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Abstract: Canine atopic dermatitis (CAD) is a common chronic allergic skin disease. In our previous study, we
isolated two probiotic strains, Lactococcus cremoris subsp. cremoris MPO1 and Lacticaseibacillus paracasei subsp.
paracasei MP02, from Mongolian fermented milk. These strains demonstrated potential in alleviating symptoms
similar to AD and reducing specific immunoglobulin E (IgE) levels in a mouse model of AD. Building upon
this discovery, our current investigation sought to evaluate the therapeutic potential of these probiotics for
treating CAD. We conducted an open-label, single-arm clinical trial where dogs diagnosed with AD were
administered LCP capsules containing Lc. cremoris subsp. cremoris MP01 and L. paracasei subsp. paracasei MP02
once daily for 60 days. Stool, skin swab, and venous blood specimens were collected at three intervals: before,
and after 30 and 60 days of LCP intervention. The skin and fecal microbiomes were analyzed using full-length
16S rRNA sequencing. After 60 days of LCP intervention, notable improvements were observed in skin lesions
and scratching behaviors, accompanied by reductions in both the Canine Atopic Dermatitis Extent and Severity
Index (CADESI) and the Pruritus Visual Analogue Scale (PVAS) scores. Additionally, LCP intervention
resulted in significant reductions in IgE levels and modulation in type 1 T helper (Th1)/ type 2 T helper cells
(Th2)-related cytokine secretion. Microbiota analysis unveiled changes in the composition of both skin and gut
microbiotas, including reductions in Shigella flexneri on the skin and Romboutsia in the gut. Levels of short-chain
fatty acid (SCFA) increased following the 60-days of LCP intervention. These effects were likely mediated by
alterations in gut microbiota and the upregulation of SCFA levels, which subsequently reduced the secretion
of allergy-related IgE. Collectively, these mechanisms contributed to alleviating CAD symptoms, regulating
skin microbiota composition, and reducing the adherence and invasion of environmental microbes and
pathogens. Overall, our findings highlight the promising therapeutic potential of the Lc. cremoris subsp. cremoris
MPO1 and L. paracasei subsp. paracasei MP02 mixture as an effective strategy for managing CAD in dogs.

Keywords: canine atopic dermatitis; skin microbiome; fecal microbiome; probiotics; allergy

1. Introduction

Canine atopic dermatitis (CAD) is a common chronic allergic skin disease in clinical practice,
characterized by frequent itching and scratching. It is the second most prevalent type of allergic
dermatitis in dogs after flea infections, with about 10-15% of global incidence. Current medications
can only alleviate symptoms; however, this disease significantly impacts the quality of life for both
dogs and their owners [1-3].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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CAD is a type I hypersensitivity reaction, primarily driven by an imbalance of immune response
between Type 1 T helper cells (Thl cells) and Type 2 T helper cells (Th2 cells). When the host
encounters antigens, the Th2 cell secrete cytokines such as interleukin (IL)-4, IL-5, IL-13, and IL-31,
which stimulate B cells to release large amounts of immunoglobulin E (IgE). Upon re-exposure to
allergens, the release of IL-3, IL-4, IL-5, and pro-inflammatory factors such as histamine and
prostaglandin lead to increased vascular permeability and typical inflammatory responses such as
redness, swelling, heat, and pain [4-6]. Repetitive scratching disrupts the epidermal barrier and tissue
fluid exudation. Coupled with licking behaviors in dogs, this makes allergen penetration easier and
facilitates the colonization of pathogens, which can even include commensal bacteria that typically
prevent pathogen invasion [7-9].

The skin and gut share many similar functions, including a dense distribution of nerves and
blood vessels, and play critical roles in the overall immune and endocrine systems, also serving as
barriers against external environments [10,11]. Studies have shown that many skin diseases are
accompanied by changes in the gut microbiota. Patients with atopic dermatitis exhibit reduced
microbial diversity, decreased abundance of beneficial bacteria such as short-chain fatty acid
producers, and an increased proportion of pathogenic bacteria [12-14]. Therefore, there is a
significant correlation between gut health and skin, indicating mutual influence between dysbiosis
of gut and skin microbiota and immune imbalance [15].

Numerous studies have indicated that probiotics can regulate gut microbiota and maintain the
integrity of the gut epithelium, impacting overall immune balance by stimulating Thl cells or
modulating regulatory T cells (Treg) cytokine levels, thus improving allergic symptoms [16-18].
However, clinical trials investigating the role of probiotics in improving CAD by analyzing both gut
and skin microbiota are still notably lacking. Previously, our laboratory used an AD mouse model to
confirm that a mixed strain combination of Lactococcus cremoris subsp. cremoris and Lacticaseibacillus
paracasei subsp. paracasei could reduce the ratio of Th1 and Th2 cells in the spleen and decrease serum
IgE, showing positive effects on skin inflammation, epidermal proliferation, and skin damage [19].
Thus, this study evaluates the efficacy of the mixed strain combination on improving CAD clinical
outcomes, and integrates gut and skin microbiome analysis to explore the impacts of probiotics on
the pathophysiology of CAD.

2. Results
2.1. Administrating LCP Reduced the Symptoms of Atopic Dermatitis in Dogs via Modulating the Immune

System

After 60 days of LCP treatment, most tested dogs showed a significant improvement in skin
symptoms, characterized by reduced erythema and shedding (Figure 1B). Assessment using CADESI
and PVAS scores revealed that up to 75% of the dogs experienced lower severity scores (Figure 1C).


https://doi.org/10.20944/preprints202405.0303.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2024 doi:10.20944/preprints202405.0303.v1

A CAD dog recruitment (n = 45)

- Long-term erythema or pruritus
- Age, sex, weight, breed, and neutered are not
limited.

Excluded (n = 34)

- Owner could not cooperate.
- Dogs did not meet the inclusion criteria.

CAD candidates (n = 11)

- Meeting 4 of the inclusion criteria
- Subject screening (inquiry and skin scraping)
- Complete blood count (CBC)

Excluded (n =2)

- Not passing the subject screening (severe fungal
infection)

Clinical trial (n =9)

- Open-label, single-arm clinical study

Excluded (n=1)

- Samples can not be detected in part of the analyses.

Measurement and analysis (n = 8)

+ Clinical symp CADi s, short
chain fatty acids, skin microbiota, and gut
microbiota

B Before i c
g 3 = 1.0
K] <
E § 2 ° § 0.5 .
5 5 .
o m 1 9 0.0 sy
g z . . °
[ I | T R B % 05 ¢® °
i ® o o g
g 1{e * o 9 1.0 .
5 5
() -2 T T T T T T T 1 -1.5 T T T T T T T 1
5 D3 D9 D2 D6 D7 D1 D4 D8 D3 D9 D2 D6 D7 D1 D4 D8
3 = = — palien =
5 \ R N &
g n® & & 2 & L
£ & &
& . &
Y Canine number Y Canine number

Figure 1. (A) Study design. (B) Schematic diagram of the skin lesions in the perilabial area (left) and
inguinal areas (right) of the recruited dog before and after taking LCP capsules for 60 days. (C)
Changes in CADESI and PVAS score. Statistical analysis of the CADESI scores was performed using
a paired t-test, while the PVAS score was analyzed using the Wilcoxon signed-rank test. The results
were presented as mean + SEM (1 = 8). Change = (post-treatment score on day 60 — pretreatment score
on day 0)/ pretreatment score on day 0.

Total IgE levels, a crucial indicator of atopic dermatitis, showed a significant decrease after LCP
intervention (Figure 2A). Individual analysis demonstrated a consistent decrease in total IgE levels
across all dogs. Given that atopic dermatitis is associated with type I allergy and regulated by
Th1/Th2 responses, levels of interferon-y (IFN-y) and IL-4 were measured to assess the expression of
these pathways (Figure 2B). While IFN-y levels increased and IL-4 levels decreased on day 60
compared to baseline, these changes did not reach statistical significance.
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Figure 2. Effects of (A) total IgE and (B) Th1/Th2-related cytokines in serum after 60 days of LCP
capsule intervention in dogs with atopic dermatitis (AD). Statistical analysis was performed using the
Wilcoxon signed-rank test for total IgE analysis and a paired t-test for cytokine analyses. Each dot
represented a dog. The results were presented as mean + SEM (n = 8). Change in total IgE = (post-
treatment value on day 60 - pretreatment value on day 0) / pretreatment value on day 0. The Th1/Th2
ratio is calculated as IFN-y concentration (pg/ug)/ IL-4 concentration (pg/ug). “p <0.001.

2.2. LCP Intervention Altered the Composition of Specific Bacterial Species in the Fecal Microbiota Of Dogs
Suffering from Atopic Dermatitis

To identify potential bacterial biomarkers, we conducted third-generation sequencing analysis
on fecal samples from dogs classified into mild to severe groups. Figure 3 illustrates the alterations
in fecal microbiota before and after the trial. Compared to day 0, the Shannon index (p = 0.16) and
richness index (p = 0.41) showed no significant differences, while Pielou evenness decreased (p = 0.06)
on day 60 (Figure 3A). PCoA plot represented beta diversity (Figure 3B), with PC1 and PC2
accounting for 16.7% and 18.6% of the total variance, respectively. Similar patterns in the PCoA plot
before and after LCP treatment suggested minimal changes in the composition of the core fecal
bacteria.
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Figure 3. Fecal microbiota analyses of dogs with atopic dermatitis (AD) throughout the experiment.
(A) Alpha diversity, (B) Beta diversity, (C) Taxonomic shifts from the phylum to species levels, (D)
Relative abundance of specific bacteria, and (E) Relative abundance of KEGG pathways. Statistical
analyses of alpha diversity and relative abundance were performed using the Wilcoxon signed-rank
test. Each dot represented a dog. The results were presented as mean + SEM (n = 6). Con indicated
before the LCP supplement; Pro indicated after the LCP supplement for 60 days.

In Figure 3C, a total of 5 main phyla was found in AD canine fecal samples in this study,
including Firmicutes (93.03%), Proteobacteria (3.84%), Actinobacteria (2.74%), Bacteroidetes (0.36%), and
Fusobacteria (0.04%), and 10 dominant families, with Lachnospiraceae (from 56.70% to 60.55%),
followed by Peptostreptococcaceae (from 13.04% to 14.64%), Clostridiaceae (from 11.91% to 2.27%),
Streptococcaceae (from 0.51% to 10.58%), Erysipelotrichaceae (from 5.38% to 3.08%), Enterobacteriaceae
(from 3.53% to 4.15%), Coriobacteriaceae (from 3.6% to 1.65%), Enterococcaceae (from 2.43% to 0.53%),
Lactobacillaceae (from 1.31% to 0.08%), and Oscillospiraceae (from 0.19% to 0.88%). In the genus level,
the top 10 bacteria were Blautia (from 38.07% to 46.07%), Peptacetobacter (from 10.22% to 12.09%),
Faecalimonas (from 11.85% to 7.88%), Sarcina (from 10.65% to 0.00%), Mediterraneibacter (from 5.88%
to 4.75%), Lactococcus (from 0.39% to 7.06%), Shigella (from 2.91% to 2.91%), Erysipelatoclostridium
(from 3.44% to 2.02%), Collinsella (from 3.62% to 2.02%), and Romboutsia (from 2.57% to 1.71%).
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One hundred and thirty-seven bacterial species were found in the fecal samples. The highest
amount of species was Peptacetobacter hiranonis (from 10.22% to 12.09%), and the following 9 species
were Blautia caecimuris (from 11.78% to 9.85%), Blautia schinkii (from 8.16% to 11.83%), Faecalimonas
umbilicata (from 11.85% to 7.88%), Blautia coccoides (from 4.30% to 6.72%), Mediterraneibacter
[Ruminococcus] gnavus ATCC 29149 (from 5.22% to 4.35%), Blautia glucerasea (from 3.40% to 5.61%),
Blautia argi (from 4.67% to 4.28%), Lactococcus cremoris (from 0.38% to 7.06%), and Blautia hansenii DSM
20583 (from 3.42% to 3.15%). Using Wilcoxon signed rank test to analyze the bacterial relative
abundance before and after the treatment at different levels (Figure 3D), we found that
Erysipelotrichaceae significantly declined (p < 0.05) at the family level, and Romboutsia reduced (p =
0.09) at the genus level as well. As for the bacteria in the LCP capsule, Lc. cremoris was detected in
four-sixth of tested dogs after the LCP intervention.

2.3. LCP Intervention Altered the Gut Microbial Function

To clarify the functional differences resulting from changes in gut microbiota composition after
LCP treatment, as well as the influence of gut environment changes on skin symptoms, this study
compared functional differences related to carbohydrate metabolism and immune system-associated
inflammation (Figure 3E). We observed a trend towards differences (p < 0.1) between groups in the
Pentose phosphate pathway (ko00030), Pyruvate metabolism (ko00620), and Propanoate metabolism
(ko00640). Pyruvate metabolism and Propanoate metabolism showed higher functionality in the
LCP-treated group, while the Pentose phosphate pathway exhibited higher functionality in the group
before LCP treatment. Additionally, Butanoate metabolism (ko00650) showed increased functionality
after LCP treatment, possibly associated with short-chain fatty acid synthesis. Moreover, although
no significant differences were found in immune system-related pathways, there was a decrease in
functionality of nucleotide oligomerization domain (NOD) -like receptor signaling pathway
(ko04621) after LCP treatment.

Subsequent short-chain fatty acid analysis was conducted to understand potential pathways
through which changes in the gut environment affect the skin condition. According to the results in
Figure 4, although there was no statistically significant difference in SCFA levels before and after the
use of LCP capsules, after 60 days of probiotic intervention, increased levels of acetic acid, propionic
acid, and butyric acid were observed in the feces of most of the tested dogs.
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Figure 4. Changes in fecal short-chain fatty acids (SCFAs) in dogs with atopic dermatitis (AD)
following a 60-day probiotics intervention. Statistical analysis was performed using a paired t-test.
Each dot represented a dog. The results were presented as mean + SEM (n = 6).

2.4. LCP Intervention Altered the Composition of Specific Bacterial Species in the Skin Microbiota of Dogs
Suffering from Atopic Dermatitis

Alpha diversity of the skin microbiota in dogs with atopic dermatitis (AD) is illustrated in Figure
5A. The richness index (p = 0.06) decreased after 60 days of LCP capsule intake, although the
differences were not statistically significant. In the PCoA plot, beta diversity exhibited a shift, with
PC1 and PC2 accounting for 23.9% and 15.6%, respectively, of the total skin microbiota composition
(Figure 5B).

In the skin sample microbiota composition (Figure 5C), the predominant phyla on the tested
dogs' skin were Firmicutes (58.3%), Proteobacteria (18.59%), Actinobacteria (15.43%), Bacteroidetes
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(4.65%), Fusobacteria (0.71%), Cyanobacteria (0.54%), Deinococcus-Thermus (0.51%), Acidobacteria
(0.37%), and Planctomycetes (0.12%). Among the 178 identified families, the top ten families, which
collectively represented 75.59% of the overall microbiota composition in both groups, were notable.
Staphylococcaceae exhibited the highest prevalence, comprising approximately 37.20% before
probiotic administration and 48.71% afterward. Additionally, Propionibacteriaceae (3.63% before and
0.89% after probiotic intake) and Streptococcaceae (8.06% before and 7.31% after) were also
prominent. In terms of dominant bacterial genera, 411 genera were identified. The top ten genera
accounted for 73.09% of the overall microbiota composition. Staphylococcus had the highest
abundance, approximately 37.20% before and 48.69% after probiotic intake, followed by
Cutibacterium, Streptococcus, Porphyromonas, Conchiformibius, Acinetobacter, Lautropia,
Arcanobacterium, and Sphingomonas. At the species level, 886 species were identified. The top ten
species accounted for 65.04% of the overall microbiota composition. Staphylococcus
pseudintermedius had the highest abundance, approximately 30.29% before and 27.70% after
probiotic intake, followed by Cutibacterium acnes, Staphylococcus coagulans, Streptococcus canis,
Staphylococcus capitis, Conchiformibius steedae, Lautropia mirabilis, Arcanobacterium wilhelmae,
Acinetobacter indicus CIP 110367, and Porphyromonas cangingivalis.

Subsequent non-parametric statistical analysis using the matched-pairs Wilcoxon signed rank
test compared the relative abundance differences in skin microbiota composition before and after
probiotic use. The results indicated a decreasing trend (p < 0.1) in the genera Duncaniella,
Escherichia/Shigella spp., and Sphingomonas, and at the species level in Shigella flexneri (p < 0.1)
(Figure 5D).

2.5. LCP Intervention Altered the Skin Microbial Function

To assess the impact of changes in skin microbiota composition following LCP treatment on
immune-related functions, this study compared functional differences in Carbohydrate metabolism
and the Immune system at level two. According to the results in Figure 5E, a trend towards
differences (p <0.1) were observed between the two groups in Carbohydrate metabolism at level two,
specifically in Glycolysis/Gluconeogenesis (ko00010), Citrate cycle (TCA cycle) (ko00020), Pentose
phosphate pathway (ko00030), Fructose and mannose metabolism (ko00051), Amino sugar and
nucleotide sugar metabolism (ko00520), Butanoate metabolism (ko00650), and C5-Branched dibasic
acid metabolism (ko00660). Glycolysis/Gluconeogenesis, Citrate cycle (TCA cycle), Pentose
phosphate pathway, Fructose and mannose metabolism, Amino sugar and nucleotide sugar
metabolism, and C5-Branched dibasic acid metabolism exhibited higher functionality in the group
after LCP use, while Butanoate metabolism showed higher functionality in the group before LCP use.
In the Immune system at level two, a marginal difference (p < 0.1) was observed between the two
groups in the RIG-I-like receptor signaling pathway (ko04622), which showed higher functionality in
the group after LCP use. Additionally, functionalities of Th17 cell differentiation (ko04659), IL-17
signaling pathway (ko04657), and NOD-like receptor signaling pathway (ko04621) were also
observed to decrease after LCP use. Furthermore, given that skin damage in atopic dermatitis often
accompanies secondary infections, comparisons were made for pathways related to infection at level
two. It was found that the functionalities of Shigellosis (ko05131) and Salmonella infection (ko05132)
under Infectious diseases: Bacterial levels tended to be lower after LCP use (p <0.1).
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Figure 5. Skin microbiota analyses in dogs with atopic dermatitis (AD) throughout the experiment.
(A) Alpha diversity, (B) Beta diversity, (C) Taxonomic shifts from the phylum to species levels, (D)
Relative abundance of specific bacteria, and (E) Relative abundance of KEGG pathways. Statistical
analyses of alpha diversity and relative abundance were conducted using the matched-pairs
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Wilcoxon signed-rank test. Each dot represented a dog. The results were presented as mean + SEM (n
= 6). Con indicated before the LCP supplement; Pro indicated after the LCP supplement for 60 days.

2.6. Correlation Analysis between Fecal and Skin Microbiota and Atopic Dermatitis Indicators

Due to the complexity and diversity of both the gut and skin environments, microbial
communities may interact via host-derived metabolites or biochemical substances. In order to
understand the relationship between these microbial communities and indicators of atopic
dermatitis, this study examined the correlation between previously identified risk microbes from
microbiota analysis and atopic dermatitis indicators using Spearman's rank correlation coefficient.
The analysis results were presented using a heatmap. According to the results in Figure 6,
Erysipelotrichaceae, Romboutsia, Enterobacteriaceae, Escherichia/Shigella spp., and Shigella flexneri
were all positively correlated with CADESI and total IgE concentration. Concentrations of IFN-y
were found to be positively correlated with Erysipelotrichaceae and Romboutsia, while IL-4 secretion
showed a positive correlation with Erysipelotrichaceae and Enterobacteriaceae.

- B Erysipelotrichaceae
o
(O]
- Romboutsia=
40.2
Enterobacteriaceae=
10
=
% Escherichia/Shigella spp.=|
Shigella flexneri=|

1 T
CADESI IgE IL-4 IFN-y
Figure 6. Spearman’s rank correlation. Each cell was colored according to the correlation results.
CADESI represneted Canine Atopic Dermatitis Extent and Severity Index. "p < 0.1.

2.7. The Effectiveness of LCP Intervention in Alleviating Canine Atopic Dermatitis Involves Changes in the
Abundance of Biomarkers Indicated in Both Skin and Fecal Samples

Finally, we investigated the factors contributing to the varying individual dog responses to LCP
intervention against AD, as well as the effect of the gut and skin microbiome on LCP efficacy. The
dogs were grouped based on clinical symptoms (IgE, CADESI, and PVAS), but since all dogs showed
a decrease in IgE concentration after using LCP capsules, CADESI and PVAS were primarily used for
grouping. Dogs with decreases in both CADESI and PVAS were classified as high responders (HR),
while those with increases in both scores were classified as moderate responders (MR). Finally, 4
dogs were classified as high responders to AD and 1 as a moderate responder. However, the sample
size for the moderate responder group (n = 1) was insufficient for statistical analysis. Therefore,
subsequent comparisons were made between high-responding dogs (n = 4) and the overall group of
dogs (n = 6) (Figure 7A).

In Figure 7B, the results indicate that 60 days after LCP use, the relative abundance ratios of
Erysipelotrichaceae and Romboutsia in the gut of high responder (HR) dogs were lower than those
in the overall group of dogs. Specifically, there was a greater decrease in Erysipelotrichaceae in the
HR group compared to the overall group, while Romboutsia showed a slight increase. Additionally,
in the comparison of skin microbiota (Figure 7C), higher relative abundances of Enterobacteriaceae,
Escherichia/Shigella spp., and Shigella flexneri were observed on the skin of high-responding dogs.
However, further analysis of the change ratios revealed that the decrease in these three specific
bacteria was greater in the HR group than in the overall group of dogs. Subsequent analysis of two
probiotic strains found in the feces, Lc. cremoris subsp. cremoris and L. paracasei subsp. paracasei,
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showed that they were not higher in abundance in the HR group compared to the overall group of

dogs (Figure 7D).
A
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Figure 7. Effects of LCP on the microbiota of high responder (HR) dogs with atopic dermatitis (AD).
(A) Grouping criteria for the HR and moderate responder (MR) groups, (B) Fecal microbiota analysis,
(C) Skin microbiota analysis, and (D) The relative abundance of LCP.


https://doi.org/10.20944/preprints202405.0303.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2024 doi:10.20944/preprints202405.0303.v1

11

3. Discussion

In this study, significant improvements were noted in the condition of the dogs' skin following
a 60-day regimen of LCP capsule administration, with visible enhancements in symptoms such as
redness, hair loss, and skin lesions. Around 75% of the dogs exhibited reduced CADESI and PVAS
scores after the 60-day period, suggesting that this probiotic combination could effectively mitigate
both the severity of skin lesions and scratching behavior. Chronic itching problems in dogs can
induce psychological stress and lead to abnormal behavior [20], making the reduction of scratching
behavior not only beneficial for minimizing skin damage and the risk of secondary infections but also
for enhancing the overall quality of life for the dogs [21].

Further analysis of cytokines and total IgE in dog serum revealed that with increased duration
of probiotic intake, total IgE concentration gradually decreased, reaching a significant difference after
60 days. Instances of decreased IL-4 and increased IFN-y were observed in the serum of the tested
dogs, consistent with our previous findings in an AD mouse study [19]. Following the use of the LCP
capsule, both skin lesions and specific IgE levels were significantly lower compared to those in the
AD group mice (p <0.05), along with modulation of the ratio of Th1 and Th2 cells in the spleen. Atopic
dermatitis is a complex inflammatory skin condition characterized by immune response imbalance,
involving various cytokines and immunoglobulins. Elevated IL-4 levels drive IgE production,
leading to allergic sensitization and AD symptom development. Concurrently, decreased IFN-y
levels weaken regulatory mechanisms that typically suppress the Th2 response and limit IgE
production. This imbalance perpetuates the inflammatory cascade, exacerbating AD symptoms [22].
Reduction in IgE levels and alteration of the Th1/Th2 balance explain the improvement in skin
symptoms and reduction in itching behavior. Additionally, although total IgE levels can be
influenced by various factors and exhibit significant individual differences [23,24], during the
evaluation of atopic dermatitis, other skin inflammation symptoms and parasitic infections were
considered simultaneously for exclusion, and a paired-sample statistical analysis method was
adopted to minimize the impact of individual differences.

Sequence analysis of the fecal microbiome revealed a reduction in microbial diversity following
LCP administration. Currently, there is no definitive conclusion regarding whether atopic dermatitis
leads to a decrease in gut microbiota diversity. While most literature suggests that AD patients exhibit
reduced gut microbiota diversity compared to healthy individuals [25-27], some studies show no
difference between the two groups [28,29]. Based on the analysis of weighted UniFrac distance, a-
diversity, and -diversity, it is inferred that LCP use did not significantly affect the core microbiota
of dogs. However, there were changes in the composition of certain gut microbiota, resulting in a
reduction in the relative abundance of some taxa, thereby decreasing evenness and affecting
diversity.

Comparing dominant bacterial taxa before and after the trial revealed differences in microbial
composition. Consistent with other canine studies, Firmicutes predominated, followed by
Proteobacteria, Actinobacteria, Bacteroidetes, and Fusobacteria [26,30]. The family Erysipelotrichaceae
significantly decreased (p < 0.05), which is associated with increased expression of the NOD2 gene in
human studies [31]. NOD2, a cytoplasmic protein highly expressed in epithelial cells, is involved in
the activation of pro-inflammatory pathways and regulation of Th1 responses mediated by toll-like
receptor (TLR2) [32-35]. Studies in mice have shown that deletion of the NOD2 gene inhibits the
production of Th2-related cytokines (IL-4, IL-5, and IL-13), consistent with our finding of a positive
correlation between Erysipelotrichaceae and IL-4 and IgE. Furthermore, a decrease in the genus
Romboutsia (p < 0.1) was observed. Previous research in humans found higher relative abundance of
Romboutsia in AD patients compared to those with eczema and allergic rhinitis [36]. Romboutsia has
been positively correlated with pro-inflammatory cytokines such as IL-6, IL-1f3, TNF-a, and 1L-23
[37,38], which may promote differentiation of Th17 cells. Th17 cells stimulate keratinocyte
proliferation and differentiation, and their activation may contribute to skin barrier dysfunction.
Therefore, Romboutsia may modulate inflammation and affect skin barrier structure via circulation. It
is worth to notice that, when comparing the effects of LCP capsules on highly responsive AD dogs,
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the proportions of Erysipelotrichaceae and Romboutsia in the gut were lower than in the overall group
of dogs.

Interestingly, prior to the trial, only one dog exhibited detectable levels of Lc. cremoris and L.
paracasei. However, after 60 days, there was an increase in the proportion of Lc. cremoris observed in
over half of the tested dogs, although this change was not statistically significant. On the other hand,
L. paracasei exhibited a trend of increase only in dogs where it was initially detected before the trial
commenced. These findings suggest that the levels of Lc. cremoris and L. paracasei may play a crucial
role in alleviation of AD in dogs. Apart from the indigenous gut microbiota, individualized
colonization patterns may stem from host factors, including variations in the expression of mucosal
immune-related genes within the gastrointestinal organs [39].

Changes in gut microbial composition were noted alongside significant alterations in KEGG
microbial functions. Although no significant variances were detected in pathways linked to the
immune system, a decline in the function of the NOD-like receptor (NLR) signaling pathway was
observed following LCP use, consistent with prior findings. The intervention with LCPs appeared to
reduce the abundance of Erysipelotrichaceae, subsequently downregulating the NLR signaling
pathway, thereby diminishing inflammasome formation and reducing the release of pro-
inflammatory cytokines such as IL-18 [40]. Moreover, the LCP-treated group exhibited increased
functionality in pyruvate metabolism and propanoate metabolism, correlating with the synthesis of
short-chain fatty acids, which aligns with our findings. Elevated concentration of acetic acid,
propionic acid, and butyric acid was detected in the feces of most tested dogs after 60 days of LCP
intervention. The previous research highlighted the capacity of gut-derived SCFAs to impact
epidermal keratinocytes, modifying their metabolism to enhance skin barrier function and mitigate
allergen penetration [41].

In the examination of skin microbiota, both the Simpson index and a-diversity showed a
declining trend post-probiotic use, mirroring findings in gut microbiota analysis. While skin
microbiota diversity is pivotal, it can be influenced by various factors including environmental
conditions, humidity, skin structure, and sebum distribution. Sebum secretion may foster lipophilic
bacteria, thus favoring their dominance, potentially increasing microbiota diversity in dry skin
environments. Moreover, compromised skin barriers may render wounds more susceptible to
environmental microbial colonization, or tissue fluid secretion may elevate skin microbiota diversity
by creating a moist environment [15]. Further analysis revealed reductions in Duncaniella,
Escherichia/Shigella spp., and Sphingomonas at the genus level, with S. flexneri exhibiting a species-level
decrease. Duncaniella, previously known as S24-7, belongs to the Muribaculaceae family, a major
bacterial group in laboratory mice gut microbiota [42]. Certain Duncaniella species have demonstrated
potential in ameliorating DSS-induced intestinal damage, Sphingomonas, part of the
Sphingomonadaceae family, was found in higher proportions on the skin of healthy cattle in regions
with greater rainfall [43,44]. However, the effects of Duncaniella and Sphingomonadaceae on dogs and
skin aspects require clarification.

Regarding S. flexneri, it is categorized within the Escherichia/Shigella spp. genus and
Enterobacteriaceae family. Limited research exists on its relevance to canine atopic dermatitis, but in
human studies, S. flexneri has been implicated in activating the NLR of epithelial cells and triggering
inflammatory responses, particularly via NOD1 recognition. NLRP10 expression in epidermal and
dermal fibroblast-like cells can amplify NOD1 signaling, thus affecting innate immune responses,
with potential associations with atopic dermatitis and allergic contact dermatitis [45—48].
Comparisons between highly responsive AD dogs and the overall population revealed a higher
proportion of decreases in Enterobacteriaceae, Escherichia/Shigella spp., and S. flexneri in the highly
responsive group.

In the results of gene functional prediction analysis, pathways related to SCFA metabolism
including Glycolysis/Gluconeogenesis, Citrate cycle (TCA cycle), Pentose phosphate pathway,
Fructose and mannose metabolism, Amino sugar and nucleotide sugar metabolism, and C5-Branched
dibasic acid metabolism exhibited higher functionality in the probiotic-treated groups. Besides the
intestinal-derived short-chain fatty acids, short-chain fatty acids on the skin can also serve as
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inhibitors of histone deacetylases (HDACsS), thereby reducing the production of pro-inflammatory
cytokines by inhibiting the NF-kB pathway, or by regulating Treg cells and promoting keratinocyte
differentiation through HDAC inhibition, thereby influencing skin health [49-51]. Within the
immune system, the retinoic acid-inducible gene (RIG)-I-like receptor signaling pathway showed
higher functionality in the probiotic-treated groups. Additionally, given that skin damage associated
with atopic dermatitis often accompanies secondary infections, pathways related to bacterial
infection were compared. It was found that the functionality of Shigellosis within Infectious diseases:
Bacterial showed a decrease after LCP use, consistent with the earlier decrease in relative abundance
of S. flexneri. Within the immune system, functions related to Th17 cell differentiation, IL-17 signaling
pathway, and NLR signaling pathway also exhibited lower functionality after probiotic use. These
results indicate that changes in the skin barrier status can influence the composition of microbiota,
and these compositional changes in different functional microbiota can also modulate skin
environment health.

4. Materials and Methods

4.1. Bacterial Strains

Lc. cremoris subsp. cremoris MPO1 and L. paracasei subsp. paracasei MP02 were isolated from
traditional fermented milk. The probiotic mixture was cultured and activated in Lactobacilli MRS
broth (Neogen Corporation, Lansing, MI, USA) at 30°C for 24 hours.

4.2. Preparation of Probiotic Capsule

The dosage of AD dogs was decided by previous study [19]. The freeze-dried probiotic powder,
consisting of Lc. cremoris subsp. cremoris MPO1 and L. paracasei subsp. paracasei MP02, was produced
by Grape King Bio, Ltd. (Taoyuan, Taiwan) and filled in capsule No.4 as LCP capsules. Each capsule
contained 3.1 x 10" CFU and was stored at -20°C.

4.3. Clinical Canine Trial

This study was approved by the Institutional Animal Care and Use Committee of National
Taiwan University (IACUC approval no: NTU-109-EL-000146). All owners were required to sign a
consent form to participate in this study. Recruitment occurred from August to November 2021. The
criteria for preliminary selection were adapted from the previous research [52,53]. There were no
restrictions regarding the dogs' age, weight, gender, breed, and sterilization status. Eligible dogs had
to exhibit itching and erythema on their skin and meet at least four of the following conditions:

1. The initial onset of symptoms must have occurred at or before 3 years of age.

2. The dog primarily resided indoors. Itching symptoms were significantly improved by steroids

3. Skin lesions were primarily located on the ears, interdigital spaces, around the mouth, eyes,
dorsal surfaces of the joints, and inguinal areas.

4. The edge skin of the ears appeared normal

5. The skin of the lower back was normal

Dogs were excluded if they were pregnant or nursing. Those with infectious dermatitis were
required to discontinue medication to meet the inclusion criteria, and those with food-induced
dermatitis had to eliminate the allergen before joining the trial. Additionally, dogs could not have
used antibiotics, steroids, or immune suppressants within two weeks prior to the experiment.

Forty-five dogs were initially enrolled in this study. Following initial examinations and
assessments by veterinarians, 11 dogs remained eligible. Eight dogs ultimately completed this clinical
trial (Figure 1A). The median body weight of the participating dogs was 11.42 kg, ranging from 2.7
to 32 kg, with a female-to-male ratio of 1:1. Age distribution was as follows: two dogs were 1-3 years
old; three dogs each belonged to the 3-7, and >8 years age groups. Based on the Canine Atopic
Dermatitis Extent and Severity Index (CADESI)-04 of day 0, two dogs were classified into the normal
or reducing AD symptoms group (CADESI score < 10), three into the mild group (score = 10-34), two
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into the moderate group (score = 35-59), and one dog into the severe group (score = 60). The dogs
were required to continuously intake one LCP capsule daily for 60 days. Blood, skin, and fecal
samples were collected on day 0, 30, and 60.

4.4. Assessment of the Degree of Atopic Dermatitis and Pruritus

To evaluate the severity level of atopic dermatitis, the CADESI-04 [54] and the Pruritus Visual
Analog Scale (PVAS) [55] were applied. For CADESI-04, the level of erythema, lichenification,
excoriation, and alopecia were inspected and graded in 20 body areas on a scale from 0 (none) to 3
(severe), with a total score of 180. The PVAS was administered by the owners.

4.5. Cytokine Production from Peripheral Blood Mononuclear Cells (PBMCs)

Blood samples were mixed with Dulbecco’s phosphate-buffered saline (DPBS; Thermo Fisher
Scientific Inc., MA, USA) and centrifuged at 400 xg, 18 °C for 35 mins. The monocellular cells were
collected and suspended in Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma-Aldrich
Inc., St. Louis, MO, USA) with heated-inactivated fetal bovine serum (FBS) and antibiotic-antimycotic
solution (Corning Inc., Corning, NY, USA). Cells were cultured at 37°C for 24 hours with 5% of CO2.
Then, the cell-cultural suspension was centrifuged at 400 xg, 4 °C for 10 mins to obtain supernatant
for cytokine quantification.

The commercial enzyme-linked immunoassay (ELISA) kits for canines were used to measure
interleukin (IL)-4 (BioassayTechnology Laboratory, China), interferon (INF)-y (R&D systems, MN,
USA) from PBMC.

4.6. IgE Production in Serum

Immunoglobulin E (IgE) in serum was measured through the canine ELISA kit (LifeSpan
BioScience Inc., WA, USA).

4.7. Microbiota Analyses in Skin and Fecal

Fecal samples were collected as described in the previous study described [56]. Skin bacteria
from the areas around the mouth, ears, armpits, and groin of the tested dogs were collected using a
swabbing method. The cotton swabs were then soaked in 0.85% sterilized sodium chloride solution,
and DNA was extracted.

Third-generation sequencing was performed by BIOTOOLS Co., Ltd. (Taipei, Taiwan).
Universal primers 27F: 5-AGRGTTYGATYMTGGCTCAG-3, and 1492R: 5
RGYTACCTTGTTACGACTT-3" was used to amplify the full length of the 165 rRNA gene (V1-V9).
After a series of quality controls to eliminate noise, reads with a quality score (RQ) greater than 30
were retained. These reads were then processed using the DADA2 package (dada2_1.20) in R
software to denoise to generate amplicon sequence variants (ASVs), with each ASV defined as one
species cluster. The ASVs were classified to their taxonomy using QIIME2 (v2021.4; http://giime2.org)
and the NCBI 16S ribosomal RNA database (2021.1).

In this study, we analyzed o diversity (observed species richness), Shannon-Wiener diversity
index, and Pielou’s evenness),  diversity (Principal Coordinates Analysis, PCoA), PICRUSt
(Phylogenetic Investigation of Communities by Reconstruction of Unobserved States), and KEGG
(Kyoto Encyclopedia of Genes and Genomes) to determine the change in composition or predicted
function in the gut or skin microbiota. The Spearman correlation was used to evaluate the relationship
between specific bacterial taxonomies and atopic dermatitis-related indicators.

4.8. Short-Chain Fatty Acids Analysis

The analysis was slightly modified from the previous study [57]. The obtained SCFAs were
dissolved in 250 pL of methanol. The PU-2089 Quaternary HPLC pump (Jasco International Co. Ltd,
Japan) with Reprosil 100 C18 5 uM, 250 x 4.6 mm (Dr. Maisch GmbH, Germany) was used to quantify
the concentration of fecal acetic acid, propionic acid, and butyric acid. The mobile phase contained
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acetonitrile (C2HsN, AE-0627; Aencore, Australia), 99% methanol (CHsOH, CAS 67-56-1; Duksan,
Korea), and ultrapure water with a volume ratio of 30, 16, and 54, respectively, and then adjusted the
pH value to 4.5 by trifluoroacetic acid (J.T.Baker, NJ, USA). The flow rate was set as 1.1 mL/min; the
column temperature was 50°C; the detected wavelength was 400 nm.

4.9. Statistical Analysis

All the data were presented as mean + SEM. According to the results of the Shapiro-Wilk
normality test, the statistical analyses were performed by the Wilcoxon signed-rank test or ratio
paired t-test by GraphPad Prism v9.3.1 (GraphPad Software Inc., MA, USA) and Statistical Analysis
System v9.4 (SAS Institute Inc.,, NC, USA). Since the data from microbiota analyses were performed
in relative abundance, we applied nonparametric statistics in all microbiota studies in this research.

5. Conclusions

In summary, the LCP probiotic combination used in this study demonstrated efficacy in
improving clinical symptoms of canine skin, reducing itching behavior, and regulating the immune
system. The possible mechanisms involve an increase in the proportion of Lc. cremoris while
decreasing the proportions of Erysipelotrichaceae and Romboutsia, coupled with an upregulation in
SCFA levels. Additionally, it modulated the intestinal immune system towards regulating the
Th1/Th2 balance and decreasing the secretion of allergy-related immunoglobulin E. Through
circulation in the bloodstream, it further improved systemic immune responses, thereby contributing
to alleviating symptoms of atopic dermatitis, regulating skin microbiota composition, and reducing
adherence and invasion of environmental microbes and pathogens. However, the small sample size
in the microbiota analysis section affected some statistical results, and the mechanisms underlying
these changes in the microbiota in canine atopic dermatitis remain unclear, necessitating further
investigation in the future.
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