis, but is reported
separately, manuscript submitted (25). In our PPK model
not all distribution parameters could be estimated from data
given tailored sampling design in young children. Incorporating
literature values resulted however in unbiased model predictions
with suitable extrapolation properties as discussed above. Inter-
individual pharmacokinetic variability was large (CL = 77% and
V1 = 118%) despite including weight as covariate for allometric
scaling, and could not be further explained by age and/or sex.
While this may point to almost mature metabolic pathways as
discussed above, it must be noted that included infants were
in a similar physiologic age group and of course prepubertal,
and variability associated with immature metabolic pathways
can hence not fully be excluded. As discussed separately (25),
large variability and unusually high drug concentrations may
partly be attributed to practical considerations, like imprecision
of dosing associated with small drug volumes (between 0.02
and 0.10 ml), possible intranasal swallowing with intranasal drug
administration and likely variable line flushing in context of
IV drug administration. This illustrates some of the practical
challenges of intravenous and intranasal drug administration
in infants. Also pharmacodynamic inter-individual variability
was large. This is pharmacologically not uncommon, but
also here practical considerations need to be considered, as
pain assessments in nonverbal children, especially infants are
challenging, and may be subject to inter-observer variability (22).
NIPS measured can only be considered as a surrogate indicator
of pain, as other distress like hunger or positioning may falsely
be interpreted as pain by the score. Use of alternative scores
such as the Neonatal Facial Coding System (NFCS) may have
been of interest (22), but would have decreased feasibility of
the study as not standardly used in our emergency department.
Also pooling NIPS assessments under different interventions
may further have contributed to intra-individual variability.
In this context we acknowledge the exploratory nature of the

pharmacodynamic analysis, as the study was not specifically
designed to investigate exposure-response relationships. As such
we did not evaluate potential benefits of more complex modeling
strategies, e.g., to account for a possible “placebo effect” in
the absence of nalbuphine exposure in the IV group during
establishment of venous access. Still, despite these limitations
and large variability, a pharmacologically plausible trend toward
higher exposure in patients with mild to moderate NIPS was
observed during different interventions, which was significant
after pooling data for exposure response analysis. We may note
again that we had initially planned to study a usual dose of
0.1 mg/kg iv (as compared to 0.2 mg/kg intranasal), which was
however refused by the Swiss medical authority due to safety
concerns. The relatively low dose studied (0.05 mg/kg IV) may
have finally facilitated the detection of a significant exposure-
response relationship, suggesting optimal clinical efficacy and
plateau effect at usual iv doses of 0.1-0.2 mg/kg.

This is the first study characterizing intranasal and IV
population pharmacokinetics in infants 1-3 months, including
evaluation of target exposure achievement and exposure-pain
response associations. While relative bioavailability of intranasal
nalbuphine is close to 50%, a different kinetic profile requires a
higher intranasal dose of 0.4 mg/kg to achieve target exposures
observed with intravenous doses of 0.1-0.2 mg/kg. A clinically
relevant finding is that painful interventions are best done
within first 30 min after IV administration, while with intranasal
administration such interventions should be scheduled at least
30 min after dosing. Because the proposed 4 fold intranasal dose
of 0.4 mg/kg may also increase the risk of adverse drug reactions,
additional clinical studies are warranted to confirm these
recommendations in this vulnerable pediatric patient population.
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Childhood obesity is an alarming public health problem. The pediatric obesity rate has
quadrupled in the past 30 years, and currently nearly 20% of United States children and
9% of children worldwide are classified as obese. Drug distribution and elimination
processes, which determine drug exposure (and thus dosing), can vary significantly
between patients with and without obesity. Obesity-related physiological changes,
such as increased tissue volume and perfusion, altered blood protein concentrations,
and tissue composition can greatly affect a drug’s volume of distribution, which might
necessitate adjustment in loading doses. Obesity-related changes in the drug eliminating
organs, such as altered enzyme activity in the liver and glomerular filtration rate, can affect
the rate of drug elimination, which may warrant an adjustment in the maintenance dosing
rate. Although weight-based dosing (i.e., in mg/kg) is commonly practiced in pediatrics,
choice of the right body size metric (e.g., total body weight, lean body weight, body surface
area, etc.) for dosing children with obesity still remains a question. To address this gap, the
interplay between obesity-related physiological changes (e.g., altered organ size,
composition, and function), and drug-specific properties (e.g., lipophilicity and
elimination pathway) needs to be characterized in a quantitative framework.
Additionally, methodological considerations, such as adequate sample size and
optimal sampling scheme, should also be considered to ensure accurate and precise
top-down covariate selection, particularly when designing opportunistic studies in
pediatric drug development. Further factors affecting dosing, including existing dosing
recommendations, target therapeutic ranges, dose capping, and formulations constraints,
are also important to consider when undergoing dose selection for children with obesity.
Opportunities to bridge the dosing knowledge gap in children with obesity include
modeling and simulating techniques (i.e., population pharmacokinetic and
physiologically-based pharmacokinetic [PBPK] modeling), opportunistic clinical data,
and real world data. In this review, key considerations related to physiology, drug
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parameters, patient factors, and methodology that need to be accounted for while
studying the influence of obesity on pharmacokinetics in children are highlighted and
discussed. Future studies will need to leverage these modeling opportunities to better
describe drug exposure in children with obesity as the childhood obesity epidemic

continues.

Keywords: obesity, pediatrics, drug development, pharmacokinetics, physiologically-based pharmacokinetics

INTRODUCTION

Almost 20% of children in the United States (US) and 10% of
children worldwide are currently classified as obese (World
Health Organization, 2016; NCD-RisC, 2017; Skinner et al,
2018). The prevalence of pediatric obesity is growing, with
obesity rates quadrupling in children in the US in the past
quarter-century. This is an imperative public health issue, as
children with obesity are at increased risk of developing
comorbidities, such as cardiovascular disease and type 2
diabetes (Skinner et al., 2015). This means that children with
obesity require more prescription drugs than those without
obesity, and children with obesity often experience worse
outcomes with clinically-used dosing (Scherrer et al, 2015;
Solmi and Morris, 2015) In adults, obesity is defined as an
abnormally high body size for a given height, measured by
body mass index (BMI). A generally accepted reference BMI
limit is 30 kg/m® beyond which an adult will be classified as
obese. Such a fixed reference body size metric does not apply to
children because of the baseline changes in the body size to height
ratio due to continuous growth and development (Kuczmarski

TABLE 1 | Selected direct and indirect measures of body size for children.

Total body weight (TBW)
TBW [kg] = Measured weight of child [kg]

Body mass index (BMI)

TBW [k
BMmiI [ ] Height [m)?

Body surface area (BSA)®
BSA [m?] = 0.024265 * TBW [kg]>%%"® « Height [cm]*3%6*

Ideal body weight (IBW)h

IBW [kg] = BMI50[ k91 % Height [m]2
BMiso (boys) [X9] = 24.27 - W
BMlsg (g/r/s) 91 =-22.82 - W
Fat-free mass (FFM)°
FFM (boys) k) = [0.88 + (=4 )) [%%l

9270<TEW [kg] _|
8780+ (244+BMI [])

FFM (giris) [kg] = [1.11 + (ngeﬁ)][
Body fat percent (BFP)?
BFP (boys) [%] =

0647500508+ 55 G

kg
2.050+BMI
0.647+0.0598+ (¢ o G2
0.897+BMigs [:TZ]

+0.1140 — 0.00890 * Age [y]

1.080+0,1930%¢
ST
1.080+0.1930% (#1195 (2] 1)

aSee (Haycock et al., 1978), n = 81 subjects.

bSee (Pai and Pa/oucek 2000; Callaghan and Walker, 2015), n = 108 subjects.
°See (Janmahasatian et al., 2005; Al-Sallami et al., 2015), n = 1,011 subjects.
9See (Green et al., 2020), n = 4,274 subjects.

BFP(girls) (%] =

~0.0856 + 0.00682 * Age [y]

et al,, 2000). In children, BMI overall increases naturally as the
child matures, and also undulates, particularly in the age from
3-8 years when there is a physiological “BMI dip” (Kuczmarski
et al., 2000). Therefore, to characterize childhood obesity, an age-
and sex-specific reference BMI limit is generally considered. The
US Centers for Disease Control and Prevention (CDC) has
recommended the 95th percentile of the BMI-to-age curve as
the reference limit, with a BMI percentile >95 but <120% of the
95th percentile indicating Class 1 obesity, a BMI from 120-140%
of the 95th percentile indicating Class II obesity, and a BMI
>140% of the 95th percentile indicating Class III obesity (Gulati
et al, 2012). Many additional body size measures have been
proposed to measure obesity, which are summarized in Table 1.
While these body size measures are often more accurate in
describing fat and lean body size in children, they can be
more challenging to calculate in a clinical setting (Freedman
and Sherry, 2009; Anderson and Holford, 2017; Sinha et al., 2018;
Green et al., 2020).

Unfortunately, despite the frequent use of prescription drugs
in children with obesity, the data to inform their specific dosing is
lacking (Solmi and Morris, 2015). While US legislation in recent
years has increased the amount of pediatric data submitted to
the FDA, this has not bridged the gap in studies conducted in
children with obesity (Harskamp-van Ginkel et al, 2015;
Mulugeta et al,, 2016; Sun et al., 2017). Although data for
four drugs submitted to the FDA emphasized the effect of
body size on pharmacokinetics (PK) in children, only one
FDA label to date provides dosing information in children
with obesity (Vaughns et al., 2018; Cleocin Phosphate, 2020).
Currently, the best body size descriptor to use and whether to
cap dosing is unknown for many drugs dosed in patients with
obesity. Thus, there is a lack of standard dosing practice, with
clinicians using different body weight measures or simply
capping at the adult recommended dose. Many ethical and
logistical barriers to conducting clinical PK studies in
children with obesity contribute to this data gap.
Pharmacokinetic studies in general traditionally require
intensive  sampling to adequately characterize drug
disposition to determine dosing that is both safe and
efficacious, which is not always feasible in pediatric
populations. A stigma surrounding obesity can depress
enrollment rates of these children. Lower enrollment of
children with obesity relative to those without obesity means
that they are often underrepresented in all-comer trials, and that
these trials may thus be underpowered to detect differences in
exposure between children with and without obesity. The
additional enrollment time and trial cost might hugely limit
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FIGURE 1 | Trends in drug exposure in children with versus without
obesity will depend on different types of dosing considerations, including fixed
versus weight-based dosing, total body weight versus a lean body weight size
descriptor, and capping versus not capping. Boxplots show relative

drug exposure in children with versus without obesity for a theoretical drug
under these various dosing scenarios with hypothetical drug exposure. Note
that these are expected trends with obesity for different dosing constraints,
and the magnitude of the change may vary depending on drug properties.
Additional constraints on dosing include available formulations and dosing
routes, as well as previously established therapeutic ranges. AUC, area under
the plasma concentration-versus-time curve; LBW, lean body weight; TBW,
total body weight.

the inclusion of the full age and body size range of children
required to characterize drug disposition in children with
obesity.

Many dosing considerations contribute to confusion
around dosing in children with obesity (Figure 1). Dosing
guidance in children with and without obesity is typically
bucketed into subgroups by age, though the age bounds on
these subgroups may differ by drug. Typically used age

PK in Children With Obesity

subgroups include 2—< 6years, 6—< 12years, 12—<
18 years, and 18—< 21 years describing early childhood,
middle childhood, early adolescence, and late adolescence,
respectively (Williams et al, 2012; U. S. Food and Drug
Administration, 2014). PK may differ between these
pediatric age subgroups due to differences in growth and
maturation, or obesity onset and the physiologically healthy
BMI variations within these subgroups. However, these age
classifications might not fit neatly within a particular drug’s
indication, or enrollment challenges may preclude
subgrouping. Most pediatric clinically used dosing is
weight-based (i.e., using total body weight or a measure of
lean body weight), but may vary in terms of what body size
metric is used to calculate the absolute dose. Fixed dosing can
also be considered, particularly if the drug is dosed primarily in
older pediatric populations or has a wide therapeutic window.
Dose capping, or implementing a maximum total dose, is
common in children who receive weight-based dosing.
Often, the adult recommended dose or dose cap is also used
in children with obesity, as is best clinical practice in the
absence of further dosing guidance in these children. The
Medication Dosing in Overweight and Obese Children
report issued by the Pediatric Pharmacy Advocacy Group
states that the regular adult dose for any particular drug should
be considered for children with obesity exceeding 40 kg in total
body weight (Matson et al., 2017). It is not recommended to exceed
the recommended adult maximum dose in these children (Matson
et al,, 2017). However, extrapolating dosing guidance from adults,
with or without obesity, is not scientifically advised given that
differences in PK may exist due to maturation or obesity disease
progression. The reality of how a drug is currently formulated (e.g.,
formulation route, fixed co-administration ratio, or pre-filled
syringes) may constrain actual use of the ideal dosing. In this
case, it is important to consider how a drug realistically be dosed in
clinical practice.

In order to evaluate and choose appropriate doses for children
with obesity, it is necessary to understand the PK drivers of dosing,
including clearance and volume of distribution. Specifically,
studying the change in PK of drugs in children with versus
without obesity is imperative. By altering body size and
composition, obesity can also influence drug disposition that
already has a baseline influence from age-related growth and
development. One prior review found that 65% of drugs studied
in children, including those with obesity, demonstrated altered PK
with obesity (Harskamp-van Ginkel et al., 2015). However, none of
these drugs have dosing guidance that would account for altered
body size and composition with obesity (Harskamp-van Ginkel
et al,, 2015). By mechanism, the PK differences are the combined
effect of obesity-related structural and functional changes in
physiology (e.g., organ size, composition, and function) and the
drug-related properties (e.g., physicochemical and absorption,
distribution, metabolism, and elimination [ADME] properties).
Therefore, the effect of obesity on drug disposition depends on the
particular drug in question, which needs separate assessment. This
also highlights the fact that a universal dosing scheme for obesity is
unlikely to exist. Instead, it should be developed based on separate
evaluations for obesity’s effect on a particular drug’s disposition. In
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reality, characterizing these effects of obesity is not straightforward
in children. First, unlike adults, pediatric PK studies are conducted
in patient populations, which potentially confounds the effect of
obesity by other pathological influences. Further, because of
methodological constraints, pediatric PK studies are often
suboptimal to characterize these effects accurately and precisely.
Therefore, apart from the drug-related properties, understanding
the patient-related and methodology-related aspects are also
equally important to consider while elucidating the effect of
obesity in children. In this review, we explore how these four
considerations—physiology, drug parameters, patient population
characteristics, and methodological considerations (Figure 2)—
can impact the assessment of PK in children with obesity. We
conclude by exploring opportunities to bridge the dosing
knowledge gap in these children.

PHYSIOLOGICAL CONSIDERATIONS

The following equation can characterize the impact of various
factors on PK parameters:

PKi = PKstandard*fsize*ffunction*fage

where PK; is an individual’s PK parameter, PK;,,,44,4 is the typical
value of the PK parameter, and fiize, fnction and fog. are the effects
of body size, organ function, and age (ie., growth and
maturation) on the PK parameter, respectively (Anderson and
Holford, 2009). For children with obesity, the effects of both
increased body size and age are important for characterizing PK.
In this section, we consider the physiological effect of obesity as
the effect of increased body size and fat mass alone, rather than
pathological changes in renal or hepatic function, for example.

Many physiological variables that directly influence the
volume and composition of plasma and tissues compartments
can impact a drug’s volume of distribution (V) during obesity.
Vs can be defined using the equation below:

fup

Ve = Vplasma + Viisue ¥
Jut
where Vpjasma i plasma volume, Vi, is tissue water volume, f,, , is
fraction unbound in plasma, and f,, is fraction unbound in tissue.
Increased Vijagma and Vi, (given more distribution space) can
increase cardiac output during obesity (Vasan, 2003; Colles et al,
2006; Gerhart et al,, 2021), potentially increasing the V¢ on an
absolute scale. However, the extent of increase in Vg is also
dependent on the drug binding to plasma protein (that
determines f,,) as well as to the tissue components (that
determines f,;), which are potentially altered due to altered
composition during obesity. While studies have shown that
plasma composition with respect to serum albumin and
hematocrit are largely unaffected by obesity, it changes with
respect to al-acid glycoprotein (AAG), which increases
approximately 2-fold with obesity in adults (Benedek et al., 1983,
1984; Blouin et al., 1987; Gerhart et al., 2021). However, this increase
in AAG has not yet been identified in pediatric populations with
obesity due to limited studies (Gerhart et al., 2021).

PK in Children With Obesity

An increase in body fat with obesity is also accompanied by an
increase in lean mass to provide additional structural (e.g.,
increased skeletal strength) and functional (e.g., increased
metabolic need) support due to extra weight gain from
adiposity. For example, key clearance organs such as the
kidney and liver increase 19% and 18% in mass on average,
respectively, with obesity (Nawaratne et al., 1998; Gerhart et al.,
2021). These organ mass increases were determined by a series of
magnetic resonance imaging and dual x-ray absorptiometry
studies in adults and ultrasound scans in pediatric populations
with and without obesity (Hwaung et al., 2019; Gerhart et al.,
2021). Unlike body fat, these increases in non-fat organs do not
increase proportionately with obesity. As a result, both the lean
mass and body fat fractions (percent of total body weight) can be
different between two children with the same body weight, but
one with and one without obesity. Such alteration in body
composition (i.e., the relative content of fat and non-fat
tissues) between the two children may cause their individual
Vs to differ, especially for drugs that do not uniformly distribute
into the fat and non-fat tissues (i.e., drugs with varying
lipophilicities). See Figure 3 for a summary of observed
obesity-induced physiological changes relevant to PK for
adults and children with obesity.

In general, the rate-limiting physiological variables of drug
elimination do not change proportionately with increasing body
size associated with obesity, raising concerns about the
applicability of the conventional mg/kg dosing with obesity
(Nawaratne et al, 1998; Young et al, 2009). For hepatic
clearance, the key variables are functional liver size, hepatic
blood flow, and activity and abundance of drug-metabolizing
enzymes (DMEs). Liver size and blood flow are both increased
with obesity, as mentioned above. Inflammatory cytokines such
as interleukin 6, often associated with obesity, have been shown to
down-regulate activity of cytochrome P450 (CYP) enzymes and
hepatic drug transporters in mice and humans (Richardson and
Morgan, 2005; Schmitt et al., 2011; Cayot et al., 2014; Morgan
etal., 2018; Abualsunun et al., 2020). There is additional evidence
of some obesity-associated alterations in activity of DMEs and
transporters in adult clinical studies. Evidence was available
mainly for CYP3A4 and CYP2E], where up to a 40% decrease
and a 140% increase in DME activity was reported (Ulvestad
et al.,, 2013; Krogstad et al., 2021). However, such evidence is
lacking in children with obesity, as it is challenging to obtain
biopsy samples from these children. There are very few clinical
studies reported in children that extrapolate metabolic enzyme
activity from drug clearance or metabolite formation rate. For
example, a pediatric study of the CYP3A4 substrate midazolam
reported a 38% increase in absolute clearance with obesity,
possibly conflicting with adult reports due to lower
comorbidity rates in pediatric obesity (van Rongen et al,
2018). There is even less evidence to inform potential changes
in transporter activity in children with obesity. While some
studies of adults with nonalcoholic steatohepatitis, a common
obesity-related fibro-inflammatory disease of the liver, show
altered transport by organic anion transporting polypeptide
(OATP) and multidrug resistance-associated protein (MRP),
such investigations have yet to be explored in adults or
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children with obesity specifically (Pierre et al., 2017; Ali et al,
2018; Sjostedt et al., 2021).

For renal clearance, key variables include glomerular filtration
rate (GFR) and tubular secretion and reabsorption. While
absolute GFR is 12-29% higher in children 2-18 years of age
with obesity, the more typically reported body surface area-
normalized GFR is 1-3% lower on average (Correia-Costa
et al,, 2016; Gerhart et al., 2021). Increases in kidney size and
GFR can impact the clearance of drugs with significant renal
elimination. Changes in tubular reabsorption and secretion have
not yet been explored in children with obesity. However, studies
of drugs that are preferentially reabsorbed (e.g., lithium) and
secreted (e.g., procainimide, ciprofloxacin, and cimetidine) in the
renal tubule in adults suggest both increased tubular reabsorption

and secretion with obesity (Christoff et al., 1983; Reiss et al., 1994;
Blouin and Warren, 1999). Decreased renal clearance of these
drugs supports the theory that tubular reabsorption and secretion
is altered in these cases (Christoff et al., 1983; Reiss et al., 1994;
Blouin and Warren, 1999).

DRUG-RELATED CONSIDERATIONS

Physicochemical Properties

The volume of distribution is important because it influences the
selection of loading doses. Comparing the weight-normalized
volume of distribution using total versus lean body weight
measures helps illustrate how obesity impacts this PK
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parameter. If total body weight-normalized volume of
distribution is similar between children with and without
obesity, this suggests that the drug experiences high
distribution into the additional fat mass. If total body weight-
normalized volume of distribution is less in children with obesity,
then there is not full distribution of the drug into excess fat mass.
See Table 2 for a selection of drugs previously studied in children
with obesity. One review evaluating this across several prior
studies found that total body weight was the best metric for
characterizing volume of distribution in adults with obesity (for
40% of drugs). In contrast, lean body weight was the best metric
for clearance (for 35% of drugs) (Green and Duffull, 2004). This
meta-analysis also found that total body weight dosing for
moderate to high lipophilic drugs best described the data
empirically, whereas lean body weight-based dosing best
described low lipophilic drugs (Green and Duffull, 2004). A
similar empirical analysis is lacking for children with obesity.
However, no single body size metric has been found to describe
the overall impact of obesity on these PK parameters, as the best
metric varies depending on the drug under study. Note that while
drug concentration in the blood is easily measured, actual sites of
distribution cannot be determined without directly sampling
various tissues. Thus, it is challenging to evaluate changes in
tissue distribution of a drug with obesity.

Elimination Routes

The degree to which a drug is eliminated via renal excretion
(e.g., by GFR) versus hepatic metabolism can also impact the
degree to which the drug’s clearance is altered with obesity.
Vancomycin is a commonly used drug cleared entirely by GFR.
Two studies evaluating vancomycin clearance differences in
age-matched children with or without obesity observed a
decrease (~25% or less) in weight-normalized clearance
with obesity, with the magnitude of the difference declining
in younger age groups (Le et al., 2015; Nassar et al., 2015). This
is in-line with assumptions based on physiological changes,
which suggest that absolute GFR increases only 12-29% on
average with obesity, not proportionally with increased total
body weight with obesity (Correia-Costa et al., 2016; Gerhart
et al., 2021).

A drug’s metabolism profile can also make a drug more
susceptible to changes with obesity depending on which DMEs
are responsible. For example, one pediatric study of
chlorzoxazone, a CYP2El substrate, found that overall
systemic clearance normalized to weight was significantly
higher in children with versus without obesity, while the renal
elimination remained unchanged (Gade et al, 2018). This
suggests a potential increase in CYP2El activity and/or
expression in children with obesity that drove two-fold higher
absolute clearance (Gade et al., 2018). Studies of CYP3A
substrates are mixed. Weight-normalized clearance decreased
with obesity in children receiving clindamycin and in one
study of midazolam, but was similar or slightly elevated
relative to children without obesity in a study of fentanyl and
two other midazolam studies (Harskamp-van Ginkel et al., 2015;
van Rongen et al., 2015; Gade et al.,, 2020; Gerhart et al., 2021;
Mabharaj et al., 2021). This is likely also influenced by the degree to
which liver blood flow impacts the hepatic clearance of these
drugs based on their differing extraction ratios, or possibly
differences in relative affinity for CYP3A5, 3A4, and/or 3A7.
This also contrasts with midazolam studies in adults with obesity,
which suggest a decrease in CYP3A4 metabolism (van Rongen
et al.,, 2018). More studies are needed to confirm reduced CYP3A
metabolism observed in adults with obesity. While these changes
in drugs with a primary elimination route can be straightforward,
these elimination-driven changes might be less clear for drugs
with mixed elimination pathways.

Biologics
Compared to small molecule drugs, biologics have several unique
considerations with respect to drug absorption, distribution,
metabolism, and excretion. Although biologics represent a
heterogeneous drug class, including vaccines and blood
products, we will specifically focus on therapeutic proteins.
Biologics are characterized by complex quaternary structures
and very large molecular weights (1.3-251kDa), which are
susceptible to degradation in the gastrointestinal tract, and
thus not suitable for oral administration (Vugmeyster et al,
2012; Meibohm, 2019). Accordingly, all currently used
biologics are given parenterally, either intravenously,
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TABLE 2 | Representative sample of reported pharmacokinetic changes with obesity for drugs dosed in children.

Drug

Acetaminophen
Barshop et al.
(2011)

Busulfan
Browning et al.
(2011)

Clindamycin
Smith et al. (2017)

Doxorubicin
Thompson et al.
(2009)

Fentanyl Maharaj
et al. (2021)

Gentamicin Choi
et al. (2011)

Midazolam Gade
et al. (2020)

Patient
population

Case-control
study of children
with NAFLD

Children
undergoing
hematopoietic
stem cell
transplant
conditioning

Children receiving
drug per standard
of care

Children with
cancer

Children receiving
drug per standard
of care

Case-control
study of children
with and without
obesity

Sample size

Without NAFLD:
n =12 boys

With NAFLD: n =
12 boys

BMI percentile
<25%:n =
17 (25.0%)
25-<85%: n =
29 (42.6%)
>85%: n =
22 (32.4%)

420 total PK
samples from 220
children (76 with
obesity)

22 children (6 with
body fat >30%)

53 samples from
32 children (31 with
obesity)

25 children without
obesity and 25
children with
obesity

67 adolescents (36
with obesity) with
13 plasma samples
each

Age

Without
NAFLD: 14.4
(4.5) years

With NAFLD:
14.8 (1.8)
years

Mean 7.1
(6.1) [0-21]
years

[range
0.01-20.5]
years

15 [3.3-21.5]
years

13 [2-19]
years

[2-18] years

Without
obesity: 14
[11-17] years
With obesity:
14 [11-17]
years

Body size

Without NAFLD:
26.22 (10.95) kg/
m? BMI; 1.21 (1.42)
BMI z-score

With NAFLD: 34.00
(6.14) kg/m® BMI;

2.30 (0.43) BMI
Z-Score
30.6 [2.5-117.8]
kg TBW

BMI percentile
<95%: n =
144 (65.4%)
>95-99%: n =
46 (20.0%)
>99%: n =

30 (13.6%)

51.5 [12.4-80]
kg TBW

19.7 [13.2-30.0]
kg/m? BMI

25 [15-36] body
fat %

52 [16-164]
kg TBW

Without obesity: 55
[33-76] kg TBW

With obesity: 77
[46-124] kg TBW

Dosing

Single 5 mg/kg
oral dose
capped at

325 mg

BMI percentile
<25%: 3.6
(0.7) mg/kg IV
25-<85%: 4.0
(1.1) mg/kg IV
>85%:2.9(1.1)
ma/kg 1V,
based on TBW

Drug dosed per
standard of
care

Any infusion
<24 hon

1,2 days
schedule not
based on IBW
or capped

Drug dosed per
standard of
care

Without
obesity: 2.25
0.41)

mg/kg TBW
With obesity:
1.86 (0.43)
mg/kg TBW

Single 1 pg IV
bolus
microdose

PK in Children With Obesity

PK conclusions

Children with NAFLD
had higher
concentrations of the
glucuronide metabolite
but no significant
differences in PK
parameters

Children with high
BMls had higher AUCs
after TBW dosing
compared to children
with mid-range or low
BMls. 53% of children
with high BMIs would
have AUCs >20%
outside the target
using AIBW dosing

Obesity status did not
explain inter-individual
variability after
accounting for TBW in
PK parameters

Doxorubinol, but not
doxorubicin, clearance
was lower in patients
with body fat >30%

The risk of achieving
Cqs Vvalues above the
target increased with
increasing body
weight. Use of a
theoretical allometric
relationship between
weight and CL
described the PK in
children with obesity

Children with obesity
had significantly higher
peak and trough
concentrations despite
receiving significantly
lower mg/kg TBW
doses

Faster inter-
compartmental CL and
a greater peripheral Vg4
were observed in
adolescents with
obesity

Dosing conclusion

Children with higher
BMIs require a lower
dose (2.9 mg/kg
TBW) to match AUC
to children with mid-
range (4.0 mg/kg
TBW) or low

(3.6 mg/kg TBW)
BMiIs. Therapeutic
drug monitoring is
recommended

Results support
TBW-based dosing
for all children

A proposed model-
derived continuous
infusion strategy
based on TBW
maximized the
probability of
achieving the target
Cgs range

Empirical dose
reduction and
therapeutic drug
monitoring is
necessary for children
with obesity

Current dosing
guidelines using TBW
may lead to supra- or
sub-therapeutic
dosing in adolescents
with obesity

(Continued on following page)
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TABLE 2 | (Continued) Representative sample of reported pharmacokinetic changes with obesity for drugs dosed in children.

Drug Patient Sample size Age Body size Dosing PK conclusions Dosing conclusion
population
Midazolam van Adolescents 19 children with Mean 15.9 Mean 102.7 Either 2 or TBW did not influence  Results suggest a
Rongen et al. undergoing obesity or who [12.5-18.9] [62-149.8] kg TBW 3 mg IV CL but did affect potential need for
(2015) surgery were overweight years Mean 36.1 peripheral V4. This was  higher initial infusion
(BMI [24.8-55.0] kg/ explained by excess rates in adolescents
percentile >85%) m? BMI weight rather than with obesity
maturational growth
Vancomycin Le Case-control 87 matched pairs Without Without obesity: Without TBW and allometric PK differences are
et al. (2015) study of children with 389 total obesity: 10.0  44.0 [IQR obesity: mean weight were small and not likely
with and without plasma samples [IQR 23.4-78.11 kg TBW  47.4 (13.0) reasonable clinically relevant in
obesity 4.8-15.2] [IGR estimations of dose variation
years 39.9-53.3] differences in CL
mg/kg/d TBW  and Vy4
With obesity: ~ With obesity: 31.3 With obesity:
10.2 [IQR [IQR 16.8-47.1] mean 41.9
4.5-14.8] kg TBW (12.0) [QR
years 33.4-50.1]
mg/kg/d TBW
Vancomycin Case-control 77 peak and trough 5 [0.5-18] 17.6 [3.5-83.00kg 20 mg/kg TBW  PK parameters for all -
Nassar et al. study of children concentrations years TBW; Children were IV BID weight groups were
(2015) with and without from 51 children divided into similar
obesity underweight,

normal weight, and
overweight groups

Values reported as mean (standard deviation) or median [range] unless otherwise specified.
AIBW, adjusted ideal body weight; AUC, area under the plasma concentration-versus-time curve; BID, twice daily; BMI, body mass index; CL, clearance; Cgs, Steady-state plasma

concentration; IBW, ideal body weight; IQR, interquartile range; IV, intravenous; NAFLD, nonalcoholic fatty liver disease; PK, pharmacokinetic; TBW, total body weight; Vy, volume of

distribution.

subcutaneously, or intramuscularly. Biologics generally have
volumes of distribution that approximate plasma volume,
although molecular size, charge, and the presence of certain
components (e.g., Fc fragments) can impact the drug’s volume
(Vugmeyster et al, 2012). Following subcutaneous or
intramuscular administration, small biologics (<1kDa) diffuse
readily into blood, whereas large proteins generally reach
systemic circulation through convective transport into
lymphatic vessels. However, monoclonal antibodies (mAbs) or
other drugs with an Fc component can undergo transcellular
transport to the systemic circulation (Meibohm, 2019). Lastly,
drug clearance for biologics can occur via multiple mechanisms,
including proteolysis, intracellular catabolism through the
reticuloendothelial system, or target-mediated drug disposition
(TMDD) by binding to therapeutic targets (Vugmeyster et al.,
2012). As a result, some biologics (e.g., mAbs) often show both
linear and non-linear elimination processes. In addition, some
patients may develop anti-drug antibodies against therapeutic
proteins, often accelerating drug clearance (Mould, 2015).

The impact of obesity on the PK of biologics has not been
extensively studied, but population pharmacokinetic (PopPK)
modeling in adults suggests that body weight is a significant
covariate on PK parameters for patients with and without obesity
for many biologics. Using the most commonly prescribed
biologics as an example, larger body weight is associated with

higher clearance for etanercept, rituximab, and adalimumab; and
higher volume of distribution for adalimumab and infliximab
(Lee et al., 2003; Fasanmade et al., 2009; Nader et al., 2017;
Rozman et al., 2017). Moreover, the impact of body size on
biologics PK may be one potential mechanism that explains why
patients with rheumatic diseases and with obesity have a
substantially higher risk of failing treatment with anti-cytokine
biologics (Singh et al., 2018).

Although the mechanisms by which biologics PK is altered by
body size are not fully understood, several theories have been
proposed. First, subcutaneous blood flow is reduced in
individuals with obesity, potentially reducing or delaying the
absorption of  therapeutic proteins administered
subcutaneously (Frayn and Karpe, 2014). Second, adipose
tissue may have reduced expression of the neonatal Fc
receptor (FcRn), which is responsible for recycling mAbs and
other biologics with an Fc fragment (Hodkinson, 2017). Third,
proteolytic clearance is higher with body weight (Mould, 2015).
And lastly, obesity results in a state of chronic inflammation
through increased expression of multiple inflammatory cytokines
(Kern et al., 2001; Gremese et al., 2014; Schmidt et al., 2015). The
inflammatory state could potentially increase biologics drug
clearance through either increased protein catabolism or
elevation of the baseline level of the target cytokine itself,
causing enhanced TMDD. For example, both high pre-
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treatment C-reactive protein (CRP) and tumor necrosis factor
alpha (TNFa) levels (i.e., target baseline) are inversely correlated
with infliximab trough levels (Wolbink et al., 2005; Takeuchi
et al., 2011). Moreover, infliximab’s half-life decreases from 14 to
8 days when CRP increases from 0.1 mg/L to 14 mg/L (Ternant
et al., 2013).

Until the impact of obesity on biologics PK is better
understood, it is difficult to provide definitive guidance on
dosage adjustment for this drug class. However, because total
blood volume relative to body size is reduced in patients with
obesity, intravenous biologics that are dosed on a mg/kg basis
(i.e., intravenous immune globulin [IVIG]) could potentially
result in higher plasma concentrations when absolute body
weight is used (Hodkinson, 2017). Accordingly, IVIG is often
dosed using adjusted or ideal body weight (Anderson and Olson,
2015; Ameratunga, 2017). Conversely, differences in drug
exposure were not different when subcutaneous immune-
globulin was administered in patients with and without
obesity, underscoring the heterogeneous effect that obesity
may have on drug PK depending on the drug, route of
administration, and possibly other unobserved patient
characteristics (Shapiro, 2013).

PATIENT POPULATION CONSIDERATIONS

Due to physiologic BMI undulations, physiologic
developmental body fat changes, and other developmental
changes, children over a wide range of ages (i.e., children
>2 years of age through adulthood) should be enrolled to
fully understand changes in PK. Unlike adults, for children
the effect of obesity on PK can vary with age groups since age
itself has a baseline influence on PK. This means that the
difference in PK between children with and without obesity
at one age group may be different within another age group
(particularly after the onset of adolescence), and extrapolation
without accounting for the age effect may lead to bias (van
Rongen et al., 2018). For example, in a PK study of vancomycin
in 87 age-matched pairs of children with and without obesity,
weight-normalized clearance was similar between these two
groups for children 2-12 years of age. In contrast, weight-
normalized clearance decreased with obesity for those
>12years (Le et al., 2015). This observation may reflect the
magnitude of the difference not being large enough to be
detected by the study’s sample size, or perhaps because a
longer duration of obesity in older children leads to more
pronounced obesity-induced changes or different BMI
changes (fat-free mass, etc.) amongst these age groups.
Patient-related factors other than age can also affect PK and
drug exposure, such as differences in dosing (e.g., weight-based
dosing using different body size measures or drug formulations),
concomitant drug administration, or pharmacogenetic variation
in DMEs and transporters. Pediatric PK trials are commonly
done by opportunistic sampling during standard of care
treatment. Therefore, co-administration of certain drugs (e.g.
enzyme-inducing antiepileptic drugs) interacting with an
elimination pathway (e.g., CYP metabolism) of the drug in

PK in Children With Obesity

question potentially confounds the impact of obesity on
clearance. The same confounding effect can come from
pharmacogenetic alteration (i.e., gain or loss of function) in
DMEs and transporters. Unfortunately, drug-drug interaction
and pharmacogenetic studies are less commonly conducted in
children, and these effects (if present) would potentially confound
the assessment of obesity on PK (Gonzalez and Sinha, 2021).
Obesity-focused pediatric trials should consider such potential
effects of these patient-related factors (beyond just age) during
trial design.

Further, an inherent issue with studying populations with
obesity is the presence of comorbidities affecting PK, potentially
confounding the influence of obesity (although these comorbidities
are usually less prevalent in children than in adults with obesity).
The common comorbidities associated with pediatric obesity
include prediabetes and diabetes mellitus, dyslipidemia,
prehypertension and hypertension, non-alcoholic fatty liver
disease (NAFLD), polycystic ovary syndrome (PCOS),
obstructive sleep apnea, and psychiatric conditions (Styne et al.,
2017). NAFLD, which is estimated to occur in 38% of US children
with obesity, has been shown to alter transport and clearance of
hepatically eliminated drugs in adults (Schwimmer et al., 2006;
Merrell and Cherrington, 2011). Reductions in kidney function
with prolonged duration of diabetes, for example, may also impair
drug clearance. These factors can change the fraction eliminated by
a given elimination route, resulting in different obesity-induced
changes. Conversely, for drugs studied for indications primarily in
populations with obesity (e.g., metformin), there may be limited
subjects without obesity to fully evaluate pharmacokinetic trends
across a range of body sizes.

METHODOLOGICAL CONSIDERATIONS

Typical PK studies in adults with obesity often involve a case-
control matched noncompartmental analysis (NCA), in which
PK parameters are calculated from individual concentration-
versus-time profiles. However, the rich sampling scheme
required to generate these profiles is difficult to collect in
children, for whom generally only sparse samples are available.
Even if rich pediatric sampling is available for children with
obesity, it is still challenging to use NCA outside of a phase I study
in the face of PK confounders. Due to the nature of pediatric
studies, there is often significant inter-patient variability around
sampling (including number and timing of sampling) and dosing
regimens in addition to patient heterogeneity in terms of age,
disease state, organ function, etc., which precludes the use of a
naive-pooled approach for PK parameter estimation.

Modeling and simulations tools can greatly aid understanding
of PK in children with obesity and were recommended for
consideration in all pediatric drug development programs by
the FDA’s Advisory Committee for Pharmaceutical Science and
Clinical Pharmacology in 2012 (Food and Drug Administration,
2019). PopPK models are commonly used in PK analysis of drugs
in children owing to sparse sampling requirements (Tremoulet
etal,, 2014; Standing et al., 2018). PopPK is a useful modeling tool
because it can be used to analyze even sparse real-world data and
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assess the effect of different body size metrics on PK parameters.
However, PopPK is very data-driven and heavily reliant on study
design. To evaluate the effect of obesity status (or age or organ
function), data from a full age, size, or organ function range is
required, and thus a robust study design is needed. In PopPK
models, allometric scaling using plausible body size metrics (e.g.,
total body weight or fat-free mass) should be explored instead of a
fixed a priori scaling with total body weight raised to the power of
0.75 (Sinha et al,, 2019). An additional effect of age on clearance
and volume of distribution (i.e., separate from body size) should
also be tested (Germovsek et al., 2019). Simulations of target PK
metrics (e.g., AUC or steady-state trough concentration) from the
PopPK model should be used to find optimal dosing scalars (e.g.,
total body weight) and dosing regimens that would achieve
equivalent exposure in children with and without obesity for a
given age group.

Conversely, physiologically-based pharmacokinetic (PBPK)
modeling is a bottom-up PK modeling approach that does not
require extensive data, and thus it is not reliant on the PopPK
constraints mentioned above. PBPK models account for changes in
physiology and body composition in children to accurately guide
dosing in children with obesity, all while requiring minimal data to
develop. These models integrate physiological parameters
(ie, organ size and blood flow), drug parameters
(i.e., physicochemical properties and metabolism), and known
efficacy targets to describe drug disposition mechanistically and
inform dosing (Cao and Jusko, 2012; Kuepfer et al., 2016). PBPK
models offer advantages over traditional methods, such as PopPK
models, by 1) describing developmental and physiological changes
in children to capture the effect of age and body size on disposition,
2) providing prediction of concentrations in any tissue to allow for
assessment of drug disposition at the target site, and 3)
incorporating mechanistic information that is required to
understand differences in PK. However, because of their
foundations in physiology, these PBPK models require
significant physiological information on the population under
study, some of which is still unknown in children with obesity.
This bottom-up approach can also require in vitro and
physicochemical information not yet available, particularly for
newer drugs under study. Nevertheless, PBPK modeling
represents a useful tool for simulating PK and exposure of
drugs dosed in children with obesity, even in the face of little data.

OPPORTUNITIES AND FUTURE
DIRECTIONS

A better understanding of the effect of obesity on PK for drugs
commonly dosed in children with obesity is an urgent public health
need, particularly as the already high prevalence of obesity in
children grows. While the PK of many drugs has been shown to be
altered in both adults and children as described herein, the impact
of excess body size on drugs’ clearance and volume of distribution
has not been determined. To improve the safety and efficacy of
drugs dosed in children, clinical PK studies need to enroll a more
representative cohort of children across a wide range of body sizes.
While there are numerous ethical and logistical constraints to be
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overcome in the enrollment of children with obesity, there are
opportunities to bridge this PK data gap. This is supported by a
new regulatory requirement for clinical trials to consider diversity
and inclusion, including children with obesity.

Sparse sampling typical in pediatric PK studies may be
supplemented with opportunistic or electronic health record
(EHR) data. Opportunistic data involves collecting data from
routine laboratory blood draws from pediatric patients receiving a
particular drug under study per standard of care. Further clinical
data documented in a pediatric patient’s chart, such as
demographics (e.g., age, BMI) and laboratory values (e.g.,
albumin, serum creatinine), can be easily collected. Similarly,
drug concentration and dosing information from therapeutically
monitored drugs, such as enoxaparin, can be collected
retrospectively from EHR data for PK analysis (Richard et al,
2013). Consent rates for these types of data collection are typically
higher, as it minimizes risk to the pediatric patient. However,
opportunistic and EHR data have more inherent variability,
putting additional pressure on sample sizes. Additionally, EHR
data collection will only be feasible for the few drugs that undergo
therapeutic drug monitoring.

PBPK modeling has tremendous potential for bottom-up
prediction of PK in a target population without the need for
data. Therefore, in the absence of data in this special population
of children with obesity, PBPK modeling should be applied to
complement PopPK analysis, especially in finding the likely
effective dose for children with obesity. This approach has been
previously used in adults with obesity to successfully predict drug
clearance of eight drugs, including alprazolam, caffeine,
chlorzoxazone, cyclosporine, midazolam, phenytoin, theophylline,
and triazolam (Ghobadi et al., 2011). This approach has also recently
been used to predict clearance and volume of distribution differences
in children with versus without obesity receiving clindamycin and
trimethoprim/sulfamethoxazole (Gerhart et al., 2021). There is an
opportunity to continue applying this PBPK modeling approach to
other drugs while evaluating the virtual population’s underlying
assumptions as new data becomes available about the physiological
changes altered by obesity in children.

With the rise in popularity of biologics, there is an urgent need
to address existing knowledge gaps in the optimal use of these
drugs in children, particularly those with obesity. For example,
researchers are still investigating the precise mechanisms that
govern biologics drug disposition, such as anti-drug antibody-
mediated clearance, factors affecting absorption, and the role of
FcRn on biologics distribution, among others (Vugmeyster et al.,
2012). Moreover, there is an ongoing need to understand the
impact of genetic polymorphisms that affect both disposition
processes (e.g., mutations in FcRn) and drug response (e.g.,
mutations in the TNFa receptor) (Janci¢ et al, 2015; Billiet
et al,, 2016). Accordingly, it will be increasingly important to
support translational pharmacokinetic/pharmacodynamic (PK/
PD) studies for modeling and simulation. By leveraging data from
these mechanistic PK/PD studies, PBPK models were successfully
scaled from adults to children for several biologics, including
infliximab, palivizumab, and bevacizumab (Malik and Edginton,
2019; Basu et al,, 2020). Lastly, clinical studies are needed to
identify optimal target concentrations before the promise of
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FIGURE 4 | Approaches to evaluate PK in children with obesity throughout pediatric drug development and into the post-marketing phase. PBPK, physiologically-
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the drug per standard of care.
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PBPK model-guided dosing becomes a reality in children with
obesity (Balevic and Sagcal-Gironella, 2022).

Ultimately, considering PK in children with obesity should be
a part of pediatric drug development and considered as early in
the pediatric drug development process as possible. This is
especially true when the drug under study is particularly likely
to be indicated in children with obesity (e.g., a diabetes or statin
drug). PBPK modeling can be used at the beginning of a pediatric
drug development program as part of the pediatric investigation
plan (PIP) to estimate PK changes and inform dosing in children
with versus without obesity a priori, then evaluated prospectively
in pediatric studies (Figure 4). In this way, PBPK is used to make
initial predictions until pediatric data becomes available. When
these pediatric studies are performed, the impact of body size on
PK can be further evaluated using PopPK modeling. If a drug is
already approved, investigating dosing in children with obesity
using opportunistic and EHR data can occur.

CONCLUSION

Children with obesity are a rapidly growing patient population
with a large knowledge gap in PK and dosing. Studies of
children with obesity must consider obesity-induced
changes in physiology relevant to PK, such as increased
organ size and elimination mechanisms. Drug properties,
such as lipophilicity or elimination route, can impact the

degree to which these obesity-induced changes affect PK.
Additional patient factors, particularly age range,
concomitant drug administration, and comorbidities, must
also be considered for a particular drug under study.
Methodological factors like variability in sampling and
dosing schemes and the underlying patient population and
sample size must be accounted for when studying PK in
children with obesity.

Children with obesity are susceptible to altered PK due to
obesity-related physiological changes, such as increased organ
size and drug elimination capacity. The extent to which obesity
affects PK depends on the drug properties, such as lipophilicity
and elimination pathway(s). However, several other factors that
are mainly related to patient population, such as age group,
concomitant drug administration, and comorbidities, can
confound obesity-related changes in PK. Methodological
constraints in pediatric trials like limited sample size and
sparse sampling scheme impose further challenges in
characterizing PK changes in children with obesity. This
review has highlighted the key considerations related to
physiology, drug parameters, patient factors, and
methodology that need to be accounted for while studying
the influence of obesity on PK in children. A well-designed
study and appropriate use of modeling and simulation
techniques can ensure appropriate dosing in children with
obesity, thereby delivering safe and effective therapies to this
vulnerable group of patients.
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External Evaluation of Risperidone
Population Pharmacokinetic Models
Using Opportunistic Pediatric Data

Eleni Karatza'", Samit Ganguly ?", Chi D. Hornik®', William J. Muller*!, Amira Al-Uzri°,
Laura James®, Stephen J. Balevic3!, Daniel Gonzalez'*' and On Behalf of the
Best Pharmaceuticals for Children Act-Pediatric Trials Network Steering Committee*

"Division of Pharmacotherapy and Experimental Therapeutics, UNC Eshelman School of Pharmacy, The University of North
Carolina at Chapel Hill, Chapel Hill, NC, United States, 2Regeneron Pharmaceuticals, Inc., Tarrytown, NY, United States, Duke
Clinical Research Institute, Durham, NC, United States, “Ann and Robert H. Lurie Children’s Hospital of Chicago, Chicago, IL,
United States, °Oregon Health and Science University, Portland, OR, United States, ®Arkansas Children’s Hospital Research
Institute and the University of Arkansas for Medical Sciences, Little Rock, AR, United States

Risperidone is approved to treat schizophrenia in adolescents and autistic disorder and
bipolar mania in children and adolescents. It is also used off-label in younger children for
various psychiatric disorders. Several population pharmacokinetic models of risperidone
and 9-OH-risperidone have been published. The objectives of this study were to assess
whether opportunistically collected pediatric data can be used to evaluate risperidone
population pharmacokinetic models externally and to identify a robust model for precision
dosing in children. A total of 103 concentrations of risperidone and 112 concentrations of
9-OH-risperidone, collected from 62 pediatric patients (0.16-16.8 years of age), were
used in the present study. The predictive performance of five published population
pharmacokinetic models (four joint parent-metabolite models and one parent only) was
assessed for accuracy and precision of the predictions using statistical criteria, goodness
of fit plots, prediction-corrected visual predictive checks (pcVPCs), and normalized
prediction distribution errors (NPDEs). The tested models produced similarly precise
predictions (Root Mean Square Error [RMSE]) ranging from 0.021 to 0.027 nmol/ml for
risperidone and 0.053-0.065 nmol/ml for 9-OH-risperidone). However, one of the models
(a one-compartment mixture model with clearance estimated for three subpopulations)
developed with a rich dataset presented fewer biases (Mean Percent Error [MPE, %] of
1.0% vs. 101.4, 146.9, 260.4, and 292.4%) for risperidone. In contrast, a model
developed with fewer data and a more similar population to the one used for the
external evaluation presented fewer biases for 9-OH-risperidone (MPE: 17% vs. 69.9,
47.8, and 82.9%). None of the models evaluated seemed to be generalizable to the
population used in this analysis. All the models had a modest predictive performance,
potentially suggesting that sources of inter-individual variability were not entirely captured
and that opportunistic data from a highly heterogeneous population are likely not the most
appropriate data to evaluate risperidone models externally.

Keywords: risperidone, pediatrics, pharmacokinetics, precision dosing, population modeling
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INTRODUCTION

Risperidone is the most frequently prescribed atypical
antipsychotic in the pediatric population (Halfdanarson et al,
2017). It is an antagonist of serotoninergic, dopaminergic,
adrenergic, and histaminergic receptors (Chopko et al., 2018).
In the United States, risperidone is indicated for use in the
pediatric population for the treatment of irritability associated
with autistic disorder (5-16years of age), bipolar disorder
(10-17 years of age), and schizophrenia (13-17 years of age)
(Risperdal  package insert, 2009). In addition, risperidone is
frequently used off-label (including in pediatric patients below
2 years of age) for the management of delirium in the pediatric
intensive care unit (PICU), and in children greater than 5 years of
age to treat post-traumatic stress disorder, Tourette syndrome,
and agitation associated with delirium (Campbell et al., 2020;
Liviskie and McPherson, 2021). Risperidone has also been
demonstrated to be an efficacious option for the management
of attention-deficit/hyperactivity disorder and various other
psychiatric disorders associated with anxiety and irritability in
children (Eapen and Gururaj, 2005; Jensen et al., 2007; Biederman
etal., 2008; Arnold et al., 2015; Lee et al., 2018). Risperidone use is
associated with dose and duration-dependent adverse effects,
including weight gain, extrapyramidal symptoms, prolactin
elevation, sedation, and QTc interval prolongation (Vanwong
et al., 2020; Kloosterboer et al., 2021).

Risperidone is extensively metabolized by cytochrome P450
(CYP) 2D6 and 3A4, leading to the formation of its active
metabolite 9-OH-risperidone. Most of the drug is excreted as
metabolites in the urine (65%) and the feces (14%), while only 5%
is recovered unchanged in the urine (Shechan et al., 2010; Saibi
etal., 2012; Kneller et al., 2020; Kneller and Hempel, 2020). There
is large inter-and intra- individual variability in risperidone’s
plasma concentrations, which has been attributed primarily to
genetic polymorphisms in CYP2D6 and secondarily to age, renal
and hepatic function, disease status, and comedications
(Livingston, 1994; Sheehan et al, 2010; Saibi et al., 2012;
Mauri et al.,, 2018; Kneller et al.,, 2020; Kneller and Hempel,
2020). Despite its wide usage, a therapeutic window has not yet
been established. Only recently, a range of 15-25 pg/L plasma
concentrations, has been proposed as a plausible therapeutic
window for the treatment of ADHD of a 10-year-old child
receiving risperidone for over 3 months without comedications
(Kloosterboer et al., 2021). Risperidone’s large variability in
plasma concentrations is anticipated to influence its efficacy
and toxicity profile. Population pharmacokinetic (PK) models
may offer an approach to identify sources of inter-individual
variability and to inform precision dosing that would support
efficacy for the use of risperidone in children (Medhasi et al.,
2016; Kloosterboer et al., 2021).

A model with acceptable predictive performance is needed to
guide precision dosing. The vast majority of population PK
models of risperidone and 9-OH-risperidone have been
developed using data from adult populations (Vermeulen
et al., 2007; Feng et al., 2008; Locatelli et al., 2010; Yoo et al,,
2012; Vandenberghe et al., 2015; Ji et al., 2016), while only three
pediatric population PK models have been developed (Thyssen
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etal., 2010; Sherwin et al., 2012; Kloosterboer et al., 2021). In most
cases, the disposition of both risperidone and its active metabolite
was characterized with a one-compartment model. To account
for the high variability in risperidone concentrations, mixture
models were applied to estimate clearance for multiple
subpopulations or CYP2D6 genotype was included in the
model as a covariate (Locatelli et al., 2010; Yoo et al, 2012;
Vandenberghe et al., 2015). Other covariates that were identified
to impact risperidone or 9-OH-risperidone PK were age and
weight. More specifically, 9-OH-risperidone’s clearance was
shown to decrease with increasing age in adult populations
(Feng et al, 2008; Vandenberghe et al., 2015). Also, weight
was used for allometric scaling of the clearance and volume of
distribution in all the models developed with pediatric data,
accounting for changes in body size (Thyssen et al, 2010;
Sherwin et al., 2012; Kloosterboer et al., 2021).

Models intended for precision dosing should undergo an
extensive internal and external evaluation to ensure their
reliability for drug dosing optimization. The most stringent
method to effectively assess the predictive performance and
generalizability of a population PK model in other populations
is the external evaluation (Hwang et al., 2017; US FDA, 2019
Cheng et al.,, 2021). However, in most cases, only an internal
evaluation is carried out during population PK model
development (Hwang et al, 2017; Wu et al., 2021). Only one
of the population PK models developed for risperidone and 9-
OH-risperidone has been externally evaluated, using PK data
collected in adults (Ji et al., 2016).

Opportunistic data (i.e., data collected during routine clinical
care without retrieving samples solely for research purposes) have
helped develop population PK models to support dosing selection
in pediatrics (Gonzalez et al., 2014; Ge et al., 2020). The present
study aimed to assess if sparse opportunistic data from a highly
heterogeneous pediatric population can be used to perform an
external evaluation of published models for risperidone.
Secondarily, this study aimed to explore which of the
published models of risperidone and 9-OH-risperidone is
more generalizable to other populations and thus can be used
for precision dosing.

MATERIALS AND METHODS

Data Collection

The plasma concentrations of risperidone and 9-OH-risperidone
used for the present external evaluation analysis were collected
through the Pediatric Trials Network (PTN) Pharmacokinetics of
Understudied Drugs Administered to Children Per Standard of
Care trial (POPS; Clinical Trials. gov # NCT01431326). POPSisa
multicenter, prospective study of the PK of understudied drugs,
including risperidone, administered to children (<21 years of age)
per standard of care, as administered by their treating caregiver.
The study protocol was reviewed and approved by the
institutional review boards of Duke University (coordinating
center) and all participating study sites. All participants and
participant parents/legal guardians provided written informed
consent or assent, as applicable. Exclusion criteria included
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TABLE 1 | Population demographics and clinical characteristics of the patients in
the external evaluation dataset.

Characteristic Median (range)

Bodyweight (kg) (n = 62) 18.7 (3.64-129)
Post-natal age at first PK draw (years) (n = 62) 4.67 (0.16-16.8)
Postmenstrual age at first PK draw (weeks) (n = 62) 283 (45-916)
Direct Bilirubin (mg/dl) (n = 8) 0.45 (0.0-4.4)
Total Bilirubin (mg/dl) (n = 18) 0.40 (0.1-5.6)
Serum Creatinine (mg/dl) (n = 48) 0.39 (0.1-0.8)
AST (UL (n = 19) 35 (12-517)
ALT (UL) (n = 20) 30.5 (12-289)
3.4 (2.3-4.9)

ALB (g/dl) (n = 23)
- Number (%) patients

Sex —
Male 45 (73)
Female 17 (27)

Age Group —
Group 1: 31 days < PNA <2 years 23 (37)
Group 2: 2 years < PNA <13 years 29 (47)
Group 3: 13 years < PNA <17 years 10 (16)

RACE -
White 47 (76)
Black or African American 9 (15)
Unknown or not reported 2@
American Indian or Alaska Native 1Q)
Native Hawaiian or Pacific Islander 1@
Multiple Races 2 (3)

Obesity status (BMI > 95th percentile) at enrollment -
Not Obese 17 (27)
Obese (=95th percentile) 26 (34)
Unknown/Unevaluable® 24 (39)

Indication —
ADHD 4 (6)
Bipolar disorder 3 (5)
Autistic disorder 5(8)
Behavior disorder 4 (6)

Anxiety 6 (10)
Other® 14 (23)
Agitation 10 (16)
Delirium 16 (26)
Route of administration —
Oral 30 (48)
Nasogastric/Orogastric 9 (15)
Nasojejunal 1(2
Transpyloric 7(11)
Gastrostomy Tube 6 (10)
Jejunostomy Tube 2 ()
Multiple 7 (11)
Formulation —
Solution 40 (65)
Tablet 22 (39)

40ther included patients with one of the following conditions or combination of
conditions: Angelman’s syndrome, irritability, sleep dysfunction, delirium and agitation,
depression, sedation, psychotic episode, anxiety, or depression.

known pregnancy, as determined by interview or testing, if
available.

Depending on the patient’s age and clinical condition,
risperidone was administered through various routes, namely
oral,  nasogastric/orogastric,  nasojejunal,  transpyloric,
gastrostomy tube, and jejunostomy tube. In addition, different
formulations, such as solution and tablet, were used.

Blood samples were collected in ethylenediaminetetraacetic
acid (EDTA) containing tubes during clinical laboratory
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collections or following a specific collection for study
purposes. Plasma was separated by centrifugation (2,000 g) for
10 min at 4°C and stored at —70°C or colder within 8h of
collection. Given that this was a standard of care study, dosing
and sampling schemes varied between subjects. In the study
protocol, recommended PK sampling windows were provided,
but PK samples collected with a standard of care laboratory
assessment were also acceptable. Standard of care laboratory
assessments (e.g., comprehensive metabolic panel) were
recorded if collected within 72 h of a study dose of the drug.

Analytical Method

Plasma samples were analyzed using a validated liquid
chromatography method with tandem mass spectrometric
detection (LC-MS/MS) by Frontage Laboratories (Exton, PA).
Risperidone and its metabolite were extracted by protein
precipitation  using  acetonitrile.  Reversed-phase  high-
performance liquid chromatography (HPLC) separation was
achieved using a Phenomenex Kinetex ® PFP column (50 x
3 mm, 2.6 micron). A gradient of two mobile phases was used
with phase A consisting of 5 mM ammonjum formate and 0.02%
formic acid in water and acetonitrile 50/50 v/v and phase B
consisting of 5 mM ammonium formate and 0.02% formic acid in
water and acetonitrile 2/98 v/v. MS/MS detection was set at mass
transitions of m/z 411.2—191.2 for risperidone and m/z 427.2 —
207.2 for 9-OH-risperidone. The lower limit of quantitation
(LLOQ) for risperidone and 9-OH-risperidone was 0.100 ng/
ml. The linear range of the method was 0.100-100 ng/ml for
both compounds. Sample freeze-thaw stability was demonstrated
for three cycles (freeze at —70°C and thaw to room temperature).

Models Under Evaluation

A literature search was performed in PubMed using search terms
as “risperidone,” “pharmacokinetics,” and “population model.”
Inclusion criteria applied for selecting studies for the external
evaluation analysis were studies where risperidone was
administered orally and studies with relatively large sample
sizes (at least 40 patients included). The published results of
the model’s internal evaluation were considered.

A total of nine population PK models were identified to meet
the above criteria (Vermeulen et al, 2007; Feng et al., 2008;
Locatelli et al., 2010; Thyssen et al., 2010; Sherwin et al., 2012; Yoo
etal.,, 2012; Vandenberghe et al., 2015; Ji et al., 2016; Kloosterboer
et al., 2021). Three models used pediatric data (Thyssen et al.,
2010; Sherwin et al., 2012; Kloosterboer et al., 2021), while the rest
were developed with data from adults (Vermeulen et al., 2007;
Feng et al, 2008; Locatelli et al., 2010; Yoo et al, 2012;
Vandenberghe et al, 2015; Ji et al, 2016). As CYP2D6
genotyping data were not available in our dataset (POPS
study), for this external evaluation analysis, three models that
included CYP2D6 genotype as a covariate were excluded
(Locatelli et al., 2010; Yoo et al, 2012; Vandenberghe et al.,
2015). Similarly, one study where co-administration of
carbamazepine was found as a covariate significantly altering
clearance was excluded (Vermeulen et al., 2007).

As the study’s primary aim was to evaluate population PK
models developed in pediatric populations externally, all the
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FIGURE 1 | Comparison of quantitative measures of bias and precision among the models included in the external evaluation analysis. Model (A): Kloosterboer
et al., 2021; Model (B): Sherwin et al., 2012; Model (C): Feng et al., 2008; Model (D): Feng et al., 2008 with allometric scaling; and Model E: Thyssen et al., 2010.
Precision was evaluated using the mean prediction error (PE) and the root mean square error (RMSE). Bias were evaluated using the mean percent error (MPE) and the

models developed with pediatric data (Thyssen et al, 2010;
Sherwin et al,, 2012; Kloosterboer et al., 2021) were included.
The only model developed using solely adult data that was
included in the present analysis was the model developed by
Feng et al., 2008. This model was included as it was developed
with the largest number of observations for both compounds
(1,236 concentrations of risperidone and 1,236 concentrations of
9-OH risperidone) obtained from a large (490 patients) and
highly heterogeneous population (18-93years old and
42-187 kg of weight). In addition, the model developed by
Feng et al., 2008 was used as a basis by Sherwin et al., 2012 to
develop a model using only data from a pediartic population.
More precisely, Sherwin et al., 2012 used the same structure and
number of parameters as the model developed by Feng et al,
2008. A summary of the models included in the external
evaluation analyses is provided in Supplementary Table 1.

As only data from adults were used for model development by
Feng et al., 2008, this model was evaluated as reported, as well as after
inclusion of bodyweight-dependent allometric scaling on clearance
(fixed exponent: 0.75) and volume of distribution (fixed exponent: 1)
of risperidone and 9-OH-risperidone. Therefore, the models
evaluated were Model A: Kloosterboer et al, 2021; Model B:
Sherwin et al, 2012; Model C: Feng et al,, 2008; Model D: Feng
et al,, 2008 with allometric scaling; and Model E: Thyssen et al., 2010.

External Evaluation
All the models included in the external evaluation analysis were
joint parent-metabolite models, except for the model developed

by Thyssen et al., 2010 where only risperidone concentrations
were modeled (Supplementary Table 1). As most models were
simultaneously predicting risperidone and 9-OH-risperidone’s
PK, the plasma concentrations collected and the dose
administered were expressed in nmol/mL and nmol,
respectively, after dividing by the molecular weight of
risperidone (410.485 g/mol) or 9-OH-risperidone (425.91 g/mol).

The additive component of the evaluated error models was
expressed in nmol/ml after correcting the reported value in ng/
mL with the molecular weight. All the covariates included in the
evaluated models were available in our dataset, allowing for a fair
evaluation of inter-individual variability (Supplementary Table
1). In the model developed by Thyssen et al., data from various
studies were included. Different parameters were estimated for
two groups of studies depending on the clinical trial design and
sampling scheme. The parameters used for the external
evaluation were retrieved for the group of studies that
included pediatric patients. In addition, as the model was
developed with log-transformed concentrations, the model was
also evaluated using log-transformed data. In the model
developed by Kloosterboer et al, a different residual error
model was used for samples obtained with the dried blood
spot technique versus plasma samples. Only the latter error
model was used for performing the evaluation as no dried
blood spot samples were included in the evaluation dataset.
Finally, for the models where a multimodal distribution
(mixture model) was assumed for some parameters, the total
probability in the population belonging to each subpopulation
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FIGURE 2 | Population predicted concentrations versus observations for risperidone. Model (A): Kloosterboer et al., 2021; Model (B): Sherwin et al., 2012; Model
(C): Feng et al., 2008; Model (D): Feng et al., 2008 with allometric scaling; and Model (E): Thyssen et al., 2010. The dashed black and dashed red lines represent the line
of identity and the least-squares regression curve, respectively.

was fixed, like the rest of the model population parameters, to the
value estimated in the respective study. Despite keeping all the
parameters fixed, the individual probability of belonging to each
subpopulation was estimated for each patient, taking into
consideration the respective observations (Carlsson et al., 2009).

The models were implemented using the ADVANG6
subroutine in NONMEM version 7.4 (Icon Development
Solutions,  Ellicott City, MD, United States). Data
manipulation, analysis, and visualization were performed using
R (version 4.1.0) and RStudio (version 1.4.1717). The R packages
lattice, latticeExtra, and gridExtra were used for preparing the
goodness of fit plots (GOF) (Sarkar, 2008; Auguie, 2017; Sarkar
and Andrews, 2019).

The external evaluation consisted of two parts. In the first part,
the observations (i.e., the concentrations in the external dataset)
were compared to the predictions obtained using each model
(predictions-based diagnostics). In the second part, 1,000
simulations were performed with each model under evaluation
(simulation-based diagnostics). The prediction-corrected visual
predictive checks (pcVPCs) were generated by overlaying the
observations on the prediction interval of the simulations. In
addition, the normalized prediction distribution errors (NPDE)
were calculated. The pcVPCs and NPDE are simulation-based
diagnostics typically used for the external evaluation of
population models (Comets et al, 2008; Bergstrand et al,
2011; Hwang et al., 2017; Nguyen et al., 2017; Cheng et al., 2021).

The observations (OBS) were compared to the population
predictions (PRED) to assess the precision and accuracy of the

predictions produced by each model. The precision was
evaluated using the mean prediction error (PE) and the root
mean square error (RMSE) as shown in Egs. 1, 2. To assess the
biases produced by each model, the mean percent error (MPE)
and the mean absolute percent error (MAPE) were computed
(Equations 3, 4).

1 N
PE = — ) (PREDi — OBSi 1
N;( i i) 1)
1 ¥ )
RMSE = N;(PREDl — OBS) (2)
100 & /PREDi — OBSi
MPE = — (;> (3)
N & OBSi
100 & /|PREDi — OBSi
MAPE = —Z( tlittia 1) (4)
N OBSi

i=1

pcVPCs were generated using the Perl-speaks-NONMEM tool kit
(PsN tool kit; version 3.6.2; Uppsala Pharmacometrics, Uppsala,
Sweden) and the R package “xpose4” using 1,000 simulated
samples. After retrieving 1,000 simulations using the model
under evaluation with NONMEM $SIM subroutine, the NPDE
were computed using the R package “npde” (Comets et al., 2008).
The NPDE were evaluated statistically (Shapiro-Wilks test for
normality, Fisher test for the difference of variance from 1 and
t-test for the difference of mean from 0) and visually (histogram
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of the NPDEs, Q-Q plot, NPDE versus PRED and NPDE versus
time) (Comets et al., 2008).

RESULTS
Study Sample

A summary of the demographic characteristics of the 62 patients
included in the study is presented in Table 1. Among the patients,
three had undergone surgery and were on extracorporeal
membrane oxygenation (ECMO) support; two were receiving a
vasopressor, four hydromorphone, two linezolid, and one
metoclopramide. The median (range) number of doses of
risperidone recorded per patient during the study was 9
(1-43). The median (range) dose of risperidone administered
was 0.250 mg (0.05-2 mg) or 0.017 mg/kg (0.003-0.068). The
median (range) daily dose of risperidone administered was
0.450 mg (0.05-6) or 0.025 mg/kg (0.004-0.102).

A total of 103 concentrations of risperidone and 112
concentrations of 9-OH-risperidone were quantified and
included in the study. The median (range) number of
observations per subject was 1 (1-7), both for risperidone and
9-OH-risperidone. A total of 10 concentrations of risperidone
and one concentration of 9-OH-risperidone were below the
quantification limit (BQL) in the present dataset. However,
none of the models externally evaluated reported or modeled

the probability of data being BQL using the M3 or M4 Beal
methods. Therefore, the BQL data collected in this analysis could
not be used, but all the quantifiable concentrations were included.

External Evaluation

The predictive performance of the five published models was
initially assessed in terms of the precision of the predictions
obtained using RMSE and PE (Figures 1A,B) and the biases
produced using the MAPE and the MPE (Figures 1C,D). The
precision of the predictions was similar among the models tested.
However, slightly more precise predictions were obtained for
risperidone with Model B and secondarily Model D and Model E.
For 9-OH-risperidone, Model A and secondarily Model D
resulted in more precise predictions. In contrast, there were
significant differences among the models in terms of bias. For
risperidone, the MPE had a positive value for all the models
tested, indicating that the models tended to underestimate the
observations (Figure 1C). Model C was observed to have a lower
bias than the other models, with the MPE% being almost zero.
Secondarily, Model D presented less bias than the other models
evaluated (Figures 1C,D). For 9-OH-risperidone, the opposite
trend was noted, as most of the models tested tended to
overestimate the observations, apart from Model A that
slightly underestimated the observations (Figure 1C).
Considering the MPE and MAPE for 9-OH-risperidone,
Models A, B, and D produced similar bias (Figures 1C,D).

Frontiers in Pharmacology | www.frontiersin.org

112

March 2022 | Volume 13 | Article 817276


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Karatza et al.

Evaluation of Risperidone PopPK Models

] ) L]
g ul ul L l il l ul g 1 wl ul il ul l ol l g 1 l ol ul ol ul ul ul
A3 B 3 Cs
[} L n i 0
o 10 . o 10 . - O 10 -
g 5 e g 5 s e e e g s
7 L S o P [ e . * .. Y [ 7 [
e RS A AP = SO L "l =
o S TERRE I . o2 ERETI 6 3530 S -4 2 PR Y
o » »“19’.! N r . - ‘I.J;o. °
3 3 LS. 3
= 5 = 5 . = 5
c c c
2 -10 1 r 2 -10 1 r 2 -10 1 r
B = B
] k-] k-]
c T T T T T T T T f = T T T T T T T T c T T 4 T T T T T
8 1e-08 1e-07 1e-06 1e-05 1e-04 0.001 001 0.1 8 1e-08 1607 1e-06 1e-05 1e-04 0.001 0.01 0.1 8 1e-08 1e-07 1e-06 1e-05 1e-04 0.001 001 0.1
Population predictions (nmol/ml) Population predictions (nmol/ml) Population predictions (nmol/ml)
D | d il d d d E d il ol

T T T T T T T T

16-08 1607 106 1e-05 1e-04 0.001 001 0.1
Population predictions (nmol/ml)

T T T

Conditional weighted residuals
Conditional weighted residuals

smoothing curve (LOWESS).

16:08 1607 1e-06 1e-05 1e-04 0.001 0.01
Population predictions (nmol/ml)

FIGURE 4 | Conditional weighted residuals (CWRES) versus population predictions for risperidone plotted on a log scale. Model (A): Kloosterboer et al., 2021;
Model (B): Sherwin et al., 2012; Model (C): Feng et al., 2008; Model (D): Feng et al., 2008 with allometric scaling; and Model (E): Thyssen et al., 2010. The dashed black
line corresponds to a CWRES of zero. The solid grey lines correspond to CWRES values of 2 and —2. The dashed red line corresponds to the locally-weighted scatterplot

0.1

After visual inspection of the PRED-versus-OBS plots, it was
noted that Model D and Model E resulted in a better performance
for risperidone (Figure 2). In comparison, Model A resulted in a
better performance for 9-OH-risperidone (Figure 3). Especially
for the parent compound, clear trends were noted with all the
models under-predicting the observations (Figure 2).

Similarly, the conditional weighted residuals (CWRES)-
versus-PRED and CWRES-versus-time after the first dose
plots demonstrated that the lower observed concentrations of
risperidone were generally under-predicted by most models
except for Models C and D (Figure 4 and Supplementary
Figures 1, 7). The CWRES-versus-PRED and CWRES-versus-
time after the first dose plots generated for 9-OH-risperidone
demonstrated that Model A, C, and D performed similarly well,
with only a few points deviating. At the same time, Model B
resulted in non-normally distributed residuals (Figure 5 and
Supplementary Figures 2, 8).

For risperidone, the pcVPC plots showed that all the models
had a similar predictive performance (Figure 6 and
Supplementary Figure 9). Model B demonstrated the lowest
percentage of points outside the 95% prediction interval (4.9% [5
points]) followed by Model E, Model C, Model A, and Model D
(11.7% [12 points], 18.4% [19 points], 21.4% [22 points], 26.2%
[27 points], respectively). While there was a higher number of
points outside the prediction interval with Model C and Model D
than Model E or Model B, the distance of the points from the
higher or the lower bound of the 95% prediction interval was
much lower. Supplementary Figure 3 shows the pcVPCs in a
non-log-transformed scale.

For 9-OH-risperidone, the pcVPC plots showed that Models
A, C, and D had a similar predictive performance with only 0.9%
(1 point), 0.9% (1 point), 1.8% (2 points) of points outside the
95% prediction interval, respectively. In contrast, Model B
presented a less adequate predictive performance with 20.5%
(23 points) outside the 95% prediction interval (Figure 7 and
Supplementary Figure 10).

Hypothesis tests and normality plots performed with the
NPDEs generated using 1,000 simulations with each model
under evaluation showed that the NPDEs were not normally
distributed with a mean of 0 and a variance of 1, with any of the
models evaluated (Supplementary Figure 4).

The presence of age-related differences in the models’
misspecification was also explored for both risperidone
(Supplementary  Figure 5) and  9-OH-risperidone
(Supplementary Figure 6). most cases, greater
misspecification was observed in children below 2 years of age
and secondarily below 6 years for risperidone. No age-related
trend was noted for 9-OH-risperidone.

In

DISCUSSION

The predictive performance of five models was evaluated using
standard measures of model fitness and goodness-of-fit plots. To
our knowledge, this is the first published external evaluation
analysis of risperidone and 9-OH-risperidone performed using
pediatric data. Despite the high reliability of external evaluation
to ensure the predictive capacity of a model (US FDA, 2019;
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Cheng et al., 2021), this type of evaluation is rarely performed
with pediatric data, primarily due to the difficulty of obtaining
samples from this vulnerable population. However, this study was
made possible as opportunistic data from routine clinical care
were collected without burdening the patients with additional
blood draws. Given the scarcity of clinical data in infants,
children, and adolescents to guide the dosing of risperidone, it
is of great importance to assess if the developed models have a
good extrapolation to these populations.

The present analysis aimed to externally evaluate
population PK models developed in pediatric populations.
The only model included that was developed using data
only from adults was the model developed by Feng et al,
2008. This model was included because it was developed using
the largest number of observations for both the parent and the
metabolite. It has never been externally evaluated previously.
Also, its structure informed the development of a model with
pediatric data (Sherwin et al., 2012). By including the model
developed by Feng et al., 2008 in the present analysis, we also
aimed to indirectly compare these two models with the same
structure and understand if developing the model in children
offers a significant advantage compared to developing it in a
large number of adults. As a result, a model previously
developed in adults by Ji et al., 2016, that had been
externally evaluated, was not included in the present analysis.

Many challenges were encountered during the assessment of
the results of this analysis due to the inherent variability of
risperidone and 9-OH risperidone PK, the significant
differences in the models evaluated (Supplementary Table 1),
and the populations used for the development of the models and
their evaluation. The findings obtained by prediction-based
diagnostics and the pcVPC, a simulation-based diagnostic that
provides a direct visual comparison between predicted and
observed data, generally agreed. Computation of the NPDE,
another simulation-based diagnostic, provides information on
the accuracy of the predictive performance of a model. However,
none of the models tested produced normally distributed NPDE
with a mean of zero and variance of one. This probably can be
attributed to the general trend of the models to significantly
under-predict risperidone (Figures 1, 2) and to over-predict 9-
OH-risperidone concentrations (Figures 1, 3). In addition, it
should be noted that the NPDE is probably the stringent and most
objective diagnostic for model evaluation (Comets et al., 2008;
Nguyen et al., 2017).

The model developed by Kloosterboer et al. (Model A)
presented the best performance for 9-OH-risperidone, while
for risperidone, it presented a relatively modest performance.
This model was a 2-compartment model for the parent combined
with a 1l-compartment for the metabolite, with first-order
absorption with lag-time, which did not assume different
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subpopulations of risperidone clearance. The large variability in
risperidone’s PK is mainly attributed to CYP2D6 genetic
polymorphisms affecting its clearance (Sheechan et al., 2010;
Kneller et al.,, 2020; Kneller and Hampel, 2020). Thus, the fact
that this source of variability was not accounted for in this model
influenced the model’s performance leading to the estimation of
population parameters that were less generalizable to other
populations. Since the 9-OH-risperidone metabolite is not
extensively metabolized and is primarily renally excreted
(Vermeir et al., 2008), its primary sources of variability are age
and weight (Feng et al., 2008; Kloosterboer et al., 2021). Thus, the
excellent predictive performance of Model A for 9-OH-
risperidone may be explained by the fact that the model was
developed exclusively with data from pediatric patients and
included patients with obesity, making it the most similar
dataset to the one used for the external evaluation in terms of
demographic characteristics of the patients. It should be noted
that the dataset used by Sherwin et al, 2012 (Model B) also
included exclusively pediatric patients (3-18 years old) and was
developed with a similar number of observations. However, the
two models had significantly different structures, with Model A
requiring much fewer parameters than Model B, potentially

contributing to a more accurate estimation of the population
parameters, especially those describing the PK of the metabolite.

Three of the models compared [Model B, C and D (Feng et al.,
2008 and Sherwin et al,, 2012)] had the same structure: a 1-
compartment model for the parent and 1-compartment for the
metabolite, with first-order absorption, and multimodal
risperidone clearance and fraction metabolized (including
three subpopulations: poor, intermediate and normal
metabolizers). Feng et al. developed a model (Model C [no
allometric scaling] and Model D [allometric scaling included])
with data from 490 adult patients (1,236 observations for
risperidone and 1,236 for its active metabolite), while Sherwin
et al. developed a model (Model B) with data from 41 pediatric
patients (163 observations for risperidone and 334 for its active
metabolite). The fact that Model B considered the multimodal
clearance and was developed using data from a more similar
population to the one used for the external evaluation led to the
model producing slightly more precise predictions for
risperidone (Figures 1A,B and 6). However, the same trend
was not present for the metabolite. In addition, overall, based
on the other metrics evaluated (MPE%, MAPE%, GOF plots), this
model presented significant biases for both the parent and the
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metabolite (Figures 1C,D, 2 and 3). An explanation for this could
be that the model was developed with a relatively small sample
size that was also highly heterogeneous (age range: 3-18 years old
and weight range: 16-110kg). In addition, the fraction
metabolized for the intermediate metabolizers was fixed to the
value of 1 due to estimation difficulties. In contrast, for the
normal and the poor metabolizers, the fraction metabolized
was estimated at 0.13 and 0.16, respectively. Even though this
assumption was also made by Feng et al., possibly due to the
availability of a larger number of observations obtained from
many patients, a more accurate estimation of the model
parameters was made possible. Especially in the case of
mixture models, a large sample size is needed to characterize
all the subpopulations adequately, and ideally, patients should be
monitored for an extended period (Carlsson et al., 2009).

The inclusion of allometric scaling in the model developed by
Feng et al, 2008 (Model D) improved the precision of the
predictions for risperidone and 9-OH-risperidone while
slightly increasing the bias for risperidone but decreasing it for
9-OH-risperidone (Figure 1). In addition, it improved the PRED-
versus-OBS plots (Figures 2, 3), as it considered body-weight
differences of the pediatric population used for external model

evaluation compared to the adult data used for model
development. Overall, as Model D showed an adequate
performance for risperidone and 9-OH-risperidone, it was
considered the model with the best performance for our
independent pediatric data set.

The last model [Model E (Thyssen et al.)] evaluated was a 2-
compartment model with first-order absorption with a lag time,
and multimodal risperidone clearance (including two
subpopulations) developed using data from 780 adults and
children (3,436 observations for risperidone). Overall, this
model showed good predictive performance; however, even
though it was developed with the largest number of
observations, Models C and D (Feng et al, 2008) slightly
outperformed it. This might be because, in the model developed
by Thyssen et al., only two subpopulations (poor and normal
metabolizers) were considered instead of three (poor, intermediate,
and normal metabolizers), which is more reflective of the CYP2D6
phenotypes (Kneller and Hampel, 2020). Also, in the model
developed by Feng et al, parent and metabolite data were
modeled simultaneously, potentially resulting in a better-
informed model compared to the model of Thyssen et al,
where only the parent compound was modeled.

Frontiers in Pharmacology | www.frontiersin.org

116

March 2022 | Volume 13 | Article 817276


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Karatza et al.

This study has several limitations. Given the importance of
CYP2D6 genotype on risperidone PK (PharmGKB, 2021),
probably one of the most significant limitations of the study is the
fact that CYP2D6 genotype data were not available in the study
dataset. As a result, none of the models evaluated included genotype
as a covariate. As CYP2D6 genotype would account for a large part of
the variability noted in risperidone’s clearance and 9-OH-risperidone
concentrations, models with a better performance might have been
identified. Also, within each model evaluated a different number of
subpopulations was assumed. Another limitation was that none of the
models considered accounted for the probability of ultrarapid
metabolizers (Caudle al, 2020). Therefore, a different
proportion of patients within each subpopulation could have
contributed to discrepancies between the model predictions and
the observations.

The other limitations of our study were due to the
heterogeneity of the opportunistic dataset used for the external
evaluation. First, there were notable differences in the
demographic and clinical characteristics of the children
enrolled in the study (Table 1), including age (0.16-17 years
of age) and weight (3.64-129 kg) that are known to exert a
significant impact on risperidone’s PK (Aichhorn et al.,, 2005;
Kloosterboer et al., 2021). Based on the ontogeny of CYP2D6, the
relative activity of the enzyme is significantly lower in neonates
compared to adults (Stevens et al., 2008; van Groen et al., 2021).
As a result, the models’ tendency to under-predict parent
concentrations might be explained by the fact that 37% of the
data included in the dataset used for external evaluation were
obtained from patients below 2years of age. This is also
supported by Supplementary Figure 5, which clearly shows
the significant impact of maturation on risperidone PK. There
is a clear trend of all the models to underpredict the concentration
in children below 2 years of age and even below 6 years of age. In
contrast, for 9-OH-risperidone, no such trend was noted
(Supplementary Figure 6), potentially indicating that its route
of elimination is less dependent on maturation.

Despite the known effect of ECMO on the PK of some drugs
(Sutiman et al., 2020), the measurements obtained from three
patients (5%) on ECMO were included in the analysis. The
decision to include these patients in the analysis was made
after ensuring that the PEs obtained for these subjects were
not different from the average PE estimated for the respective
model. Thus, their inclusion was considered a more conservative
approach. Similarly, data obtained from a patient receiving
metoclopramide concomitantly, a known inhibitor of CYP2D6
(Livezey et al., 2014), were not excluded. Also, different
formulations of risperidone were administered through various
routes, which could account for some differences noted between
the observed data and the models evaluated. Last, different
analytical methods were applied to quantify the concentrations
of risperidone and 9-OH-risperidone, with different LLOQs,
among the studies (Supplementary Table 1).

Despite these shortcomings, this analysis demonstrates the
importance of externally evaluating population PK models to
assess their generalizability in pediatric populations, especially
when these models are intended to guide drug dosing. The
external evaluation analyses identified a comparatively better

et
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model, while the main factors explaining the high inter-
individual variability of risperidone and 9-OH-risperidone
were confirmed. As risperidone seems to follow a multimodal
clearance, a large amount of data is needed to build a robust and
generalizable model and validate it externally. Based on the
present analysis results, none of the models evaluated seemed
to be generalizable to the population used in this analysis. Thus, a
future direction could be establishing a database combining
risperidone and 9-OH-risperidone data collected in clinical
trials performed so far and during therapeutic drug
monitoring. This data could inform the development and
evaluation of population PK models designed to guide safe
and effective risperidone dosing in the pediatric population.
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Congenital adrenal hyperplasia (CAH) is the most commmon form of adrenal insufficiency in
childhood; it requires cortisol replacement therapy with hydrocortisone (HC, synthetic
cortisol) from birth and therapy monitoring for successful treatment. In children, the less
invasive dried blood spot (DBS) sampling with whole blood including red blood cells
(RBCs) provides an advantageous alternative to plasma sampling. Potential differences in
binding/association processes between plasma and DBS however need to be considered
to correctly interpret DBS measurements for therapy monitoring. While capillary DBS
samples would be used in clinical practice, venous cortisol DBS samples from children with
adrenal insufficiency were analyzed due to data availability and to directly compare and
thus understand potential differences between venous DBS and plasma. A previously
published HC plasma pharmacokinetic (PK) model was extended by leveraging these DBS
concentrations. In addition to previously characterized binding of cortisol to albumin (linear
process) and corticosteroid-binding globulin (CBG; saturable process), DBS data enabled
the characterization of a linear cortisol association with RBCs, and thereby providing a
quantitative link between DBS and plasma cortisol concentrations. The ratio between the
observed cortisol plasma and DBS concentrations varies highly from 2 to 8. Deterministic
simulations of the different cortisol binding/association fractions demonstrated that with
higher blood cortisol concentrations, saturation of cortisol binding to CBG was observed,
leading to an increase in all other cortisol binding fractions. In conclusion, a mathematical
PK model was developed which links DBS measurements to plasma exposure and thus
allows for quantitative interpretation of measurements of DBS samples.

Keywords: adrenal insufficiency, cortisol, dried blood spots, pediatrics, pharmacokinetics, binding, association, red
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INTRODUCTION

Congenital adrenal hyperplasia (CAH) is a group of rare
autosomal recessive diseases, which are characterized by
largely decreased or absent cortisol biosynthesis. In 90-95% of
cases, a deficiency of the 21-hydroxylase enzyme is the cause for
CAH (Podgorski et al., 2018; Balsamo et al, 2020). A major
complication in patients is an adrenal crisis which may even lead
to death. Other symptoms of CAH include virilization, hirsutism,
premature adrenarche, and premature ending of longitudinal
growth due to an overproduction of androgens and possible
life-threatening  electrolyte ~ imbalance due to  the
underproduction of mineralocorticoids (Merke and Bornstein,
2005).

The treatment of CAH requires life-long cortisol replacement
therapy. The recommended glucocorticoid for pediatric CAH
patients is hydrocortisone (HC, name of synthetic cortisol) due to
its short half-life and lower risk for adverse events (Oprea et al.,
2019). To mimic the circadian rhythm of cortisol biosynthesis,
oral administration of 10-15mg/m® hydrocortisone daily is
recommended, divided into two to three doses, and with the
highest dose in the morning (Kamoun et al., 2013; Khattab and
Marshall, 2019; Dabas et al., 2020). It is essential to monitor
cortisol replacement in CAH patients frequently and adjust
dosages according to the patients’ individual needs, based on
the body surface area, laboratory parameters, and symptoms
evaluation (Bornstein et al, 2016) as too high or too low
cortisol exposure can cause adverse events, such as Cushing’s
syndrome, and or lead to an adrenal crisis (Merke and Bornstein,
2005).

Dried blood spot (DBS) samples have been used since the
1960s to perform newborn screenings for diseases such as
phenylketonuria (Moat et al, 2020). Currently, because of
technological development allowing for more specific and
sensitive specimen analysis, DBS has been exploited to
monitor CAH patients (Moat et al, 2020). DBS sampling
consists of dropping small volumes of whole blood drops
(approximately 20 pl) collected via a fingerpick on a cellulose-
based sampling paper. Therefore, this sampling procedure is
simpler and less invasive than traditional plasma sampling. It
is thus of great advantage for the pediatric population because of
their vulnerability and limited blood volume (Qasrawi et al.,
2021). DBS sampling provides additional benefits such as higher
analyte stability, allowing storage at room temperature, and easy
transportation (Edelbroek et al., 2009; Wilhelm et al., 2014).

To evaluate the applicability of DBS sampling, it is essential to
understand the relationship between cortisol DBS concentrations,
and plasma concentrations. Cortisol has complex PK with
saturable binding to corticosteroid-binding globulin (CBG)
and linear binding to albumin which previously has been
identified using a nonlinear mixed-effects (NLME) HC PK
model [(Melin et al., 2017; Michelet et al., 2020)]. Moreover,
cortisol is known to associate with RBCs (Lentjes and Romijn,
1999). This is of special interest for interpreting DBS samples as
these are whole blood samples containing RBCs. The aim of this
analysis was to explore and quantify the relationship between
venous DBS cortisol concentrations and plasma cortisol
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concentrations by characterizing the association of cortisol
with RBCs; which is the first step towards the use and
interpretation of DBS samples for monitoring pediatric CAH
patients.

METHODS

Data

A previously published NLME HC PK model based on cortisol
plasma data from healthy adults and pediatric patients (Melin
et al,, 2017; Michelet et al., 2020) served as the starting point for
our analysis. The model leveraged data from 1) rich plasma
sampling (n = 1,482 total cortisol concentrations) in a phase 1
study (Whitaker et al., 2015) with 30 healthy adult subjects, whose
cortisol biosynthesis was suppressed with dexamethasone, and
who received a single dos@e of 0.5 mg up to 20 mg of the pediatric
HC formulation Alkindi (hydrocortisone granules in capsules
for opening) (Diurnal Europe B.V., Netherlands).

Additionally, the model leveraged 2) sparse phase 3 cortisol
plasma data from 24 pediatric adrenal insufficiency (Al) patients
receiving their regular HC-morning dose of Alkindi”, ranging
from 1 to 4 mg (Neumann et al., 2018; Melin et al., 2020; Michelet
et al, 2020). The pediatric patients were divided into three
different cohorts according to their age groups: Young
children (n = 12, 2-6 years), infants (n = 6, 28 days-2 years),
and term neonates (n = 6: 0-28 days). The pediatric total cortisol
plasma concentrations were measured prior to dose and 1 and 4 h
post-dose in all cohorts. In neonates and infants, the sampling
was ethically limited to these 3 times due to the lower total blood
volume, whereas in the children cohort, blood sampling at 2
additional times between 30 and 90 h post-dose was allowed as
well as at time to Cin, (tmin)-

To expand this model, simultaneously collected venous total
cortisol DBS samples, obtained from the pediatric patients in the
phase 3 study, were included. Both total cortisol concentrations in
plasma (Whitaker et al., 2015; Melin et al., 2017; Michelet et al.,
2020) and in DBS (n = 106 each) were quantified by liquid
chromatography with tandem mass spectrometry detection (LC-
MS/MS). Linearity, accuracy, and precision were tested for DBS
cortisol quantification with the respective acceptance criteria
being met according to the guideline on bioanalytical method
validation of the European Medicines Agency (European
Medicines Agency, 2012).

Graphical Evaluation of Plasma Versus DBS

Cortisol Concentrations

The relationship between the pediatric total cortisol
concentrations in plasma and DBS was graphically evaluated
based on concentration-time profiles, plotting plasma versus
DBS cortisol concentrations and graphically investigating the
plasma/DBS ratio as a function of the cortisol concentration,
and the cortisol concentration dependency of the plasma/DBS
cortisol concentration ratio. The graphical analysis was
performed using R (3.6.0) and R Studio (1.3.1056) (R Core
Team, 2019; RStudio Team, 2020).
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Pharmacokinetic Model Development and

Evaluation

The previously published NLME HC PK model, based on adult and
pediatric plasma cortisol data, was a two-compartment PK model
describing saturable absorption (Michaelis-Menten type) and a
plasma protein binding model considering both nonlinear binding
to CBG and linear binding to albumin. An underlying constant
cortisol baseline was estimated for the adult data, whereas for the
pediatric cortisol data, the baseline was modeled using the individual
measured pre-dose  concentration. For baseline  cortisol
concentrations below the lower limit of quantification (LLOQ), a
baseline concentration was estimated with the same interindividual
variability as the observed pre-dose concentrations above LLOQ
(Melin et al., 2020; Michelet et al., 2020).

Body weight was included as an influential factor using theory-
based allometric scaling with fixed exponents of 0.75 and 1 on the
clearance parameters (CL and Q) and on the volumes of
distribution (V. and V), respectively, to account for
differences in the body size within the pooled dataset. No
other covariates besides body weight were evaluated in the
structural plasma PK model. Interindividual variability (IIV)
was modeled, assuming the structural model parameters to
follow a log-normal distribution, and residual unexplained
variability (RUV) was modeled following a proportional
residual error model (Melin et al., 2020; Michelet et al., 2020).

Based on this PK model structure and modeling approach, the
published HC PK model was further developed by extending the
underlying data with the pediatric DBS cortisol concentrations.
Implemented cortisol binding processes were extended by the
association of cortisol with RBCs which were all assumed to
contain hemoglobin. For the model development, NONMEM
(7.4.3, ICON, Dublin, Ireland, Development Solutions, Ellicott
City, MD, United States) and Perl-speaks-NONMEM (3.4.2,
Uppsala  University, Uppsala, Sweden), embedded in the
workbench Pirana (version 2.9.6), were used (Bauer, 2010; Keizer
et al,, 2013). The appropriateness of the PK model was evaluated
based on standard model diagnostics, for example, the difference of
the objective function value (dOFV, best fit = maximum likelihood =
minimum OFV) and goodness-of-fit (GOF) plots (Mould and
Upton, 2012, 2013). Model performance was evaluated using
visual predictive checks (VPCs, n 1,000 simulations)
(Bergstrand et al, 2011) (see the Supplementary Material) and
sampling importance resampling (SIR, with 1,000, 1,000, 1,000,
2,000, and 2,000 samples and 200, 400, 500, 1,000, and 1,000
resamples) (Dosne et al., 2017).

Simulation of Cortisol Binding Species

The final and evaluated PK model allowed simulating the fractions of
the three different binding/association species of cortisol (specific
binding to CBG, non-specific binding to albumin, and non-specific
association with RBCs) and the unbound cortisol fraction. One
individual representing the children/infants age group and one
individual representing neonates were virtually dosed with 7 mg
HC each; the concentrations of the binding species and cortisol
whole blood concentrations were simulated over 6 h [deterministic
simulations using NONMEM (7.4.3)].

Linking Plasma and DBS Cortisol

RESULTS

Data

Of the pediatric plasma and DBS concentrations, 17.9% (n = 19 of
106, LLOQ = 14.1nmol/L) and 0.94% (n = 1 of 106, LLOQ =
1.8 nmol/L) were below the LLOQ, respectively. All adult total
cortisol plasma concentrations were above the LLOQ. As in the
previously published model, all BLQ observations were discarded so
that 87 pediatric plasma samples and 105 pediatric DBS samples
remained for the subsequent graphical analysis, modeling, and
simulation analysis.

Graphical Evaluation of Plasma Versus DBS

Cortisol Concentrations

Measured plasma cortisol concentrations were considerably higher
than DBS cortisol concentrations with ratios with a very high
variability, ranging from approximately 2 to 8 (Figure 1A). The
relationship between total cortisol concentrations in plasma and DBS
was nonlinear (Figure 1B), where the plasma/DBS cortisol
concentration ratio decreased with higher cortisol concentrations,
reaching the lowest ratio at the highest concentrations. Regarding the
ratio and slope, the data shown in Figure 1B could be divided into 2
groups, with DBS concentrations ranging from 0 to 200 nmol/L and
from 200 to 800nmol/L. When observing cortisol DBS
concentrations from 0 to 200 nmol/L (n = 83, Figure 1A), the
plasma/DBS cortisol concentration ratio ranges widely from 1.62
up to 8.01, with a median of 5.17. With higher concentrations (n = 4),
which were only observed in the neonatal age group, the
concentration ratio decreases to a median value of 241 (range
1.88-3.51). The comparison of DBS concentration ranges from 0
to 100 nmol/L and from 100 to 200 nmol/L showed no significant
difference in plasma/DBS cortisol concentration ratios.

Pharmacokinetic Model Development and

Evaluation

Since the association of cortisol with RBCs is described as a linear
process in the literature (Lentjes and Romijn, 1999), a linear
association constant K,zpc was estimated. An additional
compartment  describing cortisol bound to RBCs was
implemented, and an additional apparent volume (Vgy.) was
estimated, with the whole blood volume being defined as the sum
of V. and Vggy,. Similarly, to the pediatric plasma cortisol baseline
(BASEpiiq, pla)» a pediatric DBS cortisol baseline (BASEpig, pgs) Was
implemented, and based on pre-dose observations or was estimated if
no observation was present. BASE g, pla Was used as an initial value
of the central plasma concentration, whereas BASE 4,4 rpc represented
cortisol bound to RBCs at baseline and was described in amounts
(nmol) as Apaserec = ABaskchild, DBs—ABASEchild, pla (Figure 2). The
underlying model equations can be found in the Supplementary
Material.

Since higher cortisol concentrations, leading to relatively higher
cortisol DBS concentrations, were only observed in the neonatal
cohort, “age group” was evaluated as a dichotomous categorical
covariate, that is, the influential factor (“children/infants” and
“neonates”) on the estimated Vge.. The inclusion of this
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FIGURE 1| (A) Boxplot of plasma/dried blood spot (DBS) cortisol concentration ratio versus cortisol DBS concentration ranges of 0-200 nmol/L (n = 83) and
200-800 nmol/L (n = 4). (B) Total cortisol concentration in plasma versus total cortisol concentration in dried blood spots (DBS). Red: children, green: infants, blue:
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FIGURE 2| Schematic representation of developed cortisol PK model including adult plasma data and pediatric plasma and dried blood spot (DBS) data, blue: new
DBS-related compartments/parameters/data. Bioavailability (F), amount in depot compartment (Agepor), maximum absorption rate (Vimay), amount in depot compartment
resulting in half of Vinax (Km), @amount bound (Ap), amount bound to albumin (A,:Alb), amount associated to red blood cells (A,:RBC), unbound amount (A,), amount
bound to corticosteroid-binding globulin (A,:CBG), linear non-specific parameter for albumin binding (NSay,) and association to red blood cells (Kargc), maximum
binding capacity (Bmax), equilibrium dissociation constant (Ky), intercompartmental clearance (Q), peripheral volume of distribution (V), cortisol plama baseline of
dexamethasone suppressed healthy adults (BASEaqut, pia), COrtisol plasma baseline of children (BASEnid, pia), COrtisol DBS baseline of children (BASEgniq, pes), cortisol
associated to red blood cells at baseline in children (BASEqniq, rec). The dashed line divides the central compartment into the A, and A, subcompartments, respectively.
Eyes next to equations indicate observed concentrations: Pediatric plasma (Cga, ohiie) and DBS (Cpgs) concentrations, adult plasma concentrations (Cpa, agur), Volume of
red blood cell compartment (Vgeita)-

covariate resulted in —47.06 dOFV and explained more than
two-thirds (69.1%) of the interindividual variability (IIV) of
V delra (before: 196% CV, after: 60.6% CV). Age was tested as a
covariate on Vg, with exponential and fractional changes
from the median age, and resulted in an OFV drop of -23.0
and of -6.3, explaining 20 and 27% of the Vge IIV,
respectively. Given the higher reduction of IIV and the
limited neonatal data, the two age groups were chosen and

kept in the model as the simplest and thus most appropriate
covariate.

Table 1 shows the parameter estimates and the SIR medians and
95% confidence intervals (CI) of the final PK model including adult
plasma cortisol data and pediatric plasma and DBS cortisol data. The
resulting Ve, for children/infants was 11.1 L compared to 1.05 L in
neonates, corresponding to 0.82 L/kg and 0.29 L/kg for children +
infants and for neonates, respectively. The linear binding/association
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TABLE 1 | Parameter estimates with sampling importance resampling (SIR)
median and 95% confidence intervals (Cl) of developed cortisol
pharmacokinetic (PK) model including adult plasma data and pediatric plasma and
dried blood spot (DBS) data.
Parameter SIR median [95% CI]

Structural model

CL [Lh] 400 [289-549]
Ve [L 10.6 [7.99-14.0]
Q [Wh] 160 [90.4-268]
Vo (U 124 [80.7-178]
K [nmol] 4,810*
Vimax [nmol/n] 21,388 [13,888-31,463]
F - 1*
Ka [nM] 9.71*
NSap [-] 4.15*
Karec [-] 6.62 [1.95-13.4]
Vde\(a, children+infants [l—] 111 [7.05—1 8.8]
Vde\ta, neonates [L] 1.05 [0.50—1 .80]
BASEadut, pia [NM] 15.2 [11.1-20.7]
BASEchid, pia [NM] 9.41 [3.32-16.7]
BASEchia, pes [NM] 4.22 [1.10-7.60]
Interindividual variability
wCL, %CV 25.8 [14.9-35.8]
oK, %CV 56.7 [31.1-75.5]
@Vmax, %CV 46.5 [30.1-65.5]
wF, %CV 36.1 [20.4-49.4]
@Vgeita, %CV 43.4 [27.5-62.2]
@BASEaqut,pla; %CV 35.3 [23.5-47.4]
®BASE i pla and pBs: %CV 131.1*
Residual variability
Texp [CV%) 14.4 [13.2-16.0]

Clearance (CL), central volume of distribution (V.), intercompartmental clearance (Q),
peripheral volume of distribution (V,,), amount in depot compartment resulting in half of
Vmax (Km), maximum absorption rate (V.. bioavailability (F), equilibrium dissociation
constant (Ky), linear non-specific parameter for albumin binding and association to red
blood cells (NSay and karsc), volume of red blood cell compartment (Vyers), plasma
cortisol baseline in adults (BASE.qur, o), plasma cortisol baseline in children (BASE i, pia),
dried blood spot cortisol baseline in children (BASEchiq, pas). For BASEchi, pia @and
BASE i, pss @ common interindividual variability was fixed, residual variability was
estimated as an additive error on a logarithmic scale.

*fixed parameter.

parameters of cortisol to albumin (NS4y,) and RBCs (K,rpc) resulted
in 4.15 and 6.62, respectively. The predominant binding partner was
CBG, with a fixed K4 of 9.71 nmol/L, indicating the unbound cortisol
concentration at 50% of By,,,. The estimates for the pediatric plasma
and DBS cortisol baselines were 9.41 nmol/L and 4.22 nmol/L,
respectively.

The 95% Cls for the parameter estimates resulting from the
SIR show good precision of the parameter estimates. Standard
model evaluations, that is, GOF plots and VPCs showed that the
adult and pediatric plasma and the pediatric DBS concentrations
were adequately described by the final PK model (see the
Supplementary Material).

Simulation of Cortisol Binding Species

Simulated whole blood cortisol concentrations of children/infants
(Figure 3A) and of neonates (Figure 3B) were based on the PK
model with the two different V4,5 of the respective age groups based
on a dose of 7 mg HC. The fractions of the simulated cortisol species
(%) against the whole blood concentration demonstrated the
substantial decrease in the cortisol fraction bound to CBG with

Linking Plasma and DBS Cortisol

higher total cortisol concentrations due to the saturation of the
binding process. The fraction bound to CBG decreased from
approximately 90% at 1.8 nmol/L (LLOQ; ie., shortly after drug
intake) to 45 and 22% at the highest simulated whole blood cortisol
concentrations for children/infants (180 nmol/L = Cmax, maximum
concentration) and neonates (820 nmol/L = Cmax), respectively.
Consequently, a substantial increase was observed for the fraction
unbound (children/infants: from 1.7 to 9.0%; neonates: from 1.6 to
13%), the fraction bound to albumin (children/infants: from 7.0 to
37%; neonates: from 6.8 to 53%), and the fraction associated with
RBCs (children/infants: from 1.9 to 8.3%; neonates: from 1.9 to 12%).

DISCUSSION

Leveraging cortisol concentrations from adult plasma data and
pediatric plasma and DBS data, we successfully established a
quantitative link between pediatric total plasma cortisol
concentrations and pediatric total DBS cortisol concentrations by
extending a published NLME HC PK model based on adult and
pediatric plasma cortisol data with pediatric DBS concentrations.

The inclusion of the whole blood DBS cortisol data into the
model allowed to quantitatively characterize cortisol association
with RBCs by a linear, non-specific association process, in
addition to cortisol binding to CBG, and to albumin. Since the
linear association of cortisol with RBCs was only described in
adults (Lentjes and Romijn, 1999) and generally a saturation of
this process should not be expected due to the abundance of RBCs
in all age groups, we assumed that these findings also apply to
children. A corresponding RBC-associated cortisol compartment
was added to the PK model and RBC volumes were successfully
estimated for the neonatal age group and for children/infants.
With the age group implemented as a covariate on Vg, the
Vdelta estimate (1.05 L) for neonates was considerably lower than
the estimated Vge, for children/infants (11.1 L) (Table 1) and
thereby, as an apparent volume of distribution, accounting for the
lower plasma/DBS concentration ratio which was observed for
neonates.

The estimates for the pediatric baselines in plasma and DBS
were reasonably low and close to respective LLOQs. Overall, the
inclusion of the pediatric cortisol DBS data barely changed the
plasma-related parameter estimates, which were taken from the
previous model, whereas the additional DBS-related parameters
resulted in plausible estimates.

For a better comparison of K,rpc (6.62) with the other two
binding parameters K4 (9.71 nmol/L) and NS,y, (4.15), the PK
model was applied to simulate the fractions of cortisol bound to
CBG, to albumin, and associated with RBCs. As already expected
from the graphical analysis, with increasing cortisol
concentrations the ratio between cortisol plasma and DBS
concentrations decreased. The simulation results supported
this finding, due to the saturation of the nonlinear binding
between cortisol and CBG and thus higher availability of
unbound cortisol to be associated with RBCs. The simulated
fraction of cortisol bound to CBG decreased by 75% in neonates
(from 90 to 22%) compared to a decrease of 50% in children/
infants (from 90 to 45%). Consequently, a considerably higher
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amount of free cortisol became available for binding to albumin
or association with RBCs. At the highest simulated whole blood
cortisol concentrations, 45% more cortisol is associated with
RBCs in neonates (12% at 820 nmol/L Cmax) compared to
children/infants  (8.3% at 180nmol/L Cmax). These
considerably different simulated fractions of cortisol associated
with RBCs could partly explain the highly variable plasma/DBS
concentration ratios which were observed in the graphical
analysis for the two age groups. The higher cortisol
concentrations were only observed in neonates due to a higher
dose relative to body weight in the phase 3 trial, which was
mimicked in the simulations by dosing both age groups with the
same HC dose. Since the simulations were deterministic, that is,
did not include interindividual variability, simulations with 4 mg
(Supplementary Figure S3), which was the maximum single dose
given in the phase 3 study, resulted in maximum concentrations
lower than the ones observed in the phase 3 study (767.5 nmol/L
and 141 nmol/L for neonates and children + infants, respectively).
Thus, to ensure simulated total blood cortisol concentrations
representing the full range of observed concentrations, the
simulation dose was increased to 7 mg. It was assumed that the
plasma/DBS concentration ratio depends on the overall cortisol
concentration. The high cortisol concentrations observed in
neonates were the result of a relatively higher HC dose given in
the phase 3 study to avoid underdosing in this highly vulnerable
cohort. To further explain the high variability observed in the plasma/
DBS concentration ratio, more data are required to investigate
whether, besides the concentration dependency, there is also, for
example, an age dependency for the ratio.

The graphical investigation of the plasma/DBS cortisol
concentration ratio leads to the conclusion that with the
observed DBS cortisol concentrations ranging from 0 to

200 nmol/L and from 200 to 800 nmol/L, the corresponding
plasma cortisol concentrations are higher than DBS
concentrations by a factor of 5 and 2.5, respectively. However,
this finding should be confirmed with a richer dataset, especially
in the higher concentration range where only four neonatal
samples were available, before being considered as a rule of
thumb when DBS cortisol sampling is used for clinical
monitoring in pediatric adrenal insufficiency patients.

As the cortisol concentration data from the pediatric population
were sparse in general, the PK model should be re-evaluated with
more plasma and DBS cortisol data to confirm the conclusions of
our current analysis. A regression equation based on simulations
from the updated PK model could then be identified to enable the
calculation of plasma cortisol concentrations from measured DBS
cortisol concentrations, opening the opportunity to routinely use
and interpret DBS sampling for monitoring this vulnerable patient
population. As this analysis is based on data from patients aged
from 0 to 6 years, the applicability of the PK model to children
older than 6 years can be investigated in future with respective
available data. The PK in adolescents aged 12 to 18 years can be
assumed to be similar to adult HC PK and binding kinetics as it was
found in published pharmacokinetic analyses (Bonner et al., 2021).

Furthermore, the DBS data used in this analysis were venous
whole blood concentrations, whereas in clinical practice capillary
whole blood is obtained for DBS sampling. It is therefore
important to re-evaluate the comparability of venous and
capillary whole blood cortisol concentrations. Moreover, the
underlying mechanism behind cortisol being associated with
RBC:s is still unknown, and it should be investigated if cortisol
associated with RBCs is biologically active due to its low affinity
to RBCs (Lentjes and Romijn, 1999). Thus, further in vitro
studies are needed to elucidate the underlying mechanisms of
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the RBC-associated processes (e.g., adsorption and uptake)
qualitatively and quantitatively.
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Background: Polychlorinated biphenyls (PCBs) are persistent organic pollutants banned
for use worldwide. Due to their biodegradation resistance, they accumulate along the food
chain and in the environment. Maternal exposure to PCBs may affect the fetus and the
infant. PCBs are immunotoxic and may damage the developing immune system. PCBs are
associated with elevated IgE antibodies in cord blood and are considered to be predictive
of atopic reactions. Several studies on the association between prenatal exposure to PCBs
and atopic reactions were previously published, albeit with conflicting results.

Objectives: To examine the association between maternal PCBs levels and atopic
reactions in their offspring.

Methods: During the years 2013-2015, a prospective birth cohort was recruited at the
delivery rooms of Shamir Medical Center (Assaf Harofeh) and “Dana Dwek” Children’s
Hospital. Four PCBs congeners were investigated: PCBs 118, 138, 153, and 180. In 2019,
when children reached the age of 4-6 years, mothers were interviewed using the ISAAC
questionnaire to assess symptoms of atopic reactions, including asthma, allergic rhinitis,
and atopic dermatitis.

Results: One hundred and fifty mother-child dyads were analyzed. No significant
differences were found in the median serum PCBs concentrations of each studied
congener or total PCBs for asthma, allergic rhinitis, atopic dermatitis diagnosis, or
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parent-reported symptoms. No association was found between exposure to total PCBs
and the risk for asthma symptoms or diagnosis, adjusted to maternal age and family
member with atopic condition: aOR = 0.94, 95%CI: (0.88; 0.99). No association was
observed between each studied PCB congener and asthma symptoms or diagnosis. The
same results were found also for other studied outcomes—allergic rhinitis and atopic

dermatitis.

Conclusion: Our study joins a series of previous studies that attempt to shed light on
environmental exposures in utero as influencing factors for atopic conditions in children.
Our results reflect the complexity of the pathophysiology of these phenomena. No
relationship between maternal serum PCBs levels was demonstrated for asthma,
allergic rhinitis, or atopic dermatitis. However, additional multi-participant studies, with
longer, spanning into later pediatric age follow up are needed.

Keywords: polychlorinated biphenyls (PCBs), endocrine-disrupting chemicals (EDCs), allergy, asthma, atopic
dermatitis, pregnancy, allergic rhinitis

INTRODUCTION

Atopic conditions are complex traits, most probably caused by an
interaction of multiple disease susceptibility genes and
environmental factors (Sengler et al., 2002). During the last
century prevalence of atopic conditions has been on the rise.
Numerous studies link exposure to various domestic and
industrial environmental pollutants with bronchial wheezing
and atopic morbidity (Masoli et al., 2004; Pope and Dockery,
2006; Clark et al., 2010; WHO Regional Office for Europe, 2013).
Several studies in Israel have found an association between
exposure to such environmental pollutants and childhood
asthma and respiratory morbidity (Portnov et al, 2012;
Greenberg et al.,, 2015; Greenberg et al., 2019).

Polychlorinated biphenyls (PCBs) are a large family of persistent
organic pollutants, industrial chemicals, once used widely as non-
flammable lubricants and insulators. This family of PCBs is
considered as one of the most dominant pollutants worldwide
(Agency for Toxic Substances and Disease Registry, 2000;
Bergman et al, 2012). PCBs were banned from production in
late 1970 in the United States and from 2001 worldwide by the
Stockholm Convention on Persistent Organic Pollutants (United
Nations Environment Programme, 2018). However, their chemical
properties, such as a long half-life and fat solubility, cause them to be
preserved in soil, water, and food chain, and consequently in human
tissues (Domingo, 2012). PCBs are readily absorbed from the
environment into the food chain, rendering human and animal
exposure ubiquitous. Human exposure is mainly through
consuming fatty foods like fish, meat, and dairy products (Freels
et al., 2007; Fernandez-Gonzdlez et al.,, 2015). PCBs 118, 138, 153,
180 are among the most frequently detected congeners in human
adipose tissue and represent long-lasting exposure (Bonefeld-
Jorgensen et al., 2001; Freels et al.,, 2007; Miillerova and Kopecky,
2007; Domingo, 2012). PCBs 138, 153, and 180 have the highest
detection frequencies in the US population and contributed to 80%
of the total PCBs in human serum (Faroon and Ruiz, 2015).

Several studies have found an association between exposure to
PCBs and their effects on the immune system (Hertz-Picciotto

et al., 2008). Epidemiologically, an increase in the rate of upper
respiratory tract infections was demonstrated (Dallaire et al.,
2004). At the pathophysiological level, changes in thymus
development, changes in levels and differentiation of
lymphocytes of the various subtypes, an increase in
Immunoglobulin E (IgE) antibody levels in the umbilical cord,
and a decrease in antibody production in response to childhood
vaccines are described in association with PCBs exposure
(Reichrtova et al., 1999; Weisglas-Kuperus et al., 2000; Belles-
Isles et al., 2002; Heilmann et al., 2006). IgE antibody levels in the
umbilical cord were found to be a predictor of atopic
predisposition (Liptay et al., 1992). A recent study showed
that serum aryl hydrocarbon receptor (AhR) bioactivities were
increased with specific PCB congeners (Park et al., 2017). AhR
activation was positively correlated with atopic dermatitis
(Hidaka et al, 2017). It has been hypothesized that prenatal
exposure to PCBs may be linked to atopic phenomena. Maternal
PCBs levels were positively associated with upper respiratory tract
in infections during the first year of life (Stolevik et al., 2013).
Children exposed in-utero to persistent organic pollutants
(POPs) such as organochlorine pesticides and PCBs have an
increased risk of asthma, wheezing and eczema (Hansen et al,
2014; Mamane et al., 2015; Parker-Lalomio et al., 2017). There is a
complex interaction between the environmental exposures acting
during the early stages of development and genetic susceptibility
that might contribute to asthma and allergy (Kahr et al.,, 2015;
Morales and Duffy, 2019). Studies attempting to answer this
question yielded conflicting results (Smit et al., 2015; Hansen
et al., 2016; Parker-Lalomio et al., 2017).

There are prominent developmental events in utero, leading to
critical windows for susceptibility to immunotoxic effects.
Pregnant women and the fetus, infants, and children are most
vulnerable to low-dosage environmental exposure. There is
growing evidence of adverse effects of environmental exposure
on reproduction, pre and post-natal development (Sharpe and
Irvine, 2004; Di Renzo et al., 2015; Teysseire et al,, 2019). As a
lipophilic substance, PCBs can be transferred through the
placenta and during breastfeeding to increase children’s body

Frontiers in Pharmacology | www.frontiersin.org

129

April 2022 | Volume 13 | Article 802974


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Berlin et al.

burden. Therefore, children are exposed to PCBs starting from
conception, during pregnancy and lactation, and the exposure
continues throughout lifetime (Sly and Flack, 2008).

This study aimed to examine the possible relationship between
prenatal background exposure to PCBs and the prevalence of
atopic phenomena in children from a birth cohort of Israeli
mothers and children.

MATERIAL AND METHODS
Study Population

We used data collected from a birth cohort recruited at Shamir
Medical Center (Assaf Harofe) and “Dana Dwek” Children’s
Hospital, Tel Aviv Medical Center. Complete details of this
birth cohort have been presented elsewhere (Sheinberg et al.,
2020; Berlin et al., 2021).

Briefly, from January 2013 through April 2015, 263 mother-
father-newborn triads were recruited. The women recruited for
the study were asked to participate during attendance in the
delivery room. Data on social and demographic characteristics
and lifestyle variables from both the father and mother were
obtained through a detailed questionnaire. Data on occupation,
residential history, diet, hobbies, and detailed health history were
also collected. At the delivery room, blood and urine samples
were collected from mothers and fathers.

Birth weight, length, and head circumference were measured
three times using standard research procedures. Birth weight was
adjusted to gestational age at birth and infant’s sex and classified
according to percentile values derived from the Israeli Perinatal
survey (Dollberg et al., 2005).

All participants signed informed consent. The study was
performed according to the Declaration of Helsinki, and the
Institutional Review Board approved the protocol (The World
Medical Association, 2018).

Data Extraction

The database included 263 mother-newborn dyads. Due to
budget limitations, we measured concentrations of 4 PCBs
from maternal blood of 183 mothers who gave birth at Shamir
Medical Center (Assaf Harofeh). On average, included and
excluded dyads were similar in potential confounders such as
birth weight, length of gestation, and maternal age (Sheinberg
et al., 2020; Berlin et al., 2021).

Cases of women with twin pregnancies (N = 2), premature
delivery (<37 weeks) (N = 8), and incomplete details (N = 3) were
excluded.

We retrieved data on 170 dyads for which serum PCBs
measurements were obtained. Data on maternal demographics,
exposures, lifestyle, and labor were extracted as well as newborn
anthropometrics and measurements.

Maternal laboratory test results obtained during delivery
included 4 PCB congeners, total cholesterol, and triglycerides.

A follow-up questionnaire was sent out to participants
between April 2019 and October 2019, when the children were
4-6 years old. Mothers were contacted to evaluate the prevalence
of atopic phenomena among their offspring. The atopic
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symptoms were assessed using—the International Study of
Asthma and Allergies in Childhood (“ISAAC”) questionnaire,
(Asher et al,, 1995), previously validated and implemented to
assess the prevalence and severity of asthma and allergic reactions
in children (Romano-Zelekha et al., 2007; Raherison et al., 2019;
Johnk et al., 2020). The questionnaire includes modules to assess
asthma, allergic rhinitis, and atopic dermatitis.

The outcomes of asthma, allergic rhinitis, and atopic
dermatitis were classified as doctor-diagnosed or parent-
reported. Parent-reported asthma symptoms were defined as
children with one of the following symptoms: wheezing or
shortness of breath in the past year or use of inhalations in
the past year. Parent-reported symptoms of allergic rhinitis were
defined as children with one of the following symptoms: chronic
rhinitis occurring not as part of an acute infection in the last year
or use of nasal sprays in the previous year. Parent-reported
symptoms of atopic dermatitis were defined as children with
one of the following symptoms: a persistent itchy rash in the past
year or use of topical preparations in the past year.

The questionnaire was translated into Hebrew, and questions
were added regarding general medical conditions and the
presence of possible confounders such as smoking by one of
the family members; child’s births order in the family; rural/
urban living environment; pet in the family home; and atopy
among nuclear family members.

Sample Analysis

All samples were processed, aliquoted, and frozen at -80°C until
analysis. PCBs were measured at the Centre de Toxicologie du
Quebec. Congeners 118 (2,3',4,4',5-pentachlorobiphenyl), 138
(2,2',3,4,4',5'-hexachlorobiphenyl), 153 (2,2',4,4',5,5'-
hexachlorobiphenyl), and 180 (2,2',3,4,4',5,5'-
heptachlorobiphenyl) were measured. All measures were
performed using GC/MS at INSPEQ, at the Arctic Monitoring
and Assessment Programme Ring Test for Persistent Organic
Pollutants in Human Serum (AMAP), organized and managed by
the Centre de Toxicologie du Québec (CTQ).

The lower limit of quantification (LOQ) was 10 ng/L. For
statistical analysis purposes, values below LOQ were assigned
with the value of LOQ/+/2. All the samples were above the LOQ
for PCB 153. There were 11 samples with levels below the LOQ:
PCB 118—six samples, PCB 118 + 138—one sample, PCB 118 +
180—one sample.

PCBs were measured in 200 randomly selected samples.
Seventeen of the 200 samples were duplicates. The correlations
between the duplicates were 0.996, 0.997, 1, and 0.997 for
congeners 118, 138, 153, and 180, respectively. Where
duplicate samples were measured, a mean of the two measures
was taken.

PCBs were reported as the wet weight. We normalized the
concentrations using the following equation, which adjusts
chemical per gram of total lipids (lipid weight, ng chemical/g
total lipid) (Schisterman et al., 2005).

Total lipids (TL) were estimated using the formula (Bernert
et al., 2007; Bergonzi et al., 2009):

TL(g/L) = 2.27 x TC(g/L) + TG (g/L) + 0.623
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serum samples
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participation questionnaire

FIGURE 1 | Flowchart of study population.

where TL—total lipids, TC—total cholesterol, TG—triglycerides.

Maternal total cholesterol and triglycerides were measured in
the Shamir (Assaf Harofeh) biochemistry lab using standard
methods. The enzymatic method was used to quantitatively
determine cholesterol and triglycerides in human serum and
plasma on Roche/Hitachi Cobas ¢ systems.

Statistical Analysis

Continuous variables are presented as mean and standard
deviation (+SD) or median and interquartile range (IQR).
Continuous variables were compared between groups using
the Kruskal Wallis test or Mann-Whitney test. Categorical
variables were compared using the Chi-square test, or Fisher’s
exact test, as appropriate.

Spearman correlation coefficients were calculated to assess the
correlation between continuous variables of the mother and the
newborn and PCBs level variables.

Logistic regression models were constructed and OR and 95%
CI were calculated. The models were adjusted for potential
confounders: maternal age and family member with asthma/
atopic condition. PCBs levels used were adjusted to serum
lipids. In order to perform the regression analysis and to
increase the sample size for each outcome, the studied
outcomes (asthma, allergic rhinitis and atopic dermatitis) were

Maternal PCBs and Offsprings’ Allergy

combined into 3 groups—children with symptoms and/or with
diagnosis.

All statistical tests were two-sided, and p < 0.05 was considered
statistically significant. SPSS software (IBMS SPSS Statistics for
Windows, Version 25, IBM Corp, Armonk, New York,
United States) was used for all statistical analyses.

RESULTS

Subjects’ Characteristics

One hundred and fifty mothers-newborn dyads completed the
questionnaire and were included in the final analysis, Figure 1
presents the flowchart of the study population. Maternal and
newborn characteristics of those included in the final analysis and
those who refused participation in the study are presented in Table 1.
The only observed difference between the groups was that newborns
included in the study had higher birth weight and birth percentile as
compared to those who refused to answer the questionnaire, 3,200
(2,900-3,478) g vs. 2,875 (2,640-3,337) g, p-value = 0.03, birth
percentile 53 (34-75) vs. 33 (12-70.75), p-value = 0.02.

When comparing maternal, neonatal, and demographic
characteristics between children with and without a diagnosis
of studied outcomes, no statistically significant difference was
found in most of the parameters, such as maternal age at
childbirth, gestational age, birth weight percentile, current
weight percentile, order of the child in the family, sex (male),
smoker in the immediate family, rural living environment and
presence of a household pet (Supplementary Tables S1-S6).

We found that 5% (N = 8) of the children were diagnosed with
asthma. Parent-reported symptoms of asthma had 16% (N = 24)
of children. Six children (4%) were diagnosed with allergic
rhinitis, but for 21 children (14%), parents reported having
allergic rhinitis symptoms. The prevalence of atopic dermatitis
diagnosis was 13% (N = 19), and symptoms of atopic dermatitis
were reported in 14 children (9%).

Maternal Serum Polychlorinated Biphenyls

Levels and Offsprings’ Allergic Outcomes

Statistical analysis was performed to examine the correlation
between maternal PCB levels at birth and the other
characteristics. Two associations were found to be statistically

TABLE 1 | Selected maternal and child characteristics in the EHF-Assaf-Harofeh-Ichilov birth cohort, Israel, 2013-2015, comparing those included (n = 150) with those

refused to answer the questionnaire (n = 20).

Included N = 150

Maternal age at childbirth (years) 32 (30-36)
Maternal education (years) 16 (14-17)
Gestational age (weeks) 39 (38-40)
Birth weight (g) 3,200 (2,900-3,478)
Birth weight percentile 53 (34-75)
Child sex—male (N, %) 79 (62.7%)

Values presented as median and IQR, unless otherwise specified.
Bold: p-value<0.05.

Refused p-value
participation N = 20

30.5 (29-35.5) 0.33
16 (12.25-17) 0.58
39 (38-40) 0.71
2,875 (2,640-3,337) 0.03
33 (12-70.75) 0.02
8 (40%) 0.28
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TABLE 2 | Spearman rank correlations of PCBs (lipid adj.) and maternal age and
education in the EHF-Assaf-Harofeh-Ichilov birth cohort, Israel, 2013-2015
(n = 150).

Maternal age Maternal education

PCB 118 (ng/g lipids) 0.33 0.31
PCB 138 (ng/g lipids) 0.33 0.32
PCB 153 (ng/g lipids) 0.41 0.30
PCB 180 (ng/g lipids) 0.63 0.37
Sum PCBs (ng/g lipids) 0.45 0.33

p-value <0.01 (for all results presented).

significant—maternal age and maternal education, the effect size
was 0.45 (p < 0.01) and 0.33 (p < 0.01) for total PCBs, respectively
(Table 2). Moderate-strong association was found between
maternal age at birth and every studied congener—PCB
118-0.33, PCB 138—0.33, PCB 153—0.41, PCB 180—0.63,
with p-value for all results <0.01. The association between the
maternal education and studied PCBs was moderate—PCB
118—0.31, PCB 138—0.32, PCB 153—0.30, PCB 180—0.33,
with p-value for all results <0.01 (Table 2).

We compared serum PCBs concentration (lipid-adjusted) in
mothers of children with an allergic outcome to serum
concentration in mothers without allergic outcome (Table 3).
No significant differences were found in the median serum PCBs
concentrations of 4 studied congeners or total PCBs for asthma,

Maternal PCBs and Offsprings’ Allergy

allergic rhinitis, atopic dermatitis diagnosis, or parent-reported
symptoms.

The Association Between Maternal Serum
Polychlorinated Biphenyls Levels and
Asthma, Allergic Rhinitis and Atopic

Dermatitis Diagnosis and/or Symptoms

We divided the serum PCBs concentration in tertiles, defined as
concentrations in the lowest third, middle third, and highest third.
Then compared the number of children with allergic conditions
between first and second tertiles vs. the third tertile of maternal
lipid-adjusted PCBs serum concentration (Table 4). No significant
differences were found for asthma diagnosis or parent-reported
symptoms. The same results were observed for allergic rhinitis
diagnosis. A statistically significant difference was observed for PCB
118 in children with parent-reported allergic rhinitis when comparing
the first and second tertile to the third tertile—18 vs. 6%, p-value = 0.05
(Table 4). A significantly higher percentage of children with atopic
dermatitis diagnosis was observed in the third tertile of total PCBs—20.4
vs. 8.9% (in the first and second tertiles), p-value = 0.05. The same results
were observed for the PCB 153. When comparing the parent-reported
symptoms for atopic dermatitis-the same results were observed with a
p-value toward significance. For total PCBs: 16.3 vs. 5.9% (third tertile vs.
first and second tertiles), p-value = 0.07, the same results were obtained
for PCB 153 and PCB 180 (Table 4).

TABLE 3 | Maternal median (IQR) serum PCBs concentration (lipid adjusted) among offspring with or without allergic outcomes.

- Sum PCBs P PCB 118
Asthma diagnosed with 8 11.71 0.29 1.93
(9.19; 20.57) (1.74; 2.13)
w/o 142 15.03 2.31
(11.76; 19.99) (1.85; 3.05)
Asthma symptoms with 24 12.92 0.10 2.07
(10.01; 18.49) (1.63; 2.73)
w/o 126 156.14 2.31
(12.02; 21.56) (1.87; 3.17)
Allergic rhinitis diagnosed ~ with 6 156.18 0.90 1.93
(9.66; 31.03) (1.39; 4.54)
w/o 144 14.69 2.28
(11.26; 19.64) (1.82; 3.04)
Allergic rhinitis symptoms  with 21 14.48 0.61 1.97
(10.03; 20.56) (1.73; 2.54)
w/o 129 14.75 2.31
(11.71; 20.29) (1.84; 3.11)
Atopic dermatitis with 19 20.88 0.19 2.52
diagnosed (12.59; 33.08) (1.81; 4.67)
w/o 131 14.60 2.24
(11.15; 19.09) (1.81; 2.94)
Atopic dermatitis with 14 21.09 0.14 2.39
symptoms (12.46; 38.06) (1.89; 4.77)
w/o 136 14.63 2.25
(10.97; 19.14) (1.79; 2.97)

PCBs, polychiorinated biphenyls presented in (ng/g lipids).
IQR, interquartile range.

P—p-value.

w/o—without.

P PCB 138 P PCB 153 P PCB 180 P
0.12 2.95 0.36 4.19 0.3 3.26 0.48
(2.16; 4.36) (3.22; 7.73) (2.08; 6.65)

3.36 5.39 3.72
(2.53; 4.81) (4.10; 7.27) (2.69; 5.39)

0.1 2.87 0.13 4.47 0.07 3.34 0.16
(2.16; 4.18) (3.46; 6.84) (2.25; 4.69)

3.39 5.48 3.9
2.61; 4.9) (4.23; 7.73) (2.71; 5.61)

0.42 3.9 0.82 5.77 0.79 3.7 0.92
(2.13; 7.11) (3.59; 11.95) (2.24; 8.16)

3.31 5.38 3.69
(2.52; 4.63) (8.9;7.12) (2.69; 5.38)

0.15 3.22 0.65 5.38 0.68 3.26 0.51
(2.29; 4.68) (3.59; 7.68) (2.26; 5.13)

3.34 5.38 3.75
(2.52; 4.84) (4.04; 7.39) (2.75; 5.42)

0.21 4.09 0.15 7.73 0.16 4.68 0.30
(2.25; 7.45) (4.45; 12.25) (2.48; 8.39)

3.27 5.21 3.69
(2.52; 4.48) (3.85; 6.90) (2.69; 5.01)

0.31 4.41 0.14 7.79 0.12 5.79 0.08
(2.75; 7.86) (4.49; 14.37) (2.64; 10.51)

3.28 5.38 3.62
(2.51; 4.49) (3.82; 6.93) (2.68; 5.01)
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TABLE 4 | Comparison of number of children with allergic conditions, between first + second tertiles vs. third tertile of maternal lipid adjusted PCBs serum concentration.

Sum PCBs PCB 118 PCB 138 PCB 153 PCB 180
1+2 3d P 1+2 3d P 1+2 3d P 142 3d P 1+2 3d P
Asthma diagnosed 5.9% 4.1% 1.0 7% 2% 0.27 6% 4% 0.72 5.9% 4.1% 1.0 5.9% 4.1% 1.0
©) @ @) M ©®) @ ©®) @ ©® @
Asthma symptoms 17.8% 12.2% 0.38 18% 12%  0.35 17% 14%  0.64 17.8% 12.2% 0.38 17.8% 12.2%  0.38
(18) ©®) (18) ©®) an @ (18) ©) (18) ©)
Allergic rhinitis 4.0% 41% 1.0 5% 2% 0.66 3% 6% 0.4 4% 4.1% 1.0 4% 4.1% 1.0
diagnosed (4) (@) (6) M ©)] ©)] (@) (4) @) (@)
Allergic rhinitis 13.9% 14.3% 0.94 18% 6% 0.05 14% 14% 1.0 12.9% 16.3% 0.57 13.9% 14.3% 094
symptoms (14) ) (18) (©) (14) @ (19) ®) (14) @)
Atopic dermatitis 8.9% 20.4% 0.05 10% 18% 017 10% 18%  0.17 8.9% 20.4% 0.05 9.9% 18.4% 0.14
diagnosed ©) (10) (10) ©) (10) ©) 9) (10 (10 ©)
Atopic dermatitis 5.9% 16.3% 0.07 8% 12%  0.55 7% 14%  0.23 5.9% 16.3% 0.07 5.9% 16.3%  0.07
symptoms ©6) ®) ®) ©®) ) @) ©®) ®) ©® ®)
Values presented as % (N).
PCBs, polychlorinated biphenyls.
P—p-value.
Bold: p-value toward significance.
1 + 2 - first and second tertiles.
3d—third tertile.
TABLE 5 | The association between PCBs (lipid-adjusted) serum levels and asthma, allergic rhinitis and atopic dermatitis diagnosis and/or symptoms.
N Sum PCBs PCB 118 PCB 138 PCB 153 PCB 180
OR crude aOR OR crude aOR OR crude aOR OR crude aOR OR crude aOR
Cl 95% Cl 95% Cl 95% Cl 95% Cl 95%
Asthma symptoms 26 0.96 0.94 0.74 0.67 0.86 0.8 0.91 0.86 0.88 0.74
and/or diagnosis (0.91;1.01) (0.88;0.99) (0.51;1.08) (0.45;1.01) (0.69;1.07) (0.63;1.02) (0.8;1.04) (0.74;1.01) (0.73;1.06) (0.57;0.97)
Allergic rhinitis 22 0.99 0.98 0.91 0.88 0.96 0.94 0.98 0.96 0.94 0.89
symptoms and/or (0.95;1.03) (0.94;1.08) (0.64;1.21) (0.65;1.2) (0.81;1.13) (0.78;1.12) (0.89;1.07) (0.87;1.07) (0.8; 1.1) (0.72; 1.1)
diagnosis
Atopic dermatitis 21 1.02 1.01 1.16 1.1 1.07 1.04 1.03 1.01 1.07 1.01
symptoms and/or (0.99;1.04) (0.98;1.04) (0.96;1.4) (0.9;1.36) (0.96;1.2) (0.91;1.18) (0.97;1.09) (0.94;1.08) (0.97;1.18) (0.9; 1.14)

diagnosis

PCBs, polychlorinated biphenyls presented in (ng/g lipids).
aOR, adjusted odd ratio for maternal age, family member with asthma/atopic condition.
Cl 95% - 95% confidence interval.

The studied outcomes (asthma, allergic rhinitis and atopic
dermatitis) were combined into 3 groups—children with
symptoms and/or with diagnosis to increase the sample size.
No association was found between exposure to Sum PCBs and the
risk for asthma symptoms and/or diagnosis, crude: OR = 0.96,
95%CI: (0.91; 1.01) or adjusted to maternal age and family
member with atopic condition: aOR = 0.94, 95%CI: (0.88;
0.99) (Table 5). No association was observed between each
studied PCB congener and asthma symptoms or diagnosis.
The same results were found also for other studied
outcomes—allergic rhinitis and atopic dermatitis (Table 5).

DISCUSSION

In this prospective birth cohort study of 150 mothers-newborns
dyads, we aimed to evaluate the possible associations between
background exposure to PCB congeners (118, 138, 153, and 180)
and children’s allergic conditions. We found that a significantly

higher percentage of children with atopic dermatitis diagnosis or
parent-reported symptoms of atopic dermatitis were detected in
the third tertile of maternal serum levels of total PCBs, PCB 153
and PCB 180. There were no statistically significant associations
between prenatal PCBs exposure and asthma or allergic rhinitis in
the offspring aged 4-6years. However, after performing the
logistic regression and adjusting the analysis for maternal age
and family member with atopic condition, no association was
found for each of the atopic conditions—asthma, allergic rhinitis
and atopic dermatitis.

The prevalence of symptoms of asthma, allergic rhinitis, and
atopic dermatitis in the last 12 months in our study (16, 14, 9.3%,
respectively) is comparable to those previously reported in an
Israeli national study conducted using the same questionnaires
from 2003 (13.8, 10.5, 8.7%) (Romano-Zelekha et al., 2007). The
higher rates in our study could be attributed to the lower age in
our study (4-6 vs. 12-13 years). Additionally, contrary to our
study, the aforementioned study used self-report of diagnosis to
define the disease and not self-report of symptoms. Data from
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other industrialized countries based on Phase 3 of ISSAC studies
also indicate prevalence rates of allergic rhinitis ranging around
15% (Bjorkstén et al., 2008).

In our study, children with atopic dermatitis diagnosis or
symptoms were located in higher tertile of the studied PCBs.
There was no statistically significant difference in the median
maternal serum levels of PCBs in children with or without
diagnosis or parent-reported symptoms of atopic dermatitis.
However, the median levels of total PCBs were still much
higher in groups with diagnosis or symptoms of atopic
dermatitis—20.88 (12.59; 33.08) ng/g lipids vs. 14.60
(11.15; 19.09) ng/g lipids for diagnosis and 21.09 (12.46;
38.06) ng/g lipids vs. 14.63 (10.97; 19.14) ng/g lipids for
symptoms of atopic dermatitis. Aside from genetic factors,
the recent dramatic increase in the prevalence of atopic
dermatitis in low- and middle-income countries strongly
suggests that environmental factors may play an essential
role in the pathogenesis of atopic dermatitis (Narla and
Silverberg, 2020). The role of maternal exposure to PCBs in
atopic dermatitis is unclear.

A previous retrospective study showed that reported prenatal
exposure to PCBs increased the odds for eczema/hay fever [OR
3.29 (1.54-7.04)] (Parker-Lalomio et al., 2017). In mice, maternal
exposure to DEHP during neonatal periods was found to
accelerate atopic dermatitis-like skin lesions related to mite
allergen in male offspring, possibly via T helper 2 (TH2)-
dominant responses (Yanagisawa et al., 2008). Another study
did not find a correlation between levels of environmental
chemical contaminants in maternal serum in pregnancy and
childhood rates of eczema at 5-9 years (Hansen et al., 2016).
In contrast, some studies showed prenatal PCB exposures were
inversely associated with a history of atopic dermatitis
(Grandjean et al., 2010; Ochiai et al., 2014). A cross-sectional
study conducted amongst Japanese adults found exposure to
certain PCBs (dioxins) associated with a reduced risk of atopic
dermatitis (Nakamoto et al., 2013).

Similar to atopic dermatitis, studies assessing the role of
maternal exposure to PCBs in wheezing/asthma and allergic
rhinitis show conflicting results (Bjorkstén et al, 2008;
Grandjean et al., 2010; Smit et al., 2015; Parker-Lalomio et al.,
2017). It is possible that due to multiple confounders, different
PCBs examined, different methods and timing of testing, and
relatively small cohorts, results in various studies are conflicting.

Atopic dermatitis is considered the first manifestation of the
atopic march, and therefore relatively young age of questioning in
our study could be related to the underdiagnosis of children who
will later present with other atopic phenomena (Yang et al., 2020).

The birth weight and birth percentile of the newborns
included in the analysis were higher as compared to the
refusal group (Table 1). This is a potentially selection bias.
However, the birthweight was within the normal range in both
groups (appropriate for gestational age). Furthermore, the refusal
group included a small number of newborns (N = 20), as
compared to the study group (N = 150).

Our study has several strengths. It is a prospective birth cohort
study with a high response rate in the study’s second phase.
Analysis based on patient-reported symptoms could very well be

Maternal PCBs and Offsprings’ Allergy

more representative of actual prevalence, as the underdiagnosis
of atopic conditions is reported in resource-rich and
developing countries (Brozek et al., 2013; Esteban et al,
2014; Jacobs et al, 2014; Krajewska-Wojtys et al., 2016;
Aaron et al, 2018; Yang et al., 2019). PCBs 118, 138, 153,
180 are among the most frequently detected congeners in white
adipose tissue (Miillerova and Kopecky, 2007), and those
specific PCBs were tested in our cohort. As the information
collected relies on self-reporting, it is subject to recall bias. To
minimize this bias, we considered information from the last
year before the data collection date to include patients in the
atopic groups, which could have resulted in over including
some children who had acute rather than chronic conditions in
the atopic groups. On the other hand, children with acute
conditions, common in younger children, whose symptoms
later did not persist were not included in the atopic groups,
strengthening the analysis.

CONCLUSION

This study demonstrated that children with atopic dermatitis
diagnosis or symptoms are located at higher tertile of
maternal PCBs level. No similar relationship was
demonstrated for asthma or allergic rhinitis. The logistic
regression adjusted for maternal age and family member
with atopic condition, found no association for each of the
atopic conditions—asthma, allergic rhinitis and atopic
dermatitis. Additional multi-participant studies, with
longer, spanning into later pediatric age follow up are
needed to examine the possible effects of other
environmental pollutants on the prevalence of atopic
phenomena. Our research joins a series of previous studies
that attempt to shed light on environmental exposures in
utero as influencing factors for atopic conditions in children;
as in previous studies, the results reflect the complexity of the
pathophysiology of these phenomena.
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Nowadays, short stature (SS) in childhood is a common condition encountered by
pediatricians, with an increase in not just a few families. Various studies related to the
variations in key metabolites and their biological mechanisms that lead to SS have
increased our understanding of the pathophysiology of the disease. However, little is
known about the role of metabolite variation in different types of childhood SS that
influence these biological processes and whether the understanding of the key
metabolites from different types of childhood SS would predict the disease
progression better. We performed a systematic investigation using the
metabonomics method and studied the correlation between the three groups,
namely, the control, idiopathic short stature (ISS), and short stature due to growth
hormone deficiency (GHD). We observed that three pathways (viz., purine metabolism,
sphingolipid signaling pathway, and sphingolipid metabolism) were significantly
enriched in childhood SS. Moreover, we reported that two short peptides (Thr Val
Leu Thr Ser and Trp lle Lys) might play a significant role in childhood SS. Various
metabolites in different pathways including 9,10-DiIHOME, 12-HETE, 12(13)-EpOME,
arachidonic acid methyl ester, glycerophospho-N-arachidonoyl ethanolamine,
curvulinic acid (2-acetyl-3,5-dihydroxyphenyl acetic acid), nonanoic acid, and N’-
(2,4-dimethylphenyl)-N-methylformamidine in  human serum were compared
between 60 children diagnosed with SS and 30 normal-height children. More
investigations in this area may provide insights and enhance the personalized
treatment approaches in clinical practice for SS by elucidating pathophysiology
mechanisms of experimental verification.

Keywords: different types, human serum, metabonomics, key metabolites, childhood short stature (SS)

INTRODUCTION

In clinical practice, the therapy of childhood short stature (SS) is often confronted by pediatric
endocrinologists and is also an intractable problem (Rogol and Hayden, 2014; Smuel and
Yeshayahu, 2017; Ma et al., 2019). Almost half of the pediatric visitors come to consult about
short stature (Murray et al., 2018). Childhood short stature, which has various causes, can be
categorized under normal and pathological conditions (Ma et al., 2019). The normal condition
includes familial short stature and constitutional delay of growth. However, various pathological
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GRAPHICAL ABSTRACT | SS, short stature; SDS, standard deviation scores; Control, normal height, n=30; ISS, idiopathic short stature n=31; GHD, short
stature caused by growth hormone deficiency, n=29.

factors lead to SS, including Turner syndrome, It has been observed that BMI and growth hormone (GH)
hypothyroidism, chronic diseases, growth hormone  were negatively correlated with childhood short stature (Bosy-
deficiency, and idiopathic short stature (Allen and Cuttler, =~ Westphal et al., 2009; Zhao et al, 2021). SIRTI is a
2013). Short stature during childhood is easily overlooked and ~ nicotinamide adenine dinucleotide (NAD)-dependent
embarrassing, which makes an individual vulnerable to  histone deacetylase that is activated in response to calorie
psychological disorders, such as low self-esteem, loneliness, restriction (CR) (Yamamoto and Takahashi, 2018). Further
academic and job difficulties, and social immaturity (Kim and  investigation between sirtuins, metabolism, and age-associated
Park, 2009). Regrettably, many children with SS remain  diseases hasimplicated the essential role of activation of SIRT'1
affected by short stature as they grow old (Ma et al,, 2019).  (Satoh et al., 2011). SIRT1 regulated the adaptive response of
For example, the probability of developing preterm birth or ~ the GH-insulin-like growth factor 1 (IGF-1) axis under
stillbirth for pregnant women with SS was seen to be relatively particular conditions in the liver (Yamamoto et al., 2013).
higher (Derraik et al., 2016; Ma et al., 2019). Childhood short ~ Therefore, the role of SIRT1 activators may be of critical
stature may be more susceptible to chronic diseases such as ~ importance in molecular metabolic processes and the
obesity and insulin resistance. The inactivation of sirtuin 1  treatment of childhood short stature.

(SIRT1) is connected to the progression of insulin resistance Recent studies have identified some possible protein
associated with SS. Diabetes in people with short stature may  markers in childhood short stature: bone alkaline
be induced later in life with relevance to sirtuin 1 repression = phosphatase, collagen markers, apolipoprotein (Apo) A-II,
(Martins, 2016; Martins, 2017). Therefore, it becomes Apo C-I, Apo A-II, serum amyloid A4 (SAA4), and
necessary and urgent to identify critical targets and  transthyretin (TTR) (Crofton et al., 1996; Hellgren et al.,
mechanisms for childhood short stature. 2008; Decker et al.,, 2013). The most common cause of

TABLE 1 | Personal basic information.

Control ISS GHD P (ISS P (GHD P (1SS
vs. control) vs. control) vs. GHD)

Number 30 31 29
Gender 16 boys 18 boys 20 boys

14 girls 13 girls 9 girls
Age (years) 85+13 92=+25 7.9 £ 3.1 0.225 0.098 0.12
Height (cm) 1334 £ 7.7 119.7 £ 13.0 113 £ 15.1 <0.001 <0.001 0.069
Body weight (kg) 205 +45 309 +12.5 289 +17.2 0.572 0.852 0.609
BMI (kg/m2) 165+ 0.9 21+59 209 £ 6.7 <0.001 <0.001 0.978

Control, normal height; n = 30; ISS, idiopathic short stature, n = 31; GHD, short stature caused by growth hormone deficiency, n = 29, age (years), height (cm), body weight (kg), BMI (kg/
m2): mean = SD, two-tailed t test.
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FIGURE 1 | Metabolic profiing analysis in different types of childhood
short stature. (A) Score plot of the samples using the 3D-PCA model. (B)
Score plot of the samples using PLS-DA model. Control, normal height, n =
30; ISS, idiopathic short stature, n = 31; GHD, short stature of growth
hormone deficiency, n = 29. (C) OPLS-DA between control group and ISS
group. (D) Investigate the quality of the OPLS-DA model (control vs. ISS) by
RPT (response permutation testing). (E) OPLS-DA between GHD group and

(Continued)
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FIGURE 1 | control group. (F) Investigate the quality of the OPLS-DA model
(GHD vs. control) by RPT (response permutation testing). Control, normal
height, n = 30; ISS, idiopathic short stature, n = 31; GHD, short stature of
growth hormone deficiency, n = 29. (G) OPLS-DA between ISS group and
GHD group. (H) Investigate the quality of the OPLS-DA model (ISS vs. GHD)
by RPT (response permutation testing). Control, normal height, n = 30; ISS,
idiopathic short stature, n = 31; GHD, short stature of growth hormone
deficiency, n = 29.

monogenic short stature is the deficiency of the short-stature
homeobox-containing (SHOX) gene (Marchini et al., 2016;
Ponomarenko et al, 2020). A study revealed newer
mechanistic insights that identified ¢.1675G > A mutation
in receptor tyrosine kinase-like orphan receptor 2 (ROR2) in
patients with short stature (Gui et al., 2021). To date, key
molecular mechanisms underlying stunted growth and
childhood short stature remain equivocal. Meanwhile, a
number of children are troubled with SS; it is believed that
the knowledge of crucial metabolites will help in rapid
diagnosis. Moreover, physiological and pathological
mechanisms are also growing significantly and are reliable.
Metabonomics is a powerful biological tool commonly used in
disease phenotypic studies, which plays a vital role in several
aspects such as biomarker discovery, the origin and
development of a disease, and the personalized treatment
(Nicholson et al., 2005; Huang et al., 2013; Wishart, 2016).
In our study, the serum metabolic profiling of 60 children with
SS and 30 normal-height children was investigated using
UHPLC-Q-TOF-MS. We explored 10 significant metabolites
that are found in human serum in the different types of
childhood SS groups (ISS and GHD) compared to the control
children group. They were short peptides (Thr Val Leu Thr Ser
and Trp Ile Lys and), 9,10-DiHOME, 12-HETE, 12(13)-EpOME,
arachidonic acid methyl ester, glycerophospho-N-arachidonoyl
ethanolamine, curvulinic acid (2-acetyl-3,5-dihydroxyphenyl
acetic acid), nonanoic acid, and N’-(2,4-dimethylphenyl)-N-

methylformamidine. These metabolites regulate various
pathways, including arachidonic acid metabolism, short
peptides metabolism, purine metabolism, sphingolipid

signaling pathway, and sphingolipid metabolism in children’s
body. Our results explore new therapeutic target metabolites
based on metabonomics analysis. The key metabolites
discovered will be beneficial in rapid clinical diagnosis and
individualized treatment of patients with different types of
childhood SS.

MATERIALS AND METHODS

Sample Collection of Children With Short

Stature

All patients were recruited from the Fifth Affiliated Hospital of
Harbin Medical University. The Ethics Committee approved
the study of the Fifth Affiliated Hospital of Harbin Medical
University (KY2018003). In addition, the study to determine
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FIGURE 2 | Differential metabolites demonstrated by volcano plot and

heat map. (A-C) represent the metabolites that are downregulated, not
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Childhood SS Metabonomics

the childhood short stature was diagnosed according to the
2015 edition of Chinese guidelines for childhood short stature
prevention and treatment. On the basis of the cause of SS, the
childhood short stature groups were strictly divided into two.
The two groups that are defined as ISS (31 SSs) and GHD (29
SSs) comprise the short stature children due to idiopathy or the
deficiency of growth hormone, respectively. The controls (30
children) were from physical examination screening.
Moreover, the serum for non-targeted metabonomics
analysis was collected from 60 SS children and 30 controls
from June 2018 to September 2019. Sample information is
summed up in Table 1.

Non-Targeted Metabonomics Analysis
of SSs

The chromatographic separation was performed by ultrahigh-
pressure liquid chromatography (UHPLC) (Agilent 1290,
United States). For purification, the chromatographic column
used was ACQUITY UPLC HSS T3 1.8um 2.1 x 100 mm
(Waters). The mobile phase included 0.1% formic acid in
water (part A) and 0.1% formic acid in acetonitrile (part B)
(Zhao et al., 2014). The gradient elution was 5% B kept for 1 min,
changed linearly to 10% B within 1 min, then changed linearly to
95% B within 12 min, held for 2 min, finally changed linearly to
5% B within 1 min, and held for 3 min. The analytical column and
autosampler temperatures were 35 and 4°C, respectively. The
sample volume was 5 uL for each run. The column eluent was
directly analyzed from the MS system (Zhao et al., 2014).

In total, 200 uL of serum with four volumes of methanol/
acetonitrile (1:1, v/v) was extracted. All the samples were shaken
for 30 s and subjected to ultrasound for 10 min. Next, the mixture
was incubated at —20°C for 2 h to facilitate the precipitation of
protein. The serum supernatant was collected after 15 min of
centrifugation at 13,000 g and dried under vacuum and 4°C and
centrifuged before the MS test. The aliquots were reconstituted in
200 pL of acetonitrile/water (1:1) and were shaken for 30 s. Then
each sample supernatant after 15-min centrifugation at 13,000 g
was collected at a volume of 150 uL and analyzed by a UHPLC
system (Agilent 1290, United States) coupled with a Q-TOF
system (Agilent 6545, United States). The remaining sample
supernatants were mixed to make many quality control (QC)
samples. The QC samples were carried out after every 15 serum
samples.

Data were obtained with auto MS/MS mode from m/z 50-
1100. Collision energies for collision-induced dissociation were
20 and 40 V. MS parameters were set as follows: ion source dry
gas temperature was at 320°C, N, gas flow was 8 L/min, sheath gas
temperature was 350°C, sheath gas flow was 12 L/min, and ion
spray voltage was 4000 V (positive ion) and 3500 V (negative
ion), respectively.

Data Collection and Analysis

Data files from the Q-TOF-MS system were converted to the .abf
format using the Analysis Base File Converter software. Peak
detection, chromatogram deconvolution, and other data
processing used MSDIAL3.82 software and aligned with the
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following parameters: alignment-MS1, tolerance —0.01Da, retention
time tolerance-0.2 min, identification accurate mass tolerance
(MS1)-0.005Da, (MS2)-0.05Da, and identification score cutoff
—-60%. For the identification of key metabolites and metabolic
pathways following databases were used: HMDB (http://www.

hmdb.ca/), METLIN (http://metlin.scripps.edu/), Massbank
(http://www.massbank.jp), and KEGG (http://www.kegg.com/).
Multivariate statistical analysis was performed using SIMCA-
P software (version 14.1, Umetrics, Umea, Sweden). Unit
variance scaling followed partial least-squares discrimination
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analysis (PCA) and orthogonal partial least-squares discriminant
analysis (OPLS-DA), which were applied to distinguish three
groups (viz., controls, idiopathic short stature group, and growth
hormone deficiency group). A permutation test was used to check
the validity and the degree of overfitting for the model. The VIP
values of metabolites greater than 1 in non-targeted
metabolomics analysis, and all metabolites were performed
using the Wilcoxon Mann-Whitney test and identified various
metabolites. p < 0.05 was considered significant. Meanwhile, the
false discovery rate (FDR) was used for multiple comparisons (p <
0.10). The ratios of different metabolites between the average of
those in normal control samples and the two experimental groups
were calculated, and MeV version 4.5.1 software was used to
illustrate the relationship between the different metabolites. Raw
data are shown in Supplementary Table S1.

RESULTS

Metabonomics Analysis in Two Different
Types of Childhood Short Stature by
UHPLC-TOF-MS

To explore the critical metabolites in serum metabolism of
different types of childhood short stature, the metabolic
profiles of serum in different groups (ISS and GHD groups)
were analyzed by UHPLC-TOF-MS. Data were analyzed by
SIMCA-P software. 3D PCA (principal components analysis)
and PLS-DA (partial least-squares discrimination analysis) were
demonstrated (Figure 1A). Orthogonal PLS-DA (OPLS-DA)
was performed to explore further the risk metabolites in each
group (Figure 1B). A clear differentiation was shown between
the ISS and control groups, GHD and control groups, and ISS
and GHD groups (Figure S1). All OPLS-DA models were
reliable because none of the permutation tests had no
overfitting. Many critical metabolites and multiple metabolic
pathways had been explored in the serum of different types of
childhood short stature.

Visualization of Differential Metabolites
Using Volcano Plot and Heat Map

We investigated differential metabolites between the control
group and two types of short stature group (Figures 2A-C).
Compared with normal-height children, fourteen metabolites
were downregulated, and 53 were upregulated in ISS
(Figure 2A).  Meanwhile, 50  metabolites  were
downregulated, and 63 were upregulated in the short stature
of GHD (Figure 2C). Furthermore, we focused on 33
differential metabolites between the ISS and GHD groups
(Figure 2B), including 27 downregulated and five
upregulated metabolites. At the same time, the heat map
revealed differential expression of metabolites among the
control, ISS, and GHD groups. These findings revealed that
specific metabolites played significant roles in the progression
of different childhood SS.

Metabolite—-Metabolite Correlation Analysis
Among Ildentified Metabolites

We performed Pearson correlation coefficient analysis to
understand further the interrelationship among identified
metabolites in childhood short stature. Figure 3 shows the
correlation between the top 50 differential metabolites. For
instance, Thr Val Leu Thr Ser, one of the oligopeptides, shows
a significant positive correlation with 2-aminobiphenyl and a
negative correlation with uric acid.

KEGG Pathway Enrichment Analysis

Figure 4 reveals that three pathways (viz.,, purine
metabolism, sphingolipid  signaling pathway, and
sphingolipid metabolism) were significantly enriched in
childhood SS. In Figure 4A, the abscissa indicates rich
factor originated in the number of differential metabolites
in the corresponding metabolic pathway/the number of total
metabolites identified in the pathway. The larger the value of
the rich factor, the greater the degree of pathway enrichment.
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Colors are expressed on a linear scale from green to red with
p values gradually decreasing. In addition, the greater the
bubble, the more metabolites in the pathway. Bar charts in
Figure 4B show purine metabolism was the most
significantly enriched in the three groups.

Childhood SS Metabonomics

Short Peptides Analysis

Short peptides include basic molecular information and are the
precursor to life. Researchers have recently developed a greater
interest in the field due to its unique features and rosy prospects
in innovative bio-therapies [25]. There are 18 short peptides with
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visible differences between normal-height children (control) and
idiopathic short stature (ISS) in Figure 5. They are Arg Ala Glu
Lys, Arg Lys Glu, Arg Phe Val, Gly Leu Arg Val Phe, lle Phe Val
Lys, Leu Ala Thr Lys, Lys Leu Gln, Lys Leu Thr Ala Ala, Lys Pro
His, Lys Pro Lys, Lys Ser Gln Lys, Phe Ala Asn Lys, Ser Lys Phe,
Thr Arg Leu, Thr Asn Phe Asp, Thr Glu Leu Lys, Trp Ile Lys, Val
Ile Asp Lys. Similarly, 16 short peptides have shown a visible
difference between normal-height children (control) and short
stature caused by the GHD. They are Arg Ala Glu Lys, Arg Lys
Leu, Arg Phe Val, Glu Gln Gly, Leu Ala Thr Lys, Lys Leu Gln, Lys
Pro His, Lys Pro Lys, Lys Ser Gln Lys, Phe Ala Asn Lys, Ser Lys
Phe, Thr Asn Phe Asp, Thr Glu Leu Lys, Thr Val Leu Thr Ser, Trp
Ile Lys, and Val Ile Asp Lys. Furthermore, there are merely five
short peptides visibly different in ISS and GHD short stature
children. They are Arg Lys Leu, Glu Gln Gly, lle Phe Val Lys, Thr
Val Leu Thr Ser, and Trp Ile Lys.

We found that the short peptides Thr Val Leu Thr Ser and Trp
Ile Lys might significantly affect childhood short stature.

3.6 Arachidonic Acid Pathway Analysis

In children with idiopathic short stature or a growth hormone
deficiency, 9,10-DiHOME, 12-HETE, and 12 (13)-EpOME
significantly increased, whereas arachidonic acid methyl ester was
remarkably decreased (Figure 6). Glycerophospho-N-arachidonoyl
ethanolamine showed markedly elevated levels in children with
idiopathic short stature compared to normal-height children or
children with growth hormone deficiency. Thus, these metabolites
refined our understanding of SS in the arachidonic acid pathway.

Acids and Acid Amides Metabolites

Analysis

To better understand differential metabolites in pubertal children
with short stature, acids and acid amides were also analyzed to find
the key metabolites that could differentiate between the normal-
height group and SS (Figure 7). Our results demonstrated that the
key metabolites were curvulinic acid, docosahexaenoic acid ethyl
ester, nonanoic acid, stearamide, capsidiol, eicosanoyl-EA, N’-(2,4-
dimethylphenyl)-N-methylformamidine, N, N-diisopropyl-3-
nitrobenzamide, and palmitic amide. Moreover, the compounds
such as alpha-tocotrienol, benzoic acid, curvulinic acid, linoleic acid-
biotin, nonanoic acid, and N’-(2,4-dimethylphenyl)-N-
methylformamidine could discriminate ISS group from normal
height subjects or children with the GHD.

It was observed that some metabolites could distinguish
subtypes of childhood SS, which were (R)-(+)-2-pyrrolidone-5-
carboxylic acid, alpha-tocotrienol, benzoic acid, curvulinic acid,
linoleic acid-biotin, nonanoic acid, and N’-(2,4-dimethylphenyl)-
N-methylformamidine.

Analysis of Other Metabolites

While screening differential metabolites, we investigated some
interesting compounds like uric acid, lipids, fructose, and others
in (Figure 8). A series of metabolites (Yusupov et al., 2017) could
differentiate between the normal-height group and childhood SS,
that is, N, N-dicyclohexylurea, N-fructosyl isoleucine, N-fructosyl
phenylalanine, = N-fructosyl  tyrosine, =~ methylergonovine,
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FIGURE 7 | Acids and acid amides metabolite(s) analysis in column
configuration. Group N, normal height, n = 30; group A, ISS, idiopathic short
stature, n = 31; group B, GHD, short stature of growth hormone deficiency,
n=29. Alldata are mean + SEM. *p < 0.05; *p < 0.01; **p < 0.001; two-
tailed Mann-Whitney U test.
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hypoxanthine, and sphinganine. Moreover, phosphatidylcholine
lyso 16:0 could discriminate ISS from normal-height subjects or
children with growth hormone deficiency. We also discovered some
metabolites could identify subtypes of childhood SS, which were
parabanic acid, FA 34:6 (16Z,192,227,257,287,31Z), and FA32:6
(14Z,17Z,202,232,26Z,29Z).

DISCUSSION

The most significant difference between the species is the size of
the individual (Klingseisen and Jackson, 2011). However, the
mechanisms behind childhood short stature’s pathogenic
processes remain poorly understood. Early diagnosis and
identification of key metabolites of childhood SS will lead to
the reasonable treatment and understanding of the mechanism
behind the progression of the disease. Our study investigates the
key metabolites between different types of childhood SS and
normal height children by UHPLC-MS-MS.

Our study revealed that purine metabolism, sphingolipid
signaling pathway, and sphingolipid metabolism were
significantly enriched in ISS, childhood SS with GHD, and
normal-height children (Figure 4). Several studies involving the
anti-aging gene SIRT1 have suggested that SIRT1 is involved in
regulating growth hormone and sphingolipid metabolism with
relevance in neurodegeneration. Therefore, it has been suggested
that SIRT1 plays a critical role in the hypothalamic—pituitary axis,
regulation of metabolism, aging, and longevity (Satoh et al., 2011;
Yamamoto and Takahashi, 2018).

Some studies have observed that purine metabolism plays a
vital role in energy metabolism (Esther et al., 2015). Since uric
acid is the final product and an essential index of purine
metabolism (Si et al., 2020), we found that increased uric acid
could discriminate idiopathic short stature among the ISS, GHD,
and control groups (Figure 8). Moreover, hypoxanthine could
distinguish childhood SS from normal height children, as
observed in Figure 8. Changed sphingolipid metabolism might
result in sensory neuron damage (Chen et al., 2015). In recent
years, some evidence has also suggested that sphingolipid
dysregulation plays a pivotal role in the pathogenesis of many
brain disorders (Bourgognon et al, 2018). Growth hormone
secreted from the pituitary gland is closely related to
childhood SS. The primary reasons for GH secretion level
changes with age were associated with the transformation in
the pituitary gene expression of GH and the GHRH receptor
together with a decrease in hypothalamic GHRH (Sonntag et al.,
1980; Corpas et al., 1993; Chapman et al., 1997; Degli Uberti et al.,
1997; Russell-Aulet et al., 1999; Rosen, 2000; Frutos et al., 2007;
Weigent, 2013). Our results showed that sphinganine could
distinguish between childhood SS and normal height children.
In addition, sphingolipid metabolites have also been shown to
regulate arachidonic acid (AA) metabolism (Zhang et al., 2021).
As shown in Figure 6, similarly, our results have revealed that the
AA pathway contributes to childhood SS development and
progression.

Frontiers in Pharmacology | www.frontiersin.org

145

May 2022 | Volume 13 | Article 818952


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Chen et al.

Childhood SS Metabonomics

|
e e ¢
0.015— 0.015
0.010 0.010
0.005 - 0.005
0.000- 0.000-
N A B

Eicosanoyl-EA
Ak A
0.015

N,N-diisopropyl-3-nitrobenzamide

A (R)-(+)-2-Pyrrolidone- 2-{5-[2-((2-'[‘5-(2-Hydrotybulyl) : .
5-carboxylic acid y furanyl]propanoyl} - R anzoic aci
0.015- -car o:! ic aci oxy)butylltetrahydro.2-faranyl) 0.020- alpha-Tocotrienol 0.015— AN
. 0.020- Ppropanoic acid G - SRR S N
0.015- ’
*x )
0.010- 0.0154 0.0104
0.010+ 5
0.0104 —
0.005+ i) 0.0054
0.005 .
0.000- 0.000- 0.000- 0.000-
N A B N A B N A B N A B
Curvulinic acid; (2-Acetyl-3,5-  Docosahexacnoic Acid cthyl ester Linoleic Acid-biotin Nonanoic acid
dihydroxyphenyljaceticacid 0020w % 0.015 15e —2E
0.020 o oo+ 0.015 >
- 0.015+ - 2y
0.015+ B 0.0104 .
0.010-] 0.0107]
0.0054 0.005-
0.005
0.000- 0.000- 0.000-
N A B B N A B N A B
B
0.020 S(ea*r::nlde 9:020 _6-hydroxy buspirone - capsidiol

=
|

0.020+ Malyngamide J 0.020— Liid 4

PR .k E—
e

0.015- 4 0.015-

0.010- ==
0.010 0.010

0.005-
0.005 0.005-

0.000- 0.000- 0.000-

N A B

=

(R)-MG132

0.020 0.020 0.020 P'almlg&amlde
—_— — Hkk

0.015 = 0.015- .

0.010— - 0.010

0.005— 0.005

0.000- 0.000-
N A B N A B N A B

FIGURE 8 | Other metabolites analysis in column configuration. Group N, normal height, n = 30; group A, ISS, idiopathic short stature, n = 31; group B, GHD, short
stature of growth hormone deficiency, n = 29. All data are mean + SEM. *p < 0.05; *p < 0.01; **p < 0.001; two-tailed Mann-Whitney U test.

0.015

0.010

0.005—

0.000-
N A B
N°-(2,4-Dimethylphenyl)-N-
methylformamidine

N A B

Short peptides play an important role in the immune system and
are responsible for transmitting most immunological information
(Parhiz et al, 2013). Some short peptides (2-20 amino acids) are
partially obtained by enzymatic hydrolysis of proteins and are

important bioactive peptides (Zhang et al,, 2019). In recent years,
short peptides have been of considerable interest in the branch of
biology, chemistry, and medicine for their unique structural and
functional diversity (Apostolopoulos et al., 2021). Reports showed that
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decreased relative to the controls indicated in blue. All data are of the
two-tailed Mann-Whitney U test.

short peptides have relevance in many diseases, including
neurodegenerative diseases (Jang et al., 2016), Alzheimer’s (Perez-
Garmendia and Gevorkian, 2013; Soudy et al,, 2019), and rheumatoid
arthritis (Turesson et al., 2007; Ruiz-Ortiz De Arrizabaleta et al., 2011)
and also has many therapeutic effects (New et al., 2014; Tatman et al.,
2016; Baig et al., 2018; Horsley et al., 2020). Our results demonstrated
that 18 short peptides could visibly differentiate between the control
and ISS groups, as well as 16 short peptides could clearly distinguish
the control from the GHD group, and six short peptides can
distinguish ISS from the GHD group (Figure 5). These findings
necessitate further investigation and may serve as the starting point for
developing new therapeutics for childhood SS.

Our study also detected a number of acids, acid amides, lipids,
fructose, and other metabolites, indicating their involvement in the
process of childhood SS (Figures 6-8). The 16 metabolites that could
differentiate between the normal height group and childhood SS
were curvulinic acid, docosahexaenoic acid ethyl ester, nonanoic
acid, stearamide, capsidiol, eicosanoyl-EA, N’-(2,4-dimethylphenyl)-
N-methylformamidine, N,N-diisopropyl-3-nitrobenzamide,
palmitic amide, N,N-dicyclohexylurea, N-fructosyl isoleucine,
N-fructosyl phenylalanine, N-fructosyl tyrosine,
methylergonovine, hypoxanthine, and sphinganine. Furthermore,
the seven compounds that could discriminate ISS from normal-
height subjects or childhood SS with GHD were alpha-tocotrienol,
benzoic acid, curvulinic acid, linoleic acid-biotin, nonanoic acid, N'-
(2,4-dimethylphenyl)-N-methylformamidine, and
phosphatidylcholine lyso 16:0.

Our study has also revealed that 10 metabolites could distinguish
subtypes of childhood SS, which were (R)-(+)-2-pyrrolidone-5-
carboxylic acid, alpha-tocotrienol, benzoic acid, curvulinic acid,
linoleic acid-biotin, nonanoic acid, parabanic acid, FA 34:6
(162,192,227,257,287,31Z) FA32:6 (14Z,177,202,237,267,297),
and N’-(2,4-dimethylphenyl)-N-methylformamidine. However, in

Childhood SS Metabonomics

order to achieve a clear distinction and characterization,
optimization of potential biomarker analysis is the most
important to understand childhood SS. In our study, the three
potential ~ biomarkers,  curvulinic = acid  (2-acetyl-3,5-
dihydroxyphenyl acetic acid), nonanoic acid, and N-(24-
dimethylphenyl)-N-methylformamidine had apparent changes
among the three groups. It has been observed that curvulinic
acid originated from the microbial metabolism of polyphenols is
widely distributed in organisms (Vazquez-Manjarrez et al.,, 2020).
Polyphenols have been shown to play an essential part in plant
development (participating in plant hormone signaling),
reproduction, and defense (protecting from pathogens) (Agati
et al,, 2012; Agati et al,, 2013; Zhao et al, 2017). Nonanoic acid
is a species of fatty acid and is a group of compounds that can
potentially be a consequence of increased cell membrane lysis
(Hillyer et al, 2016; Yusupov et al., 2017; Lawson et al., 2019).
Some studies have also demonstrated that nonanoic acid had a
particular influence on the Poria placenta growth (Kozicki et al.,
2019). Some genes can degrade an array of methylated compounds
(dimethylamine, methylamine, and N’-(2,4-dimethylphenyl)-N-
methylformamidine) to produce either formaldehyde or methyl
groups as the intermediates (Huang et al, 2019). Consequently,
our study revealed that these three potential biomarkers played vital
roles in the development of childhood SS.

There are some limitations of this study that need to be focused
and discussed. Even though there were relatively equal numbers of
gender and age in each childhood SS group, we were underpowered
to evaluate the associated diseases (except for injuries), dietary
supplements, and diet differences. Furthermore, the batch
samples used for screening key metabolites were relatively modest
(normal height, n = 30; ISS, n = 31; GHD, n = 29), although the
number of samples met the human metabonomics requirements.
Nevertheless, our observations need to be replicated in an
independent and enough quantity samples in the future.
Moreover, childhood SS could be primarily judged by body
height comparison table and instruments (test bone age). We
noted that our study was intended to illustrate complementary
methods that might improve clinical prediction and help
understand childhood SS progression.

CONCLUSION

In our study, the metabolite changes in ISS and short stature
caused by GHD were investigated utilizing UHPLC-Q-TOEF-
MS-based metabonomics (Figure 9). Our data have revealed
that three pathways (viz., purine metabolism, sphingolipid
signaling pathway, and sphingolipid metabolism) were
significantly enriched in childhood SS. Moreover, two short
peptides (Thr Val Leu Thr Ser and Trp Ile Lys) may play a vital
role in childhood SS. In addition, altered metabolites were
involved in the metabolism of 9,10-DiHOME, 12-HETE,
and 12 (13)-EpOME, arachidonic acid methyl ester,
glycerophospho-N-arachidonoyl ethanolamine, curvulinic
acid (2-acetyl-3,5-dihydroxyphenyl acetic acid), nonanoic
acid, and N’-(2,4-dimethylphenyl)-N-methylformamidine.
Our findings contribute to the understanding of molecular
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metabolic processes in childhood short stature and may
provide potential clues for the underlying mechanisms that
will help treat childhood short stature.
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Perinatal pharmacology is influenced by a myriad of physiological variables that are
changing dynamically. The influence of these covariates has not been assessed
systemically. The objective of this work was to use theophylline as a model drug and
to predict its pharmacokinetics before, during (including prediction of the umbilical
cord level), and after pregnancy as well as in milk (after single and multiple doses)
and in neonates using a physiological-based pharmacokinetic (PBPK) model. Neonatal
theophylline exposure from milk consumption was projected in both normal term and
preterm subjects. Predicted infant daily doses were calculated using theophylline average
and maximum concentration in the milk as well as an estimate of milk consumption.
Predicted concentrations and parameters from the PBPK model were compared to
the observed data. PBPK predicted theophylline concentrations in non-pregnant and
pregnant populations at different gestational weeks were within 2-fold of the observations
and the observed concentrations fell within the 5th—95th prediction interval from the
PBPK simulations. The PBPK model predicted an average cord-to-maternal plasma ratio
of 1.0, which also agrees well with experimental observations. Predicted postpartum
theophylline concentration profiles in milk were also in good agreement with observations
with a predicted milk-to-plasma ratio of 0.68. For an infant of 2 kg consuming 150 ml of
milk per day, the lactation model predicted a relative infant dose (RID) of 12 and 17%
using predicted average (Cavg,ss) and maximum (Crax,ss) concentration in milk at steady
state. The maximum RID of 17% corresponds to an absolute infant daily dose of 1.4
+ 0.5 mg/kg/day. This dose, when administered as 0.233 mg/kg every 4 h, to resemble
breastfeeding frequency, resulted in plasma concentrations as high as 3.9 (1.9-6.8) mg/L
and 2.8 (1.3-5.3) (5th—95th percentiles) on day 7 in preterm (32 GW) and full-term
neonatal populations.

Keywords: theophylline, pregnancy, feto-placenta, lactation, preterm, PBPK model, breastfeeding, infant dose
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Perinatal PBPK Model for Theophylline

INTRODUCTION

Pharmacokinetics (PK) are typically influenced by a variety
of physiological variables and also can be altered in different
pathological states (1, 2). During the perinatal period, drug
PK can be affected by a variety of time-varying physiological
parameters in the mother and the unborn fetus (3). Immediately
after birth few physiological parameters are reverting to the pre-
pregnancy status and can affect the maternal drug exposure
(4). For many drugs, the impacts of these changes are minimal
with most of the PK parameters being within the pre-pregnancy
range (5, 6). Drug exposure to neonates after birth may happen
during breastfeeding, assuming the drug reaches the milk after
maternal intake. The amount of drug delivered to the breastfed
neonate varies with variability in maternal physiology and milk
composition as well as the breastfeeding style, i.e., frequency and
fed amounts (7, 8). Once the drug reaches the neonatal gut or
systemic circulation, the exposure in neonates is influenced by
the maturation of the drug absorption and disposition processes
that are known to vary with the age of the newborn (9-11).

The impact of physiological changes during pregnancy on
drug disposition has not always been thoroughly assessed in
clinical studies. This leaves open the question of how and to what
extent physiological changes can affect the PK of a drug during
pregnancy and if knowledge of the physiological changes that
occur during pregnancy can be used to provide some insight
into potential PK alterations during pregnancy. Information on
the expected alteration of drug PK during the perinatal period
can be used to guide the initial prescription strategies to protect
both the mother and the neonate by aiding the selection of
the right dose for the right patient at the right time (12, 13).
During breastfeeding, there is a risk of neonatal drug exposure
via breast milk following maternal drug intake. Milk is a complex
fluid, with pH, fat, and protein levels that change over time. The
composition of milk and the physicochemical properties of drugs
largely determine the extent to which drugs are excreted into the
milk (14). The ability to predict neonatal exposure to drugs via
breast milk (particularly those that are potentially hazardous to
neonates) would also be useful in a clinical setting.

Physiologically-based-pharmacokinetic (PBPK) modeling has
been widely used to investigate the influence of physiological
changes in different subjects or in specific populations on
drug disposition (15, 16). The application of PBPK models to
predict drug exposure in pregnant women is increasing due to
its mechanistic nature. This allows the inclusion of gestational
age-related changes in physiological parameters together
with information on the physicochemical properties, in vitro
disposition information (binding, metabolism, permeability,
solubility, etc.), and human PK of the drug to be considered in the
PBPK model (12). To date, the clinical applications of the PBPK
model to predict drug exposure in milk are still very limited.
The aim of this work is to develop a PBPK model to describe
the pharmacokinetics of theophylline before, during, and after
pregnancy, in breast milk, and in neonates. Theophylline is
commonly used to treat asthma and apnea of prematurity
and was selected as a model drug for this exercise due to the
availability of PK data from different perinatal periods.

MATERIALS AND METHODS
Workflow

For all predictions of theophylline kinetics in different
populations, the Simcyp Simulator (V21) was used. The workflow
of the PBPK model implementation was as follows. Firstly,
simulations were performed to predict the theophylline PK in
non-pregnant subjects. Secondly, the developed theophylline
PBPK model in non-pregnant subjects was used to predict the
theophylline PK during pregnancy by applying gestational-
dependent changes in the physiological parameters of the
mother and the fetus. Thirdly, the PBPK model was coupled
with a lactation model (14) to predict the drug exposure in
maternal plasma and milk (8). Finally, the predicted infant daily
dose from the lactation model was used as a dose input for
the neonatal PBPK model in neonatal subjects of different ages
by accounting for neonatal age-dependent physiology changes
(17). This workflow is depicted in Figure 1. The results from all
simulations were compared to observed clinical data. A total
of 20 trials were used in each executed simulation using the
reported sample size for each trial to the derived parameters e.g.,
AUC, Cmax, etc., are reasonable estimates of the parameters and
their associated variability in a population. If a clinical study
used < 10 subjects, we executed the simulation for 10 subjects in
20 trials (200 subjects) to get a better picture of the variability.

Model Building

The input parameters for the theophylline PBPK model are
provided in the Supplementary Table 1. The parameters used
in the theophylline PBPK model are based on a previously
published theophylline PBPK model (3) that was used to simulate
theophylline PK in non-pregnant and pregnant women without
considering the fetoplacental model or CYP2E1 changes during
pregnancy. The absorption was modeled using a first-order
absorption model. In the current work, a mechanistic model of
oral absorption of theophylline was used with the permeability
in different segments of the intestine being predicted from
physicochemical properties using a mechanistic permeability
approach (18).

Depending on the clinical study the theophylline was
dosed in the PBPK model either as a solution or a tablet.
After oral administration of theophylline in adult subjects,
the bioavailability is ~100% from uncoated tablet and liquid
formulations (19). When tablets were used in the clinical study
the solid formulation option was chosen for the PBPK model
with dissolution being described using a diffusion layer model
(20) with an intrinsic solubility value for theophylline being
calculated from the melting point and lipophilicity of the
drug [273°C; (21)] (22). The distribution of theophylline into
the tissues was described using a full-body PBPK model with
tissue partition coefficients (Kps) being predicted according to
Rodgers and Rowland (23) with a global tissue scalar of 1.2
to recover reported data after an intravenous dose (24). The
elimination of theophylline was described using metabolism
(~85% of systemic clearance) and renal clearance data (~15%
of systemic clearance) (see Supplementary Table 1) for a list
of input parameters in the PBPK model). The metabolism of
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FIGURE 1 | Workflow of the implemented perinatal theophylline physiological-based pharmacokinetic (PBPK) model. The neonatal model includes caffeine PBPK as a

theophylline in non-pregnant subjects was mainly by CYP 1A2
(~88% of hepatic metabolism) and CYP2E1 (~12% of hepatic
metabolism) with minor contributions (<1%) from CYP2D6
and CYP3A4). Assignment of the contribution of individual
CYP isozymes to the metabolism of theophylline was made
based on published data (25, 26). The adequacy of these
parameters to predict theophylline PK in non-pregnant subjects
was assessed by comparison with observed data in non-pregnant
populations after intravenous and oral administrations. The
compound PBPK model was then used to simulate theophylline
PK in the pregnancy, lactation, and neonatal PBPK models.
In these simulations, the input parameters for theophylline
were not modified with the exception of the inclusion of a
metabolic pathway resulting in the formation of caffeine in
neonatal subjects that is not observed in adult subjects (27, 28)
(Supplementary Table 1). In addition, a first-order absorption
model was used in the preterm subjects as the mechanistic
absorption model used in the other populations has not been
implemented in the software for preterm subjects due to a
paucity of appropriate physiological gut data to parametrize
the more complex absorption model in preterm subjects. Other
physiological changes in the PBPK model were accounted for in
pregnant women and neonatal subjects (see following sections
for details).

Theophylline PK in Non-Pregnant

Population
The following virtual trial settings were used for non-pregnant
subjects after either intravenous or oral administrations:

Trial design NPI (model building): Single intravenous
infusion of 4.5 mg/kg theophylline administered over
30min (24); 20 trials of 14 (0% women) subjects aged
19-35 years.

Trial design NP2: Single intravenous infusion of 7.3 mg/kg
theophylline administered over 30 min (19); 20 trials of 20 (50%
women) subjects aged 24-57 years.

Trial design NP3: Single intravenous infusion of 240 mg
theophylline administered over 45 min (29); 20 trials of 10 (100%
women) subjects aged 22-26 years.

Trial design NP4: Single intravenous infusion of 151.2mg
theophylline administered over 20 min (30); 20 trials of 13 (0%
women) subjects aged 20-39 years.

Trial design NP5: Single oral doses of 3.4 mg/kg
theophylline (31); 20 trials of 10 (56% women) subjects aged
18-36 years.

Trial design NP6: Single oral dose of 5 mg/kg theophylline
solution (32); 20 trials of 12 subjects (0% women) aged 23-
39 years.

Trial design NP7: Single oral dose of 5 mg/kg theophylline
solution (33); 20 trials of 10 (50% women) subjects aged 22—
35 years.

Trial design NP8: Single oral dose of 7.6 mg/kg theophylline
(19); 20 trials with 10 (50% women) subjects aged 22-57 years in
each trial.

Trial design NP9: Single ascending oral dose of
125, 250, 375, and 500mg theophylline tablet (34); 20
trials of 10 (50% women) subjects aged 22-35 years in
each trial.

Frontiers in Pediatrics | www.frontiersin.org

May 2022 | Volume 10 | Article 840710


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Abduljalil et al.

Perinatal PBPK Model for Theophylline

Theophylline PK During Pregnancy

The changes in maternal physiology during pregnancy have
been described in detail previously (3). The main physiological
changes affecting the clearance of theophylline during pregnancy
are the changes in CYP1A2 and CYP2EI activity and renal GFR
during pregnancy. These changes were described in the PBPK
model using the following functions:

CYP1A2) = CYP1A2() (1 —0.02552 GW + 0.0002 GW?)

CYP2E1 g

mL
GFRyred (— )
min

where CYP1A2(), CYP2El(), and GFR(y) are the baseline
values in non-pregnant women. Values for individual subjects
i, are generated from a mean value and %CV using lognormal
distribution, GW is the gestational week. These equations, except
CYP2EI, have been described previously (3, 35). The change
of CYP2EL activity during pregnancy used in this study was
derived based on the difference in the longitudinal unbound
oral clearance of theophylline observed during pregnancy and
the predicted unbound clearance from the PBPK model without
CYP2EL1 changes being incorporated (Supplementary Figure 1).
Due to the absence of systemic clearance at different gestational
weeks, the oral clearance was used as the bioavailability of
theophylline was reported to be complete, i.e., F = 1 (19).
Exposure in the fetus was simulated to occur via a placental
permeability-limited model as described previously (36). In the
current work, the fetal model was extended to 14 compartments
representing various fetal tissues and linked to the maternal full-
PBPK model via the placenta, which in turn was represented by
three compartments (Figure 1). Growth of the fetus and fetal
tissues, tissue blood flows, and binding proteins were all dynamic
within the model according to previously published relationships
(37-40). Physiological changes to the placenta, including its size
and blood flow on the maternal and fetal sides, were also included
in the model (35, 40). More details on the fetoplacental model
assumptions and application have been described elsewhere (41).

This maternal-fetal model allows the prediction of fetal
exposure. A value for theophylline transplacental clearance
(CLpp) obtained from an ex wvivo experiment of 2.59
mL/min/cotyledon (42) was included in the PBPK model
to predict umbilical cord exposure. The in vitro value was scaled
to give a CLpp value in (L/h/g tissue) as described below using
the reported cotyledon weight of 22 g reported in the same
experiment (42):

CYP2El(g (14 0.012 GW +0.0002 GW?)

GFR() (1 + 0.028392 GW — 0.000502 GW?)

2.59 (mL/ min)

22 (g)
0.0071 L/h/g tissue

Placenta CLpp 60/1000

This CLpp of 0.0071 L/h/g tissue was used as a model input
parameter to parametrize the passive diffusion clearances on both
sides of the placenta assuming a placental density of 1 g/ml.
In addition, to predict the amniotic exposure of theophylline,

the fetal renal clearance (fetal CLg) was calculated based on
fetal GFR of 4.9 ml/min (43) with reference to a typical adult
GFR value of 121 mL/min (44) and the adult theophylline renal
clearance of 0.31 L/h (see Supplementary Table 1) according to

the following equation
tal CLy (L/h/kg) =
fetal Cly (L/h/kg) <Fetal Bodyweight(Kg))

<fetal GER (mL/min) >

Adult GFR (mL/min)
Clearances between the fetal tissue and amniotic fluid, as well as
fetal swallowing, were accounted for in the fetal PBPK model
as described previously (41). The full list of the model input
parameters is available in Supplementary Table 1.

The following trial designs were set for model prediction
during pregnancy to match the clinical studies after oral
administration of theophylline:

Trial design P1: Multiple oral doses of 259 mg theophylline for
5 days (45); 20 trials of 10 pregnant women aged 19-31 years at
13-19 GWs.

Trial design P2: Multiple oral doses of 259 mg theophylline for
5 days (45); 20 trials of 10 pregnant women aged 19-31 years at
23-28 GWs.

Trial design P3: Multiple oral doses of 259 mg theophylline for
5 days (45); 20 trials of 10 pregnant women aged 19-31 years at
34-39 GWs.

Trial design P4: Multiple oral doses of 259 mg theophylline for
5 days (46); 20 trials of 10 pregnant women aged 20-31 years at
37-40 GWs.

Trial design P5: Multiple oral doses of 160 mg theophylline
every 6h for 3 days (47); 20 trials of 10 pregnant women aged
19-31 years at 34-39 GWs.

Trial design P6: Multiple oral doses of 100 mg theophylline
every 12h for 3 days (48); 20 trials of 10 pregnant women aged
18-45 years at 40 GWs.

Adult CLy (L/h)

Theophylline PK During Lactation
Due to an absence of information on the milk composition
of the nursing mothers included in the clinical studies, two
empirical models (I and II; see below for detailed equations)
were used to predict the theophylline milk-to-plasma (M/P) ratio
assuming a mature milk composition (8) and the average value
of milk:plasma ratio (M/P) was used in the simulations (see
Discussion section).

Model I (14, 49):

Supfuy”
= un

Sk fu 1
mk \ 1+ froe (it Pappmie—1)

1

M/P

Model II (14):

InM/P = —0.405 + 9.36 In(Mu/Pu) — 0.69 lnfup — 1.54 InK
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where,

K

((1 - ffat)/fumk) + ffat . Pappmilk

Pappmilk — 10(—0.88+1.29 LogD7)

fu, is the individualized unbound fraction of the drug in the
maternal plasma, f fat 18 the fractional volumes of fat components
in the milk, sampled from a population mean of 6.2 g/100 ml of
milk and distribution (33% CV) using a lognormal distribution.
LogDy ; is the apparent milk fat-to-skimmed milk partition at pH
7.2 (14). This value is predicted from the theophylline octanol-
to-water partitioning ratio (LogP,:,) accounting for ionization
at pH = 7.2. fu,,, is the individualized unbound fraction of the
drug in the milk calculated using the following equation (50):

0.448
fup

00006940448 4 f3,0-448

fumk =

Mu/Pu, is the ratio of the unionized fraction of the drug in
plasma, £, to the unionized fraction of the drug in milk, f7.
fp™":is calculated using the compound pKa(s) and the plasma pH.
According to the following equations:

1
1+ IO(PKQZ*PK“I) + 10(Pleasma_PK“1) + IO(PK“Z_Pleusma)

J(I‘)l/m —

un __ 1

mk 4+ 10(PKa2—pKal) 4 10(pHmik—pKal)  10(pKa2—pHpin)

Where the pH of the milk is a physiological parameter (milk pH
=7.0) (8).

Using the average milk to plasma ratio, the milk level of
theophylline after single and multiple dosing in the mother was
simulated. Predicted infant daily doses were calculated using the
predicted theophylline average (Cayg,ss) and maximum (Cpyax,ss)
concentration in milk at a steady state.

Trial design L1: Multiple oral doses of 259 mg theophylline for
5 days (45); 20 trials of 10 nursing mothers aged 19-31 years in
each trial.

Trial design L2: Single intravenous dose of 4.25 mg/kg infused
over 20 min (51); 20 trials of 10 nursing mothers aged 19-31 years
in each trial.

Trial design L3: Oral doses of 300 mg theophylline followed by
200 mg after 4 h (52); 20 trials of 12 nursing mothers aged 20-40
years old.

Theophylline PK in Neonates

For assessment of theophylline neonatal exposure from milk, the
calculated infant daily dose was used as an input for the neonatal
PBPK model. Simulations were conducted in both full-term and
preterm neonatal subjects. The physiology of the preterm PBPK
model includes age-dependent changes in physiology, including
parameters relevant to theophylline elimination such as renal
function, and CYP1A2 ontogeny (53). The ontogeny of CYP2E1
has not been quantified in preterm individuals so the ontogeny

in preterm subjects was assumed to be the same as in the full-
term subjects (54). Therefore, the following equations were used
to describe the age-related changes in theophylline clearance:

. PMA34
GFRpreterm (mL/min) = 121

0.9233.4 + PMA3.4

weight \ *7°
70

0.81 + PMA>?

CYP1A2preterm (fmction of adult) =

0.99 x (PNA/52)%°
0.23%5 + (PNA/52)"°

CYP2E1preterm (fraction of adult) =

where PMA is the postmenstrual age in years, and PNA is
the postnatal age in weeks converted to years via dividing by
52 weeks.

Theophylline undergoes an additional metabolic process in
preterm neonates resulting in the formation of caffeine (27). This
metabolic pathway does not occur in adults and the pathway is
therefore not included in the adult model. The pathway leading
to caffeine formation was accounted for in the preterm neonatal
PBPK model as described below with no further ontogeny of
the pathway being considered in the liver. A previously verified
caffeine PBPK model (53) was included in the preterm neonatal
model as a metabolite of theophylline and was used to optimize
the intrinsic clearance of theophylline to caffeine by comparison
of the simulated with the observed caffeine levels in preterm
neonates after intravenous (28) and oral administration (55)
of theophylline. A scaling factor of 20-fold for the conversion
of theophylline to caffeine in the gut was required to describe
the observed exposure of theophylline, but also the formed
caffeine checked during the exercise, after oral administration.
Sensitivity analysis for this intestinal metabolism scalar is given
in Supplementary Figure 4. The caffeine metabolite model was
retained in the PBPK model for all neonatal simulations. A list of
preterm PBPK model inputs for theophylline and caffeine is given
in Supplementary Tables 1, 2. To account for fast developmental
changes in the preterm physiology, the time-varying covariates
option within the Simulator was used (56).

The following simulations were conducted for the neonatal
model building and performance verification:

Trial design N1 (model building): An intravenous loading
dose of 5.5 mg/kg theophylline infused over 20 min followed by
multiple intravenous doses every 12 h of 1.1 mg/kg infused over
1 h for 7 days (28); 20 trials of 10 (20% women) preterm neonates
aged 0-3 postnatal weeks and their gestational weeks ranged
between 27 and 32 weeks. The systemic concentration profiles
were followed for 14 days from the first dose.

Trial design N 2: a single IV bolus of 1.2 mg/kg of theophylline
to produce the same initial plasma concentration in the neonatal
PBPK model that was observed in the umbilical cord plasma at
birth (48); 20 trials of 10 full-term neonates at birth (0 h PNA).

Trial design N 3: a single IV infusion of 4 mg/kg theophylline
for 20 min (57); 20 trials of 10 (50% women) preterm neonates
aged 3-15 days and GWs of 27.5 weeks.
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Trial design N 4 (model building): a loading oral dose of
5 mg/kg theophylline then 1.25mg/kg orally every 6h (55); 20
trials of 14 (50% women) preterm neonates aged 85h and their
gestational weeks ranged between 25 and 34 weeks.

Trial design N5: Single oral dose of 5.6 mg/kg theophylline
solution (58); 20 trials of 10 (50% women) preterm neonates aged
0-4 postnatal weeks and their gestational weeks ranged between
29 and 36 weeks.

Trial design N6: a loading oral dose of 5 mg/kg theophylline
followed by 8 doses of 2.3 mg/kg every 12 h [subject Sch in (58)];
20 trials of 10 (50% women) preterm neonates aged 2-28 days
and 34 gestational weeks. A similar experimental design was used
but with 7 doses of 2 mg/kg every 12 h [subject C in (58)].

Trial design N7: Multiple oral doses of 1.25 mg/kg
theophylline every 6h (27); 20 trials of 10 (30% women)
preterm neonates aged 1-9 days with their gestational weeks
ranging between 26 and 33 weeks.

Trial design N8: A loading dose of 5 mg/kg theophylline
infused over 30 min followed by 1 h-infusion of 1.1 mg/kg/12h in
28 (A), 32 (B), and 38 (C) GWs neonates at birth. This replicates
the study design reported by Bonati et al. (28).

Trial design N9: Multiple oral doses of the predicted average
infant daily dose divided into 6 daily doses. This dosing pattern
resembles the frequency of feeding for breastfed babies. Dosing
was repeated for 14 consecutive days; 20 trials of 20 (50% women)
neonates at birth, either 28, 32, or 38 GWs (three scenarios). In
this trial, a single intravenous loading dose of 4.2 mg/kg (for a
28 GWs group), 4.5 mg/kg (for a 32 GWs group), and 4.8 mg/kg
(for a 38 GWs group) was administered over 10s to produce an
initial systemic concentration of 10 mg/L, the same concentration
as was observed in the cord plasma at birth.

Trial design NI0: Multiple oral doses of the predicted
maximum infant daily dose divided into 6 daily doses. This
dosing pattern resembles the frequency of feeding for breastfed
babies. Dosing was repeated for 7 14 consecutive days; 20 trials
of 20 (50% women) neonates at birth, either 28, 32, or 38 GWs
(three scenarios). A single intravenous loading dose as described
in Trial design N9 was used here as well to give an initial plasma
concentration the same as that observed in the cord plasma
at birth.

Trial design N11: Same design as in Trial design NI10, but
without any loading dose.

Assessment Criteria

Dependent on data availability, the predicted PK profiles
and/or PK parameters were compared with different sets of
clinical observations available in the literature. The PBPK model
predictions were considered successful and acceptable if the
observed PK profile fell within the 95th and 5th percentile of
predicted data and the predicted PK parameters fell within 0.5-
to 2-fold of the observed data.

RESULTS

Theophylline simulations for the baseline model in non-
pregnant subjects are shown in Figure 2. The PBPK model
predictions agreed with the observed mean profiles in different

studies after intravenous and oral administrations. The predicted
mean concentration profile follows the same shape as the
observed mean concentration profiles and the observed data
fell within the simulated 5th—95th prediction interval. A
comparison of the predicted PK parameters in the non-pregnant
population with those available from the clinical studies is shown
in Table 1.

The PBPK model predictions during the different trimesters
of pregnancy are shown in Figure 3. The predicted data agree
with the observed data within the pre-defined success criteria.
Limited observed data were available for theophylline exposure
during delivery. However, the predicted plasma and umbilical
cord concentrations of theophylline during labor agreed with
the reported observed concentrations (Figure 3). The model
predicted a mean cord-to-plasma AUC ratio of 1 & 0.1 (range:
0.8-1.3) at a steady state. A comparison of the predicted PK
parameters during pregnancy with those available from clinical
studies is presented in Table 1.

Predicted postpartum theophylline concentrations in the
maternal plasma were in good agreement with observations
(Figure 4). Lactation empirical methods predicted different
mean M/P ratios (0.49 for Model I and 0.87 for Model II;
see Supplementary Figure 3), hence the mean value (0.68 +
0.05) of these predicted ratios was used, which resulted in
better. agreement with observations (Figure 4). For a preterm
infant of 2kg consuming 150ml of milk/day, the lactation
model predicted a relative infant daily dose (RID) of 12 =+
5% (5th—95th percentiles: 5-20) using milk Cyygss, increasing
to a RID of 17 & 6% (5th—9th percentiles: 9-26) using milk
Cmax,ss- These RID values correspond to absolute values of 0.94
+ 0.4 (5th—95th percentiles: 0.4-1.61) mg/kg/day, and 1.4 &
0.5 (5th—95th percentiles: 0.74-2.1) mg/kg/day for Cyygss and
Chax,ss doses, respectively.

The preterm PBPK model replicated the observed exposure
of theophylline and its metabolite caffeine after iv. and
oral doses (Figure5). Figure 6 shows the simulation results
for systemic theophylline (and formed caffeine) exposure in
neonates (of different gestational weeks) compared to the
suggested theophylline therapeutic window for apnea (60). The
doses in milk were divided equally into 6 daily oral doses to
resemble a 4-h frequency pattern of breastfeeding after birth,
i.e., Caygss dose was 0.157 mg/kg/4h and Cax,ss dose was 0.233
mg/kg/4h. The concentration in the cord at birth was included
as a baseline exposure to mimic the real clinical situation.
Simulations were performed for a duration of 2 weeks. Within
the PBPK model, the total doses and physiological parameters
(including changes in body weight) were continually updated to
account for neonatal growth and development over the 14-day
simulation period. Predicted systemic exposure in neonates at
birth with either 28, 32, or 38 GWs is shown in Figure 6.

In a preterm population of 32 GW at birth the predicted
mean concentration of theophylline decreased from 7.7 (6-9.3)
to 2.3 (1-4.3) mg/L [mean (5th—95th percentiles)] between day
1 and day 14 in subjects receiving the repeated Caygss dose. At
the higher Cpax,ss dose the concentration of theophylline was
simulated to decrease from 8.1 (6.3-9.8) to 3.4 (1.5-6.4) mg/L
between day 1 and day 14.

Frontiers in Pediatrics | www.frontiersin.org

May 2022 | Volume 10 | Article 840710


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Abduljalil et al.

Perinatal PBPK Model for Theophylline

16 A: Gisclon_1997
:,‘ (4.5mg/kg IV)

Concentration (mg/L)

w
S

B: Hendeles_1977
h (7.3 mg/kg IV)

N~
G

~
15}

Concentration (mg/L)
RO
5 &

@

0 6 12 18 24 30 36 42 48
Time (h)

12 E: Batty_1995
(3.4 mg/kg oral solution)

Concentration (mg/L)

0 5 10 15
Time (h)

25 11: Rovei_1982
(500 mg oral tablet)

Concentration (mg/L)
AT
« B & 8

o

Time (h)

0 2 4 6 8 10 12
Time (h)

15 4 F: Sirmans_1988
—_ +-~_(5 mg/kg oral solution)
) faly
S 12 S
B
E
€ 9
)
®
5 6 -
€
@

S
5 3
o
0
Time (h)
6 12: Rovei_1982

(125 mg oral tablet)

0 8 16 24 32 40 48
Time (h)

15 C: Bruguerolle_1990
N, (240 mg 1V)
[l

Concentration (mg/L)

4
Time (h)

15 4 G: Gillum_1996
(5 mg/kg oral solution)

Concentration (mg/L)

0 10 20 30 40
Time (h)

.
s

13: Rovei_1982
(250 mg oral tablet)

e
1S5}

3

Concentration (mg/L)
PSS

24 32
Time (h)

10 D: Samigun_1990
(151.2 mg IV)

16 20 24

0 4 8 12
Time (h)

25 H: Hendeles_1977

= —(7.6 mg/kg oral tablet)

S22 I S

£

€15

2

®

.E 10

o

S

55

o

Time (h)

18 14: Rovei_1982
(375 mg oral tablet)

0 8 16 2 32 40 48
Time (h)

FIGURE 2 | Plasma concentration profiles after intravenous infusion and oral administration in the non-pregnant population. Solid lines, predicted means; Dashed
lines, 5th and 95th centiles; Circles, observed means. (A) Trial design NP1 (24), (B) Trial design NP2 (19), (C) Trial design NP3 (29), (D) Trial design NP4 (30), (E) Trial
design NP5 (31), (F) Trial design NP6 (32), (G) Trial design NP7 (33), (H) Trial design NP8 (19), and (11-14) Trial design NP9 (34). See the Method section for trial

settings.

DISCUSSION

This work presented in this manuscript describes the use of a
PBPK framework approach to describe the pharmacokinetics of
a model drug (theophylline) during the perinatal period. Drug
concentrations were predicted in the mother, the unborn fetus,
and the neonatal subject post-delivery (Figure 1). Theophylline
was chosen as a model drug based on the amount of data available
for verification of model predictions and because it is often used
to treat neonatal apnea.

The perinatal PBPK model presented here adequately
predicted the observed exposure and kinetics of theophylline
in non-pregnant, pregnant, lactating, and preterm populations.
This type of simulation approach using a PBPK model
allows drug concentrations to be predicted in populations of
individuals that are otherwise difficult to study and also offers
the possibility of supplementing sparse samples obtained in
vulnerable populations with additional information, facilitating
the design of future studies and also developing or refining
hypotheses for future testing.

The PBPK model predictions for theophylline PK in the non-
pregnant population after oral and intravenous administrations
were in good agreement with observed values in different
studies of variable dosing levels (Figure2 and Table 1). All
PK parameters were within 2-fold of the observed values and

predicted 5th and 95th percentiles for the systemic exposure in
plasma including the observed concentration vs. time profiles.
The predicted bioavailability in the model was 0.96 £ 0.03, which
is in agreement with the observed value of 0.99 = 0.02 (19).

The reduction of CYPIA2 activity that occurs during
pregnancy (3, 61) together with the increase in renal function
and CYP2E1 activity considered within the pregnancy PBPK
model adequately described the changes in theophylline
pharmacokinetics during the whole gestational period (Figure 3).
The CYP2E1 activity was calculated to increase by 1.8-fold
at term compared to the pre-pregnancy values. The values
calculated in this study are in agreement with the observed 1.87-
fold (62) and 1.79-fold (63) increase in acetaminophen clearance
to its glutathione-derived conjugate in pregnant women at
term. Acetaminophen glutathione conjugate formation has been
proposed as a marker metabolic pathway for CYP2E1 activity.

The progression of gestation dynamically changes the
contribution of the different elimination pathways to the overall
clearance of theophylline (see Supplementary Figure 2). The
pregnancy PBPK model predicted an overall 40% reduction in
theophylline clearance at term from the non-pregnant clearance,
which agrees with clinical data (Table 1). A potential weakness
of the developed PBPK model is that no physiological changes
to intestinal physiology during pregnancy were considered,
however as there was good agreement between the predicted

Frontiers in Pediatrics | www.frontiersin.org

157

May 2022 | Volume 10 | Article 840710


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

10" UISISIUOL MMM | SOLITEIPEd Ul SISIUOI-

0120%8 8oy | 0} swN(oA | 2202 ABIN

TABLE 1 | Predicted vs. observed theophylline pharmacokinetics (PK) parameters in pre-pregnant, pregnant, breastfeeding, and neonatal populations.

Population N Dose CL (L/h)? AUC (mg*h/L) Cmax (mg/L)
(%Female)

Obs PRED Ratio Obs PRED Ratio Obs PRED Ratio
Non-Preg 14 (0%) 4.5 mg/kg-30 min INF (24) 2.84 + 0.62 319+ 1.8 1.12 126 £+ 30 144 £72 1.14 10.7 £1.3 1856+1.2 1.26
Non-Preg 20 7.3 mg/kg-30 min INF (19) 253 3.02 (0.7-11) 119 184 (95-287) 232 (48-716) 1.26 NA 23.3 (18.2-35.4) NA
(50%)
Non-Preg 9 240 mg-45min INF (29) 3.15 29+ 16 0.92 76 £ 35 108 + 48 1.36 10.7 11.3+15 1.06
(100%)
Non-Preg 13 (0%)  151.2 mg-20 min INF (30) 2.8+0.9 3.20 £1.80 1.14 NA 60 + 31 NA NA 6.01 £0.68 NA
Non-Preg 9 3.4 mg/kg oral solution (31) 2.96 32+19 1.10 86.12 97.8 +£48 1.14 NA 7.62+1.2 NA
(55.6%)
Non-Preg 12 (0%) 5 mg/kg—oral solution (32) 3.18 £ 0.75 3.4+20 1.06 134 + 34 165+ 79 1.15 NA 10.3£1.6 NA
Non-Preg 11 (0%) 5 mg/kg—oral solution (33) 3.2+0.7 3.46 £ 21 1.08 140 £ 24 162 £ 79 1.09 109 £ 1.1 10.7 £1.6 0.98
Non-Preg 10 6.7 mg/kg oral tablet (19) 3.05 31+18 1.02 173 (88-2893) 231 (54-738) 1.34 15.3 (13-20) 17.2 (11-23.4) 1.12
(50%)
Non-Preg 8 (50%) 125 mg oral tablet (34) 2.7 (1.6-3.8) 3.3(0.80-10.8) 122 52 (31-94) 48.8 (12.0-157) 0.94 4.1 (3.0-6.7) 3.86 (2.3-6.7) 0.94
Non-Preg 8 (50%) 250 mg oral tablet (34) 2.54 (1.74-2.98) 3.3(0.80-11) 1.3 106 (69-172) 99 (23-316) 0.93 8.0 (5.0-12.1) 7.74 (4.5-13.34) 0.97
Non-Preg 8 (50%)  375mg oral tablet (34) 2.6 (1.8-4.0) 3.3 (0.80-10.6) 1.27 161 (75-272) 150 (35-479) 0.93 10.5(6.7-15.0) 11.7 (6.81-20.1) 1.1
Non-Preg 8 (50%) 500 mg oral tablet (34) 2.54 (1.61-3.16) 3.2 (0.78-10.5) 1.26 210 (136-3793) 202 (48-643) 0.96 15.1(10.7-20.5) 15.6 (9.1-27) 1.03
Preg 13-19 GWs 259 mg oral solution/12h 2.61+£0.63 250 +1.3 0.96 99.23 127 £ 57 1.28 NA 14.6+5.0 NA
10 (100%) (45)
Preg 23-28 GWs 259 mg oral solution/12 h 2.85+1.05 247 +£1.3 0.87 90.88 131 £ 58 1.44 NA 147+ 4.8 NA
10 (100%) (45)
Preg 34-39 GWs 259 mg oral solution/12h 2.1 +0.49 22+1.0 1.04 123.3 142 + 59 1.15 NA 16.3+4.7 NA
10 (100%) (45)
Lactation 10 259 mg oral solution/12h 2.16 £ 0.81 3.0+17 1.39 120 112 £ 55 0.93 NA 135+ 4.7 NA
(100%) (45)
Lactation 12 300 mg followed by 200 NA 30+1.7 NA NA NA NA NA 10.5+1.8 NA
(100%) mg—oral (52)
Preterm* 9 (30%) 5.5 mg/kg i.v followed by 14.5%a 11.2 4 3.7% (4.91-25.3)* 0.803 NA 118 + 37 (46-233)** NA NA 10.9 £+ 3.3 (6.0—20)** NA
GW: 27-31; PNA: 1.1 mg/kg/12hi.v. (28)
0-1
Preterm* 6 (NA) 4 mg/kg infusion over 17.6* (12.1 - 25.9) 25.9 + 1.7 (22-31)* 1.47 NA 155 £ 10 (128-184)*  NA NA 9.4 4+0.24 (8.9-10.4)* NA
GW: 27.5; PNA: 20min (57)
0.5-3
Preterm* 15 (NA)  (NA) (59) 15.4 + 6.8"2 (3.3-31.4) 125+ 4.7%2(5.0-34)  0.81 NA 99 + 35 (32-232)*  NA NA 9.3 + 2.9 (3.7-20)"" NA
GW: 25-34; PNA:
1-2
Preterm* 11 (50%) 5.6 mg/kg /8h oral Solution  28.3 &+ 6.42 (20.1-40.1)  25.9 £+ 17.22 (6.9-123) 0.92 NA 100 + 37 (25-235)** NA 7 (6.4-8) 6.8 (2.8-9.0) 0.90
GW = 32-36; (58)
PNA: 0.7-4

*Preterm: GW, gestational age in weeks; PNA, postnatal age in weeks, 2preterm clearance unit is mL/h/kg, *blood clearance, ** range, NA, not mentioned. For preterm simulations, 50% of simulated subjects were female. For preterm
AUC was calculated as the last AUCtay.
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FIGURE 3 | Plasma concentration profiles after multiple oral administration in pregnant population during pregnancy and at delivery. Solid lines, predicted means;
Dashed lines, 5th and 95th centiles; Circles, individual observations (open, maternal; filled, umbilical cord). Plots representing the following trials: (A) Trial design P1
(45), (B) Trial design P2 (45), (C) Trial design P3 (45), (L1) Trial design L1 (45) added here for comparison (see lactation section), (D1,D2) Trial design P4 (46), (E1-E3)
Trial design P5 (47), and (F1-F3) Trial design P6 (48). See the Method section for trial settings.
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and observed theophylline concentrations at different gestational
weeks Any pregnancy-related changes in intestinal physiology or
enzyme levels appear to have minimal impact on theophylline
pharmacokinetics. This can be partially explained by the minimal
gut metabolism, Fg ~1, and almost complete bioavailability,
F ~1.0, observed in non-pregnant subjects (19).

Figure 3 shows that the incorporation of the theophylline
transplacental clearance from an ex vivo experiment resulted in
the adequate prediction of the theophylline umbilical cord level

when compared to the observed values. The theophylline PBPK
model predicted cord/maternal ratio based on AUC at steady-
state is 1.0 (5th—95th percentiles: 0.86-1.2) and ranges from
0.8-1.3 in different virtual individuals. This is in line with the
clinically reported ratio of unity from sparse data observed in
2 (64), 6 (65), 10 (47), and 12 (46) subjects at delivery. Because
of the high transplacental passage of theophylline, toxicity in
neonates at birth has been reported after multiple doses to the
mother before delivery (66, 67).
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FIGURE 5 | Theophylline (and formed caffeine) concentration profiles in neonates after intravenous (A-C) and oral (D-H) administration of theophylline. Solid lines,
predicted means; Dashed lines, 5th and 95th centiles; closed circles, individual observations; closed circles (D,E), mean; dashes associated with observations in (D)
represent reported ranges, and bars [(E); till 12 h] represent SD. (A1,A2) Trial design N1 (28), (B) Trial design N2 (48), (C) Trial design N3 (57), (D) Trial design N4 (55),
(E) Trial design N5 (58), (F1,F2) Trial design N6 (58) subject-Sch, (G1,G2) Trial design N6 (58) subject-C, and (H1,H2) Trial design N7 (27). See the Method section for
trial settings.
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FIGURE 6 | Predicted mean (5th—95th percentiles) neonatal theophylline (and formed caffeine) concentration during the first 2 weeks of life with different gestational
weeks. Predicted scenarios: The first three plots show, respectively, theophylline exposure in neonates at birth using a dosage of 30-min infusion of 5 mg/kg as a
loading dose followed by 1 h-infusion of 1.1 mg/kg/12h in 28 (A), 32 (B), and 38 (C) GWs according to a clinical study (28). Exposure after oral administration of the
calculated theophylline infant dose using milk Cayg ss are shown for 28 (D), 32 (E), and 38 (F) GW considering the cord level at birth as a baseline. Exposure after oral
administration of the calculated theophylline infant dose using milk Crax ss are shown for 28 (G), 32 (H), and 38 (I) GW considering the cord level at birth as a baseline.
(Continued)
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FIGURE 6 | Exposure after oral administration of the calculated theophylline infant dose using milk Craxss are shown for 28 (J), 32 (K), and 38 (L) GW without
considering the cord level at birth as a baseline. (A=D) Trial design N8, (D=F) Trial design N9, (G-l) Trial design N10, and plo (J-L) Trial design N11. See the Method
section for trial settings. Dashed horizontal lines represent the theophylline therapeutic window for apnea. InfDs, infant dose predicted using the lactation model; GWs,
gestational weeks; PNA, postnatal age. The lowest profiles in each plot represent the mean (5th—95th percentiles) for the formed caffeine.

Lactating mothers sometimes need to take medication whilst
breastfeeding and are therefore confronted with a difficult choice
to either discontinue breastfeeding or stop their medication to
avoid potentially harmful effects on their breastfed children.
The lack, or even the poor quality, of information about drug
safety during lactation can cause confusion, which can result
in the early cessation of breastfeeding (68). Different drugs (or
environmental chemicals) will carry different levels of risks to
the breastfed infant (69). Although these risks should not be
exaggerated, since neonates and infants in most cases receive
a much lower dose in breast milk, compared to the known
safe dose of the same drug administered to them in clinical
pediatric wards (70), there is still a possibility that some drugs
could be harmful to breastfed children or may have not yet
adequately been studied meaning that precautions should be
taken. PBPK modeling offers one potential approach to address
some of these questions. Another important aspect in this
regard is to have quantitative information on drug exposure in
breast milk both to verify the performance of PBPK models
with a wider spectrum of compounds but also to allow the
development of better algorithms with a wider domain of
applicability to predict milk concentrations for drugs where
quantitative measurements are lacking. Together the PBPK
modeling approaches and quantitative information or prediction
of milk concentrations have the potential to reduce the confusion
and anxiety that lactating women may experience when making
decisions about whether or not to take medication during
breastfeeding, especially for those nursing mothers who are on
chronic medication.

The reported theophylline elimination rate constant for the
milk was 0.122 4 0.051 h~!, which was not significantly different
from that in plasma 0.123 4 0.041 h=! (52) indicating rapid
equilibrium between the two matrices. Two different methods
were used to predict the theophylline M/P ratio. These methods
resulted in different predicted M/P ratios (0.49 for Model I and
0.87 for Model II; see Supplementary Figure 3). As a pragmatic
approach the average M/P ratio of the 2 values, i.e., 0.68 (5%CV)
was used to calculate the dose in the neonatal PBPK simulation.
Studies with a larger set of compounds are needed to determine
which of the methods or whether using an average value from the
two methods would be the most appropriate approach for a priori
prediction for a drug where the M/P ratio is unknown.

The average value for the M/P ratio used in the simulations
reported here is in line with reported values in the literature
from several different sources. For instance, an observed mean
M/P ratio of 0.79 was reported by Gardner et al. (45), a range
of values 0.6-0.89 was reported by Reinhardt et al. (52), an
observed mean value of 0.67 was reported by Stec et al. (51),
and a value of 0.57 £ 0.14 was reported by Oo et al. (71). The
calculated absolute infant dose based on milk Cpaxss was 1.4

=+ 0.5 (5th—95th percentiles: 0.74-2.1) mg/kg/day. This dose is
less than the loading intravenous dose of 5 mg/kg theophylline
(28, 58, 60) and in line with the intravenous maintenance, dose
using a 1-h infusion of 1.1 mg/kg/12h (28) to treat apnea
of prematurity. The individual maintenance dose is titrated to
individual needs and some neonates may need maintenance
doses as high as 4.4 mg/kg per day (60). Although the calculated
dose from milk exposure is in line with the maintenance infusion
dose used for apnea treatment, accumulation of theophylline
can occur, especially in premature infants due to the lower
capacity of their CYP1A2 clearance pathway, which can lead to
adverse effects.

The neonatal PBPK model adequately described theophylline
and its formed metabolite, caffeine, exposure after intravenous
infusion, and after oral administration of theophylline (Figure 5).
In contrast to a previously published theophylline PBPK in
preterm neonates (72), the current model applied dynamic
change in growth physiology, and utilized ontogeny functions
to describe the maturation of CYP1A2 and CYP2E1 enzymes.
In addition, the performance of the theophylline PBPK model
in neonatal subjects was verified with multiple clinical studies.
Table 1 shows the predicted clearance in preterm subjects.
The predicted values agreed with the observed values after
intravenous (28, 57) and oral administration of theophylline (58).
The contribution of the different elimination pathways to the
clearance of theophylline at different gestational and postnatal
ages is shown in Supplementary Figure 5.

The higher concentrations of caffeine compared to
theophylline after the cessation of theophylline therapy
were due to the (~2- to 4-fold) slower elimination and continued
formation of caffeine as theophylline was cleared (27, 58, 73). In
the developed preterm PBPK model there is a futile recycling
process occurring whereby theophylline is methylated to form
caffeine that is subsequently demethylated to theophylline by
CYP1A2 and CYP2EL.

The theophylline plasma levels in neonates (32GW) were
simulated using the PBPK model with the dose based on
the milk Cuygss, and Cpaxss and the assumption that babies
ingest about 150 mL/kg/day and that feeding is split over 6
sessions 4-h apart. Under these assumptions and using a bolus
dose to set the initial concentration in neonatal plasma to
be the same as the concentration in the cord blood at birth
the theophylline concentrations were shown to remain within
the therapeutic range for 2-4 days post-birth. The length of
time the concentration stayed in the therapeutic range varied
with the gestational age due to the elimination mechanisms
of theophylline being immature at birth and varying with the
gestational age of the neonates.

Within the PBPK model for the neonate subjects, the
conversion of theophylline to caffeine was considered. But the
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simulations showed that the caffeine levels predicted in the
neonatal plasma of individuals who ingested theophylline via
the milk were too low to exert a significant pharmacological
effect. At therapeutic doses such as those used to treat apnea in
very premature babies, the caffeine concentrations were at a level
that may contribute to the pharmacological effect of theophylline
(Figure 6A).

The infant’s daily dose based on milk Cpaxs with an
administered volume of 150mL of milk/day per kg infant
bodyweight being ingested was used as a fairly conservative
scenario in this analysis. In reality, the nursing mother may
not start breastfeeding straight after birth or may not produce
150mL of milk in the first few days post-partum. As the
therapeutic window of theophylline is not well-defined for
premature apnea the recommended range defined by Jones and
Baillie was used for comparison with the simulated data in this
study (60).

The theophylline level in milk or in the neonatal circulation
can also be influenced by other intrinsic or extrinsic factors, such
as co-medication, and/or disease. The maturation of theophylline
elimination with age showed that the theophylline levels decline
with age more rapidly in older newborns at 38 GWs compared
with those born at 28 GWs (Figure 6).

While this work shows a case study of the application
of the PBPK model during the perinatal period, there are
limitations to the study. No attempt was made to include fetal
metabolism in the maternal-fetal PBPK model due to a lack of
data to parameterize the fetal metabolism model and verify the
performance of the model. The contribution of fetal metabolism
to the overall drug elimination is expected to be small for three
reasons; (1) the transplacental passage of theophylline is high
(cord/maternal ratio is ~1) (2) the metabolism of theophylline in
fetal liver explants (12-20 GWs) was slow ~1.25 nmol/day (74),
and (3) the reported absence of CYP1A2 protein in the fetal and
neonatal livers (75). Theophylline PK data in the fetoplacental
unit are limited to a few observations during delivery (46—
48). There are limitations with the available data in that the
dosing history prior to the studied doses at a steady state
was not available during pregnancy and lactation. This makes
accurate simulation of the clinical studies more difficult as some
assumptions need to be made, i.e., the studied dosing regimen
at steady-state and formulation was assumed since initiation of
therapy (45, 46). In some studies where different subjects were
studied after receiving a different number of doses and this
information was not available, an average number of doses was
assumed (47). The issue with incomplete dosing information
was also encountered in some of the lactation studies, where
three subjects were studied but only the dose range was reported
(51). In another study, only a single profile from the 12 studied
subjects was reported for the plasma and milk concentration
profiles (52) making a meaningful comparison of the simulated
and observed data difficult. In the lactation studies, information
on milk pH and fat content were not available necessitating
an assumption in the PBPK model that the milk composition
was the same as that of mature milk. The lactation model
used in this work assumes that a rapid equilibrium of drug
concentrations exists between plasma and milk. This assumption

was sufficient to describe theophylline exposure in the milk,
but for other (more lipophilic) drugs the time course of drug
concentrations in plasma and milk may not increase or decrease
in parallel, and in these cases, the milk profiles cannot be
explained with an assumption of rapid equilibration between the
two phases.

The simulations in adult subjects were performed using a
mechanistic absorption model (76). Due to a lack of detailed
intestinal physiology in the preterm neonate, the same approach
could not be used to model the absorption of theophylline in the
neonate subjects. Therefore, a first-order absorption model was
used in the preterm PBPK model. Although verification of the
first-order absorption model in preterm studies was performed it
would be preferable to have used the same absorption model for
all of the different scenarios that were simulated.

The available preterm PK data were reported without the
details of the postnatal and gestational ages for individual
subjects and usually subjects with different gestational ages were
lumped together in the reported data. This makes it difficult
to simulate the studies with matched subjects (in terms of
demographics). While there are multiple unpowered studies that
have attempted to investigate theophylline pharmacokinetics in
preterm individuals, to the best of our knowledge, longitudinal
assessments of drug levels in this population after birth with
or without considering the contribution of ingested drugs in
the milk have not been reported in the literature. A further
complication is that the observed data in the literature are
usually reported from preterm subjects under treatment and
as such the exposure information may also be influenced by
co-morbidity and/or comedication factors. For example, the
theophylline half-life was reported to be 39.4h in a group of
individuals co-dosed with betamethasone compared to a half-
life of 61h in the control group in two age-matched preterm
groups of 29.6 gestational weeks and 1-3 days. Even after a few
weeks of treatment, the theophylline half-life remained higher in
the control group compared with the betamethasone treatment
group, 31 vs. 19 h (77).

CONCLUSION

A PBPK approach was adopted to evaluate the pharmacokinetics
of theophylline from the general population and at different
gestational weeks throughout pregnancy as well as in the plasma
and milk of lactating women and in plasma from neonatal
subjects. Utilizing a PBPK approach in special populations
reinforces the utility of PBPK to assess pharmacokinetics in
clinical settings where clinical data are limited and can be used
to improve study design in these vulnerable populations.

RESOURCE IDENTIFICATION INITIATIVE

The Simcyp Simulator V21 (Simcyp, RRID:SCR_003944) was
used for the assessment of theophylline pharmacokinetics using
the PBPK approach.
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The field of medicine is undergoing a fundamental change, transforming towards a modern
data-driven patient-oriented approach. This paradigm shift also affects perinatal medicine
as predictive algorithms and artificial intelligence are applied to enhance and individualize
maternal, neonatal and perinatal care. Here, we introduce a pharmacometrics-based
mathematical-statistical computer program (PMX-based algorithm) focusing on
hyperbilirubinemia, a medical condition affecting half of all newborns. Independent
datasets from two different centers consisting of total serum bilirubin measurements
were utilized for model development (342 neonates, 1,478 bilirubin measurements) and
validation (1,101 neonates, 3,081 bilrubin measurements), respectively. The
mathematical-statistical structure of the PMX-based algorithm is a differential equation
in the context of non-linear mixed effects modeling, together with Empirical Bayesian
Estimation to predict bilirubin kinetics for a new patient. Several clinically relevant prediction
scenarios were validated, i.e., prediction up to 24 h based on one bilirubin measurement,
and prediction up to 48 h based on two bilirubin measurements. The PMX-based algorithm
can be applied in two different clinical scenarios. First, bilirubin kinetics can be predicted up
to 24 h based on one single bilirubin measurement with a median relative (absolute)
prediction difference of 8.5% (median absolute prediction difference 17.4 umol/l), and
sensitivity and specificity of 95.7 and 96.3%, respectively. Second, bilirubin kinetics can be
predicted up to 48 h based on two bilirubin measurements with a median relative (absolute)
prediction difference of 9.2% (median absolute prediction difference 21.5 umol/l), and
sensitivity and specificity of 93.0 and 92.1%, respectively. In contrast to currently available
nomogram-based static bilirubin stratification, the PMX-based algorithm presented here is
a dynamic approach predicting individual bilirubin kinetics up to 48h, an intelligent,
predictive algorithm that can be incorporated in a clinical decision support tool. Such
clinical decision support tools have the potential to benefit perinatal medicine facilitating
personalized care of mothers and their born and unborn infants.
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INTRODUCTION

The field of medicine is undergoing a fundamental change in
which artificial intelligence is connecting with diagnostic
instruments, patient information systems and therapy
management  enabling  unforeseen  opportunities  in
transforming the health system towards a modern data-driven
patient-oriented approach (Rajkomar et al., 2019). This paradigm
shift also affects perinatal medicine as predictive algorithms and
artificial intelligence are applied to enhance and individualize
maternal, neonatal and perinatal care, with the goal not only to
predict mortality (Mangold et al., 2021) but also to facilitate
therapeutic decisions for our most vulnerable patients, fetuses
and newborns, and their mothers.

In this work, we discuss a predictive algorithm in neonatology,
with initial focus on hyperbilirubinemia, a medical condition
affecting half of all newborns. Hyperbilirubinemia is a condition
defined as elevated serum or plasma bilirubin levels above the
reference range of the laboratory, and it is due to disorders or
immaturity of bilirubin metabolism. In neonates, transient
jaundice is a normal part of postnatal transition (Dennery
et al,, 2001). Bilirubin has strong antioxidant properties but
when reaching too high levels, bilirubin can cross the blood-
brain barrier and might cause bilirubin-induced neurotoxicity, of
which kernicterus is the most dangerous form (Watchko and
Tiribelli, 2013). Thus, medical screening of all neonates for
hyperbilirubinemia is recommended to commence prompt
therapy, namely phototherapy, once certain thresholds are
crossed to prevent neurological complications (Watchko and
Tiribelli, 2013). Up to 10% of neonates experience rebound
hyperbilirubinemia, requiring re-initiation of treatment (So
and Khurshid, 2021), and making hyperbilirubinemia the
major reason for re-hospitalization in the first year of life
(Schiltz et al., 2014).

Currently, static population-based nomograms for the
assessment of neonatal hyperbilirubinemia are applied in daily
clinical practice (Dennery et al., 2001). These nomograms are
based on percentiles of bilirubin values at a given age in hours and
classify neonates into risk groups. More recent risk stratification
approaches include additional clinical factors for the prediction of
neonatal hyperbilirubinemia shortly after birth (Castillo et al,
2018) or before discharge (Han et al, 2015). Even though
approaches for risk stratification provide clinicians with a
guideline for their assessment, adherence is only 50% due to
cumbersome documentation (Tartaglia et al.,, 2013; Sampurna
et al., 2018). Moreover, it has been found that health care
professional noncompliance with best practices is the main
reason for kernicterus in countries with highest health care
standards (Alkén et al, 2019). Nomogram-based methods are
overly general and do not provide an individual prediction of
what will happen. Therefore, we aim for personalized prediction
by identifying neonates at risk for clinically relevant
hyperbilirubinemia more accurately, thus preventing the
development of severe neonatal jaundice as well as
overtreatment and unnecessary hospital stays.

Machine learning (ML) methods are computationally
powerful tools for the analysis of large and heterogeneous
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datasets almost in real time (Koch et al., 2020a). Such
methods can be applied for discriminating between classes or
patient populations (e.g. high vs. low risk patient; treatment
required yes or no) by identifying relevant variables (features)
of interest. As such we recently developed a ML-based tool to
predict the probability of whether a neonate will need a
phototherapy treatment or not within the next 48h
(Daunhawer et al., 2019). Although this ML tool provides an
innovative risk assessment regarding phototherapy requirement,
this algorithm does not predict the dynamics of bilirubin kinetics,
i.e., this ML algorithm is not able to predict bilirubin levels up to
24h or 48 h.

Complementary to our previously published ML-based
algorithm, we present a predictive PMX-based algorithm
(Koch et al., 2020b) that computes individual bilirubin kinetics
up to 48h. The PMX-based algorithm is intended for non-
intensive care units to facilitate and optimize management of
neonates with jaundice supporting clinical decisions such as 1) is
an additional bilirubin measurement necessary? 2) can the
neonate be discharged home? 3) can a neonate at risk for
clinically relevant hyperbilirubinemia be identified early?

This manuscript has five objectives. First, we describe the
development of the PMX-based algorithm. Second, we define
clinically relevant scenarios, i.e., prediction up to 24 h based on
one bilirubin measurement, and prediction up to 48 h based on
two or more bilirubin measurements, and validate the prediction
of developed PMX-based algorithm, which is the main goal of this
manuscript. An appropriate external validation is a crucial step to
perform predictions at the individual patient level. Third, we
carry out stress test of this algorithm with increased prediction
horizons up to 60h. Fourth, we assess the sensitivity and
specificity of the developed algorithm to evaluate performance
relevant to clinical practice in neonatology. Further, we discuss
opportunities and challenges of applying “intelligent” ML-,
artificial neural networks (ANN)- and PMX-based algorithms
in the field of perinatal medicine.

METHODS

This section is structured as follows. First, we explain the
magnitude of total serum bilirubin (TSB) measurement errors
in clinical practice. Second, we present the study patient
populations applied for development and validation of the
PMX-based algorithm. Third, we describe the development of
the PMX-based algorithm to characterize postnatal bilirubin
kinetics. Fourth, we present the development of the PMX-
based algorithm to predict individual bilirubin kinetics. Fifth,
we outline the validation procedure of the developed PMX-based
algorithm. Sixth, we provide information on applied software for
descriptive statistics, algorithm development and validation.

Magnitude of Total Serum Bilirubin

Measurement Errors in Clinical Practice
TSB measurements are subject to considerable intra- and inter-
individual variability due to biological factors and measurement
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TABLE 1 | Key characteristics of the dataset for algorithm development (Basel, Switzerland) and validation (Regensburg, Germany). Values are presented as follows: Median
[Q1, Q] (Min, Max).

Gestational Age (week + day) Weight at Birth Delivery Mode (C-section Postnatal hour of
(gram) vs. Vaginal Delivery) Last Bilirubin Measurement

Basel, Switzerland (342 neonates with 1,478 bilirubin values, average 4.3 values per neonate)
37 +6[34+1,39+5] (32 +0,42 +5) 2,500 [1,950, 3,400] (1,050, 5,520) 179 C.S. 163 Vaginal 77 [66,124] (1, 411)

Regensburg, Germany (1,101 neonates, 3,081 bilirubin values, average 2.8 values per neonate)
38+2[36+2,3+6] (24 +0,42 +2) 3,085 [2,532, 3,580] (520, 5,015) 620 C.S. 481 Vaginal 87.2 [63.0, 115.3] (1, 359)

errors related to clinical practice and laboratory measurements.
Van Imhoff et al. (van Imhoff et al., 2011) showed that the inter-
laboratory variability was up to a CV of 14.1%. Hence, anticipated
magnitude of variability associated with TSB measurements in
clinical practice is expected to be of the order of 5-15%.

Develop PMX model to
characterize post-natal bilirubin kinetics

S
— A/

Final mathematical-statistical PMX model

Study Patients :

Dataset for PMX-Based Algorithm Development [ Develop PMX-based algorithm model to ]

The dataset for model development (University Children’s Hospital predict individual bilirubin kinetics

Basel, Basel, Switzerland) comprises TSB measurements from [ Final PMX-based algorithm with EBE component ]

neonates admitted directly after birth to the neonatal unit due to

varying reasons such as respiratory morbidity, birth complications, @

infection, mild prematurity and feeding problems. None of the s - - )
. . . Validate PMX-based algorithm to

neonates suffered from inherited diseases such as glucose-6- . .

phosphate dehydrogenase (G6PDH) deficiency. All neonates \ assess performance In new patlents 4

included in this study had an inconspicuous neurological status, Absolute and relative prediction difference

including those with values in the further course exceeding 15 mg/dl. Clinically relevant sensitivity and specificity

The bilirubin measurements prior to phototherapy available in this

dataset and used for model development consisted of 1,478 FIGURE 1 | Workflow of the three components for model development

measurements from 342 patients, see Table 1 for more details. All and validation.

bilirubin measurements were performed as total bilirubin using an
ABL800 FLEX blood gas analyzer (Radiometer Medical ApS,
Denmark). The study was approved by the Institutional Review  center. Bilirubin measurements prior to phototherapy in this
Board (EKNZ:BASEC 2018-00053). dataset were utilized for model validation, see Table 1 for more
details. All bilirubin measurements were performed as total bilirubin
Dataset for External PMX-Based Algorithm Validation utilizing a Bilimeter 3D (Pfaff medical GmbH, Germany). The study
The dataset for external algorithm validation (University Children’s ~ was approved by the ethics commission of the University of
Hospital Regensburg, Hospital St. Hedwig of the Order of St. John, ~ Regensburg (21-2,518-104).
Regensburg, Germany) comprises TSB measurements in two clinical
settings: 1) 80% healthy neonates staying with their mothers after .
birth until discharge home (the majority) or until admission to the Development of PMX Model to Characterize
neonatal unit because of significant neonatal hyperbilirubinemia or ~ POstnatal Bilirubin Kinetics
other reasons, 2) 20% neonates admitted after birth to the neonatal ~ In this section, the development process of the PMX-based
unit due to varying reasons such as respiratory diseases, birth  algorithm to characterize individual bilirubin kinetics is
complications, infection, mild prematurity and feeding problems.  presented, compare Figure 1. First, develop structure of the
The goal was to apply and validate the PMX-based algorithm in these ~ mathematical-statistical PMX model to characterize postnatal
two clinical settings to cover various neonatal medical conditionsand ~ bilirubin kinetics based on physiological mechanisms. Second,
a wide range of postnatal bilirubin time courses. Some neonates  apply a non-linear mixed effects modeling approach (Lavielle,
suffered from blood group incompatibility; details of which were not ~ 2014) to fit the dataset for development to estimate the fixed and
reported. All neonates included in this study had an inconspicuous ~ random effects resulting in the mathematical-statistical model.
neurological status, including those with values in the further course
exceeding 15mg/dl. Of note, healthy neonates staying with their ~ Structure of Mathematical Model to Characterize
mothers after birth obtained the bilirubin check together with the  Bilirubin Kinetics
mandatory metabolic screening at day 2 or 3 of life. Timing of = In healthy individuals beyond the neonatal period, most
bilirubin measurement was individualized based on medical or  physiological processes are in an equilibrium, ie., in balance
practical factors representing clinical workflow in a perinatal ~ between production and elimination. Consequently, this results
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in constant bilirubin levels. For neonates shortly after birth, the
equilibria of many processes are not yet reached due to maturation.
Hence, bilirubin production might be increased, and elimination
might be reduced during the first days of life, leading to elevated
bilirubin levels. This physiological principle of bilirubin levels B (¢) is
modeled with a differential equation consisting of a zero-order
production term Kp.,g and a first-order elimination term ke
(Dayneka et al., 1993; Koch et al., 2013; Koch and Schropp, 2018)

%B(t) = Kproa (£, 6, ¢, B) = ketim (£, 6,¢, B) - B(t), B(0) = B’

(1)

where ¢ is postnatal age (PNA), B? is the initial condition (i.e., a
parameter for bilirubin level at birth), 6 the structural model
parameters, ¢ the covariates (i.e., patient characteristics such as
birth weight, gestational age and delivery mode) and S the
parameters characterizing the covariate effect on the model
parameters. The detailed mathematical model structure is part
of a broader active patent (Koch et al, 2020b) where more
information on Eq. (1) can be found. The structural model
parameters are summarized in

0= (6,B).

Data Fitting and Development of
Mathematical-Statistical Model

The non-linear mixed effects modeling approach was applied for
data fitting and parameter estimation. Briefly, structural model
parameters have a population value ®,, (also called fixed effect
or typical value) describing the average patient in the population.
To characterize an individual neonate in the population,
individual model parameters are drawn from a normal
distribution with covariance matrix Q (called random effects).
The normal distribution is further transformed to a log-normal
distribution to allow log-normally distributed individual model
parameters, see (Lavielle, 2014) for more technical details. In
addition, the parameter 3 characterizing covariate effects is
estimated. Typically, only covariate effects that show 1) a
statistically significant effect, 2) a reduced objective function
value, 3) a reduced variability of the random effects, and 4)
are clinically relevant and routinely available in clinical practice,
are included. Finally, the developed mathematical-statistical
model is given by Eq. (1) together with fixed and random effects

p = (®pop 2 B) &)

Development of PMX-Based Algorithm to

Predict Individual Bilirubin Kinetics

In this section, the development process of the PMX-based
algorithm to predict individual bilirubin kinetics is presented,
compare Figure 1. The final PMX-based algorithm with an
Empirical Bayesian Estimation (EBE) component is applied to
predict the individual bilirubin kinetics for a new patient.

Predictive Algorithm Neonatal Jaundice

Final PMX-Based Algorithm to Predict Individual
Bilirubin Kinetics

The mathematical-statistical model defined by (Eqs 1, 2) is the
final (trained) model based on the dataset applied for
development. To predict the bilirubin kinetics for a new
patient, EBE, also known as Maximum A Posteriori
Estimation (Bassett and Deride, 2019), is applied. The EBE
utilizes Eq. (1) and the prior information stored in p Eq. (2)
about the population applied for model development and
training, and estimates the individual model parameters ©;
for a new patient by minimizing

3)

based on the new individual bilirubin measurements w; and
patient characteristics. These estimated individual model
parameters ©; are then utilized to perform the individual
prediction of bilirubin kinetics.

0, = argmin { - 2log p (©;|w;; p)}

Implementation of PMX-Based Algorithm

Model development was performed in the NLME software
The Monolix Suite 2020 (Lixoft, Orsay, France). Since The
Monolix Suite 2020 is a commercial software that does not
allow application in app- or web-based tools, the developed
mathematical-statistical model (Eqs 1, 2) and the EBE Eq. (3)
was re-implemented in Matlab 2021 (MathWorks, Natick,
MA, USA).

Validation of PMX-Based Algorithm

In this section, the application and validation of the PMX-
based algorithm is presented. First, definitions of the
different validation scenarios and some input rules are
shown. Second, validation metrics are given, including the
absolute und relative prediction difference as well as
clinically relevant sensitivity and specificity, compare
Figure 1. Third, the construction of validation datasets is
briefly discussed.

Definition of Validation Scenarios and Input Rules

In the following, clinically relevant validation scenarios are
defined for prediction horizons up to 24 and 48 h. To provide
a stress test for the PMX-based algorithm, additional
validation scenarios with longer prediction horizons were
also included.

Definition of Validation Scenario 1: Prediction up to 24 h
Based on One TSB Measurement

PMX-based algorithm predicts for one TSB measurement the
bilirubin kinetics for up to 24 h with respect to the time point of
the measurement.

Definition of Validation Scenario 2a: Prediction up to 48 h
Based on Two TSB Measurements

PMX-based algorithm predicts for two TSB measurements the
bilirubin kinetics for up to 48 h with respect to the time point of
the second measurement.
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Definition of Validation Scenario 2b: Prediction up to 48 h
Based on Two or More TSB Measurements

PMX-based algorithm predicts for two or more TSB
measurements the bilirubin kinetics for up to 48h with
respect to the time point of the last measurement.

Definition of Stress Test Scenarios With Longer Prediction
Horizon

The prediction horizon for one TSB measurement (validation
scenario 1) was extended by an additional 6h, i.e., for a total
prediction of up to 30h. The prediction horizon for two,
(validation scenario 2a), or two or more (validation scenario
2b) TSB measurements were extended by an additional 12h,
i.e., for a total prediction of up to 60 h.

Definition of Input Rules Regarding Postnatal Age

The time point of the first TSB measurement must be between >
8 and < 72h of PNA. All further time points of TSB
measurements must be between > 24 and < 96h of PNA.
The PNA distance between successive measurements must be
> 8h.

Definition of Validation Metrics

Definition of Absolute Prediction Difference and Relative
Prediction Difference

The absolute prediction difference (p.d.) between predicted
bilirubin level Bj.s and measured (observed) bilirubin level
Bops was defined as

Pd = IBpred - Bobs| (4)

The relative (absolute) prediction difference (r.p.d.) in percent
was defined as

_ | Bpred - Bobsl

obs

r.p.d. -100 (5)

Definition of Clinically Relevant Sensitivity and Specificity
For validation, e.g., of diagnostic tests and algorithms with a
binary outcome, statistical measures such as sensitivity and
specificity are essential. As such we define these performance
measures for our developed PMX-based algorithm in the context
of a clinically relevant bilirubin threshold in neonatology. The
phototherapy limit for the most vulnerable late preterm and term
born neonates is 15 mg/dl (equals to 250 pmol/l) when older than
72 h (Bhutani, 2011). As such this bilirubin level has been set as
the threshold to evaluate the performance of the PMX-based
predictive algorithm. It should be noted that a bilirubin level >
250 umol/l is considered clinically relevant, requiring appropriate
monitoring and management. Moreover, for a neonate with
hyperbilirubinemia, an under-prediction with a value below
the threshold would possibly lead to inadequate therapeutic
management depending on the magnitude of under-
prediction. Taking into account variability in the prediction,
e.g., caused by measurement errors, an acceptance range for
the prediction difference Bpeq — Bops is defined by applying
the Bland-Altman method (Altman and Bland, 1983) with 5th

Predictive Algorithm Neonatal Jaundice

Bobs = 250 pmol/1

Byrea = 250 pmol/1

FIGURE 2 | Concept plot for sensitivity/specificity calculation. The four
different colors correspond to the four possible test results. The yellow shaded
area corresponds to the acceptance range, the turquoise dot and plus
represent the true positives, the blue square and cross display the true
negatives, the orange diamond corresponds to the false positives and the
purple triangle represents the false negatives. Detailed explanation is provided
in the main text.

and 95th percentile of the standard normal distribution
(corresponding to 90% limits of agreement):

acceptance range = [MWdiff —1.6449 - SDyisr s MW 455
+1.6449 - SDyif |

where MW y;¢¢ is the mean of the prediction differences, and
SDgify is the standard deviation of the prediction differences.
This defines a criterion for clinically interchangeably
measurements and allows for characterizing accepted true
positives or accepted true negatives, respectively.
The following terms are defined:

1) True positive: Neonate with hyperbilirubinemia (i.e., observed
bilirubin level > 250 pmol/l) either with a predicted bilirubin
level > 250 pmol/l or with both a predicted bilirubin level <
250 umol/l and a prediction difference within the acceptance
range (accepted true positive)

True negative: Neonate without hyperbilirubinemia (i.e.,
observed bilirubin level < 250 umol/l) either with a
predicted bilirubin level < 250 umol/l or with both a
predicted bilirubin level > 250 pumol/l and a prediction
difference within the acceptance range (accepted true
negative)

False positive: Neonate without hyperbilirubinemia with a
predicted bilirubin level > 250 pmol/l but with a prediction
difference above the upper limit of the acceptance range
False negative: Neonate with hyperbilirubinemia with a
predicted bilirubin level < 250 umol/l but with a
prediction difference below the lower limit of the
acceptance range

2)

3)

4)

Based on these terms, sensitivity and specificity measures were
calculated. The four situations (test results) (i)-(iv) are
conceptually visualized in Figure 2 and explained in the
following. The black dashed horizontal and vertical lines
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correspond to a bilirubin level of 250 pmol/l. The yellow shaded
area displays the acceptance range. Situation (i), the area of true
positives, is shown with turquoise shapes. The dot represents a
neonate with hyperbilirubinemia with Bj.q > 250 umol/l and the
plus represents a neonate with hyperbilirubinemia with
Bpreq <250 umol/l but with a prediction difference in the
acceptance range, indicated by the black dotted line. For the
true negatives, situation (ii), the analogous situation is given in
blue. The square corresponds to a neonate without
hyperbilirubinemia with Bjeq <250 umol/l and the cross
corresponds to a neonate without hyperbilirubinemia with
Bprea > 250 umol/l but with a prediction difference within the
acceptance range, again indicated by the black dotted line. The
two remaining situations are the false positives, situation (iii),
displayed with orange diamonds, and the false negatives, situation
(iv), displayed with purple triangles.

Construction of Validation Datasets

The initial number of neonates in the validation dataset was n =
1,101. After deletion of patients with exactly one bilirubin
measurement and patients with partially missing values, n =
892 neonates were available for the validation data set.

Construction of Validation Datasets for One Measurement

(Scenario 1) With Prediction Horizon up to 24 h

From the n = 892 neonates, eligible neonates for this scenario
were selected as follows. The first bilirubin measurement served
as user input based on the input rules regarding PNA. Time point
of the second measurement was tested to determine whether it
fulfills the <24h PNA distance with respect to the first
measurement. If yes, all additional measurements were deleted,
and this neonate is identified as eligible for the validation dataset,
if, in addition all other input rules are met as well. This resulted in
a validation dataset which consists of n = 236 neonates. Please
note that the second measurement is the bilirubin level that will
be predicted. In addition, a stress test validation dataset with a
prediction horizon up to 30h instead of 24h was similarly
constructed resulting in n = 387 neonates.

Construction of Validation Datasets for Two (Scenario 2a)
and Two or More (Scenario 2b) Measurements With
Prediction Horizon up to 48 h

In these scenarios, only neonates with three or more
measurements were eligible. Construction of validation
datasets was a step-by-step procedure. First, the PNA
distance between the second and the last measurement was
computed. Second, if this PNA distance fulfills <48 h, then this
measurement was selected to be predicted. If the PNA distance
is larger, the last measurement was rejected and the PNA
distance between the second and the second last measurement
was computed, and the procedure was repeated. For the
validation datasets with two bilirubin measurements, all
measurements between the second and the measurement
selected to be predicted were deleted. For the validation
datasets with two or more bilirubin measurements, these
values were kept. Finally, all input rules were tested and
neonates that do not fulfill the input rules were deleted. The

Predictive Algorithm Neonatal Jaundice

final validation sets for scenario 2a (two bilirubin
measurements) consist of # = 119 neonates and for scenario
2b (two or more bilirubin measurements) consist of n = 111
neonates. The stress test validation datasets for two or two or
more bilirubin measurements with a prediction horizon up to
60 h was constructed with a similar procedure resulting in n =
132 and n = 122 neonates, respectively.

Software Applied for Descriptive Statistics,
Algorithm Development and Validation

Descriptive statistical analysis was carried out in R 3.6.0 (R core
team, Vienna, Austria). Non-linear mixed effects modeling for
model development was performed in The Monolix Suite 2020
(Lixoft, Orsay, France). Construction of validation datasets was
performed in R. Model validation was conducted in Matlab 2021
(MathWorks, Natick, MA, USA). A-posteriori data visualization
was implemented in R and Matlab.

RESULTS

This section is structured as follows. First, results of the PMX-
based algorithm development is presented. Second, results of the
external validation are shown.

Development of PMX-Based Algorithm to

Predict Individual Bilirubin Kinetics
Development of the PMX-based algorithm to predict individual
bilirubin kinetics is presented. First, results regarding data fitting
and model parameter estimation are briefly given. Second, the
verification of the EBE implementation in Matlab is shown.

Data Fitting and Model Parameter Estimation (Fixed
and Random Effects)

The mathematical model Eq. (1) was fitted to the dataset for
model development resulting in estimates for the fixed and
random effects, as well as covariate effects Eq. (2). Several
covariates such as gestational age, sex, delivery mode, Apgar
scores, arterial pH, weight (at birth and progression),
hemoglobin, sodium, hematocrit, feeding (formula, mother
milk), Rh blood group system and blood type of mother and
neonate, and maternal factors were tested, compare (Daunhawer
etal.,, 2019) and see Supplementary Table S1 in the supplemental
material for more details. Weight at birth (continuous),
gestational age (continuous) and delivery mode (categorical)
were statistically significant covariates and included in the
final model with typical PMX covariate approaches. The
observation vs. prediction plot of the mathematical-statistical
model (Eqs 1, 2) with dataset for model development is shown in
Figure 3.

Verification of EBE Implementation in Matlab

To verify the EBE implementation in Matlab, each individual
neonate from the dataset for model development was re-fitted
in Matlab and individual model parameter estimates were
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FIGURE 3 | Individual observation vs. prediction plot is shown from the
mathematical-statistical model based on the dataset for model development
where the orange line indicates the spline and dashed lines the 90% prediction
interval.

compared with the results from Monolix. Since the model
parameters have different magnitudes, the percent difference
over all model parameters was calculated. Comparison of
model parameters obtained from Monolix and Matlab
showed a median maximal discrepancy of 0.48% caused by
non-identical, but structurally similar numerical algorithms
applied in both software programs, as well as internal
tolerances and termination criteria settings.

External Validation of the PMX-Based
Algorithm

Results of the external validation for scenarios 1, 2a, and 2b as
well as the stress test validation are presented as follows. In
Table 2, median of the relative (absolute) prediction difference,
median of the absolute prediction difference, and the sensitivity
and specificity are shown. Observation versus prediction plots for
scenario 1 (one measurement with prediction horizon up to 24 h)
and scenario 2a (two measurements with prediction horizon up
to 48 h) are shown in Figure 4.

Predictive Algorithm Neonatal Jaundice

DISCUSSION

As perinatal medicine is undergoing a fundamental change
transforming towards a modern data-driven patient-oriented
approach new tools that will predict the dynamics of
biomarkers for an individual fetus or newborn will become
increasingly important in maternal, neonatal and perinatal
care. We developed PMX-based algorithms to optimize and
individualize dosing of therapeutics in the field of perinatal
medicine (Wilbaux et al., 2016a; Wilbaux et al., 2016b; Koch
et al,, 2017; Nekka et al., 2017; van Donge et al., 2018; Dallmann
et al.,, 2019; van Donge et al., 2019; Wilbaux et al,, 2019; van
Donge et al., 2020a; van Donge et al., 2020b; Koch et al., 2020c¢;
Dao et al., 2020; Samiee-Zafarghandy et al., 2022). It is time to go
beyond classical pharmacological applications and develop
algorithms condensing the wealth of clinical data and
physiology knowledge into predictive tools coping with the
dynamics of biomarkers for an individual fetus or neonate.

These tools can be developed based on various methods, such
as PMX-based mathematical-statistical computer models,
machine learning (ML) or other artificial intelligence (AI)
methods such as artificial neural networks (ANNs). In the
following, PMX, ML and ANN approaches are discussed with
focus on our perinatal case study.

The undisputed major advantage of ML methods is its
computational efficiency in handling big data (Koch et al,
2020a). Large amounts of input features can be processed
regarding its relationship with a dependent variable, e.g., a
labeled (supervised) binary outcome. On one hand this allows
large amounts of input features to be screened, e.g., patient
characteristics, for their relevance, but on the other hand the
ML-based tool is solely data-driven. Recently, we developed a
ML-based tool to predict the probability whether a neonate will
need a phototherapy treatment or not within the next 48h
(Daunhawer et al.,, 2019). Almost 50 features were screened
resulting in a relevant subset of only four, which suffices for a
strong predictive performance (Daunhawer et al, 2019).
Although such ML-based tool provides an innovative risk
assessment regarding phototherapy requirement, it does not
predict the dynamics of bilirubin kinetics. In addition, ML
methods are not pre-destined to represent physiological
mechanisms. Hence, we consider ML as a powerful tool e.g.,
in pre-screening large amounts of input features and in
developing diagnostic tools where dynamic aspects of the
dependent variable are not of primary importance.

TABLE 2 | For each scenario (including the stress tests), the median of relative (absolute) prediction difference (r.p.d.) Eq. (5), the median of absolute prediction difference

(0.d) Eq. (4), and the sensitivity and specificity are presented.

Scenario Median of r.p.d.

in Percent (%)

Scenario 1 (one TSB meas.) 8.5%
Scenario 1 (one TSB meas. stress test) 7.9%
Scenario 2a (two TSB meas.) 9.2%
Scenario 2a (two TSB meas. stress test) 9.9%
Scenario 2b (two or more TSB meas.) 8.8%
Scenario 2b (two or more TSB meas. stress test) 9.3%

Median of p.d. Prediction Horizon

mg/dl (umol/l)

Sensitivity/Specificity

1.0 mg/dl (17.4 pmolf) 95.7%/96.3% Up to 24 h
0.9 mg/dl (15.7 umol/) 92.5%/97.5% Up to 30 h
1.3 mg/d! (21.5 pmol) 93.0%/92.1% Up to 48 h
1.3 mg/dl (22.3 pmol/l) 91.7%/94.0% Up 1o 60 h
1.2 mg/d! (20.5 pmol) 94.6%/93.2% Up to 48 h
1.3 mg/dl (21.8 pumol/l) 92.7%/93.8% Up to 60 h
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Al methods, such as ANNSs, have become popular to analyze
data from various fields as ANNs can approximate any function
up to a certain accuracy (Hornik et al., 1989). At first glance, this
sounds like the perfect tool to learn any kind of behavior.
Although this is true in theory, an ANN is solely data-driven,
i.e., anything the ANN will learn arises from the analysis dataset
which can have essential fundamental consequences. An
enormous amount of data may be required covering all
possible situations. What ANNs do not see, will not be
learned, and may not be accurately predicted. Another issue
with ANNs is its black-box property, which makes it almost
impossible to understand why a trained ANN looks the way it
does. This in turn can limit acceptance of ANN-based algorithms
by care givers in clinical practice.

The developed PMX-based algorithm presented in this paper
includes known physiology-based, biological, and clinical facts
(Bonate, 2006; Koch et al., 2013; Gabrielsson, 2017). As an
example, neonates undergo strong maturation processes
during the first days and even weeks of life. We think it is
“intelligent” to incorporate such scientific, medical
understanding into our computer models. Our PMX-based
algorithm predicts bilirubin kinetics over time up to 48h.
Hence, not only an answer for a specific question is available
for the clinician (Koch et al., 2020a), but the entire bilirubin
kinetics is revealed and provided. In addition, due to the
availability of the predicted bilirubin kinetics, different clinical
end points of interest can be defined in an a-posteriori step, e.g.,
prediction up to 24 h, 48 h or even longer prediction horizons, as
presented in this paper. Moreover, clinically relevant binary end
points such as prediction above or below a certain threshold, can
be defined, as presented in the sensitivity and specificity
computations.

Discussed PMX-, ML- and ANN-based methods have in
common that an external validation, ie., a dataset from
another medical center, is necessary before application in
clinical practice. The major goal of this paper was to present
an external validation of the PMX-based algorithm based on a
dataset that was not available during algorithm development. In

addition to typical validation procedures in pharmacometrics
(Lavielle, 2014), we applied the statistical concept of sensitivity
and specificity for the external validation of the PMX-based
algorithm. This is to demonstrate that one can translate PMX-
based algorithms that forecast dynamics of biomarker responses
or disease progression into simplified algorithms that predict a
binary outcome.

The developed, predictive PMX-based algorithm was applied
in two different clinically relevant scenarios in neonatology. In
the first scenario, bilirubin kinetics is predicted up to 24 h into the
future based on a single bilirubin measurement with a median
relative (absolute) prediction difference of 8.5% (median absolute
prediction difference 17.4 umol/l), and sensitivity and specificity
of 95.7 and 96.3%, respectively. In the second scenario, bilirubin
kinetics is predicted up to 48 h into the future based on two
bilirubin measurements with a median relative (absolute)
prediction difference of 9.2% (median absolute prediction
difference 21.5 pmol/l), and sensitivity and specificity of 93.0
and 92.1%, respectively. Moreover, a scenario with two or more
bilirubin measurements and various stress tests based on
increasing the prediction horizon were also performed. In all
these cases, similar values regarding the applied validation
metrics were obtained.

Recently, the PMX-based algorithm has even been validated
with three additional external, independent datasets: 1) clinical
dataset from Greece consisting of neonates with transcutaneous
bilirubin (TcB) measurements only, 2) clinical dataset from
Germany consisting of neonates with TSB only, TcB only, or
combinations of TSB and TcB measurements, and 3) clinical
dataset from Kenya, Africa, consisting of neonates with TSB and
TcB measurements. Results from these additional external
validation studies will be published in the near future.

Until now, best practice has been to plot measured bilirubin
values to given nomograms in a paper or electronic-based fashion
to identify the current level of patients’ jaundice status. Then, for
estimating individual risk of a given neonate and to provide a
recommendation for next measures, including further bilirubin
controls or specific therapy management steps, various clinical
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parameters need to been considered by the responsible health
care provider. As long as the neonatal patient is hospitalized
anyway there is only the medical challenge. In contrast, once
there is no other reason for keeping the patient in hospital or the
patient is already in the outpatient service, clinical decision
making becomes even more demanding as additional
organizational, economic and legal challenges may arise
(Brown et al., 2021). However, there are no randomized and
quasi-randomized studies available specifically addressing
bilirubin  therapy, namely home-versus hospital-based
phototherapy (Malwade and Jardine, 2014).

Our intelligent PMX-based algorithm for prediction of
bilirubin kinetics is based on differential equations that
characterize maturation processes and other balance properties
and are then trained and validated on large datasets. PMX-based
algorithms can complement “artificial intelligence” such as ML-
and ANN-based approaches in perinatal medicine. PMX-based
algorithms leverage and integrate scientific, medical knowledge
with intelligent learning from clinical data. Our developed
intelligent algorithm for bilirubin level prediction will be
incorporated in a clinical decision support tool with the goal
to further optimize and individualize treatment of preterm and
term neonates, our most vulnerable patients. The presented case
of hyperbilirubinemia illustrates the potential of intelligent,
predictive ML-, ANN- or PMX-based algorithms in neonatology.

There are numerous opportunities for such clinical decision
support tools to further enhance and personalize care of mothers
and their unborn and born children. Neonatal jaundice is just one of
many medical conditions affecting newborn babies. There are many
other diseases in fetuses, neonates and their mothers rooted in the
specific dynamics of pregnancy and transition from intra-uterine to
extra-uterine life (Evers and Wellmann, 2016). In contrast to adult
medicine where health is defined as a continuum and the absence of
physical and mental degradation, in perinatal medicine, health is a
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