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Objective: Ulcerative colitis (UC) as one of the intractable diseases in gastroenterology seriously threatens human health. Respiratory
pathology is a representative extraintestinal manifestation of UC affecting the quality of life of patients. Gegen Qinlian Decoction (GQD) is
a classical traditional Chinese medicine prescription for UC or acute lung injury. This study was aimed to reveal the therapeutic effect of
GQD on UC and its pulmonary complications and uncover its molecular mechanism mediated by myeloid cells and microbiota.
Methods: Mice with DSS-induced colitis were orally administrated with GQD. Overall vital signs were assessed by body weight loss
and disease activity index (DAI). Pulmonary general signs were evaluated by pulmonary pathology and lung function. The mechanism
of GQD relieving UC was characterized by detecting myeloid cells (neutrophils, macrophages, inflammatory monocytes, and resident
monocytes) in colonic and lung tissues, related inflammatory cytokines, as well as the microbiota in bronchoalveolar lavage fluid
(BALF) and feces.

Results: GQD significantly reduced weight loss, DAI scores, and lung injury but improved the lung function of colitis mice. The
DSS-induced colonic and concurrent pulmonary inflammation were also alleviated by GQD, as indicated by the down-regulated
expressions of inflammatory cytokines (TNF-a, IL-1p, IL-6, CCR2, and CCL2) and the suppressed recruitment of neutrophils and
inflammatory monocytes. Meanwhile, GQD greatly improved intestinal microbiota imbalance by enriching Ruminococcaceae UCG-
013 while decreasing Parabacteroides, [Eubacterium] fissicatena_group, and Akkermansia in the feces of colitis mice. Expectantly,
GQD also restored lung microbiota imbalance by clearing excessive Coprococcus 2 and Ochrobactrum in the BALF of colitis mice.
Finally, significant correlations appeared between GQD-mediated specific bacteria and inflammatory cytokines or immune cells.
Conclusion: GQD could alleviate UC by decreasing excessive inflammatory myeloid cells and cytokines, and reshaping the
microbiota between the colon and lung, which contributes to clarifying the mechanism by which GQD ameliorates colitis-associated
pulmonary inflammation.
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Introduction

Ulcerative colitis (UC), the most common form of inflammatory bowel disease (IBD), is a chronic nonspecific inflammation
of the colon and rectum, with an increasing incidence worldwide.' The clinical manifestations of IBD include intestinal and
extra-intestinal manifestations, with extra-intestinal manifestations occurring in up to 40% of IBD patients.” Numerous
researchers have found that IBD-related lung injury cannot be ignored,>* and UC was more susceptible to respiratory
complications than Crohn’s disease (CD).” According to statistics, up to 37% to 55% of IBD patients have abnormalities on
lung function tests or lung imaging.®’ Furthermore, Kraft et al described the pulmonary manifestations of IBD with multiple
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different phenotypes, such as airway disease, pulmonary parenchymal disease, and pulmonary vascular disease.® Thus, the
reduction of pulmonary symptoms is essential to enhance the life quality of IBD patients.

In the last decades, growing studies have suggested that the “gut-lung axis” plays an important role in IBD-derived
lung injury.”'® Cytokine levels and epithelial cell destruction in the intestinal epithelium after exposure to airway
antigens presented consistent changes with those in the lung epithelium. This may be the cause of lung injury during the
progress of IBD because of the similar inflammatory responses between them.'' In addition, abnormal migration of
inflammatory cells to other organs might explain the extraintestinal appearance of IBD.'*!?

Myeloid cells generated by bone marrow hematopoietic stem cells, including neutrophils, monocytes, and macro-
phages, are considered as effector cells of inflammation and serve as governors in the immune regulation of IBD."*
During intestinal inflammation, neutrophils are first activated and recruited to the site of infection, which further damages
the integrity of the epithelial barrier.'>"'” Subsequently, inflammatory monocytes are recruited to the inflamed site,
differentiate into inflammatory monocytes/macrophages, and release pro-inflammatory cytokines (such as TNF-a, IL-18,
and IL-6, etc.).'”"'? This recruitment process would prolong the inflammatory response which could be regulated by the
CCL2-CCR2 axis.?® Therefore, the inhibition of the recruitment of inflammatory myeloid cells may be a key approach
for the treatment of colitis.

On the other hand, the gut microbiota is widely known to be closely related to intestinal health. Compared with
healthy controls, lower microbial diversity, fewer predominant Firmicutes, and enriched pro-inflammatory Proteobacteria
have been observed in the intestine of IBD patients.”’ Pulmonary microbes such as Gammaproteobacteria are also critical
during the progress of respiratory diseases, using their inflammatory byproducts to survive and thrive in anaerobic and
hypoxic conditions.?>** Based on these findings, we hypothesized that this interaction between resident microbiota and
immune responses might be further involved in regulating the occurrence of lung injury in colitis.

Gegen Qinlian Decoction (GQD), a classical traditional Chinese medicine (TCM) formula, has been clinically proven to be
effective in the treatment of UC. A meta-analysis involving 2028 patients with UC showed that GQD alone or combined with
western medicine was significantly superior to western medicine alone in treating UC, with low recurrence rates and adverse
events.”*In vivo and in vitro experiments have shown that GQD exerts anti-inflammatory, antioxidant stress, antibacterial,
antidiarrheal, regulating gastrointestinal function, and other pharmacological effects.”> Several active components of GQD,
such as baicalin, glabridin, and berberine, contributed to exerting these immunomodulatory effects.”>** Network pharmaco-
logical studies have also revealed that GQD could alleviate the UC-related inflammation via inhibiting the production of pro-
inflammatory cytokines including IL-1B, TNF-a, and IL-6.%° In addition, GQD effectively improved pulmonary edema and
microvascular permeability as well as inhibited lung inflammation and apoptosis in mice with LPS-induced acute lung
injury.*® Nonetheless, the underlying molecular mechanism by which GQD alleviates lung inflammation associated with
colitis remains unclear.

In the present study, we for the first time investigated the therapeutic effect of GQD on pulmonary injuries in addition
to the colon in UC mice. The mechanisms by which GQD maintains the immune homeostasis mediated by myeloid
immune cells and resident microbiota were explored. The findings of this research will facilitate the discovery of new
therapeutic biomarkers and adjuvant medications for clinical colitis with lung complications.

Materials and Methods
Preparation of GQD

We selected the Gegen Qinlian dispensing granule as the medication for experimental mice, a pharmaceutical form of
Gegen Qinlian Decoction (GQD), which is effective in treating UC in our previous studies.*! Gegen Qinlian dispensing
granule was purchased from China Resources Sanjiu Medical & Pharmaceutical Co., Ltd. The human dose of formula
granule was 0.12 g/kg and was diluted with distilled water (DW).

Animals and Treatment
A total of 32 female C57BL/6J mice (20-22 g), purchased SPF Biotechnology Co., Ltd. (Beijing, China), were randomly
divided into 4 groups including control, DSS, DSS+GQD, and DSS+sulfasalazine (SASP) with 8 mice per group. Except
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Figure 1 GQD alleviates the colonic inflammation of DSS-induced colitis mice. (A) The time course of DSS administration and different treatment in mice. C57BL/6] mice
were provided with water or 3% DSS-containing water from days 0 to 6. On days 7 to |3, mice were orally administered with GQD or SASP. (B) Body weight changes in
each group. (C) DAl scores in each group. The mRNA relative expressions of inflammatory cytokines including TNF-a. (D), IL-1p (E), IL-6 (F), CCR2 (G), and CCL2 (H) in
colonic tissues were assessed by RT-qPCR. Data were expressed as mean + SEM (n = 4-8). **P < 0.01, ***P < 0,001, compared with the control group; “P < 0.05, *P < 0.01,
and P < 0,001, compared with the DSS group; 4P < 0.05, #4P < 0.01, #4 4P < 0.001, compared with the SASP group.

for the control group, experimental colitis mice in the other three groups were induced by the administration with 3% (w/
v) DSS (MP Biomedicals, MW: 36,000-50,000) ad libitum in drinking water for consecutive 7 days. On days 7 to 13,
mice in the DSS+GQD group were orally administered with 1.42 g/kg of formula granules according to the clinical
equivalent dose and given 200 puL per mouse. The DSS+SASP group was orally given 0.5 g/kg of SASP. Mice in the
control and DSS groups were administered with distilled water. The changes in body weight and fecal traits were
recorded daily. At the end of the experiment, mice were euthanized by intraperitoneal injection with 0.25 g/kg sodium

1,2 and the colon and lung tissues were collected for further analysis. The timeline of this test is shown in

pentobarbita
Figure 1A. All procedures involving animals were approved by the Animal Ethics Committee of Beijing University of
Chinese Medicine (BUCM-4-2019090303-3097), following guidelines issued by Regulations of Beijing Laboratory

Animal Management.

Evaluation of Disease Activity Index
The disease activity index (DAI) was determined daily by body weight loss, stool consistency, and the detection of rectal
bleeding according to a standard scoring system.*> The DAI sore is equivalent to the average of the above three indicators.

Histopathological Evaluation

Lungs were washed in phosphate buffer, fixed in 10% formaldehyde at room temperature, dehydrated in a graded
concentration of ethanol, and then embedded in paraffin. Tissue sections of 4 um were stained with hematoxylin and
eosin (H&E) to evaluate the histopathological changes of the lung. Digital images of pulmonary morphology at 200x
magnification were obtained using a light microscope and graded according to the reference.*

Assessment of Pulmonary Function
Respiratory function was measured using the flexiVent (SCIREQ, Montreal, QC, Canada) and all operations were
performed according to the manufacturer’s instructions. Mice were anesthetized by 0.1 g/kg pentobarbital sodium to
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prevent spontaneous respirations and connected to a computer-controlled animal ventilator through a tracheal cannula.
The following measures of respiratory mechanics were calculated: Respiratory system resistance (Rrs), elasticity
resistance (Ers), compliance (Crs), the resistance of the central airways (Rn), tissue damping (QG), tissue elastance (H),
and static compliance (Cst). Data were recorded continuously and analyzed offline. The airway physiology testing
procedure took approximately 10 min per mouse, with an approximate surgery time of 5 min per animal.

Cell Isolation from Lung and Intestinal Tissues in Mice

For the isolation of myeloid cells from the lung and colon, the single-cell suspension was obtained according to
a previous study.” Fresh lung tissues were minced and incubated with 1 mg/mL collagenase IV (Worthington, USA)
and 50 pg/mL DNase I (Roche, Switzerland) in RPMI-1640 media (Biological Industries, Israel) before being mashed
through 70 pum cell strainers. After removing adherent fat tissue and Peyer’s patches, the colon was washed twice with
20 mL HBSS medium containing 5 mM EDTA and 1 mM DTT to remove epithelial cells. Next, 2 mg/mL collagenase
type III (Worthington, USA) and 50 pg/mL DNase I (Roche, Switzerland) in RPMI-1640 media were used to digest
colon tissues. The digested tissues were filtered through 70 um cell strainers to obtain cell suspension and enriched with
a 40% Percoll gradient after red blood cells were lysed. Single-cell suspensions from all tissues were used for subsequent
flow cytometry staining.

Flow Cytometry Analysis

All staining of molecules with fluorescently labeled antibodies was performed in the dark. All antibodies were purchased
from Biolegend Ltd., U. S. A. Single-cell suspensions were kept at 4 °C, and nonspecific binding was blocked by anti-Fc
receptor blocking antibody (anti-CD16/32) before cell surface was stained with fluorescent conjugated antibodies. Then,
cells were stained with PB anti-mouse CD45, PE-Cy5 anti-mouse CD11b, APC-Cy7 anti-mouse Ly6C, FITC anti-mouse
CDllc, APC anti-mouse Ly6G, F4/80 anti-mouse AF700. Cells were detected by FACSCantoTM (BD Biosciences, U.S.
A) and analyzed by FlowJo software.

RNA Isolation, cDNA Synthesis, and Real-Time Quantitative PCR

Total RNA from lung and colonic tissues was extracted using RNAsimple Total RNA Kit (TTANGEN, China). RNA was
quantified by a Nanodrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, U.S.A) and then reversely transcribed into
c¢DNA using QuantiNova Reverse Transcription Kit (Qiagen Ltd., Germany). RT-qPCR was performed in a QuantStudio6
Flex system (Life Technologies, U.S.A) with QuantiNova SYBR Green PCR Kit (Qiagen Ltd., Germany). The mRNA
expressions of targeted genes were normalized using a housekeeping control (GAPDH) and calculated by the 27" method.
Specific primers used in this study were as follows: 5’-AGACACCATGAGCACAGAAAGC-3’/5’-CCATA
GAACTGATGAGAGGGAGG-3* for TNF-a; 5-ACAAGAGCTTCAGGCAGGCAGTATC-3’/5’-TATGGGTCC
GACAGCACGAGGC-3’ for IL-1B; 5’-TGCAATGGCAATTCTGATTGTATG-3’/5’-TGTATCTCTCTGAAGGACTCTG-
3° for IL-6; 5-TTTGTTTTTGCAGATGATTCAA-3’/5-TGCCATCATAAAGGAGCCAT-3’ for CCR2. 5’-CCCAA
TGAGTAGGCTGGAGA-3’/5’-TCTGGACCCATTCCTTCTTG-3> for CCL2; 5’-GCACCACCAACTGCTTAG-3’/5’-
GGATGCAGGGATGATGTTC-3’ for GAPDH.

DNA Extraction, 16S rRNA Gene Sequencing, and Data Analysis
Fresh feces were sampled from all the mice. Then, fresh bronchoalveolar fluid (BALF) was collected after mice were
euthanized. Total genomic DNA was isolated from BALF and feces using the QIAamp DNA Stool Mini Kit (Qiagen
Ltd., Germany) according to the manufacturer’s instructions. The V3-V4 regions of the 16S rRNA gene were amplified
using universal primers 343F (TACGGRAGGCAGCAG) and 798R (AGGGTATCTAATCCT). After purification and
quantification, the PCR products were pooled and adjusted into equimolar amounts and sequenced on an Illumina
NovaSeq6000 sequencer to produce paired-end reads of 250 bp.

Initial reads were de-multiplexed and quality-filtered using the QIIME platform (version 1.9). Briefly, low-quality
sequences with a length of < 220 nt or > 500 nt, an average quality score of < 20, and sequences containing > 3
nitrogenous bases were abandoned. After removing chimera using UCHIME, the remaining clean reads were then
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clustered into operational taxonomic units (OTUs) using VSEARCH (version 7.1) with a 97% similarity cutoff.
Taxonomy assignment of OTUs was performed against the SILVA 16S rRNA gene database (Release 132) at
a confidence threshold of 70%.

Sobs and Shannon indexes were calculated by QIIME (version 1.9) to estimate alpha diversity. Bar plots were
visualized to present the bacterial community composition using the “vegan” package in R (version 3.3.1). Principal
coordinates analysis (PCoA) was performed based on Bray-Curtis and Jaccard distances using QIIME (version 1.9) to
evaluate beta diversities. In addition, permutational multivariate analysis of variance (PERMANOVA, with 1000 Monte
Carlo permutations) was carried out based on distance matrices to compare the difference of community structures
between groups using the Adonis function available in the “vegan” package of R (version 3.3.1). The differentially
abundant bacteria taxa among groups were identified using discriminant analysis (LDA) effect size (LEfSe) analysis.
Only taxa with an average relative abundance greater than 0.01% were included. The microbial gene functions were
predicted using PICRUSt (https://github.com/picrust). Differentially abundant KEGG pathways between groups were
obtained using STAMP (version 2.1.3).

Statistical Analysis

Data were analyzed using SPSS (version 22.0, SPSS Inc., USA). Parametric data were analyzed using unpaired one-way
ANOVA with Tukey’s post hoc test. Nonparametric data were analyzed using the Kruskal-Wallis test. P values for
multiple comparisons were adjusted with a false discovery rate (FDR) according to Benjamini and Hochberg.*® Corrected
P values less than 0.05 were considered statistically significant. Data were presented as means and standard error of the
mean (SEM). Spearman correlation coefficients between microbes and cytokines, microbes and immune cells, fecal
microbes, and lung microbes, were estimated using the “psych” package in R (version 3.3.1). Significant correlations
(P < 0.05) were visualized with network graphs using Gephi (version 0.9.2).

Results

GQD Alleviates the Intestinal Inflammation of DSS-Induced Colitis Mice

To determine the effect of GQD on colitis, DSS-induced colitis mice were orally given GQD, SASP, or distilled water
intervention for 7 days (Figure 1A). Our results showed that colitis mice had significantly lower body weight but higher
DALI scores compared with controls (Figure 1B and C, P < 0.01). Expectantly, both GQD and SASP continuously
restored the body weight and reduced the DAI scores of these colitis mice (Figure 1B and C, P < 0.01).

We next determined the mRNA expressions of the pro-inflammatory cytokines in the colon. Similarly, the relative
expressions of these above cytokines and chemokines were significantly higher in the DSS group compared with control
mice (Figure 1D-H, P < 0.001). However, these alterations could be relieved by GQD and SASP (Figure 1D-H, P <
0.05). Additionally, SASP decreased the production of IL-1p to a greater extent compared to GQD (Figure 1E, P <
0.001).

GQD Decreases Inflammatory Myeloid Cells in the Colon of DSS-Induced Colitis
Mice

We performed the flow cytometry analysis to the phenotype of myeloid cells in the colon of DSS-induced colitis mice. As
shown in Figure 2, compared with the control, significant increases in the percentages of neutrophils, macrophages, and
Ly6C™ inflammatory monocytes in the colon of DSS-induced colitis mice were observed (Figure 2A-D, P < 0.01). The
proportion of Ly6C' resident monocyte was not significantly altered (Figure 2A and E, P > 0.05). As expected, the GQD
and SASP treatments distinctly suppressed those augmentations equally in colitis mice (Figure 2A-D, P < 0.05).

GQD Alleviates the Gut Microbiota Imbalance of DSS-Induced Colitis Mice

We further examined the effects of GQD intervention on gut microbiota in DSS-induced colitis mice. At the overall
community level, colitis mice with or without GQD intervention exhibited smaller Shannon and sobs indexes in the gut
microbiota than controls (Figure 3A, P < 0.05), indicating a lower community richness and evenness. PCoA plots further
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Figure 2 Myeloid cell populations in the colon among different groups. (A) Representative gating strategies for identifying myeloid cells in the colon quantified by flow
cytometry. Neutrophils were identified as CD45°CDIIb'Ly6G* cells, macrophages as CD45°CDIIb*F4/80" cells, inflammatory (Inflam) monocytes as
CD45"CDI Ib"CDI Ic Ly6C" cells, and tissue resident (Res) monocytes as CD45"CDI1b"CDI1c Ly6C' cells. The proportion (% CD45" cells) of neutrophils (B),
macrophages (C), inflammatory (Inflam) monocytes (D), and monocytes (Res) (E). Data were expressed as mean * SEM (n = 4). **P < 0.01, ***P < 0.001, compared with the
control group; #P < 0.05, P < 0.01, compared with the DSS group.
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Figure 3 The alterations in the colonic microbiota structure of colitis mice. (A) Shannon and sobs index. (B) Principal coordinate analysis (PCoA) plots based upon Bray-
Curtis distances and Jaccard distances. (C) Abundant phyla and genera (n = 4-5). *P < 0.05, **P < 0.01, compared with the control group.

suggested the significant separation of fecal samples among three groups (Figure 3B). PERMONOVA based on these
distances confirmed that the community structures were strongly affected by DSS and/or GQD supplementation (Bray-
Curtis distances, R? = 0.447, P = 0.001; Jaccard distances, R> = 0.344, P = 0.001). Moreover, a significant difference in
the community composition was also seen among different groups (Figure 3C).

Subsequently, we conducted the LEfSe analysis to search differentially abundant genera among three groups of mice.
As shown in Figure 4A and B, the genus Ruminococcaceae UCG-013, less abundant in colitis mice than controls, was
significantly enriched by the GQD administration. On the contrary, Parabacteroides, [Eubacterium] fissicatena group,
and Akkermansia exhibited higher relative proportions in the intestine of colitis mice compared to the control group.
However, the GQD treatment remarkably suppressed the accumulation of these three microbes.

We subsequently predicted the gut microbial gene functions using PICRUST. We observed that the relative
abundances of microbial genes associated with lysine biosynthesis as well as phenylalanine, tyrosine, and tryptophan
biosynthesis were significantly down-regulated in colitis mice than controls (Figure 4C). However, the GQD addition
reversed these alterations as reflected by the higher proportions of genes related to these two pathways in the DSS+GQD
group.

The above outcomes demonstrated that the GQD administration might contribute to improving the gut microbiota
imbalance to a certain extent via selectively regulating specific microbes and their underlying gene functions.

GQD Alleviates Pulmonary Inflammation and Improves Lung Function in DSS-Induced

Colitis Mice

We further evaluated the pulmonary damage caused by DSS-induced colitis. As shown in Figure 5A, compared with
controls, colitis mice exhibited the damaged alveolar structure, less common normal alveoli, fused and thickened alveolar
walls, and expanded inflammatory cell infiltration around trachea bronchi and blood vessels. As well, the lung
pathological scores were significantly higher in these colitis mice than controls (Figure 5B, P < 0.001). However, the
above adverse alterations were remarkably alleviated by the intervention of GQD (Figure 5B, P < 0.01). Notably, the
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Figure 4 Differentially abundant microbes in the feces among different groups. (A) Differentially abundant genera identified by LEfSe with a linear discriminant analysis
(LDA) score (threshold 2 2). (B) The bubble matrix shows the average relative abundances of these genera, families, and phyla. The red font represents the bacteria that
changed significantly in mice with colitis before and after GQD intervention. (C) Differentially abundant microbial gene functions predicted by PICRUSt compared by STAMP
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lung pathological scores in GQD group were lower than SASP (Figure 5B, P < 0.05). No significant change was seen
between DSS+SASP and DSS groups (Figure 5B, P > 0.05).

Next, we determined the lung function of mice using the Flexivent system. Compared to controls, Ers was
significantly increased (Figure 5D, P < 0.01), but Crs and Cst were both reduced (Figure 5E and I, P < 0.05) in colitis
mice. No significant impact was observed on Rrs, Rn, G, and H (Figure 5C, P > 0.05). On the contrary, the GQD
treatment also significantly reversed the above indicators (Figure 5D and E, and I, P < 0.05). Significant differences
existed between GQD and SASP interventions in Ers and Cst (Figure 5C-I, P < 0.05), with no change in the lung
function between DSS+SASP and DSS groups (Figure 5C-I, P > 0.05). These findings indicated that GQD contributed
more to alleviating the pulmonary inflammatory responses and improved the lung function of DSS-induced colitis mice
than the SASP administration.

GQD Decreases Inflammatory Myeloid Cells and Down-Regulates Related Cytokines
in the Lung of DSS-Induced Colitis Mice

Then, we examined the effect of GQD on pro-inflammatory myeloid cells in the lung of DSS-induced colitis mice.
Compared with controls, the proportion of neutrophils was significantly increased in colitis mice (Figure 6A and B, P <
0.001), but no obvious change was presented in macrophages (Figure 6A and C, P > 0.05). The proportion of
inflammatory monocytes was also increased in colitis mice compared with controls (Figure 6A and D, P < 0.01), but
no significant change in resident monocytes (Figure 6A and E, P > 0.05). Consistent with changes in colonic tissue, GQD
could decrease the accumulation of neutrophils and inflammatory monocytes (Figure 6A, B and D, P < 0.05). However,
no obvious change was seen after the SASP intervention.

On the other hand, in line with the results of colon tissue, the significantly increased levels of TNF-a, IL-1[3, and IL-6
were observed in the lung of colitis mice (Figure 6F-H, P < 0.01). As shown in Figure 61-K, the relative expressions of
CCR2 and CCL2 were increased significantly in colitis models (P < 0.05) with no change in the M-CSF expression (P >
0.05). However, except for M-CSF (P < 0.05), the mRNA levels of these cytokines and chemokines were markedly
down-regulated by GQD (P < 0.05). Only IL-1pB expression was down-regulated by SASP (P < 0.05). Altogether, these
outcomes demonstrated that GQD could inhibit the recruitment of inflammatory myeloid cells into the lung tissue and
improve lung inflammation in mice with colitis.

GQD Alleviates the Lung Microbiota Imbalance of DSS-Induced Colitis Mice

We further explored whether the GQD administration could improve the lung microbiota imbalance in DSS-induced
colitis mice. No significant difference in the alpha diversities as well as community structures was observed among
control, DSS, and DSS+GQD groups (Figure 7A and B, P > 0.05). However, the community composition significantly
differed among the three groups (Figure 7C). LEfSe analysis identified that the genera Coprococcus 2 and Ochrobactrum
exhibited higher relative proportions in the BALF of colitis mice than controls (Figure 8A and B). Whereas, the GQD
administration strongly reduced the growth of these two genera (Figure 8A and B), implicating that they might serve as
pulmonary microbial biomarkers in response to the GQD administration.

Specific Microbes Affected by GQD Exhibits Significant Correlations to the Colonic

and Lung Inflammation

Next, we observed significant correlations between differentially abundant microbes and inflammatory cytokines in the
colon (Figure 9A). In particular, the fecal genus Ruminococcaceae UCG-013, exhibiting lower abundances of colitis
mice than controls, were negatively correlated to colonic CCL2, CCR2, IL-6, TNF-a, and IL-1pB (P < 0.05). Nevertheless,
[Eubacterium] fissicatena_group and Akkermansia enriched in colitis mice were positively associated with these above
parameters (P < 0.05). Parabacteroides also showed similar significant trends to positively correlate with IL-1p (P =
0.085). On the other hand, the specific microbes in the BALF including Coprococcus 2 and Ochrobactrum, more
abundant in colitis mice than controls, were positively linked to pulmonary CCL2, CCR2, IL-6, TNF-qa, and IL-1f
(Figure 9B, P < 0.05). Besides, Coprococcus 2 and Ochrobactrum in the lung positively connected with [Eubacterium]
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Figure 5 GQD alleviates pulmonary inflammation and improves lung function in DSS-induced colitis mice. (A) Lung pathological slides by the H&E staining (200x). The red
arrow means the site of inflammation. (B) Quantitative analysis of lung histopathology. (C—l) Comparison of the parameters involved in lung function of colitis mice. Mice
were connected to the FlexiVent (SCIREQ) system for forced oscillations measurements. Respiratory system resistance, Rrs (C), elasticity resistance, Ers (D), compliance,
Crs (E), the resistance of the central airways, Rn (F), tissue damping, G (G), issue elastance, H (H), and static compliance, Cst (I) were measured using a prime-
8 perturbation. Data were expressed as mean * SEM (n = 4-8). *P < 0.05, ¥*P < 0.01, ***P < 0.001, compared with the control group; “P < 0.05, *P < 0.01, compared with
the DSS group; 4P < 0.05, compared with the SASP group.
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Figure 6 Myeloid cell populations and cytokines in the lung among different groups. (A) Representative gating strategies for identifying myeloid cells in the lung quantified by
flow cytometry. Neutrophils were identified as CD45"CDIIb*Ly6G* cells, macrophages as CD45"CDIIb*F4/80" cells, inflammatory (Inflam) monocytes as
CD45"CDIIb"CDI Ic Ly6C" cells, and tissue resident (Res) monocytes as CD45"CDI1b*CDI1c Ly6C' cells. The proportion (% CD45* cells) of neutrophils (B),
macrophages (C), inflammatory (Inflam) monocytes (D), and monocytes (Res) (E). The mRNA relative expressions of inflammatory cytokines including TNF-a (F), IL-1B
(G), IL-6 (H), CCR2 (I), CCL2 (J), and M-CSF (K) in pulmonary tissues assessed by RT-qPCR. Data were expressed as mean * SEM (n = 4-8). *P < 0.05, **P < 0.01, ***P <
0.001, compared with the control group; “P < 0.05, *P < 0.01, compared with the DSS group.
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Figure 7 The alterations in the pulmonary microbiota structure of DSS-induced colitis mice. (A) Shannon and sobs index. (B) Principal coordinate analysis (PCoA) plots
based upon Bray-Curtis distances and Jaccard distances. (C) Abundant phyla and genera. n = 4-5.

_fissicatena_group, Akkermansia, and Parabacteroides, but negatively correlated with Ruminococcaceae UCG-013 in
the intestine (Figure 9C, P < 0.05).

Notably, macrophages, inflammatory monocytes, and neutrophils in the colon are positively linked to [Eubacterium]
_fissicatena_group but negatively associated with Ruminococcaceae UCG-013 (Figure 9D, P < 0.01). Moreover,
Parabacteroides are also positively connected with macrophages (Figure 9D, P < 0.01). No significant relationship
was observed between pulmonary microbes and immune cells (P > 0.05).

These results implicated that the alterations in pulmonary and colonic inflammatory status of colitis mice might be
partly mediated by their symbiotic microorganisms.

Discussion

The effector immune cells such as neutrophils, macrophages, inflammatory monocytes play an important regulatory role
during UC.""** When UC occurs, these immune cells can infiltrate the colonic mucosa of UC patients and release
plentiful pro-inflammatory cytokines such as IL-1B, IL-6, and TNF-a to mediate the progress of UC inflammation.>®
Besides, the critical chemokines including CCL2 and CCR2 were also highly expressed in UC patients.>*>’ Our
observations showed consistent alterations in the above parameters in colitis mice. Interestingly, the GQD intervention
significantly reversed these alterations.

DSS as an external stimulus destroys barrier integrity and activates neutrophils, and then the accumulative recruitment of
neutrophils further disrupts the intestinal mucosal barrier.>*** GQD might repair the impaired colonic mucosal barrier by
inhibiting the neutrophil recruitment to colonic tissue of DSS-induced colitis mice. A previous study has found that the
number of macrophages in the colon mucosa of patients with UC is significantly higher than that of the normal population.*’
In this study, GQD was found to decrease colonic macrophages and Ly6C™ inflammatory monocytes in mice with colitis.
Currently, Ly6C'® monocytes are believed to clear necrotic endothelial cells in the vascular system and repair vascular
endothelial damage, acting as “macrophages of the circulatory system™ and rarely entering intestinal tissues.*' In the case of
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changed significantly in mice with colitis before and after GQD intervention.

acute injury or infection, Ly6C™ monocytes differentiate into Ly6C'® monocytes to replace macrophages to repair tissue.**
CCL2 and CCR2 are the key mediators in the infiltration of monocytes for inflammation.** Ly6C™ inflammatory monocytes
are recruited into inflamed areas and secretes a large number of pro-inflammatory cytokines, which aggravates the
Our data also showed that GQD inhibited the recruitment of Ly6C™ inflammatory monocytes in
the colon tissue of DSS colitis mice, perhaps by inhibiting the expression of CCR2 and CCL2.

inflammatory response.**

Secondary pulmonary lesions are frequent in IBD,**> and inflammatory cell infiltrates around the trachea and blood
In our study, the Crs of UC model
mice, especially Cst, was decreased significantly, which may be related to the increase of the overall respiratory system

vessels have also been observed in lung biopsies in DSS-treated mouse models.*®

elasticity resistance (Ers). Increased inspiratory or expiratory resistance causes the lung tissue to become less dilatable,
resulting in a reduction in lung compliance.*” However, GQD could not only relieve lung damage, but also restore lung
compliance, reduce elastic resistance, and reshape lung structure.

Based on much existing evidence,*® ' we believed that the repairment in the lung derived from the GQD medication
might be related to the inhibition of inflammatory cell recruitment. Besides intestinal disease, CCL2 and CCR2 are also

key factors of monocyte/macrophage recruitment in acute lung injury or pulmonary fibrosis.’>>* In colitis mice, however,
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Figure 9 Correlation of specific microbes with inflammation responses affected by DSS and GQD treatments. Network plots of differentially abundant genera (represented
by nodes) that are significantly associated with inflammatory cytokines and chemokines in the colon (A) and lung (B). (C) Network plot of the correlations between colonic
and lung key microbes. Spearman correlation coefficients were determined using the “psych” package in R (version 3.3.1). A positive correlation between nodes is indicated
by green connecting lines, but a negative correlation by pink. Spearman correlations with the P value of more than 0.05 were not shown. Gephi (version 0.9.2) was used to
visualize these network graphs. (D) Significant associations between key genera and immune cells in the colon were calculated by Spearman correlation pipeline. No

significant connections were observed between microbes and immune cells in the lung.
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IL-6 mediates the recruitment of circulating neutrophils to the lung.>* Similarly, our results showed the accumulation of
above immune cells and cytokines in the lung of colitis mice. Surprisingly, GQD decreased the appearance of pulmonary
neutrophils and inflammatory monocytes of mice with colitis, along with the down-regulated expressions of CCR2,
CCL2, and IL-6. Interestingly, the SASP administration showed similar influences on colonic inflammation as GQD but
little effect on lung injury. This suggested that GQD acts as a multi-target regulatory formula targeting diseased colon and
colon-related vital organs, including the lung, relative to the SASP medication used as a targeted therapy for the colonic
site.

On the other hand, there is an intimate correlation between intestinal microbiota and the incidence of UC. In this
study, we observed that Parabacteroides, [Eubacterium] Fissicatena_group, Ruminococcaceae, and Akkermansia were
differentially abundant intestinal microbes after the treatment with GQD. In line with previous reports, the acute
exacerbations of UC were accompanied by the increased number of Parabacteroides as compared to the remission
stage.”” [Eubacterium] Fissicatena_group, exhibiting the same change with Parabacteroides, has a high correlation
with the occurrence of obesity and related metabolic disorders. Moreover, the inflammatory environment created by
obesity has even been suggested to accelerate the deterioration of UC.°*’ In contrast, less abundance of
Ruminococcaceae_UCG-013 occurred in colitis mice than controls as published researches.”® °* Interestingly, our data
showed that the genera Akkermansia was increased in DSS-induced colitis mice, which appeared to contradict many
recent studies. Of note, the pro-inflammatory or anti-inflammatory effects of Akkermansia remain controversial on IBD.®!
This contradictory finding might be related to the different mouse models used, including Cyp27b1, Hesl, and IL-107",
as well as DSS-induced colitis.®*®* Whether Akkermansia promotes or inhibits the development of intestinal mucosal
inflammation needs further exploration. As expected, the addition of GQD significantly restored the gut microbiota
imbalance by reversing the alterations of the above specific bacteria, thus contributing to a prominent improvement in
experimental colitis.

The host and resident microbiota are closely connected by microbial gene functions. In this study, our results
demonstrated that GQD reversed the decreases in the microbial genes associated with lysine biosynthesis as well as
phenylalanine, tyrosine, and tryptophan biosynthesis in the intestines of colitis mice compared to controls. In general,
with the involvement of these two pathways, intestinal bacteria could produce numerous metabolites such as indoxyl
sulfate and p-Cresol sulfate.®* Afterwards, these microbial byproducts exert protective effects on intestinal barrier
function and antioxidant activity of the host.°* Future studies are desired to explore whether these microbial metabolic
pathways could be potential targets for GQD to repair colitis by modulating the gut microbiota.

The bidirectional cross-talk within the gut-lung axis has been extensively reported in recent years.'® Intestinal
microorganisms can stimulate immune cells to release cytokines into the blood, mediating systemic inflammatory
responses.>®® These cytokines and microbial metabolites can bind to receptors on the surface of lung epithelial cells
to activate lung epithelial cells and release more inflammatory biological factors into the lungs.®®*® The alterations of the
pulmonary microbial community would also aggravate lung inflammation.®’ Beyond alterations in the gut microbiota, we
also observed the dramatic changes of pulmonary microbes in colitis mice, indirectly confirming the cross-talk between
gut and lung. As reported,*® the bacterial load was increased in mouse lungs and therefore induced pulmonary
inflammation in colitis mice. Here, we have also found significant variation in the lung microbiome of colitis mice
such as Ochrobactrum and Coprococcus 2 after GQD administration. Ochrobactrum and Coprococcus 2 are positively
correlated with a variety of infectious diseases such as tuberculosis and represent significant resistance to broad-spectrum
antibiotics that may reduce the efficacy.”®> It is gratifying that GQD could inhibit the colonization of the above two
microbes to improve the imbalance of pulmonary microbiota induced by UC.

Interestingly, we further observed significant association between host immunity and commensal microbes associated
with GQD intervention. Moreover, significant correlations between pulmonary and intestinal specific microbes affected
by GQD, combined with simultaneous alterations in inflammatory responses between colon and lung, further illustrated
the potential role of the gut-lung axis in the pathogenesis of UC. Collectively, colonic and lung inflammatory responses
in UC might be partially modulated by the resident microbiota along the gut-lung axis, which needs further proof in our
subsequent trials.
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Conclusion

In summary, our work shows that the oral administration of GQD could ameliorate the DSS-induced colitis and its
derived lung inflammation related to inhibiting the recruitment of inflammatory myeloid cells (eg, neutrophils, macro-
phages, and inflammatory monocytes) and the secretion of pro-inflammatory biomarkers (eg TNF-a, IL-18, IL-6, CCR2,
and CCL2). On the other hand, GQD could improve colitis-associated intestinal and lung microbiota imbalance via
modulating the colonization of specific microbes. These microbes mainly include Ruminococcaceae UCG-013,
[Eubacterium] fissicatena_group, and Akkermansia in the colon, as well as Coprococcus 2 and Ochrobactrum in the
lung. Moreover, these GQD-associated microbes might be involved in the deterioration of colonic and pulmonary
inflammation as their significant associations with GQD-associated cytokines or even inflammatory cells. More impor-
tantly, prominent correlations between GQD-associated specific intestinal and lung microbes implicate that the bidirec-
tional cross-talk within the gut-lung axis might exist and mediate the progress and recovery of inflammation in colitis
mice. Further research will emphasize the interaction loop between GQD-associated specific microorganisms and
immune cells based on the gut-lung axis during the pathophysiology of UC.
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