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Topical steroids are used for the treatment of primary atopic dermatitis (AD); however, their associated risk
of serious complications is great due to the presence of vulnerable lesions in young children with AD.
Topical calcineurin inhibitors (TCIs) are steroid-free, anti-inflammatory agents used for topical AD
therapy. However, their use is prohibited in infants <2 years of age because of their carcinogenic potential.
We conducted a randomized, double-blind trial to evaluate the efficacy of TCIs as a secondary AD treatment
for children <2 years of age by comparing 1% pimecrolimus cream with 0.05% desonide cream. We
performed urinary metabolomics to predict long-term side effects. The 1% pimecrolimus cream displayed
similar efficacy and exceptional safety compared with the 0.05% desonide cream. Metabolomics-based
long-term toxicity tests effectively predicted long-term side effects using short-term clinical models. This
applicable method for the functional interpretation of metabolomics data sets the foundation for future
studies involving the prediction of the toxicity and systemic reactions caused by long-term medication
administration.

young children'. It is more prevalent in younger children than school-age children, and the occurrences of
clinical symptoms and eczema primarily appear before two years of age. AD affects the quality of life of
children and their parents, leading to significant social, economic and health care costs.

AD attacks specific regions of the body depending on age; in very young children, it particularly occurs around
the outer regions of the face and limbs®. Currently, the majority of children use topical steroids to treat these
conditions’. However, the use of steroids in children is limited due to the development of complications, such as
skin atrophy and telangiectasia, which are related to thinned skin. In particular, the side effects occurring in facial
areas cause serious cosmetic problems and result in additional future complications, such as a loss of self-
confidence and cosmetic treatment costs.

As an alternative, topical calcineurin inhibitors (TCIs) have been widely used to treat AD in young children
because they lack the side effects of topical steroids*. However, the US Food and Drug Administration (FDA)
issued a boxed warning for TCIs in 2005 because of the carcinogenic potential of immunosuppressants. The use of
TClIs in children younger than 2 years of age was restricted in 2006°. However, according to the data published to
date, it remains unclear whether TCI use increases cancer risk. Therefore, the need to verify TCI efficacy and
safety through clinical trials and elucidate its association with cancer risk is evident.

Previous pharmacokinetic-based studies of TCI safety and its relevance to carcinogenic effects have had various
limitations. In earlier animal experiments, toxicity has been evident in potential target organs, such as the kidney,
pancreas and lymphatic systems, following the oral administration of TCIs®. This toxicity is exclusively observed
when the blood concentration exceeds 100 ng/mL. However, conventional methods are not appropriate for the
prediction of the toxicity of topically administered TCIs. When a TCI formulation is applied to the skin,

ﬁ topic dermatitis (AD) is the most common chronic disease in children, and its prevalence is 10-20% in
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undetectable or low concentrations are often measured in the blood”.
Therefore, an advanced method to predict TCI toxicity following
topical administration for AD treatment is inevitably required.

This study aimed to assess an alternative method to earlier
approaches to predicting the side effects of immunosuppressive
agents based on the functional interpretation of metabolomics data®.
The greatest advantage of metabolomics is that alterations in meta-
bolites, which are the ultimate products of gene expression, are
more extensive and sensitive than are those of DNA, RNA and
proteins’. Therefore, even if no changes in DNA, RNA or protein
levels are evident, significant alterations in metabolite levels can still
be observed.

In a generalized, short-term (6 months) clinical trial, the efficacy
and side effects of a TCI formulation, pimecrolimus, was compared
with the topical corticosteroid desonide. We detected metabolites in
urine samples and selected those that were meaningful using stat-
istical analysis optimized for experimental models. The output from
the statistical analysis included a long list of metabolites that
displayed noteworthy patterns under the various conditions. To
interpret the results, group-based significance tests and pathway
analysis'® were performed, and side effects, including carcinogeni-
city, were determined.

This study demonstrates that metabolomics can be further applied
to assess actual clinical data by functional interpretation rather than
single marker detection. Our results suggest that metabolomics can
potentially serve to predict the toxicity and systemic reactions of
long-term medication administration. This study provides scientific
evidence for the safe usage of medication, and it will further contrib-
ute to improving the quality of life of patients and caregivers by
allowing for the determination of its appropriate treatments.

Methods

This randomized, double-blind trial was conducted for 6 months at a single center.
The aim of the study was to compare the efficacy and tolerability of 1% pimecrolimus
cream (Elidel®) and 0.05% desonide cream (DesOwen®) in infants younger than 2
years of age. The Institutional Review Board or Ethics Committee of the participating
organizations approved this study protocol (IRB Registration Number: 2011-09-067).
The study was performed according to the Declaration of Helsinki and Good Clinical
Practices. Prior to study enrollment, the entire process was clearly explained to each
patient’s parent, caregiver or legal representative, and a concise written informed
consent form was obtained.

Patients. We targeted male and female infants with AD who were 3-23 months of age
for this study. The inclusion criteria were as follows: the presence of AD for greater
than 3 months; a lesion covering over 5% of the patient’s body surface area involving
the face, head and neck; an Investigator’s Global Assessment (IGA) score of greater
than 2; and persistent AD lesions despite the use of existing potency class VII or
greater topical steroids for more than two weeks. The key exclusion criteria included
the following: inability to receive local formulation treatment due to the presence of
an external wound; the presence of other infections, diseases or skin disorders;
treatment with a systemic steroid, systemic immunosuppressant, or oriental herbal
medicine within the previous 3 months; and general inappropriateness for the study
as determined by the clinical trial investigator.

Study design. AD patients were managed with a standardized protocol. The skin
management protocol was based on clinical practice guidelines for similar conditions.
Prospective subject screening for the inclusion/exclusion criteria was completed 3
days before the baseline visit. In the double-blind phase, 1% pimecrolimus cream was
applied to the AD lesions of one patient group, whereas 0.05% desonide cream was
applied to the lesions of the other group. The treatments were applied twice daily
(every 12 h) for 4 weeks or until the conclusion of the double-blind phase.

If clinical improvement was evident within the entire lesion (IGA score < 1) prior
to completion of the 4 weeks of treatment, the patients were switched to an open-label
phase. Upon conclusion of the double-blind phase, a 24-week extension was initiated
to assess long-term efficacy and safety. In the open-label phase, all patients applied the
corresponding medication to their lesion based on authorization and off-label
approval if topical administration was required due to the worsening of lesions.

AD severity, skin condition, medication usage and side effects were examined
during the double-blind phase and open-label phase. At baseline and week 4 or upon
completion of the double-blind phase, urine cortisol and morning plasma-free cor-
tisol levels were measured and compared to confirm the presence of any endocrine-
related side effects resulting from the topical steroid treatment. In addition, we
compared the alterations in the IGA and EASI scores and the lesion to body surface
area (BSA) ratio between the two groups.

Clinical evaluation and analysis. Study visits were performed at screening, baseline,
and weeks 1, 2, 4, 8, 16 and 24. The IGA score served as the primary efficacy
parameter. An IGA score of 0 (clear) or 1 (almost clear) was the endpoint. Upon
achievement of an IGA score of 0 or 1, the patient was switched to the open-label
challenge. The Eczema Area and Severity Index (EASI) score served as a secondary
efficacy parameter. The clinical evaluation included the recording of individual data,
such as date of birth, weight and height; vital signs, such as blood pressure and pulse
rate; the use of topical agents; the IGA and EASI scores and other factors; and the
administration of a survey about medical history and diet.

Safety assessments consisted of the monitoring and recording of all adverse events
as well as dermoscopic assessments of face, head and neck lesions for skin atrophy and
telangiectasia. Analysis of endogenous metabolites was also performed from the
baseline. The following parameters were monitored and analyzed at baseline, the end
of the double-blind phase and 24 weeks: hematology, blood chemistry, morning
serum cortisol, T cell subset and urinalysis.

Metabolite extraction. Urine samples from each patient were stored at —80 °C until
analysis. For the analysis, 150 uL of each urine sample was centrifuged at 16,000 rcfat
4 °C for 5 min. Next, 100 L of supernatant was transferred to a new tube and mixed
with 400 pL of methanol. After 5 min at —20 °C, the sample was centrifuged again at
16,000 rcf at 4 °C for 5 min, and 100 pL of supernatant was used as an analytical
sample.

Ultraperformance liquid chromatography/quadrupole time-of-flight mass
spectrometry (UPLC/QTOFMS). Analysis was performed using a UPLC system
(Waters Corporation, Milford, CT, USA) equipped with a binary pump, autosampler,
degasser and column oven. Reverse-phase LC separation was performed using an
ACQUITY UPLC BEH C18 column (2.1 X 100 mm, 1.7 pm). For this procedure,
5 pL of each sample was injected and separated by an optimized gradient method.
The mobile phase was water (J.T Baker) + 0.1% formic acid (A) and acetonitrile (J.T
Baker) + 0.1% formic acid (B). The following gradient was applied: 0 min of 100% A,
5 min of 70% A, 15 min of 30% A, 25 min of 20% A and ~35 min of 0% A. The flow
rate was set to 0.2 mL/min, and the column temperature was maintained at 40 °C. For
data quality control, a quality control sample (a mixture of every sample) was injected
at regular intervals in the middle of the sequence. In addition, a random sequence was
used. We performed equilibration for 10 min to ensure for column equilibration.
This process was performed using HyStar chromatography software (Bruker
Daltonics, Bremen, Germany).

ESI-MS analysis was performed on a micrOTOF-QII mass spectrometer (Bruker
Daltonics, Bremen, Germany). Mass spectrometry was conducted using the ESI
positive ion mode. High-purity nitrogen gas was used as the collision and drying
gases. The mass range of the instrument was set to 50~1000 m/z. The following MS
parameters were used: 8.0 L/min dry gas flow rate at 200 °C of dry temperature,
4.5 kV capillary voltage, 1.2 bar nebulizer pressure, 15.0 eV quadrupole ion energy,
10.0 eV collision energy, 55.0 s transfer time and 2.0 ps pre-pulse storage. The data
were collected with DataAnalysis 4.0 (Bruker Daltonics, Bremen, Germany).

Data preprocessing. Raw data were analyzed based on MZmine version 2.5'"". Peak
detection was carried out by mass detection, chromatogram building and peak
deconvolution. During the mass detection process, the conversion of each MS
spectrum into a pair of m/z and intensity values (the noise level was set to 10, centroid
algorithm) was performed. Using the chromatogram builder function, a
chromatogram was created with the following parameter values: 0.1 m/z tolerance
and 2 X 10° minimum height. To achieve peak deconvolution, peak recognition was
completed by the Savitzky-Golay function (minimum peak height of 2 X 10° and
derivative threshold level of 80%). For peak alignment, the RANdom SAmple
Consensus (RANSAC) aligner method was used (/z tolerance of 0.05, absolute
retention time (RT) tolerance of 0.2 min, and RANSAC iterations of 10,000). The list
of obtained peaks was converted into a .csv file.

Statistical analysis. We performed statistical analyses to test whether there was a
significant change over time in metabolite levels for the patient group who applied 1%
pimecrolimus cream and for the group who applied 0.05% desonide cream. To
determine metabolite levels, we used the mixed effects model with fixed effects for
time (weeks) and random effects for patients. Finally, we implemented y>-tests
individually to identify the metabolites that changed over time for each group.

Functional interpretation of metabolomics data. Using MetaboAnalyst'?, we
confirmed the mechanisms and diseases related to the metabolites affected by each
agent. In general, further research aimed at marker selection was necessary for highly
reliable metabolite selection at a significance level of approximately 0.05. However, in
this study, because we attempted to widely confirm the involved mechanisms to
predict every potential side effect, the metabolites with o < 0.2 were included in the
functional analysis. Throughout this process, all of the mechanisms were monitored,
even if only a slight alteration was observed. The data found to be statistically
significant were exclusively interpreted. MetaboAnalyst (http://www.metaboanalyst.
ca) was used as an analytical tool for interpretation. For the metabolites that displayed
altered levels in response to 1% pimecrolimus cream and 0.05% desonide cream, we
also applied metabolite set enrichment analysis (MSEA) and metabolic pathway
analysis (MetPA)'>". For this process, we selected the 'Disease-associated metabolite
set (Urine) option to confirm the results by targeting the metabolites in urine with an
emphasis on disease relevance. The results are presented in the tables consisting of 8-
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Table 1 | Baseline demographics (*: 95% Confidence Interval)

Pimecrolimus (n = 28) Desonide (n = 27) pvalue
Age; years, mean = SD 0.7 +0.3 0.7+0.5 0.971
Gender; male: female 17:11 20:7 0.291
IGA score (95% CI*) 3.9 (3.5-4.2)* 3.6 (3.2-4.0) 0.326
EASI score (95% ClI¥) 13.1(10.6-15.6) 12.9(10.3-15.4) 0.893
Area of lesion to BSA; % (95% CI*) 27.7 (23.3-32.2) 33.3 (27.0-39.5) 0.146
Total IgE count; IU/mlL 176 = 333 70 =209 0.163
Food Allergen Sensitization; n (%) 19 (68%) 14 (52%) 0.226
Significant Sensitization; n (%) 12 (43%) 5(19%) 0.080

IGA: Investigator’s Global Assessment total eosinophil;
EASI: Eczema Area and Severity Index;
BSA: Body Surface Area.

9 columns which include the metabolite set/pathway, the total number of metabolites
in that set (Total), the number of metabolites in the experimental set matching the
pathway set (Hits), the expectation value (Expected), the p-value, the Holm p-value,
the false discovery rate (FDR) and additional details.

Results

Patients and treatment. Of the 95 patients screened, 55 who agreed
to undergo the clinical study and complete a washout period were
targeted for the double-blind study. During the study, one of the
patients in the pimecrolimus group was withdrawn because of
nonattendance at a scheduled visit; therefore, a total of 54 patients
completed the randomized, double-blind study. No statistically
significant differences were noted between the 2 groups based on
gender, age, the presence of other atopic manifestations, sensitiza-
tion to food allergens, total IgE levels, blood eosinophil count, IGA
scores or EASI scores.

The baseline patient demographics are presented in Table 1. At the
initiation of treatment, the mean IGA scores (95% confidence inter-
val, CI) for the pimecrolimus and desonide treatment groups were
3.9 (3.5-4.2) and 3.6 (3.2-4.0), respectively. Moreover, the mean
EASI scores for the pimecrolimus and desonide treatment groups
were 13.1 (10.6-15.6) and 12.9 (10.3-15.4), respectively. Thus, no
difference between the two groups was observed.

Because of withdrawals due to loss to follow up (one for the pime-
crolimus group and two for the desonide group), 26 and 25 patients

in the pimecrolimus and desonide groups, respectively, were targeted
for the 6-month open-label phase (Figure 1).

Efficacy. Upon completion of the double-blind study, no statistically
significant difference in IGA scores between the two groups was
observed (Table 2). We measured the recovery rate according to
the criterion of ‘clear or almost clear lesion with IGA 0-1' in 54
patients. A total of 11 patients (41%) from the pimecrolimus and
desonide groups displayed the same recovery rates until the end of
the double-blind study. However, the EASI score, which reflects the
extent and severity of the lesion, displayed significant differences at
weeks 1 and 2 as well as at the end of the double-blind phase.
Although the lesion to BSA ratio for the desonide group was
reduced compared with that of the pimecrolimus group, no
statistically significant difference (p < 0.05) was observed.

At the end of the open-label phase of the study, 14 patients (54%)
from the pimecrolimus group and 13 (52%) from the desonide group
displayed an IGA score of 0-1, with no significant difference. The
facial IGA scores of the pimecrolimus and desonide groups were 1.5
(1.0-2.0) and 1.6 (1.3-2.0), respectively. The EASI scores for the two
groups were 3.1 (1.7-4.6) and 2.3 (1.4-3.3), respectively. No signifi-
cant differences were observed for both scores between the two treat-
ment groups.

Assessed for eligibility (n=95)

Excluded (n=40)

- Not meeting inclusion criteria (n=15)

(improved/exacerbated during wash-out)
- Declined to participate (n=25)

Allocated to TS (n=27)

]

Open labeled (n=27)

Screening
Wash out >
Randomized (n=55)
I
[ \
Allocated to TCI (n=28)
Doublebind | _ Complete DBRCT (n=27) - Complete DBRCT (n=27)
- Lost to follow-up (n=1)

Open-labeled Open labeled (n=27)

s - Lost to follow-up (n=1) - Lost to follow-up (n=2)

5 2?158,2; Completed study (n=26)

Completed study (n=25)

Figure 1| Flow chart of the randomized clinical trial assessing the usages of 1% pimecrolimus cream and 0.05% desonide cream.
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Table 2 | Alterations in IGA and EASI scores and area of lesion to BSA (*: 95% confidence interval) measured until week 24
Pimecrolimus Desonide pvalue
IGA score at week 1 2.9 (2.4-3.2)* 2.4 (2.0-2.9) 0.146
IGA score at week 2 2.5(1.9-3.0) 2.0 (1.6-2.5) 0.185
IGA score at week 4 or open 2.4 (1.8-3.1) 2.1 (1.6-2.9) 0.346
IGA score at week 24, open-label phase 1.5(1.0-2.0) 1.6 (1.3-2.0) 0.641
EASI score at week 1 8.3 (6.3-10.3) 5.1(3.9-6.3) 0.007
EASI score at week 2 6.3 (4.4-8.1) 3.0 (2.1-4.0) 0.003
EASI score at week 4 or open 7.0 (4.4-9.6) 3.5(2.1-4.0) 0.016
EASI score at week 24, open-label phase 3.1(1.7-4.¢) 2.3 (1.4-3.3) 0.340
Area of lesion to BSA at week 1; % 19.4(15.0-23.8) 14.8(10.9-18.8) 0.118
Area of lesion to BSA at week 2; % 13.7 (9.3-18.1) 9.1(5.8-12.5) 0.097
Area of lesion to BSA at week 4 or open; % 13.6(8.3-18.8) 8.7 (6.1-11.3) 0.093
Area of lesion to BSA at week 24, open-label phase; % 5.4 (3.2-7.¢) 5.6 (2.8-8.5) 0.906
IGA: Investigator’s Global Assessment total eosinophil;
EASI: Eczema Area and Severity Index;
BSA: Body Surface Area.

Safety. At the end of the double-blind period, infection in the
application area was reported in 16 patients (59%) from the
pimecrolimus group and 15 (55%) from the desonide group; no
significant difference was observed. No serious adverse events or
infection requiring hospitalization due to the presence of infectious
disease were observed during the double-blind phase in either group.
Known side effects reported by previous studies, such as the
exacerbation of acute bronchiolitis or wheezing, were observed in
one patient from the pimecrolimus group and four in the desonide
group. The incidence of acute bronchiolitis did not significantly
differ. The numbers of CD4 T cells in the pimecrolimus and deso-
nide groups displayed no significant alterations (Table 3). The early
morning free-cortisol levels (pig/dL) in the two groups were 13.1 =
19.6 and 11.0 * 7.6, respectively. At the end of the double-blind
study, these levels were 9.9 * 6.5 and 8.1 * 6.7, respectively, with
no significant difference observed between the groups. However,
significant suppression (=3 pg/dL) of the morning free-cortisol
levels was exclusively observed in four patients (19%) in the deso-
nide group (p = 0.051), indicating the need to consider the possibility
of hypothalamic-pituitary-adrenal (HPA) axis inhibition upon
application of 0.05% desonide cream in infants <2 years old.
Additional blood tests, including C-reactive protein (CRP) and
total eosinophil count (TEC), did not demonstrate any significant
differences. Dermoscopy examination showed that skin atrophy or
telangiectasia only occurred following the application of desonide.
Four patients in the pimecrolimus group and eight in the desonide
group experienced side effects, such as redness, hot flashes or irrit-
ability or displayed dead skin cells. However, the corresponding
incidence rates did not significantly differ.

During the open-label phase, which is when the patients intermit-
tently applied the creams for six months, most infants displayed skin
infection. Among those infants who completed the 6-month follow-
up, serious infections requiring hospitalization occurred in two

patients from the desonide group and four from the pimecrolimus
group, and no significant difference was observed. With the excep-
tion of infection, no serious adverse events were observed in the
clinical subjects during the open-label phase. Blood tests, including
a CD4 (+) T cell test, performed on the pimecrolimus and desonide
treatment groups displayed no significant differences. No local side
effects were observed in either group during the open-label phase.
However, exacerbated skin atrophy or telangiectasia was reported in
one patient from the pimecrolimus group and ten from the desonide
group during dermoscopic evaluation of the application site. The
difference between the two groups was statistically significant (p =
0.002).

MS data acquisition and preprocessing. To determine the changes
in endogenous metabolites induced by the two drugs, urine samples
were collected from the patients at the following time points: baseline
and weeks 1, 2, 4, 8, 16 and 24. After sample extraction, the endo-
genous metabolites were screened by UPLC-QTOFMS. Additionally,
analytical results from quality control samples demonstrated good
reproducibility with a relative standard deviation of less than 20%.
No specific tendency was observed in any of the chromatograms, and
principal component analysis (PCA) was performed to derive more
definitive results (Figure 2a). High-dimensional data were reduced to
two dimensions with PCA, including principal component 1 (PC1)
and PC2. The metabolite levels in a total of 235 samples were
determined, and a distribution without specific clustering was
observed. These results were attributed to the fact that extensive
changes to metabolic patterns were not present. Moreover, sample
variation resulting from individual differences in subjects or patient
conditions at the time of sample collection could have played a role.
Accordingly, an optimized statistical model was established to
selectively monitor the effects of the drugs according to the
duration of administration. To understand the variable range and

Table 3 | Blood test results during the double-blind period
Pimecrolimus Desonide
Baseline Week 4 or open pvalue Baseline Week 4 or open pvalue

CDA T cell (/mmd) 2250 = 892 2107 = 986 0.362 1585 = 590 1532 =706 0.648
Morning free cortisol (ug/dL) 13.1 9.6 9.9+6.5 0.353 11.0x7.6 8.1x67 0.302
CRP (mg/dL) 0.24 £0.44 0.23 +0.38 0.906 0.19+0.24 0.18 +0.22 0.973
TEC (/mm?) 946 = 913 641 * 691 0.059 572 + 384 476 = 362 0.265
CRP: CReactive Protein;
TEC: Total Eosinophil Count.
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Figure 2 | Results of data preprocessing. (a) Principal component analysis. One spot represents an individual sample. (b) Histogram of peak m/z values.

One color represents one sample.

distribution, we confirmed peak intensities via a histogram
(Figure 2b). The fact that most of the peaks occurred in the
200~600 m/z range and the number of peaks displayed
similarly normal distributions suggested that statistical modeling
was possible without the necessity of additional normalization
processes.

Statistical analysis. To determine whether meaningful patterns were
evident over time in the metabolite levels of the pimecrolimus and
desonide groups, we considered the mixed effects model for each
metabolite individually. For the pimecrolimus group, we assumed

the following mixed effects model:
A= +al + X" +€!, i=12,...,25, (1)
where A; = (a;1,ai, - - . ,ai,,x)T denotes the n; X 1 vector of the meta-
bolite measurements on the i subject at time t; = (fi,tn, - - . ,tin, ) i
is the number of measured time points of the i* subject,
ol ~iid N(0,02) is the random effect, * = (B{.BI. .. . ,BE)T is the
7 X 1 vector of fixed time (or week) effects, y; is the n; X 7 design
matrix, and ¢/ ~ MVN,, (0,0';Ii) is the n; X 1 vector of errors. It is

important to note that n; could be different for different subjects. All
of the random effects and measurement errors were assumed to be
independent of each other. In addition, we assumed the constraint
fo=0. Thus, the hypothesis for the constancy of each metabolite
over time can be written as H, : f{ =0forallt =1, ..., 6.

For the desonide group, we assumed the following mixed effects
model:

Bi=p+ab+ X"+, i=12,...,25, )
where B; = (bi1,bs, - . . ,b,-,,I)T denotes the n; X 1 vector of the meta-
bolite measurements on the i subject at time t; = (t;1,t2, - - - ,tin,)-

The other parameters and X; are similar to those defined in the model
for the pimecrolimus cream group. Here, the superscripts a and b are
used to distinguish the parameters of the two groups. It is important
to note that n; could be different for different subjects. Additionally,
the constraint [)’g =0 was assumed. We tested Hg : ﬁf =0forallt=1,
..., 6, which represents the constancy of each metabolite over time.

For the first analysis, we used the hypotheses Hf : f{ =0 or
H::pt=0forallt =1, ..., 6 to assess the constancy of each meta-
bolite over time. Using the contrast matrix
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the hypotheses can be written as HY : Cf°=0. We considered the
following statistic:

o= () o () oF ).

where Vo = Var ( B G) and G = a or b. Under the null hypothesis (no

change in intensity and no difference between the two groups), the
statistics T* and T° theoretically follow the y? distributions with
rank(C) degrees of freedom. Hence, we observed the statistics T}
and T} and the corresponding p-values p(Tf) and p(Tli7 ) for the
k™ metabolite.

We implemented the BH procedure by Benjamini and Hochberg
(1995) to control for multiple testing error (FDR), which is the
expected proportion of false positives among all rejected null hypo-
theses when testing many hypotheses simultaneously. An FDR level
of ¢ = 0.20 is commonly used to evaluate multivariate omics data,
such as genomic data'*'>. Sufficient numbers of selected metabolites
were necessary to facilitate functional interpretations to achieve the
final study goal. Hence, we applied the BH procedure using a g-value
0f0.20 to model each metabolite individually. Finally, at an FDR level
of 0.20, we considered the k™ metabolite as displaying significant
intensity in the pimecrolimus or desonide group if p(T}) <0.0126

orp (T,é7 ) <0.0082, respectively. Finally, we recorded the list of meta-
bolites achieving the criteria corresponding to the models. In addi-
tion, we summarized the results by plotting the estimated coefficients
over time in the figures. Figure 3 shows changes in metabolite
intensity.

Functional interpretation of metabolomics data. The mechanistic
meanings of the selected metabolites were precisely interpreted by
statistical analyses. To predict long-term side effects, such as the
carcinogenicity of the pimecrolimus formulation in the short-term
clinical model, the metabolomics data were functionally interpreted
and compared for the desonide and pimecrolimus groups. The
MSEA results (Table 4) for the steroid-treated group indicated that
metabolites related to cervical, colon and ovarian cancer exhibited
altered levels during the 6-month clinical study. However, in the
pimecrolimus group, no association between a particular disease
and altered metabolites (p < 0.05) was observed. On the other
hand, the MetPA results (Table 4) confirmed that the metabolites
that displayed altered levels in the steroid-treated group were
associated with tryptophan and phenylalanine metabolism,
whereas those that were altered in the pimecrolimus-treated group
were involved in phenylalanine metabolism.

Discussion

The application of topical steroids for the treatment of facial lesions
in infants less than 2 years of age carries the possibility of potential
side effects. Increasing concerns regarding side effects resulting from
the use of steroids have been voiced by parents and guardians's.
However, topical calcineurin inhibitors that have been suggested as
alternatives to steroids are not permitted for use in infants <2 years
of age. Thus, the actual uses for these drugs are limited'”. Therefore,
the need for a safe and effective secondary treatment that does not
cause the skin-based side effects observed with topical steroids has
emerged. In this study, we aimed to assess the efficacy of 1% pime-

crolimus cream compared with that of 0.05% desonide cream. Our
data suggest that 1% pimecrolimus cream is an alternative to deso-
nide formulations.

The carcinogenicity of pimecrolimus formulations is suspected
given its long-term toxicity, which occurs via immunosuppressive
mechanisms. In 2006, the use of pimecrolimus formulations was
prohibited in infants under 2 years of age'®. However, the efficiency
of current carcinogenicity tests for the evaluation of compounds is
low because these tests require a large number of animals.
Additionally, high concentrations that are not used in clinical prac-
tice have been orally administered for test measurements. Thus, the
direct application of these findings to clinical practice is complicated.
Considering these findings, further studies are required to assess the
carcinogenicity of pimecrolimus®.

Our study suggests that an omics approach, which enables the
dynamic examination of complete endogenous expression, would
be useful to confirm the carcinogenicity of pimecrolimus®. This
approach facilitated early predictions of carcinogenic potential using
endogenous metabolites to determine both systemic reactions and
side effects, which have been impossible to measure in previous
short-term clinical studies®'. To improve compliance in clinical prac-
tice, we profiled endogenous metabolites in urine samples, and this
non-invasive method established an experimental model to effec-
tively predict long-term side effects, such as carcinogenicity. Urine
samples were collected from infants exposed to both creams at every
study visit, and the endogenous metabolites were monitored in a
time-dependent fashion. The metabolites with altered levels were
examined to assess their relevance to carcinogenic mechanisms.

During the 6-month study, we assessed the reliability of our results
with quality control samples to confirm the reproducibility of instru-
mental analysis. Additionally, with the exception of drug efficacy,
additional factors, such as differences among subjects, were adjusted
through more precise statistical modeling. Finally, the selected meta-
bolites were functionally interpreted to examine their associations
with actual carcinogenic mechanisms. The MSEA and MetPA meth-
ods integrate prior biological knowledge into analytical data proces-
sing, which significantly simplifies data interpretation'.

The analytical results indicated that metabolites involved in cer-
vical/colon/ovarian cancers were altered during the 6-month
application period in the steroid-treated group. However, only one
metabolite involved in these diseases was altered. Functional inter-
pretation of metabolomics data is very useful to identify those meta-
bolites with altered levels to predict medium- to long-term side
effects at the metabolomic level. However, predictability is not per-
fect because probability is determined based on statistical analysis.
Also, there is the possibility of false positives or false negatives.
Therefore, the actual likelihood of the development of disease due
to the 6-month topical application of these medications is likely to be
low regardless of p-value. These results demonstrate that our
approach can potentially prevent side effects by predicting the risks
associated with drug application. In the pimecrolimus group, the
altered metabolites were confirmed to be unrelated to specific dis-
eases (p < 0.05). Accordingly, our results revealed that pimecrolimus
did not initiate carcinogenic mechanisms during the 6-month topical
application period, suggesting that this drug can potentially be used
as a secondary therapeutic agent in infants <2 years of age.

MetPA indicated that the metabolites with altered levels in the
steroid-treated groups were involved in tryptophan and phenylala-
nine metabolism, whereas those that were altered in the pimecroli-
mus-treated group were associated with phenylalanine metabolism.
With regard to tryptophan metabolism, several studies have reported
that oral administration of steroid formulations reduces the urinary
excretion of tryptophan metabolites and increases the breast cancer
phenotype®>*. Therefore, the possibility of the use of these metabo-
lites as indicators of side effects has been suggested**. An illogical
connection to previous studies can be made. It is important to note
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Figure 3 | Box plots demonstrating the endogenous metabolite levels in the two experimental groups. (a) Box plots of the estimated coefficients
(p,t=1,2,...,6) over time for the group of patients who applied 1% pimecrolimus cream. (b) Box plots for the estimated coefficients ( ﬁf,t =12,...,6)
over time for the group of patients who applied 0.05% desonide cream. Blue box: the complete endogenous metabolite levels; red box: the endogenous

metabolite levels selected for by statistical analyses.

that adults have received an oral steroid formulation in previous
studies. However, we presented these studies as evidence for the
feasibility of predicting possible side effects during steroid treatment.
With regard to phenylalanine metabolism, the direct relevance of
each component in desonide and pimecrolimus has not been prev-
iously reported; however, pre-stage catecholamine biosynthesis,
which is initiated by L-phenylalanine, can be altered due to altera-
tions in the enzymatic activities of phenylalanine hydroxylase in
atopic eczema/dermatitis patients™. Therefore, these pathway altera-
tions are affected by disease progression rather than drug effects.

Conclusions

Currently, steroids are the only AD treatment permitted in infants
<2 years of age. However, given the possibility of potential side
effects, numerous studies have compared the use of steroids versus
pimecrolimus. Unfortunately, only short-term efficacy and safety

have been investigated in most of the studies, and evidence in support
of long-term side effects has not been provided. In this study, we
confirmed the efficacy and safety of desonide and pimecrolimus for
AD treatment in infants <2 years of age. The off-label study was
conducted using 51 infants with AD over 6 months of age, and we
demonstrated that pimecrolimus displayed non-inferior efficacy
compared with desonide as assessed by IGA and EASI scores and
other measurements. In addition, we simultaneously performed vari-
ous safety tests to demonstrate the superior safety of pimecrolimus
compared with desonide in terms of side effects. In particular, we
used a metabolomics approach to assess long-term toxicity because
no effective measurements are currently available. Our results
demonstrated a lack of association with carcinogenic mechanisms.
This technique has the potential to predict side effects in short-term
clinical models in the future. In this study, we established effective
analytical techniques and statistical algorithms optimized for use

Table 4 | Results from MSEA and MetPA. This table shows the metabolite set/pathway, the total number of metabolites in that set (Total), the

expectation value (Expected), the number of metabolites in the experimental set matching the pathway set (Hits), the p-value, the Holm p-

value, the false discovery rate (FDR) and additional details

MSEA Total Expected Hits Raw p -In(p) Holm p FDR

Pimecrolimus

Desonide

Cervical/colon/ovarian cancer 1 0.041 0.041 3.199 1 1

MetPA Total Expected Hits Raw p -In(p) Holm p FDR Impact

Pimecrolimus

Phenylalanine metabolism 45 0.168 2 0.011 4.481 0.906 0.906 0.061

Desonide

Tryptophan metabolism 79 0.394 3 0.006 5.108 0.484 0.484 0.044

Phenylalanine metabolism 45 0.224 2 0.020 3.911 1 0.801 0.061
| 4:7408 | DOI: 10.1038/srep07408 7



with clinical samples and demonstrated the relevance of endogenous
metabolites to disease progression and phenotype. Hence, we suggest
the use of endogenous metabolites as predictors of drug efficacy and
side effects.
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