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Background: Extreme humidity exacerbates gastrointestinal disorders by disrupting gut microbiota homeostasis, compromising the
intestinal barrier and triggering immune dysregulation. Coix seed (Coix lacryma-jobi L.), widely used in traditional Chinese medicine
for eliminating dampness, shows promise; however, its mechanisms require further elucidation.

Methods: A Coix seed decoction (CD) was administered to rats exposed to 85% relative humidity (8 h/day) for 30 days. Forty rats
were randomly divided into four groups: control, high-humidity exposed, Coix seed-treated control and Coix seed-treated high-
humidity. The chemical composition of the CD was characterised using ultra-high-performance liquid chromatography—mass spectro-
metry (LC-MS), and faecal moisture content, body weight and histopathological changes were assessed. Colonic tissues were analysed
by haematoxylin—eosin staining and transmission electron microscopy for structural integrity. Gut microbiota were profiled using 16S
ribosomal RNA sequencing, followed by bioinformatic analysis of diversity, differential abundance and co-occurrence networks.
Untargeted metabolomics was performed using LC-MS to identify metabolic alterations, and the serum inflammatory cytokines
(tumour necrosis factor alpha [TNF-a], interleukin [IL]-6, IL-17) were measured by enzyme-linked immunosorbent assay.

Results: High humidity disrupts gut homeostasis in rats by inducing intestinal damage, inflammation, dysbiosis and lipid metabolic
disorders. Coix seed decoction significantly alleviated these effects, restoring colonic structure, rebalancing the gut microbiota (eg
increasing Erysipelatoclostridium spp. Akkermansia spp. Lactobacillus spp. and reducing Escherichia spp. Shigella spp.) and
correcting sphingolipid metabolism (eg sphingomyelin, ceramide). Metabolomic and transcriptomic analyses revealed that CD
suppressed immune-related pathways (eg T/B cell receptor signalling, Th1/Th2 differentiation), consistent with reduced serum levels
of proinflammatory cytokines (TNF-o, IL-6, IL-17). Correlation networks highlighted interactions between key microbes and
metabolites, suggesting a regulatory role for Ruminococcus spp., NK44A214 _group spp. and Prevotellaceae NK3B31 spp. in the
therapeutic effects of CD.

Conclusion: Our findings provide experimental evidence that Coix seed mitigates high humidity-induced gut injury through
microbiota remodelling, lipid metabolic regulation and immune modulation.
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Introduction

As global warming intensifies, episodes of extreme humidity and heat have become increasingly frequent, contributing to
a rise in climate-related diseases. Over the past 4 years, the duration of extreme humidity events has dramatically
increased, particularly in subtropical regions, potentially exacerbating the emergence and spread of climate-related
epidemics.’” The World Health Organization projects that climate change-related health impacts could result in
approximately 250,000 annual fatalities attributable to nutritional deficiencies and diarrhoeal diseases during the
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2030-2050 period, with projected direct health-care costs being USD 24 billion annually.® High humidity also facilitates
the transmission of infectious agents, with projections indicating a 10% increase in diarrhoeal disease incidence among
children by 2030.* In light of these significant public health challenges, the role of ambient humidity as a modifiable
environmental factor influencing the pathogenesis and progression of gastrointestinal disorders has garnered increasing
scientific attention.’

Extreme humidity has been shown to disrupt the gut microbiome, compromise the intestinal mucosal barrier,’ alter
the immune response’ and potentially affect mental health outcomes.® Although supplementation with Lactobacillus
murinus has demonstrated potential in restoring gut dysbiosis induced by humid-heat environments, its safety and long-
term efficacy in real-world settings remain to be fully established.® Therefore, there is an urgent need for comprehensive
research into the effects of climate variability on intestinal microbiota homeostasis and systemic health, alongside the
development of evidence-based therapeutic strategies to mitigate these environmental health risks.

Coix seed (Coix lachryma-jobi L.), a traditional medicinal herb and functional food in traditional Chinese medicine
(TCM), has been historically employed for dampness elimination and gastrointestinal regulation, as documented in
ancient pharmacopoeias such as Shennong’s Classic of Materia Medica (Han Dynasty) and the Treatise on Typhoid and
Miscellaneous Diseases. Modern pharmacological studies have elucidated its multifaceted bioactivities, including
modulation of gut microbiota, immunoregulatory effects and anti-inflammatory properties. Specifically, clinical evidence
suggests that Coix seed supplementation can significantly enhance gut microbial diversity and improve immune function
in healthy individuals.” Moreover, its ethanol-extractable fractions — rich in phenolic and flavonoids — exhibit potent anti-
inflammatory and antitumor activities.'”'" Notably, the high dietary fibre content of Coix seed supports gut health by
promoting probiotic growth, enhancing vitamin biosynthesis and modulating immune response.'>'* These properties
position Coix seed as a promising nutraceutical intervention for mitigating climate change-associated gastrointestinal
disturbances and advancing global nutritional health initiatives.

In this context, we conducted an integrated multi-omics investigation — including gut microbiome profiling and
untargeted metabolomics — to evaluate the protective effects of Coix seed against high humidity-induced gut dysfunction.
Our results provide mechanistic insights into how Coix seed may alleviate humidity-associated intestinal inflammation
through microbiota remodelling and metabolic regulation, offering a potential dietary strategy to address climate-related
health risks.

Materials and Methods

Animals and Groups

Male Sprague—Dawley rats (body weight 400 £+ 10 g) were sourced from SPF Laboratory Animal Technology Co., Ltd.
(China; License No. SYXK [Jing] 2023-0011) and acclimatised in a specific pathogen-free barrier environment at the
Beijing University of Chinese Medicine. The animals were maintained under controlled environmental conditions (21°C—
24°C, 40—60% relative humidity) and a standardised photoperiod (12 h light/12 h dark). All animals received unrestricted
access to sterilised drinking water and commercial rodent feed during the study. The experimental protocols strictly
followed the ethical guidelines authorised by the Institutional Animal Ethics Committee of Beijing University of Chinese
Medicine (Protocol ID: BUCM-2023090503-3117).

To assess the impact of elevated humidity on gut health in animal models, 20 rats were stratified via random number
assignment into two groups: a baseline control group (CON) and a high-humidity exposure group (HH). In a parallel
experiment evaluating the dampness-dispelling effects of Coix seed, another 20 rats were similarly randomised into
a Coix seed decoction (CD)-treated control group (CD-CON) and a CD-administered HH group (CD-HH).

Drugs and Reagents

The Coix seeds utilised in this research were commercially sourced from Beijing Tongrentang Pharmaceutical Co., Ltd.
(Beijing, China). Biochemical analysis reagents, including enzyme-linked immunosorbent assay (ELISA) detection kits,
were supplied by Beijing Bioway Co., Ltd. (Beijing, China).
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Drug Preparation

The CD was prepared following established protocols. Briefly, raw Coix seeds underwent hydration in 10x volume of
double-distilled water (30 min), followed by sequential thermal processing: intense boiling (100°C) and subsequent low-
heat simmering (40 min). Post-extraction, the solution was replenished with additional solvent (30 min), vacuum-filtered
and vacuum-concentrated to achieve a final concentration of 1 g crude botanical mass per millilitre. Pharmacological
equivalence was determined through allometric scaling from human clinical doses (Chinese Pharmacopoeia, 2010

Edition), yielding a calculated rat-equivalent dosage of 6.25 g-kg '-d *."

Ultra-High-Performance Liquid Chromatography—Mass Spectrometry-Based Phytochemical Profiling of Coix
Seed Decoction
The chemical composition of the CD was characterised using ultra-high-performance liquid chromatography-mass
spectrometry (UHPLC-MS). Prior to analysis, sample pretreatment involved sequential processing: initial centrifugation
(12,000 rpm, 12 min) to isolate the bioactive fraction, followed by methanol extraction with vortex homogenisation
(3,000 rpm, 90s) and ultrasonication (5 min). Post-incubation stabilisation at 4°C (20 min) preceded secondary
centrifugation (12,000 rpm, 15 min). The resulting supernatant underwent microfiltration (0.22 pm membrane) prior to
chromatographic analysis.

Chromatographic separation was achieved on a Vanquish Ultra HPLC system (Thermo Scientific, USA) using
a Waters Acquity UPLC HSS T3 column (2.1 X 100 mm, 1.8 pm). The binary mobile phase comprised the following:

e FEluent A: Ultrapure water + 0.1% formic acid
e Eluent B: Acetonitrile + 0.1% formic acid

A multistep gradient programme was implemented as follows:
0-3 min: 5% B (isocratic)

3-35 min: 5% — 60% B (linear gradient)

35-45 min: 60% — 98% B (steep gradient)

45-46 min: 98% — 5% B (rapid equilibration)

46-50 min: 5% B (column reconditioning)

Operational parameters included the following:

Flow rate: 0.3 mL-min !

Column temperature: 35°C
¢ Injection volume: 5 pL

Dual ion mode detection (positive/negative electrospray ionisation [ESI])

Experimental Procedures
Following established protocols from prior research,’ the experimental groups underwent differential interventions, as

follows:

e Environmental exposure: The HH and CD-HH cohorts were subjected to 8-h daily sessions in a controlled climatic
simulation chamber.

e Pharmacological intervention: The CD and CD-HH groups received a single daily oral gavage of CD.

e Control treatment: The CON and HH-CON groups were administered equivalent volumes of sterile distilled water
(see Table 1 for experimental design).

Gravimetric monitoring was conducted weekly to track physiological changes across cohorts.
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Table | General Information of Experimental Design

Group Animal | Quantity | Sex | Temperature (°C) | Humidity (%) | Intervention (6.25g/kg/d) | Faecel Moisture (%)
CON Rat 10 Male 21-24 50 £ 5, 24h Distilled water 624 + 45
HH Rat 10 Male 21-24 80 + 5, 8h, Distilled water 65.8 + 3.5

50 £ 5, I6h
CD-CON Rat 10 Male 21-24 50 + 5, 24h Coix seed decoction 584 + 3.5
CD-HH Rat 10 Male 21-24 80 + 5, 8h, Coix seed decoction 60.5+74

50 £ 5, I6h

Sample Collection

Similar to a previous study, the mice showed physiological symptoms such as diarrhoea and weight loss after 15 days of
improper diet and a high-humidity environment.'® At the experimental endpoint (day 30) in this study, two faecal
specimens were collected per rat for moisture content analysis. Faecal moisture quantification was performed via
gravimetric analysis: ([pre-desiccation mass—post-desiccation mass]/pre-desiccation mass) x 100%. Additional faecal
samples were immediately snap-frozen in liquid nitrogen and stored at —80 °C for subsequent gut microbiome profiling.
For euthanasia, rats were anesthetized with sodium pentobarbital and blood was collected from the abdominal aorta.
Colonic tissues were rapidly excised using sterile techniques and prepared for histopathological and ultrastructural

analyses.

Histopathological and Ultrastructural Analysis

For the histopathological examination, colonic specimens underwent a standardised histoprocessing workflow: chemical
immobilisation (4% paraformaldehyde), ethanol dehydration series, paraffin-embedded block preparation, microtome
sectioned at 3 pm thickness and haematoxylin—eosin chromatic labelling. Digital histomorphometry was performed using
the ASAP platform (v2.2.0) to quantify architectural alterations.

For the ultrastructural analysis, additional tissue samples were processed through ultrastructural characterisation
protocols: glutaraldehyde immobilisation, graded solvent dehydration, epoxy resin embedding, ultrathin sectioning
(60—80 nm), uranyl acetate-lead citrate dual staining and nanoscale visualisation via transmission electron microscopy
(TEM). A blinded evaluation approach was used, in which an independent pathologist scored the samples without
knowledge of their group assignments. The histopathological scoring system evaluated four parameters: (1) epithelial
damage (0 — no injury, intact epithelium; 1 — mild damage, minimal cell shedding; 2 — moderate damage, partial loss of
epithelium; 3 — severe damage, extensive epithelial loss), (2) microvillus status (0 — normal, neatly arranged microvilli;
1 — mild disorganisation or reduction; 2 — significant reduction or shedding; 3 — widespread loss, nearly absent), (3) tight
junction integrity (0 — normal gaps, clear structure; 1 — mild widening; 2 — marked widening affecting barrier function;
3 — extreme widening, severely impaired integrity) and (4) mitochondrial morphology (0 — normal size and cristae, 1 —
mild swelling, few abnormal mitochondria; 2 — noticeable swelling, many altered mitochondria; 3 — severe swelling,

structural destruction). All the image captures were obtained under the same parameters.

16S Ribosomal Ribonucleic Acid Gene Sequencing

Extraction and Library Construction

Genomic DNA was purified from faecal samples using the MagPure Soil DNA LQ Kit (Magan Biotech, China), followed
by library preparation and 16S ribosomal RNA (rRNA) hypervariable region sequencing (V3-V4) conducted by OE
Biotech Co., Ltd. (Shanghai, China) using universal primers 341F (5-CCTAYGGGRBGCASCAG-3') and 806R (5'-
GGACTACNNGGGTATCTAAT-3"). Taxonomic profiling of gut microbiota was performed through alignment and
preliminary annotation using the SILVA database, and the functional metabolic potential was inferred via PICRUSt2-
based Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation.
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Gut Microbiome Bioinformatic Workflow

Initial sequencing outputs (in FASTQ format) underwent quality control, including adapter trimming via Cutadapt (v3.4).
Chimaera removal and denoising were executed through the DADA2 algorithm within the QIIME2 pipeline (v2020.11),
generating a non-redundant amplicon sequence variant (ASV) feature table Taxonomic annotation of ASVs was
conducted using the SILVA 138 reference database within the QIIME2 pipeline.

To assess the a diversity of the gut microbiota, multiple metrics and methods were employed. First, Faith’s
phylogenetic diversity (PD) index (PD whole tree) was calculated, an index based on the phylogenetic tree that reflects
the evolutionary relationships among species. Additionally, rank-abundance curves were generated to visually display the
relative abundance distribution of ASVs across different groups. Beta () diversity metrics were derived through
principal coordinate analysis (PCoA) employing unweighted UniFrac dissimilarity matrices computed using the “phy-
loseq” R package (v1.34.0). A Permutational Multivariate Analysis of Variance (PERMANOVA) was conducted to
examine inter-group variations in B diversity and Inter-group taxonomic disparities were assessed via one-way analysis of
variance (ANOVA) implemented in the “vegan” R package (v2.6—4), followed by linear discriminant analysis effect size
(LEfSe) modelling to identify differentially abundant taxa (linear discriminant analysis score > 2.0). Co-occurrence
network topology was reconstructed using SparCC correlation coefficients (|p| > 0.3, p < 0.01), visualised through Gephi
(v0.9.7) with force-directed layout algorithms.

Metabolomic Analysis

Extraction of Metabolites and Quality Control

Cryopreserved biospecimens (—80°C) underwent controlled thawing via ice-water immersion to mitigate metabolite
degradation. Aliquots (200 pL) were transferred to pre-chilled 1.5 mL microcentrifuge tubes, followed by precipitation
with 100 pL of chilled methanol-acetonitrile solvent (2:1 v/v). Homogenisation involved sequential vortex agitation
(1 min, 2,500 rpm) and ice-bath ultrasonication (40 kHz, 10 min), succeeded by phase separation through cryogenic
incubation (—40°C, 12 h). Post-precipitation clarification was achieved via refrigerated centrifugation (4°C, 12,000 x g,
10 min).

Supernatant fractions (150 pL) were aspirated using pre-cooled glass syringes, subjected to 0.22 pm membrane
microfiltration and aliquoted into LC-MS-certified vials in an inert atmosphere. Processed samples were cryostored
(—80°C) until liquid chromatography—mass spectrometry (LC-MS) profiling. Quality assurance included interspersed
pooled quality control samples generated through equimolar blending of all study specimens. Raw spectral data
processing and metabolite annotation were conducted by Shanghai Luming Biotech (China) using proprietary
Compound Discoverer™ workflows.

Untargeted Metabolite Profiling

Untargeted metabolomic profiling and serum samples obtained from the four groups were analysed via LC-MS. The
equipment used included an Acquity UPLC I-Class Plus system (Waters Corporation, Milford, USA) connected to
a Q-Exactive mass spectrometer with a heated ESI source (Thermo Fisher Scientific, Waltham, MA, USA). The ESI was
conducted in both positive and negative ionisation modes for metabolite profiling.

Metabolite Annotation and Inference
Raw LC-MS spectra underwent multistep preprocessing via Progenesis QI (v2.3, Waters Corporation), including baseline
correction, chromatographic peak deconvolution, retention time alignment and intensity normalisation. Metabolite
annotation leveraged high-resolution mass accuracy (<5 ppm), MS/MS fragmentation patterns and isotopic signatures
through cross-referencing against The Human Metabolome Database (2023), LipidMAPS (v2.3), METLIN and in-house
spectral libraries.

Multivariate statistical modelling was implemented in R (v4.2.1), as follows:

1. Exploratory analysis: Principal component analysis evaluated global metabolic variance and analytical batch
consistency.
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2. Supervised modelling: Orthogonal partial least squares—discriminant analysis (OPLS-DA) identified intergroup
discriminative metabolites, with variable importance in projection (VIP) scores quantifying feature contribution to
class separation.

3. Hypothesis testing: Two-tailed #-tests (false discovery rate-corrected) validated differential metabolites (VIP >
1.0, p < 0.05).

Significantly altered metabolites underwent KEGG pathway enrichment analysis (https:/www.kegg.jp) to elucidate

perturbed biochemical networks.

Enzyme-Linked Immunosorbent Assay Analysis

Serum concentrations of proinflammatory cytokines (tumour necrosis factor alpha [TNF-a], interleukin [IL]-6, IL-17)
were quantified via sandwich ELISA following manufacturer protocols. Optical density measurements at 450 nm were
acquired using a Varioskan LUX multimode microplate reader (Thermo Fisher Scientific), with wavelength calibration
performed against reference blanks prior to sample analysis.

Statistical Analysis

Quantitative results are expressed as mean + standard error of the mean. Statistical comparisons were performed using
one-way ANOVA for multigroup analyses, with post hoc pairwise contrasts assessed via unpaired Student’s #-tests. Data
visualisation and computational modelling were executed through GraphPad Prism (v8.0, San Diego, CA) and the
Metware Cloud metabolomics suite (www.metware.cn), respectively. The significance threshold was established at p <
0.05 for all inferential analyses.

Results

Ultra-High-Performance Liquid Chromatography — Mass Spectrometry Analysis of the
Coix Seed Decoction

The phytochemical composition of the CD was systematically characterised via UHPLC-MS. Figure 1 illustrates the
representative base peak chromatogram derived from the CD analysis. Chromatographic elution profiles combined with

high-resolution mass spectral data enabled the detection of nine bioactive constituents, as catalogued in Supplementary
Table 1.

High-Humidity Environment-Induced Colon Pathology Damage and Inflammation

Infiltration
In this experiment, rats on the high-humidity diet (the HH group) became inactive, ate less, had messy fur, diarrhoea and
lost weight. Rats in the CON and Coix seed-control (CD-CON) groups showed the opposite trends. Figure 2A tracks
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Figure | UHPLC-MS analysis of CD.
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Figure 2 High humidity environment induced colon pathology damage and inflammation infiltration. (A) Changes in body weight; (B) Changes in faecal moisture content; (C)
Microscopic images of stained colon of rats; and (D) TEM images showing the morphology and structure of colonic cells. (ns is no significance, ***p < 0.001, **¥p < 0.0001).

body weight changes. The HH group’s weight dipped slightly versus the CON group, whereas the Coix seed-treated high-
humidity diet group (CD-HH) showed a rising trend; this may be due to spleen deficiency caused by high-humidity
exposure, which leads to reduced diet and weight loss in mice, and the Coix seed can improve the health of mice in high-
humidity conditions. Figure 2B shows that the HH group’s faecal moisture was much higher than the CON group’s, and
the CD-HH group’s was lower than the HH group’s. Haematoxylin-eosin staining further indicated that the HH group
exhibited significant pathological changes such as shortened, fused, or shed villi, swollen, necrotic, or exfoliated
epithelial cells, along with inflammatory cell infiltration in the lamina propria and edema in the submucosa compared
with the CON group, while Coix seed treatment improved the above pathological changes, resulting in a more intact
villus structure, better-organized epithelial arrangement, and reduced inflammation (Figure 2C). The TEM showed that
the morphology and structure of colonic cells were intact in the CON and CD-CON groups, with neatly arranged
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microvilli, a clear and intact colonic epithelial barrier and abundant uniformly sized mitochondria. In contrast, the HH
group exhibited shedding and loss of colonic microvilli, significant widening of tight junctions, swollen mitochondria and
structural defects in mitochondrial cristae (Figure 2D). Histological analysis showed that the CON and CD-CON groups
had normal tissue structure, with all parameters scoring 0. The HH group exhibited considerable damage, including
epithelial injury, microvillar loss, widened tight junctions and mitochondrial swelling, with scores of 2. The CD-HH
group showed mild injury, which was less severe than that in the HH group, with all parameters scored as 1 (Table S2).
Although the colonic barrier structure was repaired in the CD-HH group, some microvilli were still absent, and the
number of mitochondria increased.

Coix Seed Reversed the Microbiome Dysbiosis Under High Humidity

In the authors’ previous study, HH exposure induced dysbiosis of the intestinal microbiome and intestinal inflammation.”
However, further investigations are needed to understand how Coix seeds reverse these effects under HH conditions. In this
study, the effect of Coix seeds on gut dysbiosis caused by a high-humidity diet was analysed by 16S rRNA gene sequencing
of microbial DNA from faecal samples. A Venn diagram showed that all four groups shared 40 ASVs. The HH and CON
groups shared 349 ASVs, and the CD-HH and HH groups shared 382 (Figure 3A). Analysis of the top three phyla
(Figure 3B) found that the HH group had fewer ASVs than the CON group, with Proteobacteria being the most common
phylum in the HH group. Phylogenetic diversity whole tree is a metric used to assess microbial community diversity, with
higher values indicating greater diversity. As shown in Figure 3C of a-diversity, the CON group exhibited a steady increase
in PD whole tree values with sequencing depth, eventually reaching a plateau, which reflects a rich and stable microbial
community. In contrast, the HH group showed consistently lower PD whole tree values than the CON group across all
sequencing depths, indicating that high humidity negatively impacted microbial diversity. The CD-CON group displayed
PD whole tree values similar to those of the CON group, suggesting that the CD did not significantly alter microbial
diversity. Notably, the CD-HH group had higher PD whole tree values than the HH group and was closer to the levels
observed in the CON and CD-CON groups, indicating that the control diet partially mitigated the adverse effects of high
humidity on microbial diversity. Figure 3D illustrates the relative abundance trends of ASVs across ranks in different
groups. In the CON group, ASV abundance declined sharply with increasing rank, indicating dominance by a few ASVs. In
contrast, the HH group showed a flatter curve, reflecting a more even distribution and structural changes due to high
humidity. The CD-CON group was similar to CON, showing no significant effect of the control treatment. The CD-HH
group fell between HH and CON, suggesting that the control treatment partially reversed the microbial community changes
caused by high humidity. In addition, a-diversity analysis revealed differences in microbial community richness and
evenness among different groups, Coix seed treatment significantly improved the diversity of the gut microbiota in HH
group at the a-diversity level, bringing it partially back to a level close to that of the CON group (Figure 3E). In contrast, -
diversity analysis highlighted compositional dissimilarities between sample groups with a clear separation observed
between the HH and CON groups, CD-HH group exhibited some shifts in microbial community structure compared to
the HH group, it did not completely return to the position of the CON group. Moreover, the CON group appeared
“dislocated” in space relative to the other groups, indicating that the primary effect of Coix seed lies in enhancing microbial
diversity rather than fully restoring the microbial community structure (Figure 3F). The results of the PCoA illustrated the
differences between sample groups, showing that all four groups were distinctly separated based on Bray—Curtis operational
taxonomic units.

The HH group exhibited a higher abundance of Proteobacteria and an elevated ratio of Bacteroidetes/Firmicutes,
whereas the CD-HH group showed the opposite trend (Figure 4A). At the genus level, the HH group saw a marked rise
in  Escherichia-Shigella, Lachnospiraceae NK44136 group and Bacteroides and a drop in Lactobacillus,
Prevotellaceae NK3B31 group and Alloprevotella. Coix seed intake altered these genera’s abundance ratios (Figure 4B).
The heatmap indicated the HH environment specifically upped Akkermansia spp. and Erysipelatoclostridium spp. levels
(Figure 4C). The LEfSe analysis uncovered microbial differences across the four groups. Notably, Coix seed intervention
reversed the HH-induced shifts in Erysipelatoclostridium spp. and Akkermansia spp. distributions. In contrast, the CD-CON
group witnessed increased Prevotellaceae NK3B31 group spp., Roseburia spp., Eubacterium xylanophilum spp. and
Monoglobus spp. (Figure 4D). The abundance of Akkermansia spp. and Erysipelatoclostridium spp. in the four groups
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Figure 4 Coix seed reversed the intestinal dysbiosis induced by HH environment. (A and B) Microbial abundance at the phylum and genus level; (C) Heatmap of microbial
species at the genus level; (D) Results of LEfSe analysis; (E and F) Histogram showing relative abundance data of gut microbiota, where the solid line represents the mean
value and the dashed line shows the median value of relative abundance. (G) Random forest plot; and (H) Relevance network diagram. Spearman correlation coefficients
were calculated based on relative abundance, illustrating the interrelationships of microbial species.

was then analysed (Figure 4E and F); the relative abundance of Akkermansia was significantly increased under high-
humidity conditions (HH group). The CD treatment helped maintain a relatively stable abundance of Akkermansia,
especially in the CD-HH group, where its level was similar to that in the CD-CON group. For Erysipelatoclostridium,
its relative abundance significantly increased in the HH group under high humidity. Under high-humidity conditions, the
CD further elevated the abundance of Erysipelatoclostridium in the CD-HH group, reaching levels much higher than those
in the other groups. Furthermore, the random forest algorithm was used to classify the microbial community samples and
identify the key genera in different groups (Figure 4G). Intercolonial interactions (Figure 4H) revealed broad inhibitory
effects of Akkermansia spp. on Roseburia spp., Eubacterium xylanophilum spp., Ruminococcus spp. and Prevotellaceae
NK3B31 spp.
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Coix Seed-Mediated Dysbiosis of Lipid Metabolism Under High Humidity

In total, 3,530 metabolites were identified by comparing the generated substances with those in the metabolomic
database. Among these, 1,292 metabolites were identified as lipids (Figure 5A). Principal component analysis and OPLS-
DA (Figure 5B-D) separated the HH and CON groups distinctly, and the values of R?Y > 0.8 and Q*Y > 0.5 in OPLS-
DA analysis showed good model validity and predictive ability. The metabolites in the HH group and the CON group
showed a significant separation trend, indicating that high humidity altered the metabolic profile of normal rats, whereas
the metabolic features of the CD-HH group and the HH group exhibited significant differences, suggesting that the intake
of Coix seeds changed the levels of metabolites under high humidity conditions. Volcano plots (Figure SE-G) were used
to show variable metabolites among groups. There were 110 differential metabolites in HH versus CON, 51 in CD-HH
versus HH and 84 in CD-CON versus CON. These results emphasise the metabolic changes due to high humidity and the
corrective impact of Coix seed intervention. High humidity disrupted lipid and organic acid metabolism, upregulating
related metabolites; however, Coix seed intervention reversed these changes (Table 2).

To show sample relationships and metabolite expression differences, hierarchical clustering was performed for all
significantly different metabolites and the top 50 based on VIP score (Figure 6A and B). This indicated that CD
intervention under humidity improved sphingomyelin (SM), ceramide (Cer), phosphatidylserine and Nigelic acid levels.
It appears that CD works therapeutically by improving processes linked to sphingolipids and derivatives. The KEGG
enrichment analysis of the CD-HH group showed that Coix seeds have anti-inflammatory effects by downregulating
pathways such as B-cell receptor signalling, T-cell receptor signalling and Thl and Th2 cell differentiation under high
humidity (Figure 6C, D and Table 3). Inflammatory cytokine analysis found high humidity upregulated TNF-a, IL-6 and
IL-17 in the HH group, but their levels were downregulated in the CD-HH group (Figure 6E-G).

Coix Seed Modulated the Humidity-Induced Inflammatory Response by Inhibiting
Akkermansia spp.-Mediated Microbiome and Metabolite Dysregulation

The correlations between key microbes and metabolites in the CD-HH group under high humidity were studied
(Figure 7A and B). Ruminococcus spp., NK4A214 group and Prevotellaceae NK3B31 spp. were positively correlated
with SM. Parasutterella was positively correlated with N, N-dimethylformamide dimethyl acetal, 1,2-benzisothiazole
and 2,5-dihydropyrimidine. Akkermansia spp. had a positive correlation with Erysipelatoclostridium spp. but a negative
correlation with Roseburia spp., Eubacterium xylanophilum spp., Ruminococcus spp. and Prevotellaceae NK3B31 spp.

Discussion
This study explored how Coix seeds modulate the inflammatory response under high humidity, focusing on their impact
on gut microbiota and metabolites. The intestinal barrier, composed of the intestinal mucosa, gut microbiota, immune
system and enzymes, is a crucial defence system in the body.'” High-humidity conditions promote pathogen growth,
altering gut microbiota composition and abundance. This damages the gastrointestinal mucosa and weakens the intestinal
barrier’s function.'® Pathogenic bacteria colonise the gastrointestinal mucosa, leading to diarrhoea. Subsequently,
bacteria and their components cross the intestinal barrier, triggering the release of IL-6 and IL-17, which not only
mediate the inflammatory response but also activate the immune system of the organism (Figure 8). The Coix seed
extraction reduced the pro-inflammatory cytokines (IL-1p, TNF-qa, IL-6, MCP-1) in Freund’s adjuvant-induced rheuma-
toid arthritis rats have been reported,'® this provides scientific evidence for Coix seed as a natural therapeutic approach
for chronic inflammatory diseases.

Homeostasis in the host body depends on a balanced gut microbiota, which can be disrupted by high humidity.
A higher abundance of Erysipelatoclostridium spp., Proteobacteria spp. and Escherichia-Shigella spp. in the HH group
leads to higher TNF-a levels®® and intestinal epithelial dysfunction.! Escherichia-Shigella spp. can better penetrate
epithelial cells, causing macrophage apoptosis and IL-1p release.”” This worsens intestinal inflammation and triggers
both innate and adaptive immune responses.”® Akkermansia spp. are well-known mucus degraders belonging to the
phylum Verrucomicrobia.>* High abundance of this species has been observed in mice with colonic inflammation and
carcinogenic conditions.”> Akkermansia spp. exhibit context-dependent roles in maintaining intestinal homeostasis, with
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Table 2 Identified Differential Metabolites Through HH vs CON and CD-HH vs HH Comparisons

No. Metabolites Super Class HH vs CON CD-HH vs HH

FC | VIP | P-value | Trend | FC | VIP | P-value | Trend

| Cer(d17:1/18:1(12Z)-O(9S,10R)) Lipids and lipid-like 1.58 | 4.6l 0.000 i 0.77 | 3.10 0.000 !
molecules

2 Cer(d17:1/18:3(10,12,15)-OH(9)) 1.46 | 2.69 0.000 i 087 | I.19 0.022 !

3 SM(d18:0/22:0) 4.03 | 1.31 0.009 i 0.84 | 2.68 0.006 !

4 SM(d18:2/24:1) 333 | 1.36 0.011 i 0.81 | 2.45 0.005 l

5 10s, 1 Ir-Dichloro-7,1 1 -Dimethyl 1.65 | 2.92 0.025 1 0.63 | 2.6l 0.004 l

-3-Methylene-4r-Hydroxy-6e,8e, 1 2-

Tridecatrienoic Acid

6 16,17-Dihydro- 1 6alpha, 17- 1.98 | 3.96 0.035 i 0.49 | 3.67 0.015 l
Dihydroxygibberellin A4 17-Glucoside

7 Nigellic Acid 2.13 | 1.83 0.002 i 0.61 | I.11 0.028 l

8 Phenylacetylglutamine Organic acids and 1.73 | 2.86 0.023 il 0.60 | 2.53 0.003 l
derivatives

9 (2s,2'S)-Pyrosaccharopine 233 | 225 | 0.0478 il 045 | 2.03 0.007 l

10 Stearamide 222 | 1.44 0.001 1 045 | 1.21 0.003 l

I Parathion 1.77 | 1.75 0.003 I 0.68 | 1.21 0.008 l

12 Phosphine Oxide Benzenoids 1.82 | 4.02 0.002 1 0.68 | 2.79 0.006 |

13 Demeclocycline Phenylpropanoids 1.37 | 241 0.047 i 074 | 2.19 0.018 l

and polyketides

14 2'-Hydroxyisoorientin 1.81 | 2.72 0.002 i 0.68 | 1.90 0.006 l

15 5-Methylthioribose Organic oxygen 1.67 | 1.33 0.046 i 0.56 | 1.28 0.003 l
compounds

16 3'-Hydroxyamobarbital Organoheterocyclic | 1.51 | 7.71 0.038 1 0.68 | 6.75 0.024 |
compounds

17 5-Ethyl-4-Methyl-2-Pentylthiazole 1.95 | 2.19 0.001 i 0.64 | 1.54 0.006 l

their functional impact modulated by environmental factors.’®?’ In the current study, elevated Akkermansia spp.
colonisation was observed in high humidity-exposed rats, correlating with subclinical inflammation activation,*®
enhanced mucolytic degradation and compromised epithelial barrier integrity — factors implicated in inflammatory
bowel disease pathogenesis.”’ Mechanistic investigations suggest that Akkermansia-derived metabolites, including
propionate, may modulate host lipid metabolism through epigenetic regulation of key metabolic mediators (eg Fiaf,
Gpr43, HDACs, PPARY) within intestinal epithelial cells.”® Such interactions potentially drive mitochondrial bioener-
getic adaptations, bile acid cycling alterations and microbiota compositional shifts.*! Humidity-induced gut dysbiosis
was further associated with disrupted bile acid homeostasis and urea nitrogen metabolism, promoting passive absorption
of secondary bile acids (eg lithocholic acid) and subsequent systemic inflammation via serum cytokine elevation.®**
Concurrently, microbial metabolites, such as SM, Cer, stearamide and phenylacetylglutamine, demonstrated immuno-
modulatory effects, potentially contributing to immune dysregulation. Notably, sphingolipids — critical constituents of
intestinal membrane architecture — regulate cellular apoptosis pathways and modulate natural T lymphocyte populations,
suggesting their dual role in mucosal immunity and metabolic signalling.** Under high humidity conditions, sphingolipid
metabolism may be disrupted, leading to the accumulation of specific sphingolipids and gut inflammation.>*
Sphingomyelin is an essential component of sphingolipid metabolism and is hydrolysed by alkaline sphingomyelinase

Journal of Inflammation Research 2025:18 hetps: 10205



Zhao et al

Group o Group
Ergoloid l CON
Armochaetoglasin J
PC(174 1 HH
PE(!SWi(‘SZ 162))
PE(PGY:
PGP(16: I(BZ)RQ 4(6E.82,112,142)+=0(5)) 0
D-Malic Acid 4
8-Azaguanine :
Dibenzothiophene
Botamipron 2
Indoxy! Sulfate
Ciclazindol
4-Tr1mulhy\-mnmnhnum-: Acid
D'th
N-(2,4-1 Dlnﬂmvhlrvy\)Emyhnlullmm-
Quinolin-2-01
Glyceryl 5-Hydroxydecanoate
Geranyl Acetoaceat
Nigellic Acid
Cer(d17:1/18:1(122)-0(9S,10R))
Cer(d17:1/18:3(10,12,15)-OH(9))
PS(P-18:0/21:0)
Pc(16:0/0:0)[Rac]
Isoketocamphoric Acid
PC(18:1(172)18:1(172))
Du( (18:0720: A(sx 82,112,142)0.0)(1s02)
P AT AR ISZ D)
16,17-Dihydro-18alpha, 17-Dihydroxygibbereliin Ad 17-Glucoside
Demeclocyciine
(25,25)-Pyrosaccharopine
10s,11r-Dichloro-7,11-Dimethyl-3-Me.
(10 120y Oemdoca 1012 Daneykarmina
SM(d18:0/22:0)
SM(d18:2/24:1)
ii
C Top KEGG Terms
Autophagy - other: .
Kaposi sarcoma-associated herpesvirus infection .
Autophagy - animal .
Count
Retrograde endocannabinoid signaling . .1
L
Choline metabolism in cancer: .
P-value
(GPI)-anchor bi . 0.04
0.03
Glycerophospholipid metabolism{ @ . gg':’
Linoleic acid metabolism {
Alpha-Linolenic acid metabolism {
Arachidonic acid metabolism {
100 200 300 400 500
Enrichment_score
*
10 ns *
| | 100
8
80
2 )
=
EN £ 60
Q =)
. 3
7 ©
uw
4 4
£ = 40
2 20
0 0
CON HH CD-CON CD-HH CON

D

PD-L1 expression and PD-1 checkpoint pathway in cancer:

HH CD-CON CD-HH

gﬂﬁw

HH-1
HH2
HH3
HH4
HHS
HHE

Group
PE(22:4(72.102,132,162)/22'5(4272,102.132.162))
PC(O-18:1(112)/16:0)
PC(22:6(4Z.72,102,13,16Z,192)18:0)
PC(P-18:0720:3(6,8,11)-OH(5))
PC(P-18:1(112)/22:6(52,72,102,132,162,192)-OH(4))
Cer(d18:1/17:0)
PC(18:0/PGF1alpha)
PS(22:6(42.72,102,132,162,192)/21:0)
PS(21:0/226(42.72,102,132,162,192))
PC(P-18:0/20:4(6Z.8E,10E,142)-20H(55.12R))
PE(22:0/18:4(62.92,122,152))
1,2-Banzisothiazole
N-Nitrosoanatabine
2,5-Dihydropyrimidine
Nk Cimetryformanide Dimetry Aceis
- Parathio
£ Einis Mehyi2-Pontyiazole

2'Hydroxyisoorientin

11alpha-Ethyl-1alpha,25-Dihydroxyvi...
Ecabet

5-Hydroxymethyl-4-Methyluracil
10,11r-Dichloro-7.11-Dimethyl-3-Me.
Phenylacetylglutamine
Oemachcycine
Cromogliic Acid
3 Nyomxylmﬂum\ul

16,

(25,25 Pymum-mﬂm
5-Methylthioribose
Enallylpropymal
Semgoencn P

Nigeliic Acid
PC(17:0/20:3(6,8,11)-0H(5))
PC(O-18:1(10E)2:0)

l 3alpha,Sbeta-Dihydroxycholan-24-Oic Acid
25-Acetyuigaroside

- ot

Collagen

i
PGP(18:3(62,92,122)/20:4(6E.8Z,112,142)+=0(5))
PA(22:6(42,72,102,132,16Z,192)LTE4)
Dg(18:0/20:4(52,82,112,142)/0.0){1s02]
Cer(d17:1/18:1(122)-0(9S,10R))
Cer(d17:1/18:3(10,12,15)-0H(9))

CO-HH-1
CO-HH2
CO-HH3
CO-HH-4
CO-HHS
COHHE

Top KEGG Terms

Th1 and Th2 cell differentiation .
NF-kappa B signaling pathway .

Glioma

‘Growth hormone synthesis, secretion and action
B cell receptor signaling pathway-

T cell receptor signaling pathway
Th17 cell differentiation {
Natural killer cell mediated cytotoxicity {

ErbB signaling pathway
EGFR tyrosine kinase inhibitor resistance {
Non-small cell lung cancer:

Human immunodeficiency virus 1 infection
Kaposi sarcoma-associated herpesvirus infection
Neurotrophin signaling pathway

Chemokine signaling pathway

Rap1 signaling pathway

MAPK signaling pathway

GnRH signaling pathway
VEGF signaling pathway{ ®

200 250 300
Enrichment_score

G

* ok Kk
301

Count
.1

P-value

* %k %k

»n
o

IL-17 (pg/mL)

=
o

CON

HH CD-CON CD-HH

II

g |

Group

CD-HH

Figure 6 Metabolic pathway analysis of differential metabolites in CD-HH mice. Heatmap of hierarchical clustering analysis of metabolite differences between HH and CON
groups (A) and CD-HH vs HH groups (B); (C and D) KEGG enrichment analysis of CD-HH vs HH groups; Expression levels of TNF-a expression (E), IL-6 (F), and IL-17
(G). Values are presented as mean + SEM (n = 6). ns is no significance, **p < 0.01 vs CON group; *p < 0.05 vs HH group, ***p < 0.0001.

into Cer. Ceramide is a group of neurosphingolipid-reactive molecules involved in the growth, apoptosis and differentia-

tion of intestinal cells. The conversion of SM to Cer induces mitogen-activated protein kinase pathway activation and an

immune response, which further triggers apoptosis and contributes to gut inflammation.*
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Table 3 Metabolic Pathway Analysis of CD-HH Group vs HH Group

Pathway List Hits | Pop Hits | Enrichment Score | P-value Substances
Glycerophospholipid metabolism 2 52 24.95 0.002 C00157, C00350
Retrograde endocannabinoid signaling 3 19 102.44 0.000 C00157, C00165, C00350
Choline metabolism in cancer 2 I 117.96 0.000 C00157, C00165

Thl and Th2 cell differentiation | 3 216.27 0.005 C00165
NF-kappa B signaling pathway | 3 216.27 0.005 C00165

Coix seed, a fundamental component of TCM historically employed in managing gastrointestinal distress and
systemic inflammatory disorders,*® has emerged as a phytotherapeutic agent with a mechanistically validated capacity
to regulate enteric microbial communities. Contemporary studies corroborate its prebiotic efficacy in reshaping gut
microbiota composition and function, aligning empirical observations with its traditional applications in dampness-
dispelling therapies. Notably, our findings extend prior evidence that Coix seeds promote probiotic growth (eg

3738 and modulate circulating nitrogen,®® which we observed in rats exposed

Bifidobacterium spp., Lactobacillus spp.)
to high humidity. This mechanism may explain Coix seed’s capacity to mitigate chemically induced colonic inflammation
through dual suppression of proinflammatory mediators (eg TNF-a, IL-6, IL-17) and immunoregulatory modulation.*’
Our experimental findings further substantiate this therapeutic paradigm, demonstrating Coix seed-mediated restoration
of Th1/Th2 equilibrium under hyperhumid conditions — a critical immunometabolic recalibration that counteracts
humidity-aggravated immune polarisation. Our work demonstrates that Coix seeds counteract humidity-specific patho-
gens (eg upregulation of Erysipelatoclostridium in the HH group) and restore sphingolipid metabolism, a pathway
previously linked to humidity-agnostic inflammation but now shown to be modulated by dietary intervention in
environmental stress. This nutritional-preclinical nexus underscores the unique potential of Coix seeds as humidity-
resilient dietary interventions. Dietary interventions, particularly those rich in fibre, are emerging as potent modulators of
gut microbiota and their anti-inflammatory metabolites.*' Coix seeds exemplify this paradigm as a prebiotic-rich,
functional food. Their nutrient-dense and health-promoting properties, including an abundance of starch, proteins, dietary
fibre and vitamins,** have garnered significant attention. By integrating nutritional composition with microbiota—
metabolite remodelling, this study positions Coix seeds as a dietary keystone for combating high-humidity environment-
driven inflammatory diseases.

The present investigation revealed that dietary enrichment with Coix seed-derived fibres significantly augmented the
colonisation of probiotic species, particularly Lactobacillus spp. and Roseburia spp., in rats. These observations
substantiate the prebiotic capacity of Coix seeds to stimulate commensal microbial proliferation selectively, thereby
counteracting humidity-mediated ecological perturbations within the intestinal ecosystem. In the HH group, Coix seed
supplementation corrected microbial imbalances and metabolic disruptions, protected the mucus layer and the intestinal
barrier and inhibited gut inflammation.

Limitations and Future Perspectives

This study demonstrated the noteworthy role of Coix seeds in the mitigation of gastrointestinal disorders induced by high
humidity, highlighting its potential in both TCM dampness-dispelling therapy and nutritional supplementation to address
extreme environmental conditions. However, the long-term effects of Coix seeds in clinical settings and their efficacy
under diverse environmental conditions need to be explored in the future. This investigation was specifically designed to
assess the therapeutic potential of Coix seeds in addressing humidity-induced microbial dysbiosis and metabolic
dysregulation, rather than exploring dose-dependent effects. Consequently, the experimental design did not incorporate
subgroup stratification for varying Coix seed dosages, focusing instead on establishing proof-of-concept for its micro-
biota-modulating and metabolome-restorative properties under hyperhumid conditions. Therefore, further research is
required to determine the optimal dose for Coix seeds.
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Figure 7 Association analysis of core metabolites and microbials. (A) Co-variation between microbes and metabolites in CD-HH group (Spearman correlation), where blue
circles represent positive correlation, red circles represent negative correlation, size and shade of the circles represent the degree of correlation; (B) Spearman correlation
heatmap of differentially expressed microflora and serum metabolites. where red color represents a positive correlation, while blue color represents a negative correlation.

*p < 0.05; **p < 0.01.
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Figure 8 Schematic representation of colon inflammation in mice induced by high humidity. Under high humidity condition, higher growth of pathogens leads to changes in
the composition and abundance of gut microbiota, which in turn inflicts damage to the gastrointestinal mucosa and weakens the function of intestinal barrier, bacteria and
their components cross the intestinal barrier, triggering the release of IL-6 and IL-17, which not only mediate the inflammatory response but also activate the immune system
of the organism.

Conclusions

The inclusion of the Ciox seeds proved to be a powerful intervention to mitigate the detrimental effects of high humidity
by alleviating high humidity-induced gut dysbiosis, metabolic disorders (eg lipid metabolism disruption) and immune
hyperactivation, demonstrating its potential as a novel intervention for preserving intestinal health in high-humidity
environments. Given the escalating health threats from climate-driven humidity fluctuations, dietary integration of Coix
seeds may serve as a sustainable strategy to enhance intestinal barrier resilience and counteract humidity-associated
inflammatory cascades, which play a key role in addressing the adverse impacts of climate change on human health.
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