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The Lachnospiraceae-butyric acid axis 2
and its role in glucocorticoid-associated
osteonecrosis
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Abstract

Glucocorticoids (GCs) are key inducers of osteonecrosis, yet not all patients treated with GCs develop
glucocorticoid-associated osteonecrosis (GAON). The factors mediating this relationship are unclear. Studies have
shown that gut microbiota and their metabolites influence bone metabolism, but their role in GAON is unclear.
This study aimed to explore the connection between GAON and gut microbiota. Through bidirectional Mendelian
randomization analysis, we identified 14 gut microbial taxa, including Lachnospiraceae (IVW, P=0.011), associated
with GAON. RNA-seq analysis revealed that GAON differentially expressed genes (DEGs) were enriched for intestinal
inflammatory response mechanisms. We then compared patients who developed GAON (17 cases), those who did
not (GANON, 15 cases), and those untreated with GCs (Blank, 15 cases) for gut microbiota composition, short-
chain fatty acids (SCFAs), and serum inflammatory factors. Our findings indicated a decrease in Lachnospiraceae
abundance (GAON 17.13%, GANON 12.51%, Blank 24.52%) in GC-treated patients. Serum inflammatory factors
(IL-17 A, IL-33, and TNF-a) associated with GAON (59.603 +£12.147, 89.337+20.714, 42.584 +9.185) showed
significant differences between Blank (1.446+£0.683, 11.534£4.705, 4682+ 1.48) and GAnON (25.353+8.181,
32.527+7.352,1249+3.217) groups, with a negative correlation between these factors and Lachnospiraceae levels.
Butyric acid levels in SCFAs varied among groups (P<0.01) and correlated with Lachnospiraceae and inflammatory
factors. Controlled experiments in GAON rats demonstrated butyric acid's osteoprotective role in GAON
development (P<0.01). In conclusion, our study suggests that reduced Lachnospiraceae and butyric acid levels,
along with increased inflammation due to GCs use, contribute to GAON. Butyric acid may mediate the effects of
Lachnospiraceae and inflammation. Butyrate supplementation could potentially reduce GAON incidence, offering a
novel approach for its clinical management.
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Introduction

Due to its excellent anti-inflammatory, anti-allergic and
immunosuppressive effects, GC is widely used in the
treatment of various inflammatory diseases, allergic dis-
eases, rheumatic and autoimmune diseases. However, the
use of GC has also brought many adverse events. GAON
occures in 9-40% of patients receiving long-term treat-
ment [1, 2]. GC is now recognized as the most essential
trigger for non-traumatic osteonecrosis. GAON causes
severe joint pain and activity limitation, and usually
affects adults under 50 years old. It is a leading cause of
joint replacement surgeries among young individuals
[3]. The joint most commonly affected by GAON is the
hip (femoral head), followed by the knee and shoulder
(humeral head) [4]. Various theories have been proposed
by scholars regarding the pathogenesis of GAON, includ-
ing lipid metabolism disorder, hemodynamic disorder,
increased intraosseous pressure, osteocyte apoptosis,
gene polymorphism, and immune factors [5], yet the
exact pathogenesis remains unclear.

The gut microbiota, often referred to as the human
body’s second gene pool, contains a vast amount of
information and exhibits significant polymorphism.
Numerous recent studies have demonstrated that the
gut microbiota and related metabolites play a pivotal
role in regulating bone metabolism [6, 7]. Alterations in
intestinal microbiota can lead to local inflammation and
osteoporosis in several ways [8]. Infiltration of chronic
inflammation, loss of bone mass and decreased bone
strength may be factors associated with GAON. CHEN
[9] et al. showed that transplantation of gut microbiota
from normal mice to diseased mice attenuated GAON.
Oral administration of Lactobacillus animalis also alle-
viated GAON in mice. Compared with conventionally
reared mice, germ-free mice had greater mass of trabec-
ular and cortical bone, and the expression of inflamma-
tory cytokines was lower in the bone and bone marrow of
germ-free mice [10]. Gut microbiota can indirectly affect
osteoblasts and osteoclasts by altering bone immune sta-
tus, thereby influencing mice bone health [11]. Indeed,
gut microbiota contain species and individual polymor-
phisms similar to single nucleotides, which may have a
significant regulatory role and research value on bone
metabolism. Taken together, exploring the regulation of
the gut microbiota by GC may provide a new perspective
for the prevention and treatment of GAON. However, it is
worth noting that the above studies are mainly based on
observational cross-sectional analyses or animal model
experiments, which could not reveal the causal associa-
tion between gut microbiota and GAON in humans.

Direct study of the role of specific flora on GAON is
difficult because of the enormous amount of informa-
tion contained in the gut microbiota, the synergistic
and antagonistic inter- microbiota interactions, and the
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existence of the intestinal mucosal barrier. For both the
gut and bone, changes in metabolite levels resulting from
shifts in gut microbiota composition may serve as crucial
mediators affecting bone metabolism [12]. Among the
intestinal metabolites, the role of SCFAs in the pathologi-
cal mechanisms of GAON is relatively well-understood
[13]. Studies have established that SCFAs play significant
regulatory roles, including promotion of calcium absorp-
tion, inhibition of inflammatory responses, and modula-
tion of lipid metabolism [6, 14, 15], which are pertinent
to several key pathogenic mechanisms implicated in
GAON. Accordingly, there is substantial basis for our
hypothesis that the gut microbiota and metabolic prod-
ucts play a significant role in the pathogenesis of GAON.

Mendelian randomization analysis is a statisti-
cal method based on genome-wide association study
(GWAS) data used to reveal causal relationships. It uses
genetic variants as instrumental variables to infer the
causal relationship between exposure and outcome,
effectively avoiding the confounding bias found in tradi-
tional epidemiology. In the present study, bidirectional
MR analysis initially suggested a possible unidirectional
causal relationship between special gut microbiota and
GAON. RNA sequencing (RNA-seq) analysis of femo-
ral head specimens also indicated that intestinal inflam-
matory immune responses play a significant role in the
pathogenesis of GAON. Based on the above rationale,
we prospectively collected stool and serum samples
from GAON, GAnON, and normal subjects for study.
16 S rDNA sequencing and metabolomics helped us
clearly demonstrate that GC can lead to alterations in
gut Lachnospiraceae abundance, and that a decrease in
Lachnospiraceae concurrent with an increase in inflam-
matory factors is significantly associated with GAON.
Metabolomics confirmed that faecal butyric acid levels
were significantly positively correlated with Lachnospi-
raceae abundance and significantly negatively correlated
with inflammatory factor levels, suggesting that butyric
acid may mediate the pathway in which GC-induced
downregulation of Lachnospiraceae and upregulation of
inflammation contribute to GAON. Ultimately, the vital
osteoprotective role of butyric acid in the pathogenesis of
GAON was validated through in vivo experiments in rats.
The technical route is depicted in Fig. 1. Our research
could potentially pave the way for novel strategies and
methodologies in the clinical management of GAON,
offering fresh perspectives for both prevention and thera-
peutic intervention.

Materials and methods

MR analysis

Study design

To get reliable results, the instrumental variables (IVs)
must satisfy three assumptions [16], as shown in Fig. 2.
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Fig. 2 Three assumptions of MR analysis. Assumption 1: Vs must be strongly associated with exposures. Assumption 2: IVs must not be associated with
confounders of the exposure-outcome relationship. Assumption 3: IVs must influence the outcome only through the exposure

First, it was demonstrated whether gut microbiota altera-
tions could precipitate GAON: MR analysis was used to
analyze the causal relationship between 211 gut micro-
bial taxa and GAON. Subsequently, a reverse MR analy-
sis was performed to rule out the reverse potential effects
of GAON on the gut microbiota. STROBE-MR was
employed as the reporting standard [17]. .

Data sources

The GWAS data of gut microbiota were obtained from
MiBioGen consortium [18] (https://mibiogen.gcc.rug.n
1), containing 18,340 individuals and 122,110 SNPs, 131
genera, 35 families, 20 orders, 16 classes, and 9 phyla. The
GAON statistics were obtained from the data released by
FinnGen Research [19] (https://r9.finngen.fi/). GAON
diagnostic criteria are based on the ICD-10 criteria, and
the statistics contain 198,622,275 variants from 264 cases
and 377,013 controls.

The selection of IVs

To obtain more comprehensive results, SNPs associated
with exposure were selected as potential IVs at the locus-
wide significance level (P<1x107°) and clumping pro-
cedure (R%2<0.001, window size=10,000 kb). 103 SNPs
(phylum), 179 SNPs (class), 217 SNPs (order), 341 SNPs
(family), and 1,196 SNPs (genus) were selected as I'Vs. IVs

with F<10 were excluded. After IVs those may be related
to confounding factors of GAON, including smoking,
body mass index, blood lipid, radiation therapy [20], were
screened and removed through PhenoScanner [21], MR
analysis was performed again.

Mendelian randomization analysis

The study employed several methods, including inverse
variance weighted (IVW), MR-Egger, weighted median
estimator, and weighted mode, to explore the causal rela-
tionship between exposure and outcome. Heterogeneity
was assessed using Conchrane’s Q-test. Horizontal plei-
otropy was assessed by MR-Egger intercept, and outliers
were detected and excluded by Outlier-corrected in the
MR-PRESSO method. P< 0.05 was deemed to be statis-
tically significant. The primary result was based on the
IVW method in the absence of horizontal pleiotropy.
In the event that heterogeneity was detected (P<0.05),
the random-effects IVW model was utilized to obtain a
more conservative estimate. Other MR analysis methods
were utilized to complement the IVW method and gen-
erate wider confidence intervals [22]. To assess whether
GAON has a potential causal effect on gut microbiota,
reverse MR analysis was performed. All data were anal-
ysed using R software version 4.2.3.
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RNA-seq analysis of bone tissue

Study participants

Study participants were recruited in the context of rou-
tine medical care at Jiangsu Provincial Hospital of Tra-
ditional Chinese Medicine (approved by the Ethics
Committee, number: 2023NL-037-01). The first selection
criterion for participation in the study was the need for
primary artificial hip arthroplasty (HA) as determined by
X-ray plain films, CT and MRI. The experimental group
was GAONFH patients with an ARCO score of grade III
or IV. The control group were patients diagnosed with
traumatic femoral neck fracture, and patients with patho-
logical fractures due to tumors and other severe osteope-
nia were excluded. Referencing the literature on sample
size requirements [23-25], after rigorously selecting eli-
gible patients, a total of 12 patient specimens (GAONFH
group: 6 cases, control group: 6 cases) were collected for
the study. See Supplementary Material 2 for details.

Sample collection

Surgical procedure of HA was performed as usual in the
orthopedic operating room. The femoral head sample
was taken during the operation and divided into two
parts with scalper. Small samples of the necrotic bone
area were extracted and placed in RNALater preservation
solution of Beyotime for 8 h at 4°C, and transferred to
-80°C refrigerator until further processing. Samples from
the control group were obtained and stored in the same
way.

Data sources and preprocessing

Total RNA was isolated using the Trizol Reagent (Invit-
rogen Life Technologies), after which the concentration,
quality and integrity were determined using a NanoDrop
spectrophotometer (Thermo Scientific). Three micro-
grams of RNA were used as input material for the RNA
sample preparations. Firstly, mRNA was purified from
total RNA using poly-T oligo-attached magnetic beads.
To select cDNA fragments of the preferred 400-500 bp
in length, the library fragments were purified using the
AMPure XP system (Beckman Coulter, Beverly, CA,
USA). Products were quantified using the Agilent high
sensitivity DNA assay on an Agilent Bioanalyzer 2100
system. The sequencing library was then sequenced on
Mlumina NovaSeq 6000 platform. High-quality clean
data was obtained by filtering the raw data through fastp
(0.22.0) software. Clean reads were mapped to the refer-
ence genome using HISAT2 (v2.1.0). Read counts were
calculated using HTSeq (v0.9.1) and normalized to frag-
ments per kilobase of transcript per million mapped
(FPKM). For more details, see Supplementary Material 3.
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Identification of DEGs and functional enrichment analysis
Gene differential expression analysis was performed
using DEseq software (v1.38.3), and the differentially
expressed genes (DEGs) were identified with thresh-
old value of |log,FoldChange| > 1, and p-value<0.05.
GO enrichment analysis was performed using topGO
(v2.50.0), and the p-value was calculated using the hyper-
geometric distribution method. KEGG pathway enrich-
ment analysis was performed using Clusterprofiler
software (v4.6.0), focusing on significantly enriched path-
ways with p-value <0.05.

Stool and serum indicator tests

Study participants

In this study, 47 patients were prospectively included and
divided into three groups: experimental group, control
group and blank group. 17 patients in the experimental
group (GAON group) developed osteonecrosis using GC;
15 patients in the control group (GAnON group) did not
develop osteonecrosis using GC; and 15 patients in the
blank group were normal subjects. Patients in the GAON
group met the ARCO diagnostic criteria. Patients in the
GAnON group had a history of prolonged GC use for 3
months or more without GAON. All participants were
from the same dietary habit area, and none had travel
history and been exposed to any drugs or gut microbiota
modulators that could potentially alter the gut microbi-
ota within one month prior to specimen collection. For
more details, see Supplementary Material 2.

Fecal sample collection and 16 S rDNA sequencing analysis
The faeces of the subjects were collected and stored at
-80°C. Genomic DNA was extracted using the OMEGA
Stool DNA Kit (D4015) according to the manufactur-
er’s instructions. The quantity and quality of extracted
DNAs were measured using NanoDrop NC2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) and agarose gel electrophoresis, respectively.
PCR amplification of bacterial 16 S rDNA V3-V4 region
was performed using forward primer 341 F (5-CCTAC-
GGGGNGGCWGCAG-3) and reverse primer 805R
(5-GACTACHVGGGTATCTAATCC-3’).  Sequencing
was performed using the Illumina NovaSeq platform to
obtain raw data. Microbiome bioinformatics analysis was
mainly performed using QIIME2. See Supplement mate-
rial 3 for details.

Detection of fecal SCFAs

The mixed standard reserve solution of 6 SCFAs (acetic
acid, propionic acid, butyric acid, isobutyric acid, valeric
acid and isovaleric acid) was prepared with ether, which
was appropriately diluted and prepared as the working
solution. The samples were extracted with phosphoric
acid solution and ether, and 4-methylvaleric acid solution
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was used as the internal standard. And the working solu-
tion was added to the equal volume of the internal stan-
dard solution. Subsequently, the samples were vortexed
for 1 min and centrifuged at 12,000 rpm for 10 min at
4 °C. The supernatants were transferred to vials and then
analysed by gas chromatography-mass spectrometry
(GC-MS).

Blood sample collection and ELISA for serum inflammatory
markers

Blood samples were collected in anticoagulation tubes
and left to stand for 20 min at room temperature, then
centrifuged at 1000 rpm for 10 min at 4 °C, and the
supernatant was taken and stored at -20 °C. Inflamma-
tory factors (IL-17 A, IL-33, TNF-a) were detected using
Solarbio ELISA kit. According to the kit instructions,
standards and test samples were added in steps, and
finally the OD value was measured at 450 nm by Micro-
plate Reader.

In vivo rat experiments

Experimental animal grouping and modeling

Under the approval of the Animal Ethics Committee of
Nanjing University of Chinese Medicine (202306A059),
male Sprague Dawley (SD) rats (6 to 8 weeks of age)
weighing 200 to 250 g were used in this study. The animals
were raised in a controlled temperature, humidity and
12 h/dark environment. After one-week adaptive rearing,
male SD rats were randomly divided into three groups
(10 rats in each group): Blank group, GAON group and
NaB group (same as the GAON group modelled, sodium
butyrate gavage). Administration dose and time: GAON
modeling: The rats were injected intraperitoneally with
lipopolysaccharide (LPS, 200 pg/kg/day) once a day for
2 days. The second injection of lipopolysaccharide was
followed by intraperitoneal injection of dexamethasone
solution (DEX, 20 mg/kg/day) 24 h later, three times a
week for 6 weeks. The Blank group was injected intra-
peritoneally with equal amount of 0.9% saline. NaB group
was given sodium butyrate gavage (100 mg/kg/day) along
at the same time of modelling. Blank and GAON groups
were given equal amount of saline gavage. Throughout
the research process, we always paid attention to protect-
ing animal welfare. Under the supervision of the ethics
committee, we maintained a clean and hygienic environ-
ment for animal housing, ensured ample diet and water,
and used small-sized needles when administering drugs.

Stool, serum and femoral head sample collection and
analysis

Rat stools were collected and stored at -80 °C for inspec-
tion. One week after the last administration, rats were
anaesthetized with pentobarbital, and blood was col-
lected from the abdominal aorta so that the rats died
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of shock. The blood was centrifuged at 1000 rpm for
10 min at 4°C, and the supernatant was taken and stored
at -20°C. Stool and serum were subjected to targeted
metabolomics based on GC-MS. Rat femoral head sam-
ples were collected for Micro-CT scanning and quanti-
tative bone microstructure analysis. After scanning, the
femoral head samples were fixed with 4% paraformalde-
hyde for 24 h and decalcified with 10% EDTA solution for
4 weeks. After paraffin embedding and section, HE and
Masson staining were performed, and microscope obser-
vation and image collection were conducted.

Statistical analysis

GraphPad Prism software was applied for statistical
analysis. Before comparing differences between two
groups, perform an F test for variance homogeneity. If
the p-value is less than 0.05, indicating significant vari-
ance difference, use Welch’s t-test; if the p-value is 0.05
or higher, indicating no significant variance difference,
use the two independent samples t-test. Pearson’s Cor-
relation test was used to analyse the correlation between
faecal and serum indices. P<0.05 was considered statisti-
cally significant.

Results

MR analysis

Effect of gut microbiota to GAON

14 gut microbial taxa were examined to have suggestive
associations with GAON (Fig. 3 and supplementary Table
1). We found that the phylum Lentisphaerae, class Len-
tisphaeria, order Gastranaerophilales, order Rhodospi-
rillales, order Victivallales, genus Bifidobacterium were
positively correlated with GAON. On the contrary, class
Methanobacteria and its child taxon (order Methanobac-
teriales and family Methanobacteriaceae), family Lachno-
spiraceae and its child taxon (genus Tyzzerella3), order
Bacillales, genus Holdemania, genus Odoribacter were
negatively correlated with GAON. MR-Egger intercept
test and Cochrane’s Q test in sensitivity analysis did not
offer any proof of pleiotropy and heterogeneity, as shown
in supplementary Tables 2 and Fig. 4. Moreover, the MR-
PRESSO global test did not detect any horizontal pleiot-
ropy or outlier, further validating the robustness of our
findings.

Reverse MR analysis

Reverse analytical approach was deemed necessary to
ensure the integrity and validity of the results obtained.
Supplementary Table 3 shows the reverse MR outcomes
and there was no evidence of a significant reverse causal-
ity between GAON and the fourteen identified statisti-
cally significant gut microbiota taxa above. There was no
horizontal pleiotropy or heterogeneity in the MR-Egger
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Microbiota No. of SNP Method OR(95% CI) P
Phylum |
Lentisphaerae 9 VW E 2.10 (1.17 to 3.78) 0.013
Class E
Lentisphaeria 8 VW 2.38 (1.28 to 4.45) 0.006
Methanobacteria 8 vw '—°—'i 0.52 (0.28 to 0.96) 0.036
Order E
Victivallales 8 VW E 2.38 (1.28 to 4.45) 0.006
Gastranaerophilales 9 VW : > 2.64 (1.32 to 5.27) 0.006
Methanobacteriales 8 VW H—'i 0.52 (0.28 to 0.96) 0.036
Bacillales 8 IVW '—'_‘E 0.58 (0.35 to 0.98) 0.040
Rhodospirillales 13 VW :' 1.92 (1.02 to 3.62) 0.043
Family E
Lachnospiraceae 15 VW —o——i E 0.30 (0.12 to 0.76) 0.011
Methanobacteriaceae 8 VW '—’—'i 0.52 (0.28 to 0.96) 0.036
Genus E
Tyzzerellad 10 VW Fo—i E 0.27 (0.15 to 0.50) 0.000
Holdemania 14 IVW —— 0.51 (0.26 to 0.97) 0.040
Odoribacter 7 VW '—'—'E 0.26 (0.07 to 0.91) 0.036
Bifidobacterium 11 VW E= 2.60 (1.07 to 6.32) 0.035

(I) 0.|5 ll 1.|5 é 2.|5 flﬂ 3.|5

Fig. 3 Forest plot of suggestive causal effects of 14 gut microbial taxa on GAON(genus Tyzzerella3 P<0.0001)

intercept and Conchrane’s Q test. Figure 5 shows the
result of the MR analysis.

RNA-seq analysis of bone tissue

A total of 12 patients were included in the study (Con-
trol group: 6 patients, GAONFH group: 6 patients).
Typical specimens of Control and GAONFH group are
shown in Figure S1(A-D). Based on our transcriptome
sequencing results, a total of 1,413 DEGs were identi-
fied between GAONFH and Control group, including
788 up-regulated genes and 625 down-regulated genes
(Fig. 6(A)). The heatmap of the DEGs (Fig. 6(B)) showed
that the DEGs could distinguish GAONFH samples
from Control samples. The DEGs were obtained for GO
and KEGG functional enrichment analysis. GO enrich-
ment analysis showed that the biological functions of
up-DEGs enrichment mainly involved immune system
process, immune response, lymphocyte activation and
leukocyte activation (Fig. 6(C)). The biological functions
of down-DEGs enrichment mainly involved the anatomi-
cal structure morphogenesis and lipid metabolic process
(Figure S2(A)). KEGG enrichment analysis showed that
up-DEGs were mainly enriched in intestinal immune

network for IgA production, inflammatory bowel disease,
Th17, Thl and Th2 cell differentiation (Fig. 6(D)); down-
DEGs were mainly enriched in PPAR signaling pathway
(Figure S2(B)). This suggests that the activation of intes-
tinal inflammatory immune system alterations is closely
related to GAON.

Analysis of faecal and serum indices

Analysis of gut microbiota

Species composition and difference analyses among dif-
ferent groups were carried out based on the species
abundance table at phylum, class, order, family, genus
and species levels, with parameter thresholds: confi-
dence>0.7. The 30 communities with the highest relative
abundance at each taxonomic level were clustered and
presented in heat maps, as in Figure S3(A-F). Compar-
ing the results with the MR analysis, we found that the
abundance in the GAON, GAnON and Blank groups
were phylum Lentisphaerae (0%, 0.00149%, 0.00105%),
class Lentisphaeria (0%, 0.00149%, 0.00105%), order Gas-
tranaerophilales (0.0092%, 0%, 0.03172%), family Lach-
nospiraceae (17.12596%, 12.50607%, 24.51633%), genus
Bifidobacterium (13.15974%. 14.86774%, 3.12511%). The
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Fig. 4 Scatter plots for causal effects of gut microbiota on GAON. A-N plots include four methods: the IVW method, MR-Egger method, weighted median
method, and weighted mode method. The slopes of the straight lines derived from four methods are consistent, suggesting that exposures correlate

with outcome

Kruskal-Wallis test was used to analyze the species sig-
nificance difference. As shown in Fig. 7(A), at the genus
level, in the GAON group compared with the Blank
group, Lachnospira, Lachnospiraceae_ UCG-010, Lach-
nospiraceae_unclassified, Ruminococcus_1, Ruminococ-
caceae_UCG-013, Odoribacter, Roseburia significantly
decreased, Catenibacterium and Tyzzerella 4 signifi-
cantly increased, and the difference was statistically
significant (P<0.05). LEfSe (LDA Effect Size) analysis
plots more visually show different species at all levels. In
Fig. 7(B), we could find that Family Lachnospiraceae is
differential between GAON and Blank Group, which is
consistent with the result of MR analysis.

Correlation analysis between Lachnospiraceae and serum
inflammatory indexes

As shown in Fig. 8(A, B, C), the levels of IL-17 A, IL-33
and TNF-a in GAON group were significantly higher
than those in GAnON group and Blank group, and
GAnON group was also slightly higher than Blank
group. The difference was statistically significant
(P<0.0001), indicating that the inflammatory response
was significantly up-regulated in GAON. Then Pearson’s

Correlation analysis was performed on Lachnospira-
ceae abundance and inflammatory index levels in three
groups, and the results (Fig. 8(D, E, F)) showed that
Lachnospiraceae abundance was significantly negatively
correlated with the levels of IL-17 A, IL-33, and TNF-a,
that is, the down-regulated Lachnospiraceae abundance
might be the cause of the up-regulated serum inflamma-
tory factors. Afterwards, we conducted subgroup analysis
based on the levels of serum inflammatory factors (IL-
17 A, IL-33, TNF-a) and the abundance of Lachnospira-
ceae. Lower than the average level of the corresponding
group was the down-regulated group (Family Lachno-
spiraceae-, 1L-17 A-, IL-33-, TNF-a-), and greater than
or equal to the average level of the corresponding group
was the up-regulated group (Family Lachnospiraceae +,
IL-17 A 4+, IL-33 4, TNF-a +). As results in Fig. 8(G, H,
I), inflammatory factor levels exceeded the mean value in
almost all GAON patients, and the proportion of GAON
was significantly higher in patients with down-regulated
Lachnospiraceae abundance and up-regulated serum
inflammatory factor levels than in other subgroups.
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Association analysis of SCFAs with Lachnospiraceae and
serum indicators of inflammation

As shown in Fig. 9 (A-F), butyric acid content was high-
est in the Blank group and lowest in the GAON group
with statistically significant differences, while no statis-
tically significant differences were found in the content
of acetic, propionic, isobutyric, valeric and isovaleric
acids. Then Pearson’s Correlation analysis of butyric acid
with Lachnospiraceae and serum inflammatory factors
was carried out, and the results of Fig. 9(G-J) showed
that the abundance of Lachnospiraceae was significantly
positively correlated with butyric acid content, and
butyric acid content was significantly negatively corre-
lated with the levels of IL-17 A, IL-33, and TNF-a, that
is, butyric acid may be the mediating factor of the up-
regulated serum inflammatory factors by down-regulated
Lachnospiraceae.

In vivo rat experiments

Micro-CT and staining results in Fig. 10(B-D) showed
that in the Blank group, the cartilage of the femoral
head was thick; the subchondral bone trabeculae were
arranged neatly and densely; there were abundant hae-
matopoietic cells and no adipocyte hyperplasia and
hypertrophy in the medullary cavity. Compared with the
Blank group, both the GAON and NaB groups showed
decreased osteocytes between the bone trabeculae and
an increased number of empty osteocytic lacunae, and

nuclear pyknosis. Differently, compared with the NaB
group, the GAON group had a significant increase in
fibrous tissue between bone trabecular, a decrease in the
number of hematopoietic cells, and an increase in the area
of adipose and some hypertrophic fusion into a capsule.
Bone microstructure quantitative analysis (Fig. 10(E-H))
revealed that BV/TV, Tb.N, Tb.Th in GAON and NaB
groups were significantly lower than Blank group, and
Tb.Sp was significantly higher than Blank group, whereas
the overall condition of NaB group was better than that
of GAON group, and the difference was statistically sig-
nificant (P<0.05). The rate of empty bone lacunae and
the percentage of fat area were calculated based on the
HE staining results, as shown in Fig. 10(I-]), and the dif-
ferences among the three groups were statistically signifi-
cant (P<0.05). Analysis of faecal and serum butyric acid
content in Fig. 10(K-L) showed that butyric acid content
was significantly lower in the GAON group compared to
the Blank group, while it was elevated in the NaB group
compared to the GAON group, with a statistically sig-
nificant difference (P<0.05). In conclusion, osteonecrosis
features were present in both GAON and NaB groups,
while the degree of osteonecrosis in the NaB group with
higher butyric acid level was significantly reduced com-
pared with the GAON group, which demonstrated that
the reduction of butyric acid content was an important
factor in promoting GAON.
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Discussion

Due to the widespread use of GC in clinical practice,
GAON affects a wide range of people and mostly affects
youngsters. The disability rate of GAON is high, with the
majority of patients eventually requiring artificial joint
replacement. However, the limited lifespan of artificial
joint prostheses can significantly reduce the long-term
quality of life for patients, making early prevention and
treatment of GAON extremely important. The onset of
GAON is insidious, necessitating the identification of

high-risk factors or precursor states for early interven-
tion. The pathogenesis of GAON remains a subject of
debate, as GC use can lead to multiple physiological and
pathological changes simultaneously, making it diffi-
cult to clarify the causal relationships with GAON. The
use of GC is closely related to the inflammatory immune
response. The gut, however, is an important target organ
of the body’s inflammatory response, in which the key
role of gut microbiota is often overlooked by GAON
researchers. Several recent studies have shown that GC
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can lead to changes in the gut microbiota of humans and
animals [26, 27]. Given the significant impact of intes-
tinal microbiota on bone metabolism, which has been
widely reported in recent years, we propose the scientific
hypothesis that GC-induced dysbiosis of gut microbiota
may promote GAON.

In this study, we first performed a two-sample MR
analysis to investigate the correlation between the gut
microbiota and GAON. Our analysis revealed that the
phylum Lentisphaerae, order Gastranaerophilales, order
Rhodospirillales, genus Bifidobacterium were positively
correlated with GAON, and that family Lachnospira-
ceae and its child taxon (genus Tyzzerella3), genus Hold-
emania, genus Odoribacter were found to be negatively

correlated with GAON, and the results of reverse MR
analysis were negative. The above results suggest that
changes of gut microbiota may unilaterally contribute to
the occurrence of GAON. Similar conclusions have been
reached in several experimental studies. For instance, it
has been shown that GC-induced bone loss in mice is
significantly reduced or negligible with gut microbiota
depletion, achieved through broad-spectrum antibiotic
treatment, indicating that the gut microbiota plays a nec-
essary role in GC-induced trabecular bone loss [28]. A
study by Ho Jun Kang found that supplementation with
Lactobacillus mitigated GC-induced pathological bone
effects, such as ischemia, apoptosis, obesity, bone loss in
mice [29]. However, it is evident that the gut microbiota
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does not directly translocate to bone in diseased popu-
lations. The specific mediators and downstream mecha-
nisms by which changes in gut microbiota contribute to
GAON remain to be elucidated.

Therefore, to explore the potential mechanisms of
GAON caused by gut microbiota, we conducted RNA-
seq analysis on femoral head specimens from patients
diagnosed with GAONFH, which is the most prevalent
form of GAON, as well as from patients with traumatic
femoral neck fractures. Enrichment analysis of DEGs
revealed that the up-DEGs were predominantly associ-
ated with inflammatory immune responses and were sig-
nificantly enriched in pathways such as IgA production by
the intestinal immune network and inflammatory bowel
disease. These findings not only substantiate the signifi-
cant association between gut microbiota and GAON, but
also imply that the inflammatory immune response could
be a crucial mechanism linking gut microbiota to the
development of GAON. Previous studies have shown that
gut microbiota dysbiosis can trigger an increase in the

secretion of pro-inflammatory cytokines, such as IL-6,
IL-17 and TNF-a, leading to the upregulation of osteo-
clast activity and bone resorption [30]. Mingcan Yu et al.
reported that alterations in gut microbiota can enhance
the production of TNF-a and IL-17 by intestinal T-cells,
promoting their migration from the intestines to the
bone marrow, which results in bone loss [31]. Further-
more, the use of probiotics has been shown to reduce the
levels of inflammatory cytokines, including TNF-a, IL-6,
RANKL and IL-17, thereby inhibiting osteoclastogenesis
and potentially preserving bone mass [32].

To further explore the link between gut microbiota and
GAON, we conducted a prospective controlled study
including three patient groups, differentiated by the pres-
ence or absence of GAON and GC usage. Microbial 16 S
rDNA sequencing analysis of the fecal samples revealed
differences in the abundance of Lachnospiraceae and Bifi-
dobacterium between GAON and blank group, as well as
between GAnON and blank group. Lachnospiraceae were
less abundant, while bifidobacterium was more abundant
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in both GAON and GAnON groups compared to blank
group. Significant difference analysis and LEfSe analysis
mapping showed a notable decrease in Lachnospiraceae,
suggesting a close association with GAON. However, no
significant difference in Lachnospiraceae abundance was
observed when comparing GAON and GAnON groups.
This finding implies that while GC use may decrease
Lachnospiraceae abundance, this decrease alone may not
necessarily result in GAON. The reduced abundance of
Lachnospiraceae could be a necessary but not sufficient
condition for GAON, suggesting that other factors likely
interact with changes in gut microbiota to contribute to
the disease’s onset.

Given that inflammatory immune mechanisms were
prominently enriched in our sequencing results, we

hypothesize that the down-regulation of Lachnospi-
raceae may be an initiating factor that synergizes with
other elements. To explore the potential synergistic role
of the inflammatory response with the down-regulation
of Lachnospiraceae in GAON, we conducted a correla-
tion analysis of pro-inflammatory cytokines IL-17 A,
IL-33, and TNF-a in blood samples from subjects with
gut microbiota. Using ELISA, we discovered signifi-
cant differences in the levels of these mediators among
the Blank, GAnON, and GAON groups, with the high-
est levels observed in the GAON group. Notably, there
was a significant negative correlation between the levels
of these inflammatory mediators and the abundance of
Lachnospiraceae. In almost all GAON patients, inflam-
matory factor levels were elevated above the mean, and
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the highest proportion of osteonecrosis occurred in
those with both down-regulated Lachnospiraceae and
up-regulated serum inflammatory factors. These findings
suggest that after Lachnospiraceae abundance is reduced
by GC use, inflammatory mediator levels may determine
the onset of GAON, indicating that inflammation could
be a synergistic factor in GAON development follow-
ing gut microbiota alterations. The link between inflam-
mation and GAON is supported by other studies. For
instance, a study by Ma et al. [33] reported that elevated
plasma IL-33 levels are associated with the severity of
hip osteonecrosis, with higher IL-33 levels in patients
with more advanced disease stages. Zou et al. [34]dem-
onstrated a positive correlation between increased IL-17
levels and pain severity in osteonecrosis patients. Fur-
thermore, in early-stage GAON in mice, high levels of
TNF-a were found to activate macrophages to the M1
phenotype, inhibiting bone formation and promoting
bone resorption, thus accelerating osteonecrosis [35]. In
the late stage of GAON, reduced TNF-a levels shifted
macrophage polarization to the M2 phenotype, leading
to the formation of chronically inflamed fibrovascular
tissue, which compromised bone mechanical properties
and resulted in joint collapse. Osteoimmune disorder
and chronic inflammatory microenvironment may be an
important cause of osteonecrosis [36, 37].

Based on our findings, we propose that the interplay
between GC, Lachnospiraceae, and the inflammatory
immune response constitutes a critical ‘link’ in the patho-
genesis of GAON. Evidence suggests that the down-
regulation of Lachnospiraceae abundance may trigger
systemic inflammation. As the primary producer of the
anti-inflammatory short-chain fatty acid (SCFA) butyr-
ate in the human gut, Lachnospiraceae also contributes
to anti-inflammatory effects through the production of
di-peptides, equol, reactive sulfur species, and farne-
sol [38, 39]. To determine if SCFAs play a pivotal role in
this pathway, we measured SCFAs levels in patients’ fecal
samples. Correlation analysis indicated that butyric acid
may act as a mediator, with down-regulated Lachnospi-
raceae abundance potentially leading to up-regulated
serum inflammatory factors.

To enhance the reliability of our conclusions, we con-
ducted in vivo validation in rats and discovered that the
butyric acid content in the feces and serum of rats in the
GAON group was significantly lower compared to the
Blank group. Furthermore, butyrate supplementation in
the NaB group resulted in a significant alleviation of fem-
oral head necrosis compared to the GAON group, indi-
cating that the reduction of butyric acid is an important
factor contributing to the progression of GAON, and that
butyrate supplementation may be beneficial in mitigating
the disease. Our findings, in conjunction with existing
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literature, suggest that the osteoprotective role of butyric
acid in GAON warrants attention. While the beneficial
effects of butyric acid in the pathological mechanisms
of rheumatoid arthritis (RA) have been documented [12,
40], its role in GAON, particularly among GC users who
are also at risk of GAON, has been less explored. Butyr-
ate treatment can suppress proinflammatory cytokines
and osteoclast differentiation, prevent bone destruction
and promote bone restoration [40]. In this study, butyric
acid was identified as a crucial link in the pathway from
GC-induced down-regulation of Lachnospiraceae abun-
dance to the subsequent up-regulation of inflammation,
leading to GAON. However, further research is needed to

confirm the integrity of this pathway and the pivotal role
of butyric acid.

It is widely acknowledged that treating GAON is chal-
lenging, and the emphasis in clinical practice should be
on preemptive interventions before GAON manifests.
The prevailing pathophysiological theories of GAON
focus on blood supply disruptions and lipid metabolism
disorders, with inflammation typically seen as a second-
ary consequence that arises post-onset, causing pain and
bone marrow edema [5]. Our research diverges from this
mainstream perspective by suggesting that gut microbi-
ome imbalance and heightened inflammatory responses
may be key instigators of GAON. Furthermore, animal
studies suggest that butyrate supplementation may hold
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significant potential in GAON prevention. Given the
complexity of such diseases, a comprehensive approach
is essential, and we are confident that our findings could
offer valuable insights into both the etiology and clinical
management strategies for GAON.

In this research, we initially employed bidirectional
MR analysis to theoretically explore the causal connec-
tions between 211 gut microbiota taxa and GAON, effec-
tively narrowing our focus and conserving considerable
manpower and financial resources. Following this, RNA-
sequencing was performed on GAON and normal bone
samples to make credible predictions about the potential
mechanisms through which the gut microbiota might
trigger GAON. We then proceeded to collect fecal and
serum samples from participants for clinical validation,
examining the link between GCs usage and alterations in
the gut microbiota, along with the incidence of GAON, as
well as the potential intermediary role of SCFAs. Lastly,
in vivo rat experiments were conducted to substantiate
the significant bridging function of butyrate, between
GC-induced shifts in the gut microbiota and the onset
of GAON. Our conclusions were corroborated through
a multifaceted approach encompassing genetic studies,
observational clinical research, and animal experiment.

Of course, this study inevitably has some limitations.
Firstly, due to the limitation of the sample size, the IVs
of the gut microbiota obtained are limited, which in
turn restricts the statistical power of the MR analysis
and may overlook other biologically relevant taxa. Sec-
ondly, although we included patients who had been using
GCs for over three months with a history of more than
2 g of prednisolone or equivalent hormone use, we did
not impose restrictions on the underlying diseases of
the included GC users, nor did we conduct subgroup
analyses on different types of GCs, dosages, and base-
line levels of inflammatory mediators under GC use.
Many patients use large amounts of GCs due to inflam-
matory or autoimmune diseases. GCs can exert anti-
inflammatory effects, but they also lead to gut microbiota
dysbiosis. Patients may have poorly controlled inflam-
matory responses or inflammatory translocation after
gut microbiota dysbiosis, or an inflammatory response
cascade with the underlying disease, which can induce
GAON. For instance, the incidence of GAON in patients
with Systemic Lupus Erythematosus (SLE) is higher
than in patients with other underlying diseases using
GCs [41], possibly because serum inflammatory levels
in SLE patients are relatively more challenging to sta-
bilize. Furthermore, we only investigated the levels of
anti-inflammatory cytokines IL-17 A, IL-33, and TNF-a
in the patients’ serum, and did not employ metabolo-
mics or proteomics methods to screen for changes in all
pro-inflammatory and anti-inflammatory factors in the
serum, to fully discuss the extensive link between the
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inflammatory response following the downregulation of
Lachnospiraceae-Butyrate levels due to GC use and the
occurrence of GAON. Finally, in verifying the protective
effect of butyrate on bones, we utilized rat experiments
as a proxy for human studies, which may introduce spe-
cies-specific biases. In the future, we need to conduct a
broader analysis of the microbiota and larger-scale clini-
cal trials to verify the therapeutic potential of butyrate
supplements.

Conclusion

As shown in Fig. 11, glucocorticoid-induced down-
regulation of Lachnospiraceae and butyric acid levels,
along with an upregulation of inflammatory response,
may contribute to the development of GAON. Butyric
acid is an important mediator in the Lachnospiraceae-
inflammatory pathway and a valuable bone-protective
factor. Therefore, monitoring the abundance of Lachno-
spiraceae, levels of butyric acid, and serum inflammatory
markers during GC treatment may be of great signifi-
cance for the early screening and warning of GAON.
Concurrently, butyrate supplementation may represent
a potential method for the prophylaxis and treatment of
GAON.
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