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ARTICLE INFO ABSTRACT

Keywords: Atopic dermatitis (AD) is a common inflammatory skin disease. This study aims to investigate the effect of
Atopic dermatitis azithromycin (AZI) pretreatment, a common macrolide-type antibiotic, on the trimellitic anhydride (TMA)
Azithromycin

induced AD-like symptoms in mice. AZI (25 mg/kg, once daily, 5 days) was administered intragastrically before
the 10-day TMA challenge. AD-like symptoms were assessed by ear thickening, scratching behavior, and path-
ological or immunofluorescence staining; Cytokines in the skin tissue and serum were measured by cytometric
bead array; and the compositions of gut microbiota were assessed by 16S rRNA gene sequencing. AZI pre-
treatment accelerated the development of ear thickening and enhanced the severity of developed AD-like
symptoms. AZI pretreatment promoted the infiltrations of neutrophil-like cells, T cells, and mast cells in ear
skin. AZI pretreatment elevated the levels of IL-4, IL-6, and IL-17A in the ear skin of AD model mice, but it
increased serum TNF-a and IL-6. AZI-pretreatment increased four gut bacterial genera (Bacteroides, Candida-
tus_Saccharibacteria_unclassified, Acetatifactor, Firmicutes unclassified) but depleted three short-chain fatty acids
producing gut bacterial genera (Alistipes, Clostridiales_unclassified, Butyricicoccus). AD-associated symptoms were
positively associated with skin IL-4 and IL-17A, serum TNF-a, and IL-6, and Acetatifactor, but they negatively
correlated to the three decreased gut bacterial genera (Alistipes, Clostridiales_unclassified, Butyricicoccus). Thus,
our results demonstrate that AZI exposure deteriorates TMA-induced AD-like symptoms in mice, which is related
to the imbalances of gut microbiota and skin/serum cytokines.

Trimellitic anhydride
Gut microbiota

1. Introduction

Atopic dermatitis (AD) is a common, often persistent inflammatory
skin disorder, which affects up to about 20% of children [1]. AD also
affects about 3% of adults worldwide [2] and up to 10% of adults in
high-income countries [3]. AD is characterized by fluctuating intensely
pruritic skin lesions, which are associated with low quality of life and

high health care costs [4]. Moreover, AD also increases the risk for the
development of allergic rhinitis, food allergies, and asthma, which is
well-known as an “atopic march” [5].

The gut microbiota is involved in the regulation of immunity and
may play a role in the development of AD. In addition to the therapeutic
effects of synbiotics or probiotics in AD [6], increasing researchers have
been of great interest in the effect of antibiotic exposure in AD and
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related atopic diseases. Azithromycin (AZI) is a broad-spectrum anti-
biotic that belongs to the macrolide antibacterial class, which may
induce a rapid reduction of gut microbial richness and diversity [7].
Some case reports show AZI exposure may be related to allergic contact
dermatitis [8-10]. Besides, it has been reported that AZI exposure is
associated with an increased risk of asthma in patients with AD [11]. On
the other hand, a recent study from Park et al. indicates altered gut
microbiota by AZI attenuates airway inflammation in allergic asthma
[12]. Thus, the risk of AZI exposure in AD remains unclear. Here, we
investigated the effect of AZI pretreatment on the development of AD in
the well-known trimellitic anhydride (TMA)-induced AD mouse model
[13].

2. Methods
2.1. Animals and grouping

Male BALB/c mice (6 weeks old, 18-22 g body weight) were pur-
chased from the Laboratory Animal Research Center of Zhejiang Chinese
Medical University. Mice were housed in groups of 3-5 per cage at 23 +
2 °C and 40-60% humidity with a 12-h light-dark cycle (lights on from
8:00 to 20:00). Water and food were given ad libitum. This study was
approved by the Institutional Animal Care and Use Committee of Zhe-
jiang Chinese Medical University (#ZSLL-2016-83). The use and care of
the mice were following the guidelines of the Animal Advisory Com-
mittee of Zhejiang Chinese Medical University and the US National In-
stitutes of Health Guidelines for the Care and Use of Laboratory Animals.

To test the effect of AZI pretreatment on the development of AD-like
symptoms, BALB/c mice were divided into two groups: the AZI pre-
treatment group (Pre-AZI group, AZI at 25 mg/kg were given by intra-
gastric administration for 5 days before TMA challenge, n = 7), and
vehicle group (VEH group, pretreatment with double distilled water
instead of AZI, n = 7).

2.2. Chemicals and drugs

All chemicals including TMA (98 %, LOT: R28A7Y13845), isopropyl
myristate (LOT: Y12M7S14582) were purchased from Shanghai Yuanye
Biotechnology Co., Ltd., (Shanghai, China). Acetone was purchased
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). TMA was
dissolved in a mixed solvent of acetone and isopropyl myristate (4:1, v/
v) immediately before use. Azithromycin for oral suspension (Pfizer Inc.
LOT: R97426) was purchased from Zhejiang University School of Med-
icine Children’s Hospital and suspended in double distilled water
immediately before use.

2.3. Induction of AD-like symptoms by TMA

The method for induction of AD-Like symptoms by TMA is similar to
the previous study[14]. Briefly, mice were sensitized with 50 pL of 5%
TMA by topical application on the shaved abdominal skin. Five days
later, AD-like symptoms were induced by repeatedly applying 20 pL of
2% TMA to the dorsal surface of both ears once a day for 10 days. Ear
thickness was daily measured before the TMA challenge. All mice were
sacrificed after the 10-day TMA challenge.

2.4. Observation of scratching behavior

Scratching behavior was observed after the last TMA challenge as
previous study [15]. Mice were individually placed in a big glass beaker
(3 L) to acclimate for 60 min. Immediately after the TMA challenge, each
mouse was recorded by a digital video camera for 30 min in an
unwatched condition. The number of scratching episodes for both ears
was counted manually according to the video recordings in a blinded
fashion.

International Immunopharmacology xxx (xxxx) xxx

2.5. Hematoxylin-Eosin (HE) staining

After fixed and embedded in paraffin, mouse skin was cut into 5-ym
sections and mounted on positively treated slides. The slides were
stained with hematoxylin and eosin for evaluation of edema and infil-
tration of inflammatory cells into the dermis. The severity of dermatitis
was assessed on the epidermis (hypertrophy, hyperkeratosis, and infil-
tration by inflammatory cells) and the corium (infiltration by inflam-
matory cells) in a blinded fashion. Each index was scored from 0 (no
symptoms), 1 (mild), 2 (moderate), to 3 (severe). The total histopatho-
logical score was expressed as the sum of the individual scores.
Neutrophil-like cells were manually identified from HE staining images
by their separated nuclear lobes. The number of Neutrophil-like cells
was counted from five fields of view with the areas of 0.01 mm? for each
mouse.

2.6. Toluidine blue staining

The 5-um sections sampled from the mouse skin mounted on slides as
described above. the slides were soaked in methanol for 5 min, PBS 5
min, 0.01% toluidine blue (PH = 2.5, Haokebio, Hanzhou, China) for 30
min, and ethanol for 30 s, dipped in xylene, and then coverslipped.
Toluidine blue stains mast cells violet and the background blue. The
number of mast cells was counted from ten fields of view with the areas
of 0.03 mm? for each mouse.

2.7. Immunofluorescence staining

The 5-um sections processed for immunofluorescence with CD3
epsilon (1:200, Abcam; #ab215212) and AlexaFluor488 secondary
secondary fluorescent antibodies (1:200, Abcam; #ab150077). The cell
nuclei were counterstained with DAPI (Meilunbio; #MA0222-L). Images
of the slides were taken using an Olympus VS120-S6-W microscope. The
number of CD3™ cells was counted from five fields of view with the areas
of 0.01 mm? for each mouse.

2.8. Cytokine analysis

The protein levels of multiple cytokines (related to T helper type 1
(Th1), T helper type 2 (Th2), and T helper type 17 (Th17) cells) were
examined by the cytometric bead array (CBA) assay (mouse Th1/Th2/
Th17 cytokine kit, BD Pharmingen) according to the manufacturer’s
protocols. Briefly, a series of capture beads for interleukin 17A (IL-17A),
interleukin 2 (IL-2), Interferon gamma (IFN-y), interleukin 6 (IL-6),
tumor necrosis factor alpha (TNF-a), and interleukin 10 (IL-10) were
firstly mixed. Then co-culture the capture beads mixture, detection re-
agent, and 50 pL serum or tissue lysate for 2 h at room temperature,
protected from light. Add 1 mL of wash buffer to each assay tube and
centrifuge at 200 g for 5 min. Carefully aspirate and discard the super-
natant from each assay tube. Add 300 pL of wash buffer to each assay
tube to resuspend the bead pellet for analysis using a FACSCanto II
system (BD Biosciences). Data were analyzed with FCAP Array software.

2.9. Microbiome analysis

Gut microbiota was collected and analyzed similarly to previous
studies [16-18]. Briefly, mice were placed in an empty clean big glass
beaker (3 L) for 5-10 min, and freshly dropped fecal pellets were
collected aseptically. Total DNA was extracted from approximately 200
mg of feces using the QIAmp DNA microbiome kit (Qiagen, German)
according to the manufacturer’s protocol. Gut microbiota abundance
and diversity were analyzed by sequencing of 16S rRNA gene (V3-V4
region) with Illumina MiSeq platform (MiSeq Reagents Kit v3, 600 cy-
cles). Using QIIME 2 (https://qiime2.org/) [19], the clean reads were
extracted from the raw-paired end reads, aligned with the SILVA data-
base [20] and NCBI databases [21], and clustered into operational
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taxonomical units (OTUs) based on a 97% similarity cutoff. Alpha di-
versity included the Sobs and Chaol diversity index, and beta diversity
included unweighted UniFrac distance metrics. Beta diversity metrics
were then visualized using Principal coordinate analyses (PCoA) in R
version 3.4.3. The sequencing reaction was conducted by Hangzhou
Woosen Biotechnology Co., Ltd.

2.10. Statistics

GraphPad Prism software 8.0 was used for statistical analyses.
Repeated two-way analysis of variance (ANOVA) (with Least Significant
Difference Test for post hoc comparison) was used for the analysis of ear
thickness data. One-way ANOVA (with Tukey test for post hoc com-
parison) was used for the analysis of three-group data from pathological
or immunofluorescence staining. Kruskal-Wallis analysis of variance
(ANOVA) (with Dunn’s multiple comparisons test for post hoc com-
parison) was used for the analysis of the relative abundance of gut
bacterial genera between groups. Spearman’s rank correlation was used
for correlation analyses. Student’s t-test or Mann Whitney test was used
for two-group data. All data were expressed as mean + SEM; significance
was defined as P < 0.05. All behavioral tests and cell countings were
conducted in a blinded manner. The detailed statistical information was
shown in Supplementary Table 1.
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3. Results

3.1. AZI pretreatment aggravate AD-like symptoms in TMA-induced AD
mice

Repeated application of TMA to mouse ear skins induced AD-like
skin lesions with an increase in ear thickness and scratching behavior.
Here we found mouse-ear thickness increased about 3-fold by TMA
treatment after the 10-day challenge, and AZI pretreatment significantly
promoted the increase in ear thickness to about 4-fold (P < 0.05, Fig. 1A
and B). The frequency of scratching behavior in the pretreatment of the
AZI group was approximately 65 times per 30 min, which was approx-
imately twofold higher than that in the vehicle group (P < 0.05, Fig. 1C).
Representative pictures of the ear were shown in Fig. 1D.

HE staining is one of the principal tissue stains, which provides a
comprehensive picture of the microanatomy of tissues. HE staining of
ear tissues further showed that AZI pretreatment increased the ear
thickness (P < 0.01, Fig. 2A-C) and slightly increased the histopatho-
logical score (P = 0.055, Fig. 2D). As neutrophilic inflammation is a
feature of lesional AD pathology [22], which can be identified from HE
staining images by their separated nuclear lobes. A representative
neutrophil-like cell was shown in the inset of Fig. 2E. The number of
neutrophil-like cells in both Pre-AZI and Veh groups was higher than
that in the normal healthy group (P < 0.01 for Veh group, P < 0.001 for
Pre-AZI group, Fig. 2E). Moreover, the number of neutrophil-like cells in
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Fig. 1. AZI pretreatment aggravated AD-like symptoms in TMA-induced AD mice. (A) Schematic diagram of experimental design. (B) Normalized ear thickness
(N = 7). (C) Scratching frequency (N = 6). (D) Representative pictures of the ear. *P < 0.05, **P < 0.01 compared with vehicle for each time points. #p < 0.05
compared with vehicle. Veh: pre-treated with water; Pre-AZI: pre-treated with Azithromycin. Repeated two-way analysis of variance (ANOVA) (with Least Significant
Difference Test for post hoc comparison) was used for B; Student’s t-test was used for C.
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Fig. 2. HE staining of ear sections. (A) HE staining images; (B) enlarged pictures of A. (C) the thickness of the ears. (D) the histopathological score. (E) the number
of neutrophil-like cells. *** P < 0.001 compared with healthy normal mice; # P < 0.05 compared with vehicle-treated AD model mice. Veh: pretreated with water;
Pre-AZI: pretreated with Azithromycin; Normal: BALB/c mice without any treatments, including the TMA. N = 5 for each group. One-way analysis of variance

(ANOVA) (with Tukey test for post hoc comparison) was used for C-E.

the Pre-AZI group was higher than that in the Veh group (P < 0.01,
Fig. 2E). The Representative HE staining section of each mouse was
proved in Supplementary Fig. 1.

3.2. AZI pretreatment promoted T cell and mast cell infiltration in the ear
skin of TMA-induced AD mice

AD is a common form of T-cell-mediated skin disease. As shown in
Fig. 3, we found the infiltration of CD3" T cells was rare in the ear of
normal healthy mice (Fig. 3A), while it was common and severe in the
diseased ears in both Veh and Pre-AZI groups (P < 0.001 for both
compared with the normal group, Fig. 3B-D). The infiltration of CD3" T
cells in the Pre-AZI group was much severer than that in the Veh group,
which is evidenced by a higher number of CD3" T cells in the Pre-AZI
group than that in the Veh group (P < 0.01, Fig. 3D). The representa-
tive immunofluorescence staining section of each mouse was proved in

Supplementary Fig. 2.

Mast cells are also believed to be involved in the pathogenesis of AD
[23]. As shown in Fig. 4, we found the number of mast cells was low in
the ears of normal healthy mice (Fig. 4A), while it was increased in the
diseased ears of both Veh and Pre-AZI group (P < 0.01 for Veh group, P
< 0.001 for Pre-AZI group, Fig. 4B-D). The infiltration of mast cells in
the Pre-AZI group was much severer than that in the Veh group, which is
evidenced by a higher total number of mast cells in the Pre-AZI group
than these in the Veh group (P < 0.05, Fig. 4D) Representative immu-
nofluorescence staining section of each mouse were proved in Supple-
mentary Fig. 3.

3.3. AZI pretreatment exacerbated cytokine imbalances in the ear skin
and serum

The cytokine balance in the skin is considered important in AD [24].
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Fig. 3. CD3 immunofluorescence staining of
ear sections. (A) Normal group; (B) Vehicle
group. (C) Pre AZI group. (D) the total number of
mast cells in 10 fields of view. ***P < 0.001
compared with healthy normal mice; *# P < 0.01
compared with vehicle-treated AD model mice.
Veh: pretreated with water; Pre-AZI: pretreated
with Azithromycin; Normal: BALB/c mice
without any treatments, including the TMA. N =
5 for each group. The scale bar means 50 pm.
One-way analysis of variance (ANOVA) (with
Tukey test for post hoc comparison) was used for
D.

A Normal

2

\.\‘ ’.",lq \
N =N \

Number of Mast cell

Kk
°
.T
*k*k
o ©
Normal Veh Pre-AZI

Fig. 4. Toluidine blue staining for ear sec-
tions. (A) Normal group; (B) Vehicle group. (C)
Pre AZI group. (D) the total number of mast cells
in 10 fields of view. *P < 0.05, ***P < 0.001
compared with healthy normal mice; **P < 0.01
compared with vehicle-treated AD model mice.
Veh: pretreated with water; Pre-AZIL: pretreated
with Azithromycin; Normal: BALB/c mice
without any treatments, including the TMA. N =
5 for each group. The scale bar means 50 pm.
One-way analysis of variance (ANOVA) (with
Tukey test for post hoc comparison) was used for
D.
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As shown in Fig. 5, the levels of Th2-related IL-4 (P < 0.01, Fig. 5A),
Th17-related IL-17A (P < 0.05, Fig. 5G), and another proinflammatory
cytokine IL-6 (P < 0.05, Fig. 5F) were significantly elevated in Pre-AZI
group when compared with the Veh group. Of note, the IL-4/IFN-y in
the Pre-AZI group was higher than that in the Veh group (P < 0.05,
Fig. 5C). However, AZI pretreatment had no significant effect on the
levels of IFN-y (P > 0.05, Fig. 5B), IL-2 (P > 0.05, Fig. 5D), TNF-a (P <
0.001, Fig. 5E), and IL-10 (P > 0.05, Fig. 5H).

Speicifc serum cytokines, such as TNF-a [25], may also contribute to
AD. As shown in Fig. 6, AZI pretreatment increased the levels of serum
TNF-a (P < 0.001, Fig. 6E) and IL-6 (P < 0.05, Fig. 6F), but it had no
significant effect on the levels of serum IL-4 (P > 0.05, Fig. 6A), IFN-y (P
> 0.05, Fig. 6B), IL-4/IFN-y (P > 0.05, Fig. 6C), IL-2 (P > 0.05, Fig. 6D),
IL-17A (P > 0.05, Fig. 6G) and IL-10 (P > 0.05, Fig. 6H).

I 1
Veh Pre-AZI

3.4. AZI pretreatment induced a perturbation in the gut microbiota in
TMA-induced AD mice

To examine whether the AD exacerbating effects of AZI were asso-
ciated with gut microbiota, the bacterial 16S rRNA V3-V4 region in feces
was sequenced. The alpha diversity indices for the Sobs and Chaol in-
dexes were significantly different between AZI pretreatment and normal
groups (P < 0.01 for Sobs and P < 0.01 for Chaol, Fig. 7A and B). Beta
diversity was assessed by PCoA on UniFrac distance matrices. The pro-
files of the gut microbiota were clearly different among the three groups
at family and genus levels (Supplementary Fig. 4). AZI significantly
influenced the gut microbiota composition and separated the control
and AZI-pretreated model mice by PCoA (Fig. 7C). The AD model also
induced separation in the gut microbiota composition of the normal
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group (Fig. 7C). The heatmap of 15 altered genera in five groups was
shown in Fig. 7D. In comparison with the vehicle-treated model group,
four genera (Bacteroides, Candidatus_ Saccharibacteria unclassified, Aceta-
tifactor, Firmicutes unclassified) significantly increased and three genera
(Alistipes, Clostridiales_unclassified, Butyricicoccu) were significantly

decreased in the AZI-pretreated model group. In comparison with the
healthy normal group, one genus (Bacteroides) significantly increased
eight genera (Bacteroidales_unclassified, Duncaniella, Muribaculum,
Parabacteroides, Ligilactobacillus, Muribaculaceae_unclassified, Alis-
tipes, Clostridiales_unclassified) decreased in the AZI-pretreated model
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and B; Kruskal-Wallis analysis of variance (ANOVA) (with Dunn’s multiple comparisons test for post hoc comparison) was used for D.

group. Besides, in comparison with the healthy normal group, one genus
(Lachnospiraceae_unclassified) significantly increased, and one genus
(Prevotellaceae unclassified) significantly decreased in the vehicle-
pretreated model group. Of note, six genera (Bacter-
oidales_unclassified, Duncaniella, Muribaculum, Parabacteroides, Alis-
tipes, Butyricicoccus) were not found in all AZI pretreated model mice,
but they were found in most mice of the other two groups.

3.5. Correlation among histopathological ear thickness, level of cytokines,
and relative abundance of gut bacterial genera

To interpret the relationship among severity of AD, level of serum
cytokines, and relative abundance of gut microbiota at the genus level,
we did Spearman’s rank correlation analysis among histopathological
ear thickness, scratching frequency, level of serum cytokines, and rela-
tive abundance of gut microbiota at the genus level. As shown in Fig. 8,
the levels of TNF-a and IL-6 were positively correlated with the histo-
pathological ear thickness; the levels of IL-6 were positively correlated
with the scratching frequency; the relative abundance of five genera

(Bacteroidales_unclassified, Duncaniella, Alistipes, Clostridiales_unclassified,
Butyricicoccus) was negatively correlated with the histopathological ear
thickness, while one genus (Acetatifactor) was positively correlated with
the histopathological ear thickness; the relative abundance of six genera
(Bacteroidales unclassified, Duncaniella, Parabacteroides, Alistipes, Clos-
tridiales_unclassified, Butyricicoccus) was negatively correlated with the
scratching frequency, while three genera (Candidatus Saccharibacter-
ia_unclassified, Acetatifactor, Firmicutes unclassified) was positively
correlated with scratching frequency. On the other hand, the level of
TNF-a was negatively correlated with the relative abundance of six
genera (Bacteroidales_unclassified, Duncaniella, Parabacteroides, Alistipes,
Clostridiales unclassified, Butyricicoccus) but positively correlated with
the relative abundance of three genera (Bacteroides, Acetatifactor, Fir-
micutes_unclassified); the level of IL-6 was negatively correlated with
the relative abundance of eight genera (Bacteroidales_ unclassified, Dun-
caniella, Muribaculum, Parabacteroides, Ligilactobacillus, Alistipes, Clos-
tridiales_unclassified, Butyricicoccus) but positively correlated with the
relative abundance of four genera (Bacteroides, Candidatus_Sacchar-
ibacteria_unclassified, Acetatifactor, Firmicutes_unclassified). The
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Fig. 8. Correlation among AD symptoms, level of cytokines, and relative abundance of gut bacterial genera. The correlation P-value matrix (A) and r-value
matrix (B) that calculated by Spearman’s rank correlation. Spearman’s rank correlation was used.
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detailed correlation P-value matrix and r-value matrix calculated by
Spearman’s rank correlation was also shown in Supplementary Fig-
ures 5 and 6.

4. Discussion

AD is a common inflammatory skin disease related to the imbalance
of gut microbiota. AZI is a broad-spectrum antibiotic that can induce an
imbalance of gut microbiota. Here we found: (1) AZI pretreatment
increased the AD-associated ear thickening, enhanced the frequency of
scratching behaviors, and aggravated the pathological changes of
diseased skin, and exacerbated the infiltration of immune cells in the
diseased skin (including neutrophil-like cells, T cells, and mast cells); (2)
AZI pretreatment elevated the levels of IL-4, IL-6 and IL-17A in the
diseased skin of AD model mice, but it increased the levels of TNF-a and
IL-6 in the serum; (3) AZI pretreatment also increased four gut bacterial
genera (Bacteroides, Candidatus Saccharibacteria unclassified, Acetati-
factor, Firmicutes unclassified) but depleted three short-chain fatty acids
producing gut bacterial genera (Alistipes, Clostridiales unclassified,
Butyricicoccus); (4) AD-associated symptoms were positively associated
with skin IL-4 and IL-17A, serum TNF-a and IL-6, and Acetatifactor, but
they negatively correlated to the three decreased gut bacterial genera
(Alistipes, Clostridiales_unclassified, Butyricicoccus). Our results demon-
strate that AZI pretreatment deteriorates the severity of the TMA-
induced AD model in mice, which is related to the imbalances of gut
microbiota and skin/serum cytokines.

Previous studies mainly focused on the relationship between anti-
biotic exposure during prenatal or early postnatal life and the risk of AD.
For example, Dom et al. and found prenatal exposure to antibiotics may
increase the risk of AD [26]. Mubanga et al. found antibiotic use in both
prenatal and early postnatal life is associated with the risk of AD in early
childhood [27]. On the other hand, a systematic review conducted by
Tsakok et al found exposure to antibiotics in the first year of life, but not
prenatally, is more common in children with eczema [28]. Thus, these
results provide a link between antibiotic exposure and the risk of AD.
However, there are still many confounding factors, such as the use of
specific antibiotics. Here, we tested the effect of the treatment of AZI (25
mg/kg for 5 days) on the development of AD in 6-week old mice, which
is similar to the use of AZI in the clinic. We found AZI pretreatment
enhanced the ear thickness from day 11 (when the AD-like symptoms
were developing) and increased scratching frequency, enhanced the
histopathological score, and exacerbated the infiltration of several im-
mune cells (including neutrophil-like cells, T cells, and mast cells) in the
diseased ear skin on day 15 (when the AD symptoms were developed).
These results demonstrate that preceding exposure to AZI not only
accelerated the development of AD-like symptoms but also enhanced the
severity of developed AD. Thus, our results provide the first direct evi-
dence that AZI pretreatment deteriorates TMA-induced AD-like symp-
toms in mice. Further clinic studies are warranted to verify if preceding
exposure to AZI may increase the risk of AD and deteriorate the severity
of AD in humans.

It is well-known that AD is a common inflammatory skin disease
predominately related to a Th1/Th2 imbalance with a predominantly
Th2 immune response [29]. The ratio of Th2-related IL-4 and Thl-
related IFN-y is frequently used as an index of Th1/Th2 balance [30].
Here we found AZI pretreatment increased the ratio of skin IL-4/IFN-y
by the level of IL-4 without affecting that of IFN-y) in TMA-induced AD
model mice. These data are consistent with our pathological data that
AZI pretreatment increased T cells infiltration in the ear skins. Besides,
AZI pretreatment increased the level of IL17A in ear tissue of TMA-
induced AD model mice, which may also exaggerate AD [31]. Of note,
AD-associated ear thickness was positively associated with the levels of
skin IL-4 and the ratio of IL-4/IFN-y, while the scratching frequency was
positively correlated with skin IL-4 and IL17A. Thus, these data suggest
AZI pretreatment increase of Th2 and Th17 immune responses in the
diseased ear skin in TMA-induced mouse model of AD, which also
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supports the AD-deteriorating effect of AZI pretreatment.

On the other hand, inconsistent with the skin cytokines, AZI pre-
treatment only increased the level of TNF-a and IL-6 in serum of the AD
model mice, but it did not affect the levels of IL-4, and IL17 as well as the
ratio of IL-4/IFN-y in the serum of AD model mice. Of note, AD-
associated ear thickness was positively associated with the serum
levels of TNF-a and IL-6; and the scratching frequency was positively
correlated with the serum level of IL-6. Thus, these data suggest that AZI
pretreatment did not induce a systematical (serum) enhancement of Th2
and Th17 responses in TMA-induced AD model mice. Our results support
previous studies that TNF-a and IL-6 may contribute to the severity of
AD [24] and may up-regulate the level of IL-4 in immune cells [32,33].
Interestingly, the level of serum TNF-a and IL-6 is positively correlated
with skin IL-4 level, skin IL-17A level, and the ratio of skin IL-4/ IFN-y
but not skin IL-6 level in AD model mice. These data suggest the increase
of skin IL-6 might be a consequence of local skin inflammation rather
than an accompanying phenomenon of increased serum IL-6 (or vice
versa) in TMA-induced AD model mice. Altogether, our data suggest the
mechanism for AZI pretreatment deteriorating AD may be related to the
increases of serum TNF-a and IL-6 levels as well as the enhancements of
skin Th2 and Th17 responses, though their causal relationship remains
unclear.

The gut microbiota is involved in the regulation of immunity [34].
Recently, Kim et al found that removing most gut microbiota by an
antibiotic cocktail aggravates AD in an ovalbumin-induced mouse model
of AD [35]. Here, we found two differential genera, including the
increased  Lachnospiraceae unclassified ~ and decreased  Pre-
votellaceae_unclassified, in TMA induced AD model group. Our results are
consistent with previous findings that Lachnospiraceae is enriched in
human infants with eczema [36] but are inconsistent with that the
abundance of family Prevotellaceae is increased in DNCB-induced AD
mice [37]. On the other hand, compared with the vehicle-pretreated AD
model group, four genera (Bacteroides, Candidatus Saccharibacter-
ia_unclassified,  Acetatifactor,  Firmicutes_unclassified)  significantly
increased, and three genera (Alistipes, Clostridiales_unclassified, Butyr-
icicoccus) were significantly decreased in the AZI-pretreated AD model
group. These data indicate that AZI pretreatment did not affect the
relative abundance of the two gut bacterial genera (Lachnospir-
aceae_unclassified and Prevotellaceae_unclassified) which are directly
associated with TMA induced AD; In other words, the effect of AZI on the
compositions of gut microbiota was different from TMA. Of note, All the
three AZI-decreased genera (Alistipes, Clostridiales unclassified, Butyr-
icicoccus) were negatively correlated with the histopathological ear
thickness, scratching frequency, skin IL-4 and IL-17A levels, as well as
serum TNF-a and IL-6 levels, while the one AZI-increased genus (Ace-
tatifactor) was positively correlated with these indexes. All these three
AZI-decreased genera (Alistipes, Clostridiales unclassified, Butyricicoccus)
were potential short-chain fatty acids (SCFAs) producing bacterial
genera in the gut [38]. Besides, Parabacteroides, another SCFAs pro-
ducing bacterial genera, were also not detected in all mice of the AZI-
pretreatment group. Lower amounts of SCFAs have been found in
fecal samples of children later developing eczema [39], and an increase
of SCFAs may act as protective effects on eczema [40]. Thus, our results
indicate AZI pretreatment may affect the SCFAs producing bacterial
genera, which may contribute to the exacerbating effects of AZI pre-
treatment in AD.

SCFAs, mainly including acetate (C2), propionate (C3), and butyrate
(C4), are metabolic by-products from the microbial fermentation of di-
etary fibers and resistant starch [41]. Increasing evidence showed that
SCFAs can act as energy supply for colonocytes, improve gut barrier
integrity, regulate the immune system, and influence inflammatory re-
sponses [42]. For example, SCFA propionate can protect against allergic
inflammation (including reducing Th2 response) in the lung [43] by
activation of GPR41 and can reduce IL-17 production by intestinal y5 T
cells by inhibition of histone deacetylase [44]; Acetate can inhibit LPS-
induced TNF-a secretion from mononuclear cells by activating GPR43
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[45]. In terms of our data, AZI pretreatment may attenuate these pro-
tective effects of SCFAs by reducing of SCFAs producing bacterial
genera, which might consequently increase the level of serum and skin
cytocines. Though we have no further data, our study at least gave some
clues (such as intermediated by serum TNFa, serum IL-6, and/or SCFAs)
for further studies to clarify the causality between reduction of gut
SCFAs producing bacterial genera and aggravated AD in AZI pretreated
mice. Except for AZI, other macrolides and other types of antibiotics may
also result in the imbalance of gut microbiota and lower the SCFAs. For
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example, it has been found the effect of cefdinir, another kind of ceph-
alosporin antibiotic, on lowing the SCFAs was more pronounced than
that of AZI [46]. Thus, further studies are also required to determine if
other antibiotics act similarly deteriorating effects on AD.

Although our study provided direct and relatively solid pieces of
evidence supporting AZI pretreatment deteriorated AD in mice, the
causal association among gut microbiota, cytokines, and severity of AD
still needed to be further addressed. Many further questions could be
raised based on our data, some examples are as follows: (1) Could fecal
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Fig. 9. Proposed mechanisms of AZI pretreatment deteriorating the development of the TMA-induced AD model in mice. AZI pretreatment deteriorates the
severity of the TMA-induced AD model in mice, which was accompanied by an increased level of three skin cytocines (IL-4, IL-6, and IL-17A) and two serum cytokines
(TNF-a and IL-6) as well as a perturbation in the gut microbiota. The relative abundance of three AZI-increased gut microbiota genera (Bacteroides, Acetatifactor,
Firmicutes_unclassified) is positively correlated with the levels of serum TNF-oa and IL-6, while another one AZIl-increased gut microbiota genera (Candida-
tus_Saccharibacteria_unclassified) is positively correlated with the levels of serum IL-6; on the other hand, the relative abundance of the three AZI-decreased gut
microbiota genera (Alistipes, Clostridiales unclassified, Butyricicoccus) is negatively correlated with the levels of serum TNF-a and IL-6. All these three AZI-decreased
gut microbiota genera (Alistipes, Clostridiales unclassified, Butyricicoccus) were potential short-chain fatty acids (SCFAs) producing gut bacterial genera, which may
have a protective effect on AD. Besides, the level of serum TNF-a and IL-6 is positively correlated with the ear thickness, skin IL-4 level, and skin IL-17A level in AD
model mice; However, skin IL-6 level was independent on serum TNF-a and IL-6 levels. Of note, the changes of gut microbiota genera may be also correlated with
some increased skin cytokines and other AD-like symptoms, which is not indicated here. The red text represents the increase caused by AZI pretreatment; the blue
text represents the decrease caused by AZI pretreatment; the Orange text and dot line represent other factors that are probably reduced by AZI pretreatment.
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microbiota transplantation, specific SCFAs producing bacteria trans-
plantation, probiotics, or SCFAs related supplements ameliorate AD
exacerbation of AZI pretreatment? (2) Is changes in gut microbiota
preceding the exacerbation of AD induced by AZI pretreatment? (3) As
systemic antibiotics may also influence skin microbiota [47]; is there
any contribution of changes in skin microbiota? (4) What is the effect of
posttreatment of AZI on developed AD? (5) What about other antibiotics
or other skin allergies? Overall, our study just did initial preclinical
research regarding the cornstalk between gut microbiota and skin al-
lergy or inflammation. Further researches are still warranted.

5. Conclusion

AZI pretreatment promoted the development of AD-like symptoms
and enhanced the severity of developed AD-like symptoms in the TMA-
induced mouse model of AD. AZI pretreatment promoted the infiltration
of immune cells, elevated the levels of skin IL-4, IL-6, and IL-17A,
increased serum TNF-o and IL-6, and induced a perturbation in the
gut microbiota in the TMA-induced AD mouse model. The levels of most
of these increased skin and serum cytokines were positively correlated to
the TMA-induced AD-like symptoms but negatively associated with
these decreased specific short-chain fatty acids producing bacterial
genera, respectively. Thus, our study demonstrates that AZI pre-
exposure deteriorates the TMA-induced AD-like symptoms in mice,
which may be associated with the imbalances of gut microbiota and
skin/serum cytokines. A proposed mechanism on the AD- deteriorating
effect of AZI pretreatment based on our data was summarized in Fig. 9.
Further studies are warranted to verify this phenomenon clinically and
to study its underlying causal mechanisms.
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Supplementary Figure 1. HE staining of ear sections
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Supplementary Figure 2. CD3 immunofluorescence staining of ear sections
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Supplementary Figure 3. Toluidine blue staining for ear sections.
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Supplementary Figure 4. Pre-treatment AZI affected the profiles of microbiota
composition in TMA-induced AD mice. (A) microbial community structure of each group
at the Family level; (B) Microbial community structure of each group at the Genus level. Nor:
normal healthy mice; Veh: pretreatment of vehicle; Pre-AZI: pretreatment of AZI. N=5 for

each group.
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Supplementary Figure 5. The correlation P-value matrix.
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Supplementary Figure 6. The correlation r-value matrix.



Supplementary Table 1. Details about statistical tests

Figures Method t, F, df value P value Post hoe Remarks
method

Figure 1B Two-way ANOVA F(2,18)=3.582 0.049 LSD

Figure 1C Student's t-test t=2.656, df=10 0.0241 NA

Figure 2C One-way ANOVA F(2,12)=33.76 <0.0001 Tukey

Figure 2D One-way ANOVA F(2,12)=189.2 <0.0001 Tukey

Figure 2E Student's t-test NA

Figure 3D One-way ANOVA F(2,12)=72.13 <0.0001 Tukey

Figure 4D One-way ANOVA F(2,12)=3334 <0.0001 Tukey

Figure SA Mann Whitney test II\J/TIir)m-Whitney 0.0079 NA

Figure 5B Student's t-test t=0.3339, df=8 0.7471 NA

Figure 5C Mann Whitney test [l\fil;m-Whimey 0.0317 NA

Figure 5D Student's t-test t=0.06435, df=8  0.9503 NA

Figure 5E Student's t-test t=0.4482, df=8 0.6659 NA

Figure 5F Student's t-test t=2.752, df=8 0.025 NA

Figure 5G Student's t-test t=4.626, df=8 0.0017 NA

Figure SH Student's t-test t=0.09125,df=8  0.9295 NA

Figure 6A Student's t-test t=1.776, df=10 0.1061 NA

Figure 6B Student's t-test t=0.3682,df=10  0.7204 NA

Figure 6C Student's t-test t=0.1432,df=10  0.889 NA

Figure 6D Student's t-test t=0.7756,df=10  0.4559 NA

Figure 6E Student's t-test t=4.794, df=10 0.0007 NA

Figure 6F Mann Whitney test II\J/TIim-Whitney 0.0152 NA

Figure 6G Student's t-test t=1.350, df=10 0.2068 NA

Figure 6H Student's t-test t=1.263, df=10 0.2353 NA

Figure 7A One-way ANOVA F(2,12)=4.051 0.0452 Tukey

Figure 7B One-way ANOVA F(2,12)=7.141 0.0091 Tukey
Kruskal-Wallis test 11.22 0.0002 Dunn Bacteroidales_unclassified
Kruskal-Wallis test 11.59 <0.0001 Dunn Duncaniella
Kruskal-Wallis test 10.65 0.0007 Dunn Muribaculum
Kruskal-Wallis test 10.49 0.0005 Dunn Parabacteroides
Kruskal-Wallis test 6.992 0.021 Dunn Ligilactobacillus
Kruskal-Wallis test 10.69 0.0003 Dunn Muribaculaceae unclassified

Figure 7D Kruskal-Wallis test 9.976 0.0015 Dunn Alistipes
Kruskal-Wallis test 9.673 0.0019 Dunn Clostridiales_unclassified
Kruskal-Wallis test 9.5 0.0021 Dunn Bacteroides
Kruskal-Wallis test 7.418 0.0139 Dunn Butyricicoccus
Kruskal-Wallis test 10.16 0.0007 Dunn Candidatus_Saccharibacteria_u

nclassified

Kruskal-Wallis test 7.632 0.0143 Dunn Acetatifactor
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