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Introduction: Recently, an increasing number of studies have focused on commensal
microbiota. These microorganisms have been suggested to impact human health and disease.
However, only a small amount of data exists to support the assessment of the influences that
commensal microbiota exert on olfactory function.

Methods: We used a buried food pellet test (BFPT) to investigate and compare olfactory
functions in adult, male, germ-free (GF) and specific-pathogen-free (SPF) mice, then exam-
ined and compared the metabolomic profiles for olfactory bulbs (OBs) isolated from GF and
SPF mice to uncover the mechanisms associated with olfactory dysfunction.

Results: We found that the absence of commensal microbiota was able to influence olfactory
function and the metabolic signatures of OBs, with 38 metabolites presenting significant
differences between the two groups. These metabolites were primarily associated with
disturbances in glycolysis, the tricarboxylic acid (TCA) cycle, amino acid metabolism, and
purine catabolism. Finally, the commensal microbiota regulation of metabolic networks
during olfactory dysfunction was identified, based on an integrated analysis of metabolite,
protein, and mRNA levels.

Conclusion: This study demonstrated that the absence of commensal microbiota may impair
olfactory function and disrupt metabolic networks. These findings provide a new entry-point for
understanding olfactory-associated disorders and their potential underlying mechanisms.
Keywords: gut microbiota, germ-free, olfactory bulb, metabolomic, gas chromatography-

mass spectrometry

Introduction

Olfaction, or sense of smell, serves various important functions during everyday life
for mammals, mediating functions such as the detection of environmental hazards,
food preferences, spatial orientation, social interactions, and emotional behaviors.!
The olfactory bulb (OB), located in the rostral extension of the forebrain, is an
important relay station for the olfactory system.? It receives sensory inputs from
one source (axons that project from the olfactory receptor neurons of the olfactory
epithelium) and relays these signals through two outputs (axons that project from
mitral and tufted cells). Reduced OB volumes have been associated with olfactory
dysfunction in patients with major depressive and post-traumatic stress disorders.>
Moreover, olfactory dysfunction has also been demonstrated during many neuro-
degenerative diseases,® particularly Parkinson’s disease’ and Alzheimer’s disease.®
Thus, the important role played by the OB in the olfactory system makes it
a preferred area of research when examining the mechanisms of olfactory-

associated disorders.
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Reductions in the relative sensitivity and specificity of
the olfactory system have also been identified in patients
with mental disorders. Our previous studies consistently
demonstrated that decreased neurogenesis and enhanced
apoptosis in the OB were associated with depression.”'
In addition, previous proteomic profiling analyses revealed
that neurogenesis and energy metabolism disturbances
may be involved in stress-induced mechanisms of OB
dysfunction.'' Interestingly, OB dysfunction, accompanied
by disruptions in the cAMP response element-binding
protein (CREB) signaling pathway, was identified during
gut microbiome remolding in depressive mice.'? Emerging
evidence has indicated that microbes can influence the
host’s olfactory signaling systems by producing metabo-
lites that function as odorants.'*> Commensal microbiota is
necessary for the appropriate regulation of normal olfac-
tory epithelium development'* and may play potential
roles in animal physiology and behavior, through olfaction
alterations.

Germ-free (GF) mice, which are devoid of any bacter-
ial contamination, can act as an important model when
studying the effects of commensal microbiota on host
physiology and behavior.'> We have successfully used
GF mice to study the molecular underpinnings of the
effects of commensal microbiota on the hosts’ brain and
behavioral functions.'®2° Moreover, a previous study
using GF mice found that microbiota can modulate the
physiology of the olfactory epithelium, resulting in
a thinner cilia layer and the reduced expression of genes
related to the olfactory transduction pathway.?' Thus, we
hypothesized that commensal microbiota dysbiosis may
influence the biochemistry of the OB and affect olfaction
through host-microbe interactions.

Therefore, we performed a buried food pellet test
(BFPT) with GF mice and compared the results with
those for specific-pathogen-free (SPF) mice to determine
whether the absence of commensal microbiota could influ-
ence olfactory function. Subsequently, a gas chromatogra-
phy-mass spectrometry (GC-MS) metabolomics approach,
coupled with multivariate statistical methods, was
employed to explore changes in the biochemical features
of the OB in GF mice compared with those in SPF mice.
Moreover, we performed an integrated analysis of our
previous proteomic profiles and mRNA microarray results
and the metabolic changes assessed in this study for
further insights into the molecular underpinnings of OB
dysfunction that may be influenced by the presence of
commensal microbiota.

Materials and Methods

Animals

Adult, male, GF and SPF Kunming mice (age: 8 weeks;
weight: 35-40 g) were obtained from the Experimental
Animal Research Center at Third Military Medical
University (Chongqing, China). GF mice were maintained
under GF conditions, in vinyl isolators, until the beginning
of these experiments. We verified the germ-free statuses of
all GF mice by testing the feces and skin, according to the
Chinese Laboratory Animal-Microbiological standards
(GB 14922.2-2011), by PCR analysis, using a universal
primer for the V3 region of the bacterial 16S rRNA
gene.”>** SPF mice were housed in a barrier facility,
which has been accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International for housing SPF mice (Laboratory Animal
Facility of Tsinghua University). All animals were fed
with y-ray-irradiated food and water and maintained under
standard conditions (12-h light/dark cycle, with lights on
from 7:30 to 19:30; humidity: 55 + 5%; temperature:
21-22°C). Experimental procedures were approved by the
Institutional Animal Care and Use Committee of Third
Military Medical and performed in accordance with the
Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 8023, revised 1978).

Behavioral Tests

The BFPT was employed, with modification.”*?® A Purina
mouse chow pellet (GB 14924.3-2010) was used in place of
an exogenously scented pellet, to eliminate the pre-training
necessary for mice to learn an exogenous food odor. GF and
SPF mice (n = 8 per group) were food-deprived for 16 h.
A single mouse was placed at the center of the test cage (45 cm
x 24 cm x 20 cm) and allowed to recover a 1-g buried food
pellet. The latency time, defined as the time between placing
the mouse into the cage and the mouse grasping the food pellet
with its forepaws or teeth, was recorded. Animals that did not
find the food pellet within 10 min were removed from the test
cage and placed back into the home cage. This trial was
repeated three times with 1-h intervals. The food pellet was
placed into a randomly chosen corner for each trial. The
latency values were averaged among the three trials. In addi-
tion, one hour later, the latency time to reach a visible food
pellet was recorded for each mouse, as a control, and this
control trial was only performed once for each mouse. The
behavioral data were analyzed using a nonparametric Mann—
Whitney U-test because of the small sample size, and a p-value
of less than 0.05 was considered to be significant.
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Sample Collection and Pretreatment

The GF and SPF mice (n = 10 per group) were anesthe-
tized with chloral hydrate. Following decapitation, the
OBs were rapidly separated on an ice-cold plate, snap-
frozen in liquid nitrogen, and stored at —80°C, until ana-
lysis. The GC-MS approach was described previously.?”**
Briefly, the OB samples were homogenized, using 400 pL
water-methanol-chloroform (2:5:2, v/v/v), and centrifuged
at 14,000 rpm, for 15 min, at 4°C. A dulcitol solution was
used as an internal standard. Then, 350 pL of supernatant
was collected. The residue was resuspended in 100 pL
methanol, followed by vortexing and centrifugation at
14,000 rpm for 15 min, at 4°C, after which, 100 pL of
supernatant was extracted and mixed with the first super-
natant. A 400-uL aliquot of the mixed supernatant was
evaporated to dryness under a stream of nitrogen gas, and
derivatized with 30 pL methoxamine hydrochloride
(20 mg/mL pyridine), for 90 min, at 37°C, with continuous
shaking. Then, 30 pL of N,O-Bis(trimethylsilyl)trifluoroa-
cetamide (BSTFA), containing 1% trimethylchlorosilane
(TMCS) was added to the mixture and allowed to react
for 1 h, at 70°C.

GC-MS Analysis

A 1-pL volume of each derivative sample transferred by
splitless injection into an Agilent 7980 GC system
(Agilent Technologies Inc., USA). A helium carrier gas,
at a flow rate of 1 mL/min, was used to separate the
mixture on an HP-5 MS fused silica capillary column
(30 m x 0.25 mm x 0.25 pm, Agilent, USA). The injector
temperature was set to 280°C, and the column temperature
was maintained at 80°C for 2 min and then maintained at
300°C for 6 min. The column effluent was transferred into
the ion source of an Agilent 5975 mass selective detector
(Agilent Technologies). The temperature of the ion source
and the MS quadrupole were set to 230°C and 150°C,
respectively. Masses were acquired from 50 to 600 m/z.

GC-MS Data Analysis

The GC-MS metabolite profiles were processed, after con-
version into the NetCDF file format, using TagFinder.35.
Following deconvolution, alignment, and data reduction,
a list of mass and retention time pairs, with the corre-
sponding intensities for all detected peaks from each data
file, was obtained. The normalized dataset, including peak
indices (RT-m/z pairs), sample names (observations), and
normalized peak area percentages, was introduced into

SIMCA-P 12.0 (Umetrics, Umed, Sweden) for multivari-
ate statistical analysis. An unsupervised principal compo-
nent analysis (PCA) was performed to obtain an overview
of the variations among individuals. Partial least squares
discriminant analysis (PLS-DA) and pair-wise orthogonal
projections to latent structures discriminant analysis
(OPLS-DA) were performed to visually discriminate
between GF and SPF mice. Differentially expressed meta-
bolites were identified according to a threshold for the
variable influence on projection values (VIP > 1) derived
from the OPLS-DA model and a false discovery rate
(FDR < 0.05), which was adjusted by the Benjamini—
Hochberg procedure.

Bioinformatics Analysis

To further understand the biological functions associated
with metabolic molecules that presented significant
alterations, we performed enrichment pathway analysis
on all differently expressed metabolites, using the online
MetaboAnalyst software.”’ We then visualized the results
using an enrichment plot. Both deficiencies and altera-
tions in the composition of commensal microbiota repre-
sent types of dysbiosis. Thus, we integrated the present
metabolomics data with previous proteomic profiles,

derived from mice microbiota

12

undergoing  gut
remolding,'? and mRNA microarrays from GF mice,*
facilitating further insights into the molecular underpin-
nings of olfactory dysfunction that may be influenced by

commensal microbiota.

Results
Olfactory Function Analysis

Olfactory function was evaluated by observing behavioral
changes during the BFPT. Based on the average latency time
across three trials, GF mice took longer to find the buried
pellet than SPF mice (Z = —2.521, p = 0.012, Figure 1A).
However, no difference was observed for the latency time to
reach a visible pellet between GF and SPF mice (Z =-0.525,
p = 0.6, Figure 1B). These results indicated that although
both GF and SPF mice demonstrated an equivalent desire for
the food pellet, the absence of commensal microbiota
resulted in impaired olfactory function in GF mice compared
with that in SPF mice.

OB Metabolite Signature in GF Mice
Typical GC-MS total ion current chromatograms were
performed for both GF and SPF mice. In total, 326
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Figure | Olfactory function revealed by the buried food pellet test. The latency times to reach the buried pellet (A) and a visible pellet (B) for GF and SPF mice. All data are

presented as the mean * SEM; *p < 0.05.

metabolites, which were identified in at least 80% of all
samples in each group, were characterized. From the PCA
score plots (R2X = 0.685, Figure 2A), the SPF samples
were clustered tightly, suggesting the detection of only
small changes in metabolite levels within the SPF group.
PLS-DA was performed to explore the metabolic differ-
ences between the GF and SPF groups, and the resulting
score plot demonstrated significant discrimination between
the two groups (R2Y=0.994, Q2=0.944, Figure 2B).
Moreover, OPLS-DA was also performed to obtain more
precise information regarding the identified metabolites in
the GF and SPF groups. The OPLS-DA score plot also
demonstrated significant discrimination between the two
groups (R2Y=0.970, Q2=0.882, Figure 2C). Based on the
thresholds described above (VIP > 1, FDR < 0.05), a total
of 38 differential metabolites were identified between the
GF and SPF groups (Table 1). Compared with the SPF
group, 23 metabolites were upregulated in GF mice. In
contrast, 15 metabolites were downregulated in the GF
group relative to the SPF group.

Functional Enrichment Analysis

According to the functional enrichment analysis (Figure 3A),
many metabolites were involved in the urea cycle (ie, adeno-
sine-5-monophosphate, fumaric acid, L-glutamic acid,
L-glutamine, L-aspartic acid, L-ornithine, and urea) and purine
metabolism (ie, adenosine-5-monophosphate, adenosine, gua-
nosine, hypoxanthine, inosine-5-monophosphate, 2,6-dihy-
droxypurine, fumaric acid, L-glutamic acid, L-glutamine,
and L-aspartic acid). Among these metabolites, hypoxanthine
and 2,6-dihydroxypurine (xanthine), which are the end-
products of purine metabolism, were downregulated in GF
mice compared with SPF mice, suggesting that the absence of
commensal microbiota may disrupt purine metabolism. To our
knowledge, the urea cycle primarily occurs in the liver; thus,
the L-ornithine and urea that were identified in the OB may be
byproducts of other metabolic pathways. In addition, pathway
analysis for the differentially expressed metabolites revealed
that arginine and proline metabolism, alanine, aspartate, and
glutamate metabolism, and purine metabolism were the pri-
mary perturbed pathways (Figure 3B).
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10 10 A i
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Figure 2 Metabolomic analysis of olfactory bulb samples from GF and SPF mice. (A) The PCA score plots showed an overview of the variations among individuals. Both the
PLS-DA (B) and OPLS-DA (C) score plots demonstrated significant discrimination between the two groups.
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Table | Differentially Expressed Metabolites Identified in the
Olfactory Bulb Between GF and SPF Mice

Metabolite RT m/z | VIP | FDR Fold
Change *

Inosine-5'-monophosphate 26.64 | 315 1.62 | 4.76E-03 1.82
Adenosine 2399 | 236 1.29 | 2.48E-02 1.77
L-Glycerol-3-phosphate 15.55 | 357 1.45 | 1.08E-02 1.73
Adenosine- 2726 | 315 1.79 | 1.33E-03 1.55
5-monophosphate

a-Hydroxyglutaric acid 13.3 129 1.87 | 2.09E-04 | 0.93
Myo-inositol 1772 | 318 2.06 | 7.98E-05 | 0.79
Itaconic acid 10.12 | 215 1.22 | 3.04E-02 | 0.71
L-Threonine 1072 | 218 1.72 | 2.03E-03 | 0.67
Arabinofuranose 15.62 | 217 1.74 | 2.03E-03 0.63
D-Glucose 17.06 | 319 1.17 | 3.77E-02 | 0.57
L-Glutamic acid 13.89 | 246 1.26 | 2.74E-02 | 0.57
L-Serine 10.36 | 204 1.6 4.79E-03 | 0.53
3-Hydroxybutyric acid 7.34 17 1.84 | 8.09E-04 | 0.53
Glycolic acid 6.03 177 1.45 | 1.04E-02 | 0.48
L-Valine 821 144 1.54 | 7.34E-03 | 0.37
2-Monopalmitoylglycerol 2332 | 129 .14 | 422E-02 | 0.34
2,4-dihydroxybutyric acid 11.09 | 103 1.4 1.32E-02 | 0.32
Arabitol 15.04 | 217 1.13 | 436E-02 | 0.32
Fumaric acid 10.25 | 245 1.3 2.35E-02 | 0.29
Malic acid 12.16 | 233 1.1 4.98E-02 | 0.26
Xylitol 1488 | 217 1.25 | 2.75E-02 | 0.26
Threonic acid- | ,4-lactone 10.6 247 1.24 | 2.79E-02 0.26
Pyroglutamic acid 12.7 156 1.47 | 9.59E-03 0.17
y-Aminobutyric acid 12.8 304 1.52 | 7.90E-03 | -0.25
L-Ornithine 1624 | 142 1.3 2.31E-02 | —0.26
D-(-)-Erythrose 11.43 | 205 1.19 | 3.336-02 | —0.29
L-Aspartic acid 12.63 | 232 1.95 | 2.01E-04 | —0.32
Ethanolamine 8.99 174 1.6 5.02E-03 | —0.43
L-Cysteine 13.08 | 220 1.98 | 2.33E-04 | —0.44
Citric acid 1622 | 273 1.72 | 1.91E-03 | —0.46
Uridine 2242 | 217 1.69 | 9.56E-03 | —0.46
Urea 7.65 189 1.33 | 2.05E-02 | —0.54
Uracil 10.06 | 241 1.94 | 2.05E-04 | —0.62
Guanosine 25 324 1.17 | 3.70E-02 | —0.63
L-Glutamine 1577 | 156 1.48 | 1.00E-02 | —0.7
L-Cystine 21.09 | 218 1.54 | 7.04E-03 | -0.73
2,6-dihydroxypurine 1841 | 353 1.77 | 1.44E-03 | —1.02
Hypoxanthine 16.18 | 265 2.12 | 3.26E-05 | —1.02

Notes: *Fold change was calculated as the logarithm of the average mass response
(area) ratio between the two groups (ie, fold change = log,[GF/SPF]).

Construction of Multi-Omics-Based

Networks

Based on the identified metabolic changes and the inte-
grated analysis that included previously reported protein
and mRNA alterations, we constructed multi-omics-based
networks that may be regulated by commensal microbiota
dysbiosis (Figure 4). In the tricarboxylic acid (TCA) cycle
network, mRNAs encoding two rate-limiting enzymes, pyr-

uvate dehydrogenase (PDH), and isocitrate dehydrogenase

(IDH), were downregulated, suggesting that TCA cycle
activity may be reduced in the absence of commensal
microbiota. Interestingly, mRNAs encoding succinate-
CoA ligase (SUCL), succinate dehydrogenase (SDH), and
malate dehydrogenase (MDH) were also downregulated,
however, the corresponding proteins were upregulated,
a paradox that may be attributable to different subtypes of
commensal microbiota dysbiosis. Moreover, the inhibitory
neurotransmitter, y-Aminobutyric acid (GABA), was
downregulated, likely due to the decreased expression of
glutamate decarboxylase (GAD). Additionally, in the pur-
ine metabolism network, the mRNAs encoding adenylosuc-
cinate synthetase (ADSS), adenylosuccinate lyase (ADSL),
5'-nucleotidase (5'-NT), and purine-nucleoside phosphory-
lase (PNP) were downregulated, and the mRNA encoding
xanthine dehydrogenase (XDH), which is the rate-limiting
enzyme for purine metabolism, was upregulated, suggest-
ing a disturbance in purine metabolism dynamics in the
absence of commensal microbiota.

Discussion
The OB is anatomically and functionally related to the
hippocampus and amygdala.*® Anatomically, the OB is
located only three synapses away from the hippocampus
and two synapses away from the amygdala. In the olfac-
tory pathway, olfactory receptor neurons recognize odor
molecules and transfer these olfactory signal to the OB,
which then amplifies the signals and transfers them to the
primary olfactory cortex (piriform cortex), hippocampus,
and amygdala, which have been identified as the important
brain regions in the olfactory system. Previous studies
have reported that the hippocampus and amygdala were
significantly influenced by commensal microbiota.'®*!-*
In addition, our previous study showed that commensal
microbiota may influence the host by modulating the
host’s metabolism.'® Expanding upon previous findings,
in this study, we found that the absence of commensal
microbiota can influence olfactory function and the meta-
bolic signatures of the OB in male mice. We did not use
female mice in this study because female hormone cycles
may influence olfactory function.>* Moreover, by integrat-
ing these metabolic changes with previously reported
alterations in associated proteins and mRNAs, we pro-
vided a new entry-point for understanding the molecular
mechanisms underlying impaired olfactory function
caused by commensal microbiota dysbiosis.

In the present study, compared with SPF mice, 11 meta-

bolites involved in glycolysis and the TCA cycle (ie,
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L-glycerol-3-phosphate, a-hydroxyglutaric acid, itaconic acid,
D-glucose, 3-hydroxybutyric acid, arabitol, 2,4-dihydroxybu-
tyric acid, xylitol, fumaric acid, malic acid, and citric acid)
were found to be altered in GF mice, and most of these
metabolites were upregulated in GF mice compared with
SPF mice, except for citric acid, which is a key intermediate
metabolite of the TCA cycle. The PDH complex catalyzes the
pivotal and irreversible oxidative decarboxylation of pyruvate
to form acetyl-CoA, which leads to the consumption of glu-

cose in the energy-generating pathways.>* Interestingly, the

mRNA encoding PDH was downregulated in GF mice com-
pared with SPF mice. Moreover, the mRNA encoding IDH,
a multi-subunit enzyme located in the mitochondrial matrix
that is thought to play a central role during aerobic energy
production in the TCA cycle,” was consistently downregu-
lated in GF mice compared with SPF mice. Taken together,
these results revealed that glycolysis was enhanced, whereas
the TCA cycle was inhibited, in GF mice compared with SPF
mice, suggesting deficiencies in the OB energy supply in the

absence of commensal microbiota.
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Moreover, a panel of amino acids (ie, L-glutamic acid,
GABA, L-threonine,
L-serine, L-valine, L-ornithine L-cysteine, and L-cystine)

L-glutamine, L-aspartic acid,
were found to be significantly disturbed in GF mice rela-
tive to SPF mice, and some of these perturbed amino acids
act as neurotransmitters (ie, L-glutamic acid, L-glutamine,
L-aspartic acid, and GABA). Here, the level of primary
excitatory neurotransmitters, such as L-glutamic acid, was
upregulated in the OB of GF mice compared with SPF
mice. However, L-glutamine was simultaneously down-
regulated in GF mice compared with SPF mice, implying
the inhibition of the transformation of glutamate into glu-
tamine. By contrast, the level of inhibitory neurotransmit-
ters, such as GABA, was downregulated in GF mice
compared with SPF mice, likely due to the decreased
expression of the GAD enzyme. Previous studies have
shown that microbiota can modulate excitatory and inhi-
3638 This

between excitatory and inhibitory neurotransmitters may

bitory neurotransmitter levels. imbalance
result in excitotoxicity,” which could lead to decreased
OB neurogenesis and account for impaired olfactory func-
tion. Importantly, the OB efferents are primarily
glutamatergic,*® and olfactory dysfunction would likely
disrupt the physiology of OB, which may subsequently
contribute to excitatory-inhibitory imbalances in their tar-
get regions. In addition, L-ornithine was downregulated,
accompanied by the downregulation of the mRNAs encod-
ing Spermidine/spermine N1-acetyltransferase (SAT) and
spermine oxidase (SMOX),*' supporting a disturbance in
polyamine catabolism during olfactory dysfunction.
Purinergic catabolism plays an important role in the
mitochondrial antioxidant defense.** In the present study,
upstream metabolites of purinergic catabolism (ie, inosine-
5’-monophosphate, adenosine, and adenosine-5-monopho-
sphate) were upregulated in GF mice relative to the SPF
mice. In contrast, the downstream metabolites of puriner-
gic catabolism (ie, uridine, uracil, guanosine, 2,6-dihy-
droxypurine, and hypoxanthine) were significantly
downregulated in GF mice. Moreover, the mRNAs encod-
ing ADSS, ADSL, 5-NT, and PNP, the enzymes that
catalyze purine catabolism, were downregulated in GF
mice, whereas the mRNA encoding XDH was upregu-
lated, changes which may be associated with the immune
dysfunction.*** Previous studies have also indicated that
commensal microbiota may influence purine metabolism
by altering the expression of XDH.***® These findings
indicated that the absence of commensal microbiota

resulted in purinergic catabolism disturbance, which may

be attributed to increased oxidative stress damage.
Interestingly, we found that the levels of two amino
acids, L-cysteine and L-cystine, which function to fight
against oxidative stress damage,?” were downregulated in
GF mice compared to SPF mice, further supporting the
high-oxidative-stress status of GF mice.

Importantly, this study has some limitations. First,
although the sample size used in this study was calculated
to provide sufficient statistical power, the sample size was
relatively small and remains a possible limitation; thus,
further studies using large sample sizes are required.
Second, only the GC-MS approach was used to identify
metabolic changes in the OB; thus, the combination of
multiple metabolomics techniques should be considered
in future metabolic studies. Third, the primary findings in
the present study were not experimentally verified because
the multi-omics integrated analysis was able to provide
very high confidence in these results. Fourth, only the OB
was examined in this study, due to its pivotal role in the
olfactory system. However, other brain regions should be
included in future analyses to obtain a comprehensive map
of the mechanisms through which commensal microbiota
may mediate changes in olfactory function.

Conclusion
Here, we provided evidence that the absence of commen-
sal microbiota significantly impaired olfactory function
and that the molecular mechanisms underlying these
changes were primarily associated with disturbances in
glycolysis, the TCA cycle, amino acid metabolism, and
purine catabolism. These findings highlight the potential
causal role played by commensal microbiota on olfactory-
associated disorders and

their potential underlying

mechanisms.
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