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Diet influences knee osteoarthritis
osteophyte formation via gut microbiota
and serum metabolites

Dandan Zhu,1,9 Xiaochao Wang,2,9 Zhihui Xi,3,4,9 Kunling Chen,5,9 Yatian Feng,6 Chunjian Zi,2 Zhijian Pan,2

Xinyu Ma,2 Xiaolong Zeng,7,* Huolun Feng,3,4,10,* and Da Guo8,*
SUMMARY

Osteophyte formation, a key indicator of osteoarthritis (OA) severity, remains poorly understood in its
relation to gut microbiota and metabolites in knee osteoarthritis (KOA). We conducted 16S rDNA
sequencing and untargeted metabolomics on fecal and serum samples from 20 healthy volunteers, 80
KOA patients in Guangdong, and 100 in Inner Mongolia, respectively. Through bioinformatics analysis,
we identified 3 genera and 5 serummetabolites associatedwith KOAosteophyte formation. Blautia abun-
dance negatively correlated with meat, cheese, and bean consumption. The 5 serum metabolites nega-
tively correlated with dairy, beef, cheese, sugar, and salt intake, yet positively with age and oil consump-
tion. Higher Blautia levels in the gut may contribute to KOA osteophyte formation, with serum
metabolites LTB4 and PGD2 potentially serving as biomarkers. KOA patients in Inner Mongolia exhibited
lower Blautia levels and reduced expression of 5 serummetabolites, possibly due to cheese consumption
habits, resulting in less osteophyte formation.

INTRODUCTION

Osteoarthritis (OA) continues to be a widespread cause of disability,1 affecting approximately 13.8% of the population,2 with a significant prev-

alenceobservedamongwomenand rural residents.3 Theescalating incidenceofOAcanbeattributednotonly toprolonged life expectancybut

also to factors includingobesity andchronic inflammation stemming fromsedentary lifestylesandunhealthydietaryhabits.4Unfavorable lifestyle

choices play a central role in precipitating OA,5 sparking growing interest in investigating the relationship between gut microbiota and OA.

Recent studies indicate that the gutmicrobiotamay play a substantial role in the pathogenesis and increased susceptibility toOAbypartici-

pating in interactions that encompassmechanical, cellular, and biochemical factors.6 Disruptions in the composition of gutmicrobiota are sug-

gested to serveasa connecting linkbetweenadverse factorsand thedevelopmentofOA.7 The impactofgutmicrobiota andmetaboliteson the

progression of OA is evidenced by their ability to regulate the intestinal mucosal barrier, intestinal metabolites, and immune responses.8

Osteophyte, defined as the ectopic bone formation within a joint,9,10 holds significant importance in the pathogenesis of OA,11 serves as a

marker of OA severity,12 and is incorporated into OA diagnostic criteria.13 The initiation and advancement of osteophyte formation in KOA

have been linked to factors such as estrogen levels, femoral neck T-scores, and hypertension.14 However, despite these associations, no

studies have explored the correlation between osteophyte formation and gut microbiota and metabolites in KOA.

An initial observation suggested that KOApatients in InnerMongolia typically displayed fewer osteophytes on X-ray imaging compared to

those in Guangdong, where a higher prevalence of osteophytes was noted (Figures 1A–1C). To further investigate this phenomenon, we un-

dertook a comprehensive study involving 16S rDNA sequencing on fecal samples collected from both healthy volunteers and KOA patients in

Guangdong and Inner Mongolia. Additionally, we conducted liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based untar-

geted metabolomics analysis on serum samples.
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Figure 1. Representative knee X-ray imaging and clinical characteristics of study participants

Orthopantomograms and lateral images of the right knee joints of (A) healthy volunteers, (B) patients with KOA from Guangdong Provincial Hospital of Chinese

Medicine and (C) patients with KOA from Ewenke Banner People’s Hospital.

(D) Flow chart of the study. We recruited healthy volunteers and patients with knee osteoarthritis in Guangdong Provincial Hospital of Chinese Medicine and

Ewenke Banner People’s Hospital. Informed consent was obtained from the participants in all cases. Fecal samples and serum samples were collected from

the participants, and 16S rDNA sequencing and Untargeted metabolomics were used, respectively.

(E) Univariate and (F) multivariate logistic regression analyses were performed to analyze the presence or absence of osteophyte with clinical characteristics. See

also STAR Methods and Table S1.
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Figure 2. Comparative analysis of species diversity and relative abundance at the phylum level associated with osteophyte formation in KOA

(A) Alpha diversity by Shannon, Simpson, Chao, and Ace indices.

(B) Beta diversity was measured using principal coordinate analysis (PCoA).

(C) The distribution plot of relative abundance at the phylum level.

(D) The Wilcoxon test showed that 4 phyla were significantly altered in the KOA1 group compared to the Ctrl and KOA2 groups. NS, not significant. p-value,

*p < 0.05; **p < 0.01; ***p < 0.001. See also STAR Methods and Figure S1B.
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The investigation sought to elucidate variances and interplays in gut microbiota and metabolites among KOA patients classified under

Kellgren-Lawrence (K-L) grades 0–1 (referred to as the Ctrl group, denoting the absence of osteophytes) and those categorized under K-L

grades 2–4 (referred to as the KOA1 group, indicating the presence of osteophytes) in Guangdong. This examination was further corrobo-

rated with KOA patients in Inner Mongolia (referred to as the KOA2 group, representing individuals with fewer osteophytes). The objective

was to evaluate gut microbiota composition in fecal samples from KOA patients, along with the abundance of serum metabolites, and their

correlation with osteophyte occurrence. This study holds potential for offering valuable insights into refining dietary recommendations

tailored specifically to KOA patients.

RESULTS

Clinical characteristics of study participants

The study encompassed 20 healthy volunteers and 80 KOA patients from Guangdong Provincial Hospital of Chinese Medicine in the Guang-

dong region, along with 100 KOA patients from Ewenke Banner People’s Hospital in the Inner Mongolia region. Participants in the Guang-

dong region with K-L classification grades 0–1 constituted the Ctrl group (no osteophyte group), while those with K-L classification grades 2–4

were categorized as the KOA1 group (osteophyte group). Patients with KOA in the Inner Mongolia region were designated as the KOA2

group (less osteophyte group). There were no significant differences among the Ctrl, KOA1, and KOA2 groups regarding age, gender,

and BMI. However, variations in dietary habits andWOMAC scores were observed. Table S1 provides detailed demographic and clinical char-

acteristics of the study participants. The study process is delineated in Figure 1D.

To further validate the impact of dietary habits on osteophyte formation in KOA, logistic regression analysis was employed. Univariate

(Figure 1E) andmultivariate (Figure 1F) logistic regression analyses revealed that main cookingmethods, secondary cookingmethods, staple

meat, cheese, and salt were identified as independent risk factors affecting osteophyte formation.

Diversity of gut microbiota

In microbial amplicon 16S sequencing, after quality control and filtering processes, a total of 24,351,522 high-quality 16S rDNA reads were

obtained, with a median read number of 12,579,790.5 (range: 4,490,080–14,335,660) per sample (Table S2). Following denoising, a total of

20,813 Amplicon Sequence Variants (ASVs) were identified. The species dilution curves for all samples (Figure S1A) supported the sufficiency

of sequencing depth.

Subsequently, the alpha diversity and beta diversity of the gut microbiota were assessed between the Ctrl and KOA1 groups, as well as

between the KOA1 and KOA2 groups, through sequence comparison. Concerning the comparison between Ctrl and KOA1 groups, Shan-

non’s and Simpson’s indices did not show statistical significance, while Chao’s and Ace’s indices were statistically significant. In the compar-

ison between KOA1 and KOA2 groups, all four indices mentioned above were statistically significant (Figure 2A). To evaluate the overall dif-

ferences in beta diversity among the gut microbiota samples from each group, a PCoA score plot was generated using the Bray-Curtis

distance (Figure 2B). The results indicated discernible differences in the composition of gut microbiota between the Ctrl and KOA1 groups,

as well as between the KOA1 and KOA2 groups.

Changes in the composition of the gut microbiota associated with osteophyte formation in KOA

The examination of relative proportions of dominant taxa at the phylum level between theCtrl and KOA1 groups, and between the KOA1 and

KOA2 groups, revealed 11 identified phyla in each group, with Firmicutes being the most dominant. Actinobacteria, Actinobacteriota, and

Proteobacteria were enriched in the KOA1 group, whereas Proteobacteria were reduced (Figures 2C and 2D). This suggests that Actinobac-

teria, Actinobacteriota, and Proteobacteria may be phyla associated with osteophyte formation in KOA. Additionally, the ratio of Firmicutes/

Bacteroidetes (F/B) did not differ in the KOA1 group compared to the Ctrl and KOA2 groups (Figure S1B).

Out of 401 genera, 16 genera showed statistically significant differences between the Ctrl and KOA1 groups (p < 0.05) (Table S3), while 91

genera differed significantly between the KOA1 and KOA2 groups (p < 0.05) (Table S4). By comparing the intersected differentiated genera

between Ctrl and KOA1 groups, and KOA1 and KOA2 groups, and then comparing the KOA1 group with Ctrl and KOA2 groups respectively,

3 obtained intersected differentiated genera, namely Blautia, Granulicatella, and Phascolarctobacterium, exhibited consistent trends. Among

them, Blautia and Granulicatella were enriched in the KOA1 group, while Phascolarctobacterium was enriched in the Ctrl and KOA2 groups

(Figure 3A). Spearman’s correlation analysis showed that Blautia was associated with age, dietary habits, cheese consumption, and bean con-

sumption; Phascolarctobacteriumwas associatedwith age; andGranulicatella was associated with themainmode of cooking and staple food

(Figure 3B; Table S5). Dietary habits were defined as ‘‘1’’ for omnivore, ‘‘2’’ for vegetarian, and ‘‘3’’ for meat eater. Cheese consumption was

defined as ‘‘1’’, and non-consumption of cheese as ‘‘0’’. Bean consumption was defined as ‘‘1’’, and non-consumption of beans was defined as

‘‘0’’. The main cooking methods were defined as ‘‘1’’ for steaming, ‘‘2’’ for sautéing, ‘‘3’’ for boiling, and ‘‘4’’ for other cooking methods. For
4 iScience 27, 110111, June 21, 2024
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Figure 3. Changes in relative abundance and correlation with clinical characteristics at the genus level associated with osteophyte formation in KOA

(A) The Wilcoxon test showed that 3 genera changed significantly in the KOA1 group compared to the Ctrl and KOA2 groups.

(B) Heatmap of the correlation between the 3 genera and clinical characteristics. Positive correlations are in red; negative correlations are in blue. Regions of

significant correlation are indicated by white stars p-value, *p < 0.05; **p < 0.01. Identification of the specific altered taxa using linear discriminant analysis

(LDA) and effect size analysis (LEfSe).

(C) Histogram of variance characteristics of the top 30 taxonomic units with the highest LDA (log10).

(D) Phylogenetic trees for specific differential taxa. ROC curves for Blautia in the (E) test cohort and (F) validation cohort. See also Figure S2 and Tables S3, S4,

and S5.
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staple food, rice was defined as ‘‘1’’, noodles as ‘‘2’’, and other as ‘‘3’’. Consequently, the abundance of Blautia was negatively correlated with

meat consumption, cheese consumption, and bean consumption, while the abundance of Granulicatella was negatively correlated with

boiled cooking style and noodles.

Next, LEfSe was employed to compare the composition of gut microbiota among the 3 groups to identify specific dominant flora asso-

ciated with osteophyte formation in KOA. Ultimately, 30 taxa with the highest Linear Discriminant Analysis (LDA) (log10) (p < 0.01) were

found to be differentially characterized. Among them, Bifidobacterium, Blautia, and Fusobacterium were predominantly enriched in the

KOA1 group (Figures 3C and 3D). To investigate the diagnostic accuracy of these 3 genera in distinguishing the KOA1 group from the

Ctrl group and the KOA2 group, a receiver operating curve (ROC) analysis was performed. The results showed that Blautia had the largest

Area Under the Curve (AUC) value compared to Bifidobacterium and Fusobacterium (Figures S2A and S2B), with AUC values of 0.692 (Fig-

ure 3E) and 0.734 (Figure 3F) in the test cohort (Ctrl group vs. KOA1 group) and the validation cohort (KOA1 group vs. KOA2 group),

respectively.

Changes in serum metabolic Profiles associated with osteophyte formation in KOA

Given the substantial impact of the gut microbiota on serum metabolites due to complex metabolic pathways,15 we investigated the char-

acterization of the serum metabolome using an untargeted LC-MS approach. A partial least-squares-discriminant analysis (PLS-DA) model

was applied to delineate metabolomic distributions between the Ctrl group and the KOA1 group, as well as between the KOA1 group

and the KOA2 group. The results demonstrated metabolic differences between the Ctrl and KOA1 groups, and between the KOA1 and

KOA2 groups (Figure 4A). Significance diagnostic plots indicated that the scatter points were below the horizontal line, signifying that the

PLS-DA model was not overfitted (Figure 4B). Subsequently, 231 (Table S6; Figures S3A and S3B) and 469 (Table S7; Figures 4C and 4D)

differentially enriched metabolites were identified between the Ctrl and KOA1 groups, and between the KOA1 and KOA2 groups, respec-

tively (VIP >1, FCR 1.5, p< 0.05). By intersecting the differential metabolites between the Ctrl and KOA1 groups, and between the KOA1 and

KOA2 groups, and comparing the KOA1 group with the Ctrl and KOA2 groups respectively, 42 metabolites in the resulting intersection dis-

played a consistent trend. These serum metabolites were hypothesized to be associated with osteophyte formation in KOA.

Finally, KEGG enrichment analysis of the 42 metabolites revealed that their synthesis was regulated by 6 different metabolic pathways

(p < 0.05). These pathways included Arachidonic acid metabolism, Serotonergic synapse, Steroid hormone biosynthesis, Inflammatory medi-

ator regulation of TRP channels, Retinol metabolism, and Ovarian steroidogenesis (Figure 4E; Table S8). Notably, Arachidonic acid meta-

bolism and Serotonergic synapse predominantly shared the same 5 metabolites, namely Leukotriene B4, 15(S)-HPETE, prostaglandin D2,

Leukotriene A4, and 5(S)-Hydroperoxyeicosatetraenoic acid (Table S9). In comparison with the Ctrl and KOA2 groups, these 5 metabolites

were expressed at higher levels in the KOA1 group (Figure 4F). Spearman’s correlation analysis was conducted to explore the relationship

between the 5 metabolites and clinical characteristics. The results indicated that these metabolites were associated with age, main cooking

methods, secondary cuisine, staple meat, dairy product consumption, cheese consumption, salt consumption, and oil consumption (Fig-

ure 4G; Table S10). Meat consumption was defined as ‘‘1’’ for beef, ‘‘2’’ for pork, ‘‘3’’ for more than one type of meat, and ‘‘4’’ for other meats.

Consequently, the expression levels of the 5 metabolites were negatively correlated with dairy product consumption, beef consumption,

cheese consumption, sugar and salt consumption, and positively correlated with age and oil consumption. To evaluate the diagnostic accu-

racy of these 5 metabolites in distinguishing KOA1 from the Ctrl group and KOA2, a ROC analysis was performed. The results revealed that

the AUC of the 5 metabolites, Leukotriene B4, 15(S)-HPETE, prostaglandin D2, Leukotriene A4, and 5(S)-Hydroperoxyeicosatetraenoic acid,

was greater than 0.9 in both the test and validation cohorts (Figures 4H and 4I).

Relationship between gut microbiota and serum metabolites associated with osteophyte formation in KOA

To illuminate the intricate interactions between gut microbiota and serummetabolites linked to osteophyte formation in KOA, we conducted

Spearman’s correlations between the 3 genera and 42 metabolites (Table S11). Subsequently, major interactions were elucidated by con-

structing co-occurrence network diagrams (r > 0.2, p < 0.05, Figure 5A). In Figure 5A, Blautia and Phascolarctobacterium emerged as core

genera associated with the majority of metabolites. Blautia exhibited predominantly positive correlations with metabolites, while Phascolarc-

tobacteriumdisplayed predominantly negative correlations withmetabolites. Granulicatella, on the other hand, was associatedwith a smaller

number of metabolites, both positively and negatively. To delve deeper into the relationship between the metabolites linked to osteophyte

formation and the genera, Spearman’s correlation analysis was performed between the 3 genera and the 5 metabolites. The results demon-

strated that Blautia was positively correlated with all 5 metabolites, whereas Phascolarctobacterium exhibited negative correlations with all of

them (Figure 5B).
6 iScience 27, 110111, June 21, 2024
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Figure 4. Alterations in serum metabolites associated with osteophyte formation in KOA

(A) PLS-DA scores showing the difference between the first two principal components (PCs) in the Ctrl, KOA1 and KOA2 groups.

(B) Validation of the model by 200 permutation test.

(C) Heatmap of differentially abundant metabolites based on relative abundance between KOA1 and KOA2 groups.

(D) Volcano plot showing the differential changes in metabolites between KOA1 and KOA2 groups.
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Figure 4. Continued

(E) KEGG pathway enrichment scatterplot showing altered intestinal metabolic processes associated with osteophyte formation.

(F) Boxplot illustrating the 5 differentially enriched metabolites involved in the major altered pathway.

(G) Heatmap of the correlation between the 5 differentially enriched metabolites and clinical characteristics. ROC curves of the 5 differentially enriched

metabolites in the (H) test cohort and (I) validation cohort. Positive correlations in red; negative correlations in blue. p-value, *p < 0.05; **p < 0.01;

***p < 0.001. See also Figure S3 and Tables S6, S7, S8, S9, and S10.
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DISCUSSION

OA predominantly affects the knee16 and is characterized by joint space narrowing, osteophyte formation, and articular cartilage lesions.17

The intestinal tract plays a pivotal role in human health, largely due to its prolonged interaction with gut microbiota. Some studies have sug-

gested that gut microbiota contributes to the development of diseases.18–20 Additionally, gut microbiota significantly influences serum

metabolite levels.21–23 Although the association between gut microbiota, serummetabolites, and OA has been increasingly recognized,24–27

the specific correlation with osteophyte formation in KOA remains understudied. In this investigation, patients with KOA in Guangdong ex-

hibitedmore prominent osteophyte formation and noticeable joint deformity in X-ray imaging, whereas patients in InnerMongolia presented

with fewer osteophytes but reported significant pain. This study aims to explore the correlation between gut microbiota, serummetabolites,

and osteophyte formation in KOA.

A decrease in gut microbiota diversity is often considered indicative of chronic disease.28,29 However, in our study, we observed an in-

crease in alpha diversity in both the osteophyte and less osteophyte groups. Beta diversity revealed a shift in the composition of gut micro-

biota between the no osteophyte group and the osteophyte group, as well as between the less osteophyte group and the osteophyte group.

Notably, Actinobacteria, Actinobacteriota, and Proteobacteria were more abundant in the osteophyte group, while Proteobacteria were

diminished. Despite the commonly observed association of elevated F/B ratio with certain pathological conditions,30,31 we did not find

any difference in the F/B ratio between the osteophyte group and the no osteophyte group or less osteophyte group.

Certain genera such as Ruminococcaceae,32 Roseburia,33 and Faecalibacterium prausnitzii34 in the gut are considered protective against

OA, while others like Streptococcus, Fusobacterium,32 Anaerotruncus, Oscillospira,26 Desulfovibrio,33 andGemmiger35 are considered harm-

ful. Blautia, a genus within the Lachnospiraceae family in the Firmicutes phylum, has garnered attention for its role in metabolic diseases and

antimicrobial activity against specific microorganisms.36 In addition, Blautia is one of the most prevalent and important acid-producing

bacteria in the gut, with high abundance and dominance among acid-producing strains of the family.37,38 Blautia has potential probiotic prop-

erties39 for the production of short-chain fatty acids (SCFAs),40 which are beneficial formaintaining intestinal mucosal integrity and anti-inflam-

mation.41,42 Significant enrichment of Blautia species in the gut microbiota of OA patients.43 In this study, we found that the abundance of

Blautia in the feces of the test cohort osteophyte group was enriched compared to the test cohort no osteophyte group and the validation

cohort less osteophyte group. In addition, Spearman’s correlation analysis of the gut microbiota with clinical characteristics revealed that the

abundance of Blautia in the feces was negatively correlated with meat eating habits, consumption of cheese and consumption of beans. This

aligns with the local dietary habits in InnerMongolia, where the population has a preference for cheese andmeat, resulting in a reduced abun-

dance of Blautia in the gut. The hypothesis that the lower osteophyte formation in KOApatients in InnerMongolia is linked to reduced Blautia

abundance due to dietary habits was further supported by LEfse analysis. Granulicatella, found in the normal flora of various body regions,44,45

can become an opportunistic pathogen associated with invasive infections.46,47 Phascolarctobacterium, a bacterium producing SCFAs,48 is

considered a representative probiotic.49 The roles of Granulicatella and Phascolarctobacterium in OA are currently unexplored.

Furthermore, we observed that key serummetabolites in the osteophyte group were enriched in the arachidonic acid metabolic pathway,

including Leukotriene B4, 15(S)-HPETE, prostaglandin D2, Leukotriene A4, and 5(S)-Hydroperoxyeicosatetraenoic acid. All these metabolites

exhibited higher expression levels in the osteophyte group. ProstaglandinD2 (PGD2) is a crucial endogenous lipidmediator involved in arach-

idonic acid production, exerting its functions through g-protein-coupled receptors like the D prostaglandin receptor (DP1)50 and chemotactic

receptor homologs (CRTH2or DP2).51 PGD2plays roles in physiological and pathological processes such as chemotaxis,51 cellular transport,52

bone metabolism,53 and cancer.54 Elevated levels of PGD2 have been reported in OA synovial fluid,55 and it can influence nociception,56,57

potentially contributing to the reduced pain observed in the osteophyte group compared to the less osteophyte group. Leukotriene B4

(LTB4) is produced from leukotriene A4 via leukotriene A4 hydrolase (LTA4H) in response to inflammatory stimuli.58 Leukotriene A4 is a

pro-inflammatory lipid mediator produced by membrane phospholipids through the enzymatic action of 5-lipoxygenase (5-LOX) on arach-

idonic acid (AA) during the initial stages of inflammation. LTB4, produced from leukotriene A4, has been associatedwith inflammatory arthritis

and metabolic disorders.59,60 It has been shown that patients with OA have elevated levels of LTB4 in synovium, synovial fluid, articular carti-

lage and subchondral bone.61,62 Human OA subchondral osteoblasts constitutively produce LTB4.61 Therefore, LTB4 in the serum of the os-

teophyte groupmay serve as a predictivemarker for osteophyte formation in KOA, supported by ROC analysis showing an AUC value greater

than 0.9 in both the test and validation cohorts. 5(S)- Hydroperoxyeicosatetraenoic acid (5(S)-HPETE), formed from arachidonic acid oxidation

catalyzed by the enzyme 5-lipoxygenase,63 remains unexplored in KOA. Spearman’s correlation analysis of these 5 metabolites with clinical

characteristics revealed that their expression levels were negatively correlated with dairy product consumption, beef consumption, cheese

consumption, sugar and salt consumption, and positively correlated with age and oil consumption. This aligns with the results of the corre-

lation analysis between gut microbiota and clinical characteristics.

In this study, we identified 3 genera associated with osteophyte formation in KOA, and their correlation with 42 metabolites was investi-

gated. Notably, Blautia emerged as the central genus, and both Blautia40 and Phascolarctobacterium48 are known for their production of
8 iScience 27, 110111, June 21, 2024
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Figure 5. Correlation networks for osteophyte formation based on fecal microbiome and serum metabolome

Co-occurrence network plots showing the correlation between gut microbiota and serum metabolites (A) correlation with osteophyte formation in KOA and

(B) involved in the major alteration pathways (Spearman’s correlation analysis, r > 0.2, p < 0.05). Microorganisms are marked with circles and metabolites with

triangles. Red connecting lines indicate positive correlations between nodes, while gray connecting lines indicate negative correlations. See also Table S11.

ll
OPEN ACCESS

iScience
Article
SCFAs. Although Blautia is enriched in the gut of OA patients,43 its specific role in OA remains unknown. Phascolarctobacterium, on the other

hand, has not been extensively studied inOA.Our analysis revealed a positive correlation between the 5 serummetabolites in the arachidonic

acid pathway, screened by Blautia, and a negative correlation with Phascolarctobacterium. Among these 5 serum metabolites, LTB4 may

serve as a predictive marker for osteophyte formation, while PGD2 could potentially alleviate pain in patients in the osteophyte group.

Furthermore, we observed a negative correlation between fecal abundance of Blautia and the 5metabolites, along with reduced cheese con-

sumption. Therefore, we hypothesized that patients with KOA in InnerMongolia have reduced osteophyte formation due to lower abundance

of Blautia in the gut resulting from a local preference for cheese, which in turn causes lower levels of the 5 serummetabolites associated with

the arachidonic acid pathway.

In conclusion, the findings indicated an enrichment of Blautia abundance in the KOA osteophyte group. Additionally, serum metabolites

LTB4 and PGD2were found to be expressed at higher levels in the KOAosteophyte group. Both the fecal abundance of Blautia and the levels

of the 5 associatedmetabolites were negatively correlated with cheese consumption. Therefore, we hypothesize that elevated levels of Blau-

tia in the gut may contribute to osteophyte formation in KOA patients, and serum metabolites LTB4 and PGD2 could potentially serve as

biomarkers associated with osteophyte formation in KOA patients. Patients with KOA in Inner Mongolia might exhibit lower gut abundance

of Blautia and decreased expression levels of the 5 associated serummetabolites due to the local preference for cheese, potentially leading

to reducedosteophyte formation.While our results offer insights into changes in gutmicrobiota and serummetabolites resulting fromdiverse

dietary habits in different regions associated with osteophyte formation in KOA patients, these observations should be further explored and

confirmed through functional studies.
Limitations of the study

However, our study has some limitations. First, some patients with KOA in Guangdong experienced a better prognosis and did not return for

follow-up, posing challenges in collecting comprehensive follow-up data. This resulted in incomplete clinical data for certain cases. Second,

the identification of serum metabolites was conducted using untargeted LC-MS, and specific changes in metabolites could not be verified

due to technical limitations. Lastly, our sample size was relatively small with limited cohort collection, and the findings require further valida-

tion in a large-scale multicenter study to strengthen the robustness of the conclusions.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Fecal samples This paper NCBI Sequence Read Archive (SRA):

PRJNA1111278 (http://www.ncbi.nlm.

nih.gov/bioproject/1111278)

Serum samples This paper MetaboLights (https://www.ebi.ac.uk/

metabolights/MTBLS10192)

Critical commercial assays

Phusion� High-Fidelity PCR Master Mix New England Biolabs, USA Cat#M0532S

MinElute PCR Purification Kit Qiagen, Germany Cat#28004

TruSeq� DNA PCR-Free Sample

Preparation Kit

Illumina, USA Cat#E7370L

Deposited data

RNA-seq data This paper NCBI Sequence Read Archive (SRA):

PRJNA1111278 (http://www.ncbi.nlm.

nih.gov/bioproject/1111278)

Untargeted metabolomics data This paper MetaboLights (https://www.ebi.ac.uk/

metabolights/MTBLS10192)

Oligonucleotides

Specific primers with barcodes (314F:

CCTAYGGGRBGCASCAG, 806R:

CCTAYGGGRBGCASCAG)

This paper N/A

Software and algorithms

R version 4.3.2 CRAN https://cran.r-project.org/bin/windows/base/

old/4.3.2/

UPARSE v7.0.1001 N/A http://www.drive5.com/uparse/

Analyst TF 1.7.1 software Sciex, Concord, ON, Canada https://sciex.com/br/products/software/

analyst-tf-software
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Huolun Feng

(fenghuolun2022@qq.com).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� Raw 16S rDNA gene sequencing data generated by next-generation sequencing platforms, with per-base quality scores, have been

deposited at NCBI Sequence Read Archive (SRA) at http://www.ncbi.nlm.nih.gov/bioproject/1111278, and are publicly available as

of the date of publication. Accession numbers are listed in the key resources table.
� Metabolomics data have been deposited at MetaboLights (https://www.ebi.ac.uk/metabolights/MTBLS10192) and are publicly avail-

able as of the date of publication. Accession numbers are listed in the key resources table.
� This paper does not report the original code.
� Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Recruitment of study participants

For this investigation, we recruited a total of 20 healthy volunteers and 80 KOApatients fromGuangdong Provincial Hospital of ChineseMed-

icine in the Guangdong region. The recruitment period spanned from July 2022 to July 2023. Additionally, 100 KOA patients were enrolled

from Ewenke Banner People’s Hospital in the Inner Mongolia region. The diagnosis of KOA in all patients adhered to the criteria established

by the American College of Rheumatology. Inclusion Criteria: (i) Normal results in rheumatoid, autoimmune, or infection index tests. (ii)

Absence of previous knee trauma or surgery, and no extra-articular deformities. (iii) Normal results in fecal parasite tests, with no history

of abnormal bowel movements or gastrointestinal disease episodes. (iv) No prolonged use of antibiotics in the medical history. Exclusion

Criteria: (i) Long-term requirement for immunosuppressants or antibiotics exceeding one year. (ii) Chronic enteritis with recurrent diarrhea

in the last month. (iii) Patients with intestinal cancer or those who have undergone intestinal surgery.

The mean age of the patients in this study was 64G 7.9 years, with a BMI of 26G 3.6 kg/m2. Of the participants, 80.5% were female, and

gender did not influence the results. All participants provided informed consent, and the research protocol received approval from the Insti-

tutional Review Board of the Ethics Committee of Guangdong Provincial Hospital of Chinese Medicine (BE2022-174-01).

METHOD DETAILS

Data/sample collection

Photographs of both knees in a standing position were captured for healthy volunteers and KOA patients from Guangdong Provincial Hos-

pital of Chinese Medicine and KOA patients from Ewenke Banner People’s Hospital using flat films. Participants were stratified into 3 groups

based on the K-L grading system: (i) Ctrl group (no osteophyte group): Consisting of participants fromGuangdong Provincial Hospital of Chi-

nese Medicine with K-L grade 0–1; (ii) KOA1 group (osteophyte group): Comprising participants from Guangdong Provincial Hospital of Chi-

nese Medicine with K-L grade 2–4; and (iii) KOA2 group (less osteophyte group): Comprising KOA patients from Ewenke Banner People’s

Hospital, serving as a validation cohort. Approximately 3 mL of venous blood was collected from all 3 groups by nurses. Following collection,

the blood specimens underwent centrifugation at a speed of 4000 r/min for 10–30 min. Subsequently, the upper serum layer was carefully

extracted into freezing tubes using a pipette gun. Fecal samples from all participants were collected in plastic containers on ice and promptly

transported to the laboratory within 2 h. Upon arrival, the fecal samples were transferred to 2 mL eppendorf tubes. After the collection pro-

cess, both serum and fecal specimens were stored in a �80�C refrigerator for further analysis.

Fecal DNA extraction, 16S rDNA gene sequencing and analysis

DNA extraction from fecal samples was conducted using the cetyltrimethylammonium bromide or sodium dodecyl sulfonate (CTAB/SDS)

method. Initially, DNA concentration and purity were assessed on agarose gels, followed by dilution of the DNA to 1 ng/mL with sterile water.

Specific primers with barcodes (314F: CCTAYGGGRBGCASCAG and 806R: CCTAYGGGRBGCASCAG) and Phusion High-Fidelity PCR Mas-

ter Mix with GC Buffer (New England Biolabs, USA) were utilized to amplify the V3-V4 region of the 16S rRNA gene using a PCR system (BIO-

RAD, USA). The resulting PCRproductmixture was purifiedwith aMinElute PCR Purification Kit (Qiagen, Germany). Sequencing libraries were

generated using the TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, USA) following the manufacturer’s instructions. Library quality

was assessed using a Qubit 2.0 Fluorometer (Thermo Fisher, USA) andQ-PCR. Subsequently, the library was sequenced on the NovaSeq6000

system (Illumina, USA). The UPARSE algorithm (UPARSEv7.0.1001, http://www.drive5.com/uparse/) was employed for sequence analysis,

where sequences with R97% similarity were grouped into operational taxonomic units (OTUs). Abundance information of the OTUs was

normalized based on the sequence number corresponding to the sample with the lowest number of sequences. Additionally, alpha diversity

analysis was conducted using the vegan package in R (Version 4.3.2). Beta diversity calculations were performed using principal coordinate

analysis (PCoA) to assess diversity in samples for species complexity. Bacterial abundance and diversity were compared using the Wilcoxon

rank-sum test. Linear discriminant analysis effect size (LEfSe) was used to analyze the relative abundance of bacterial populations.

Untargeted metabolomics study

Serum samples stored at�80�Cwere thawed on ice and vortexed for 10 s. Subsequently, 50 mL of the sample containing the internal standard

and 300 mL of extraction solution (ACN:methanol = 1:4, V/V) were added to a 2mLmicrocentrifuge tube. The sample underwent vortexing for

3min and then centrifugation at 12000 rpm for 10min (4�C). From the supernatant, 200 mL was collected, placed at�20�C for 30min, and then

centrifuged at 12000 rpm for 3min at 4�C. For LC-MS analysis, 180 mL of the supernatant was utilized. All serum samples were processed using

the LC-MS system according to the machine instructions. The analytical conditions were as follows: UPLC: chromatographic column Waters

ACQUITY UPLC BEH C18 1.8 mm/2.1 mm * 100 mm; column temperature, 40�C; flow rate: 0.4 mL/min; injection volume, 2 mL; solvent system:

water (0.1% formic acid): acetonitrile (0.1% formic acid); elution of the column with 5% mobile phase B (0.1% formic acid acetonitrile) at an

elution time of 0 min, followed by a linear gradient elution to 90% mobile phase B (0.1% formic acid acetonitrile) with an elution time of

11 min, a hold time of 1 min, and then a return to 5%mobile phase B within 0.1 min, a hold time of 1.9 min, and then a rapid return to starting

conditions. Data were collected in information dependent acquisition (IDA) mode using Analyst TF 1.7.1 software (Sciex, Concord, ON, Can-

ada). Source parameters were set as follows: ion source gas1 (gas1), 50 psi; ion source gas2 (GAS2), 50 psi; curtain gas (CUR), 35 psi; temper-

ature (TEM), 550�C, or 450�C; cluster scattering potential (DP), 60v, - 60v in positive and negativemodes, respectively; and ion spray floatation

pressure (ISVF), 5000v or�4000v in positive and negative modes, respectively. The TOFMS scan parameters were set as follows: mass range,
14 iScience 27, 110111, June 21, 2024
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50–1000 Da; accumulation time, 200 ms; dynamic background subtraction, on. The product ion scan parameters were set as follows: mass

range 25–1000 Da; accumulation time, 40 ms; collision energy, 30 or - 30 V in positive or negativemode, respectively; collision energy spread,

15; resolution, units; charge state, 1 to 1; intensity, 100 cps; isotopes up to 4 Da were excluded; mass tolerance, 50 mDa; and the maximum

number of candidate ions to be monitored per cycle was 12. The raw data files acquired by LC-MS were converted to mzXML format by

ProteoWizard software. Peak extraction, peak alignment, and retention time correction were performed using the XCMS program. The

peak area was corrected by the ‘‘SVR’’ method. Peaks with less than a 50% detection rate were discarded in each set of samples. Metabolic

identification information was obtained by searching the laboratory’s own database, a comprehensive public database, the AI database, and

metDNA.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Univariate andmultivariate logistic regression analyses were conducted, with the presence or absence of osteophyte formation serving as the

dependent variable and clinical characteristics as the independent variables. Following the normalization of ASV abundance, the Kruskal-

Wallis test was utilized to assess the alpha and beta diversity of ASVs between groups. Differential expression was identified using Student’s

t test and fold change (FC) values. TheWilcoxon test was applied to compare the differential gut microbiota between the two groups. Spear-

man’s correlation analysis was employed to calculate correlations between species and clinical information, metabolites and clinical informa-

tion, as well as species and metabolites. Statistical significance was determined when p < 0.05. All data analyses were performed using R

version 4.3.2 (R Foundation for Statistical Computing).
iScience 27, 110111, June 21, 2024 15
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