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Quinic acid alleviates high-fat diet-induced neuroinflammation by inhibiting
DR3/IKK/NF-kB signaling via gut microbial tryptophan metabolites
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ABSTRACT

With the increasing of aging population and the consumption of high-fat diets (HFD), the incidence
of Alzheimer’s disease (AD) has skyrocketed. Natural antioxidants show promising potential in the
prevention of AD, as oxidative stress and neuroinflammation are two hallmarks of AD pathogen-
esis. Here, we showed that quinic acid (QA), a polyphenol derived from millet, significantly
decreased HFD-induced brain oxidative stress and neuroinflammation and the levels of A and
p-Tau. Examination of gut microbiota suggested the improvement of the composition of gut
microbiota in HFD mice after QA treatment. Metabolomic analysis showed significant increase of
gut microbial tryptophan metabolites indole-3-acetic acid (IAA) and kynurenic acid (KYNA) by QA.
In addition, IAA and KYNA showed negative correlation with pro-inflammatory factors and AD
indicators. Further experiments on HFD mice proved that IAA and KYNA could reproduce the
effects of QA that suppress brain oxidative stress and inflammation and decrease the levels of of AR
and p-Tau. Transcriptomics analysis of brain after IAA administration revealed the inhibition of
DR3/IKK/NF-kB signaling pathway by IAA. In conclusion, this study demonstrated that QA could
counteract HFD-induced brain oxidative stress and neuroinflammation by regulating inflammatory
DR3/IKK/NF-kB signaling pathway via gut microbial tryptophan metabolites.
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Intr ion . Lo . .
troductio neuroinflammation is a key factor in the deteriora-

Long-term consumption of high fat-diets (HFDs)
is associated with the development of many dis-
eases, such as obesity, dyslipidemia, insulin-
dependent diabetes, nonalcoholic fatty liver disease
etc.' HFD is also reported to increase inflammation
in the central nervous system and exacerbate the
pathologic process of neurodegenerative diseases.”
Neuroinflammation is an innate and adaptive
immune response triggered by the release of
inflammatory mediators by immune cells, such as
microglia and astrocytes.” Neuroinflammation
brings about damage to the blood-brain barrier
(BBB) and increases the risk of disease. In addition,
neuroinflammation also affects neurons, leading to
abnormal neurotransmitter function. While short-
term neuroinflammation is thought to be protective
and help restore damaged neuronal cells, long-term

tion of many neurological disorders.

Neurodegenerative diseases, including
Alzheimer’s disease (AD) and Parkinson’s disease
(PD), are increasingly recognized as significant
health  challenges in aging populations
worldwide.* AD, the most common form of
dementia, can be classified into different categories,
including familial and sporadic forms, or early and
late-onset forms.” Hyperphosphorylation of Tau
protein and excessive deposition of f-amyloid pep-
tides (AP) have been widely recognized as the most
prominent pathological hallmarks of the disease.
AP is produced from the cleavage of the B-
amyloid precursor protein (APP) by [B-secretase
(BACE1l) and y-secretase,6 while Presenilin 1
(PS1) and Anterior pharynx-defective 1 (APH1)
are the catalytic core of y-secretase.”
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Neuroinflammation have also been implicated
as potential pathological features of AD.® Recent
studies have pointed out that microglia will
release pro-inflammatory cytokines when stimu-
lated by AP, which further stimulate the produc-
tion of amyloid precursor proteins, leading to
increased levels of AP and exacerbation of neu-
rodegenerative lesions.” Moreover, there is
a close association between oxidative stress and
the inflammatory response. Reactive oxygen
species (ROS) could activate the expression of
pro-inflammatory factors,'’ and the excessive
production of ROS by immune cells at the site
of inflammation results in oxidative stress and
tissue damage.11 As a result, neuroinflammation
has been recognized as a target for the prevention
and treatment of neurodegenerative diseases,'”
and alleviating neuroinflammation is important
for regulating brain health.

In recent years, polyphenols have received
increasing attention for their potential anti-
inflammatory and antioxidant properties.
Numerous studies have demonstrated the unri-
valed potential of polyphenols in reducing levels
of pro-inflammatory mediators and ROS."’
Moreover, polyphenols are also able to regulate
neuroinflammation. In clinical studies, it is
found that resveratrol reduces MMP9 levels, reg-
ulates neuroinflammation and attenuates decline
of daily living scores of AD patients.'* Due to
low natural absorption rate, the neuro-
inflammation regulating effects of polyphenols
are always achieved through small-molecule
metabolites produced by the gut microbiota.'>'®
Quinic acid (QA), which is found in many nat-
ural plants, is a cyclohexanecarboxylic acid that
exhibits  antibacterial, antioxidant, anti-
inflammatory, and antiviral activities."”
However, the bioavailability of QA is low,
which significantly limits its health effects and
clinical values.'® In our previous studies, we
found that QA was one of the main constitutes
of millet polyphenols which exerted neural pro-
tective effects on HFD-induced oxidative stress
and neuroinflammation."’

In this study, we aimed to verify the effects of
QA on HFD-induced neuroinflammation and its
potential in the prevention of AD. The possible
mechanism was explored on the perspective of

microbiota-brain axis by using metabolomics and
transcriptome analysis.

Materials and methods
Materials

Quinic acid (QA) was purchased from Shanghai
Yuanye Biotechnology Co., Ltd (Shanghai,
China). Kynurenic acid (KYNA) and indole-
3-acetic acid (IAA) was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). QA, KYNA and IAA were analytically
pure. Total triglyceride (TG), total cholesterol
(TC) and low-density lipoprotein cholesterol
(LDL-C) kits were procured from Nanjing
Jiancheng Bioengineering Institute (Nanjing,
China). Total superoxide dismutase (SOD), cata-
lase (CAT), glutathione peroxidase (GPx),
Malondialdehyde (MDA) and BCA protein assay
kits were obtained from Beyotime Biotech Inc
(Shanghai, China). All reagents were stored at 4°C.

Animals

Male 6-8-week-old C57BL/6 mice were purchased
from Shanghai Jiesijie Laboratory Animal Co., Ltd.
(Shanghai, China). All the animals were fed at
a temperature of 22 + 2°C under a 12-h light/12-h
dark cycle. All mice were given food and water ad
libitum.

After five days of acclimatization, the first batch
of mice were randomly divided into three groups
(n=8): normal diet group (CON), high fat diet
(HFD) and high fat diet + quinic acid treated
group (30 mg/kg) (HFD+QA). The second batch
of mice were randomly divided into eight groups
(n=8). Six gavage groups: normal diet group
(CON), high fat diet group (HFD), high fat diet +
low-dose (10 mg/kg) IAA group (HFD+LI), high
fat diet + high-dose (30 mg/kg) IAA group (HFD
+HI), high fat diet + low-dose (10 mg/kg) KYNA
group (HFD+LK) and high fat diet + high-dose
(30 mg/kg) KYNA group (HFD+HK). Two intra-
peritoneal injection groups: high fat diet + IAA
group (2mg/kg) (HFD+I) and high fat diet
+KYNA group (2 mg/kg) (HFD+K). Meanwhile,
the CON and HFD groups were given daily saline
gavage. QA stock solution (100 mg/kg) was diluted



with water. The stock solution of IAA and KYNA
(100 mg/kg) was made up in phosphate-buffered
saline (PBS) by the addition of 2 M NaOH to fully
resolve it, and then the pH was adjusted to 7.4 with
25% (v/v) HClL High-fat feed composition: 52.2%
basal feed, 20% sucrose, 15% lard, 10% casein, 1.2%
cholesterol, 0.6% calcium bicarbonate, 0.4% labora-
tory animal premix, 0.2% sodium cholate (Jiangsu
Xietong Pharmaceutical Bio-engineering Co., Ltd.).
The gavage doses of IAA and KYNA were
employed in keeping with the dose of QA, and
intraperitoneal injection doses of IAA and KYNA
was employed based on the determination of IAA
in QA treated mice cecum (about 1.4-2.8 mg/kg).
After four weeks of treatment, the mice were exe-
cuted after an overnight fast. Blood, liver, stomach,
small intestine, colon, cecum and brain were
obtained and stored at —80°C.

Quantification of brain AB,; by Enzyme linked
immunosorbent assay (ELISA)

Mouse AP,, ELISA kit was purchased from
Shanghai Enzyme-linked Biotechnology Co., Ltd.
(Shanghai China). Frozen brain tissues were thor-
oughly ground in PBS according to a 1:9 (w/v),
while the homogenate was later centrifuged at
5000 x g for 10 min and the supernatant was
taken. Collect excess clear supernatant and store
at —20°C until next analysis. The level of AP,
oligomer in the supernatant was estimated using
A4, ELISA kit and the optical densities of the
samples and standards were read at 450 nm, stan-
dard curves were made and results were calculated.

Immunofluorescence staining

To prepare brains for immunofluorescence imaging,
mice were deeply anesthetized and intracardially per-
fused with saline for 5 min, then with 4% parafor-
maldehyde (PFA) for 5min. The brains were
removed and stored in PFA at 4°C until the
next day. The brain tissue was embedded in paraffin
and sliced (4 um). The brain slices were dewaxed
with xylene and rehydrated with graded alcohols.
After antigen retrieval in citrate buffer solution, the
slices were first treated with 3% H,0O, and then
blocked with 2% BSA-PBS. After washing with
PBST for three times, the slices were incubated with
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polyclonal rabbit anti-Iba-1 antibody (1:1000, Abcam
Trading Co., Ltd., Shanghai, China) at 4°C overnight.
Then, the slices were washed in PBS with 0.05%
Tween-20 (PBST) and incubated with the secondary
antibody  (Goat-anti-rabbit-Rhodamine). ~ The
nucleus was stained with DAPI, and the slices were
photographed under a fluorescence microscope.

Western blot

Brain tissues were placed in cell lysis buffer for
Western and immunoprecipitation (IP) (Beyotime
Biotechnology, Co., Ltd. Shanghai, China), well
homogenized and then centrifuged at 12,000 x g in
a cryo-centrifuge. The supernatant was transferred
into a new centrifuge tube, and the protein concen-
tration was determined with BCA method. After
added with loading buffer (Beyotime Biotech Inc,
Shanghai, China) at a ratio of 1:4 (v/v), the samples
were boiled in a metal bath for 5 min and stored at
—20°C. The proteins were then separated in a 12%
separating gel and transferred from the gel to a
0.45 um polyvinylidene difluoride (PVDF) mem-
brane by transmembrane. And then the PVDF
membrane was placed in a blocking solution (5%
skimmed milk for non-phosphorylated proteins and
5% BSA for phosphorylated proteins) for 2 h at
room temperature. The primary antibody was then
incubated overnight. After the incubation, the
PVDF membrane was washed for four times in
TBS with 0.05% Tween-20 (TBST) for 5 min each
time. Then, horseradish peroxidase-conjugated goat
anti-rabbit or anti-mouse IgG (1:1000, Beyotime
Biotech Inc, Shanghai, China) was added and incu-
bated for 2 h. The membrane was washed again for
four times with TBST and then the protein bands
were detected with ECL Substrate Kit under light-
avoiding conditions. The ChemiDoc Imaging sys-
tem (Bio-Rad Co.) was used for imaging and Image
Lab software was used for quantitative analysis.
Primary antibodies used in this study: anti-B-actin,
anti-Gapdh, anti-IkB and anti-p-IxB (1:1000,
Beyotime Biotech Inc, Shanghai, China); anti-TNF
-a, anti-IL-1P, anti-Tau, anti-p-Tau Thr205, anti-
IKK, anti-p-IKK, anti-NF-kB and anti-p-NF-xB
(1:1000; Affinity Biosciences Group LTD, Jiangsu,
China); anti-DR3 (1:1000, Beijing Biosynthesis
Biotechnology Co., Ltd., Beijing, China).
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Real-time quantitative polymerase chain reaction

Total RNA from brain tissues was extracted using
EZ-10 Total RNA Mini-Preps Kit (Sangon Biotech
(Shanghai) Co.,Ltd, Shanghai, China), and then
reverse transcribed into cDNA using HiScript III
RT SuperMix for qPCR. (+gDNA wiper) (Nanjing
Vazyme Biotech Co., Ltd, Nanjing, China) The
cDNA was amplified by ChamQ Universal SYBR
qPCR Master Mix (Nanjing Vazyme Biotech Co.,
Ltd, Nanjing, China). The primers used in this
study were offered in the Supporting Information.

16S rRNA sequencing

Fecal DNA was extracted using an E.Z.N.A. stool
DNA Kit (Omega Bio-tek, Norcross, GA, U.S)
according to the manufacturer’s instructions. The
region V3-V4 of the bacterial 16S rRNA gene
were amplified with primer pairs 338F (5'-
ACTCCTACGGGAGGCAGCAG-3') and 806 R
(5'-GGACTACHVGGGTWTCTAAT-3').  16S
rDNA gene was amplified, and the PCR products
were extracted from 2% agarose gel, purified by
AxyPrep DNA gel extraction kit (Axygen bios-
ciences, union city, Calif., USA), and quantified
by Quantus™ fluorometer (Promega, USA). The
purified PCR products were sequenced on
[lumina MiSeq platform (Illumina, USA) of
Majorbio Bio-Pharm Technology Co, Ltd.
(Shanghai, China). All data were analyzed on the
online platform of Majorbio Cloud Platform
(https://cloud.majorbio.com/).

Untargeted metabolomics

Metabolites were extracted from 50 mg of brain
tissue in a 2 mL centrifuge tube with a 6 mm dia-
meter grinding bead. 400 uL of extraction solution
(methanol:water = 4:1 (v:v)) containing 0.02 mg/mL
of internal standard (L-2-chlorophenylalanine) was
used for metabolite extraction. The sample solution
was ground in a frozen tissue grinder for 6 min
(-10°C, 50kHz), followed by cryosonic extraction
for 30 min (5°C, 40 kHz). The samples were allowed
to stand at —20°C for 30 min, centrifuged for 15 min
(4°C 13,000 g), and the supernatant was pipetted
into an injection vial with an internal cannula for
analysis. After on-boarding, the LC-MS raw data

were imported into the metabolomics processing
software Progenesis QI (Waters Corporation,
Milford, USA) for baseline filtering, etc. A data
matrix of retention times, mass-to-charge ratios,
and peak intensities was obtained, and at the same
time, the information of the MS and MSMS mass
spectra was matched with the metabolism public
databases as well as Majorbio’s own libraries. The
MS and MSMS mass spectrometry information was
matched with the metabolic public database and
Majorbio’s own library to obtain metabolite
information. The searched data matrix was
uploaded and analyzed on the Majorbio’s cloud
platform (https://cloud.majorbio.com/).

In vitro anaerobic fermentation and High
Performance Liquid Chromatography (HPLC)

Fresh feces were collected from ten healthy mice.
The feces were diluted in carbonic acid-phosphate
buffer at 1:50 (w/v) and then filtered with four
layers of gauze. The carbonic acid-phosphate buffer
contained 9.24 g/L of NaHCO;, 2.2824 g/L of Na,
HPO,, 0.47 g/L of NaCl, 0.45 g/L of KCl, 0.40 g/L of
urea, 0.0728 g/L of CaCl,-2 H,0, 0.1 g/L of Na,SO,,
0.1 g/L of MgCl,-6 H,O, 2g/L of peptone water,
2 g/L of yeast extract with 10 mL/L trace element
containing 3.68 g/L of FeSO,7 H,0, 1.159 g/L of
MnSO4-H,0, 0.44 g/L of ZnSO,-7 H,0, 0.12 g/L of
CoCl,-6 H,O, 0.098 g/L of CuSO,4-5H,0, 0.0174 g/
L of Mo,(NH,)60,-4 H,O, and distilled water, and
the pH was adjusted to 7.0. The buffer was auto-
claved at 121°C for 20 min before use. Sixteen
milliliters of carbonic acid-phosphate buffer and
4 mL of fecal slurry were added to a 50 mL peni-
cillin vial, and then QA (QA group) or saline (CON
group) was added with a final concentration of
1.0 mg/mL. The mixed solution was shaken thor-
oughly and placed in an anaerobic environment
(90% of nitrogen, 5% of carbon oxide, and 5% of
hydrogen). The fermentation broth was collected
after 72 h of incubation and the supernatant was
collected after centrifugation at 10,000 rpm for
15min. The supernatant was lyophilized and
stored at 4°C for measurement.

Quantification of IAA by HPLC: 5 ug of super-
natant powder was dissolved in 100 uL ultrapure
water. Subsequently, 180 uL ether and 90 pL ethyl
acetate were added and mixed for 10 s. After
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centrifuging at 12,000 rpm for 10 min, 200 uL
supernatant was collected and dried using nitrogen
blowing, and re-dissolved in 200 pL acetonitrile.
The solution was centrifuged again at 12,000 rpm
for 10 min. Before detection, the solution was
passed through a 0.22 um filter membrane. The
HPLC instrument (Essentia LC-16, Shimadzu,
Japan) equipped with a reversed-phase C18 col-
umn (25cm x 4.6 mm, particle size =5 um) was
used for the detection of IAA, and 20 uL sample
was injected to the column. Mobile phase A:
200 mM ammonium acetate buffer (ice acetic acid
adjusted to pH 4.5). Mobile phase B: acetonitrile,
70% B-phase isocratic elution. Retention time was
12 min with a flow rate at 0.8 mL/min and column
temperature 35°C. The detection wavelength was
270 nm.

Quantification of KYNA by HPLC: 5 pg powder
was dissolved in 300 uL ammonium formate solu-
tion (20 mM, contained 0.1% formic acid). After
sonicating for 20min and centrifuging at
13,000 rpm for 15min, 200 pL supernatant was
collected and passed through a 0.22 pm filter mem-
brane before detection. KYNA was also detected by
a reversed-phase C18 column. Mobile phase:
20 mM ammonium formate solution (containing
0.1% formic acid), acetonitrile, ethanol (95:2:3).
Retention time was 35min with a flow rate
1.0 mL/min. The column temperature was 30°C,
and the detection wavelength was 344 nm.

Reference-based transcriptome analysis

Total RNA was extracted from the tissue using
Trizol Reagent. Then RNA quality was determined
by 5300 Bioanalyser (Agilent) and quantified using
the ND-2000 (NanoDrop Technologies). RNA pur-
ification, reverse transcription, library construction
and sequencing were performed at Shanghai
Majorbio Bio-pharm Biotechnology Co., Ltd.
(Shanghai, China). Shortly, messenger RNA was
isolated according to polyA selection method by
oligo (dT) beads and then fragmented by fragmen-
tation buffer firstly. Secondly, double-stranded
cDNA was synthesized using a SuperScript double-
stranded cDNA synthesis kit (Invitrogen, CA) with
random hexamer primers (Illumina). Then the
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synthesized cDNA was subjected to end-repair,
phosphorylation and ‘A’ base addition according
to Illumina’s library construction protocol.
Libraries were size selected for cDNA target frag-
ments of 300 bp on 2% Low Range Ultra Agarose
followed by PCR amplification using Phusion
DNA polymerase (NEB) for 15 PCR cycles. After
quantified by Qubit 4.0, paired-end RNA-seq
sequencing library was sequenced with the
NovaSeq Xplus sequencer (2 x 150 bp read length).
The raw paired end reads were trimmed and qual-
ity controlled by fastp with default parameters.
Then clean reads were separately aligned to refer-
ence genome with orientation mode using HISAT2
software. The mapped reads of each sample were
assembled by StringTie in a reference-based
approach. All data were analyzed on the online
platform of Majorbio Cloud Platform (https://
cloud.majorbio.com/).

Statistical analysis

All data were expressed as mean + standard error
of the mean (SEM). Statistical analysis was per-
formed using GraphPad Prism 8.0.2 (GraphPad
Software, San Diego, CA, USA). Differences
among the experimental data were assessed using
one-way analysis of variance (ANOVA), followed
by Tukey’s post hoc multiple comparison test. The
untargeted metabolomics and transcriptomics data
were analyzed on the online platform of Majorbio
Cloud Platform (www.majorbio.com). p <.05 was
considered statistically significant.

Results
QA alleviated brain oxidative stress induced by HFD

To investigate the impact of QA on high-fat diet-
induced mice, the mice were intragastrically admi-
nistered with 30 mg/kg/d QA during the 4-week
high-fat diet induction process (Fig. Sla). At the
end of the induction, we found that mice fed with
a high-fat diet (HFD) weighed significantly higher
than those fed with a normal diet (CON), and
intragastric gavage of QA (HFD+QA) reversed
the weight of mice to a normal level (Fig. S1b).
The serum and liver lipids were determined to
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verify the establishment of the HFD mice models.
From the results, the serum (Fig. S1C) and liver
(Fig. S1d) levels of total triglyceride (TG), total
cholesterol (TC), and low-density lipoprotein cho-
lesterol (LDL-C) were significantly increased in
HFD group compared with CON group, and QA
improved the elevation of those lipids caused by
HFD. These results indicated a successful establish-
ment of the HFD model.

Malondialdehyde (MDA) is one of the end pro-
ducts of peroxidation of polyunsaturated fatty
acids in cells, and therefore it is often considered
as a marker of oxidative stress. Total superoxide
dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) are the body’s first line of

defense against the harmful effects of excess reac-
tive oxygen species (ROS),*® which are also con-
sidered as indicators of oxidative stress. From
Figure 1, the level of MDA in brain was signifi-
cantly increased in HFD group but decreased in
HFD+QA group. Whereas the activities of GPx
(Figure 1b), CAT (Figure 1c), and SOD
(Figure 1d) were significantly decreased by HFD
but increased by QA. The examination of the
expression of those enzymes on mRNA level
showed similar results that the expression of
those enzymes was decreased in HFD group but
increased in HFD+QA group (Figure le). These
results suggested that QA was able to attenuate
brain oxidative stress brought on by HFD.
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Figure 1. QA improved brain oxidative stress in mice subjected to HFD. (a) MDA level. (b) Activity of GPx. (b) Activity of CAT. (d) Activity
of SOD. (e) The relative expression levels of genes related to oxidative stress detected by QPCR. Data are expressed as mean + SEM.
*p < .05, **p < .01. MDA, malondialdehyde; GPx, glutathione peroxidase; CAT, catalase; SOD, superoxide dismutase.



QA suppressed neuroinflammation and
down-regulated the expression of AD-related
indicators induced by HFD

The assessment of pro-inflammatory cytokines
interleukin-6 (IL-6) and interleukin-1p (IL-1p),
as well as the anti-inflammatory cytokine inter-
leukin-10 (IL-10) showed that HFD upregu-
lated the expression of IL-6 and IL-1B and
inhibited the expression of IL-10, while QA
treatment significantly suppressed the expres-
sion of IL-6 and IL-1B and promoted the
expression of IL-10 (Figure 2a). The examina-
tion of tumor necrosis factor a (TNF-a) and
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IL-1a on protein level further demonstrated
that QA  suppressed neuroinflammation
induced by HFD (Figure 2b).

Then, the mRNA levels of AD-related marker
genes were evaluated and the results were shown
in Figure 2c. These data suggested that HFD
induced the up-regulation of AD-related genes,
APP, PS1, APHI1, Apolipoprotein E (APOE),
Insulin degrading enzyme (IDE), BACE1, while
QA significantly decreased the expression levels
of them. Subsequently, the protein levels of the
two markers of AD, phosphorylated Tau and
AB4, were determined. From the western blot
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Figure 2. QA suppressed neuroinflammation and downregulated AD indicators in HFD mice. (a) The relative expression levels of genes
related to inflammatory cytokines in the brain. (b) Protein expression of TNF-a and IL-1f in brain was analyzed by western blot. (c) The
relative expression levels of inflammatory cytokines in the brain were detected by QPCR. (d) The level of brain AB,; protein by ELISA. (e)
Protein level of p-Tau/Tau in brain detected by western blot. Data are expressed as mean + SEM, *p < .05, **p < .01, ***p < .001.
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analysis of p-Tau, it was obviously indicated that
HFD increased the phosphorylation of Tau and
QA suppressed it (Figure 2e). ELISA of AP,
showed that HFD led to the increase of AP4;
in brain while QA reduced its level (Figure 2d).
These findings indicated that QA was associated
with a reduction in the expression of certain
genes linked to AD.

QA improved gut microbiota dysbiosis induced by
HFD

Gut microbial diversity was determined to investi-
gate the alterations of gut microbes after QA treat-
ment. Shannon index which represents the a
diversity at the genus level indicated a significant
increase in the diversity of intestinal microbiota in
HFD+QA group compared with HFD group
(Figure 3a). Principal component analysis (PCoA)
which represents a diversity showed that the com-
position of the intestinal microbes of mice in CON
group and QA group was significantly different
from that of HFD group (Figure 3b). At the phylum
level, the analysis of community abundance revealed
that HFD increased the abundance of Firmicutes
and Desulfobacteria, and decreased the abundance
of Verrucomicrobiota and Bacteroidetes, while QA
administration reversed the effects of HFD on those
phyla. It was also notable that QA treatment also
decreased the Firmicutes/Bacteroidetes (F/B) ratio
(Figure 3c). As the increasing of F/B ratio is con-
sidered as an indicator of gut microbiota dysbiosis,
the above results suggested that QA alleviated dys-
biosis of HFD mice. The abundance of gut microbes
was also examined at the genus level (Figure 3d),
from which it could be observed that the dominant
species was different among the three groups, where
Akkermansia was dominant in CON and QA groups
while Lanchnospiraceae was dominant in HFD
group. Heatmap clearly showed the relative abun-
dance of different microbes in each mouse
(Figure 3e). Among them, the abundance of
Akkermansia in the HFD+QA group was signifi-
cantly increased compared to the HFD group,
while the abundance of Colidextribacter, Roseburia,
Blautia, Lanchnospiraceae etc. was significantly
decreased (Figure 3f). Therefore, the above results
suggested that QA improved the gut microbiota

composition of HFD mice, which might contribute
to the alleviation of brain oxidative stress and
neuroinflammation.

QA altered gut microbe-associated metabolites

As is known that the bioavailability of polyphenols
is low and most dietary polyphenols exerts their
function through microbial metabolites fermented
by gut microorganisms. Therefore, liquid chroma-
tography with mass spectrometry (MS) analysis
was used to observe the alterations of microbial
metabolites after QA treatment. Partial least
squares discriminant analysis showed that the
fecal metabolic profiles of mice treated with QA
was significantly different from those treated with
HFD (Figure 4a). Volcano plots demonstrated the
number of metabolites significantly up- or down-
regulated in HFD+QA group compared to HFD
group (Figure 4b). It suggested that 245 metabolites
were up-regulated and 76 metabolites were down-
regulated after QA supplementation. The Venn
diagram showed the unique or shared metabolites
among the three groups (Figure 4c). These results
indicated that mice treated with QA significantly
altered the composition of metabolites in the feces
of HFD mice.

Identified metabolites were then analyzed via
KEGG pathway classification, and the top 20
KEGG pathways were shown in Figure 4d.
Among them, tryptophan metabolism was the
top enriched pathway. The heatmap analysis
showed the tryptophan metabolites in each sam-
ple (Figure 4e). Among them, the relative abun-
dance of indole-3-acetic acid (IAA) and kynurenic
acid (KYNA) were down regulated in HFD group
but upregulated in HFD+QA group. Correlation
analysis between tryptophan metabolites and the
markers of brain oxidative stress, neuroinflamma-
tion and AD showed that many tryptophan meta-
bolites including indole-3-acetic acid (IAA) and
kynurenic acid (KYNA) exhibited significant
positive correlations with CAT, GPx, SOD and
IL-10, and negative correlations with MDA, IL-
1B, IL-6, AP4, and Tau (Figure 4f). The subse-
quent analysis of multi-factor correlation network
maps showed that IAA and KYNA were the key
metabolites related to those indicators (Figure 4g).
The results of the receiver operating characteristic



GUT MICROBES (&) 9

I Firmicutes

[0 Verrucomicrobiota
[] Bacteroidota

Il Desulfobacterota
[ Actinobacteriota
& Proteobacteria
I Other

. CON:857
F/B ratio HFD:23.48
HFD+QA: 3.78

HFD HFD+QA

Genus level

a b PCA on OTU level c
5 1.0 ==
>
2
° *
% 1.5+ 1.0 E
2 3 -
: . Z0.8
E} = c
> 2 05 °
£ 1.0 1 5 Group 8 0.6
c T ® CON g Y-
S ~ ® HFD £
x D] =4 2
8 g 0.0 ® HFD+QA ©
£ 0.5+ a £ 0.4+
c 5
o £
g 0.5 E
o -
£ 0.0 L
% 0-0 T T T e 0.2
CON HFD HFD+QA 05 10 g
PCAT1 (59.03%) 8 0.0
CON
= 1.0-
°
H Akkermansia Enterorhabdus
@ Lachnospiraceae_NK4A136_group norank_f_norank_o_Clostridia_UCG-014
S
q=) 0 8— W norank_f__Eubacterium_coprostanoligenes Roseburia
o " — W norank_f__Lachnospiraceae Eubacterium_ruminantium_group
5 e [ f_L o_|
g - e Lactobacillus Alistipes
§ 0 . 6_ - Romboutsia Kiebsiella
c [ ] k_f__Muribacul " i
£ noranl uribaculaceae Eubacterium_xylanophilum_group
< - Blautia Desulfovibrio
2 Lachnoclostridium Bilophila
5 - e
g 0 - 4 norank_f__Desulfovibrionaceae norank_f_ Oscillospiraceae
E W Faecalibaculum Clostridium_sensu_stricto_1
g - Lachnospiraceae_UCG-006 Eubacterium_fissicatena_group
5 0 . 2 - 1 Dubosiella Other
E Colidextribacter
3 Turicibacter
s
o
0.0+——
CON HFD HFD+QA
e Heatmap f
4
| | Akkermansia
Eubacterium_fissicatena_group I unclassified_f__Lachnospiraceae
Lactobacillus 2
Clostridium_sensu_stricto_1 )
norank_f_norank_o_ Clostridia_UCG-014 0 Lachnospiraceae_NK4A136_group

AT LA AT o

Eubacterium_ ruminantium _group
Dubosiella
Turicibacter
B Eubacterium_xylanophilum_group
| Romboutsia
| Faecalibaculum
norank_f_Muribaculaceae
| Alistipes
Enterorhabdus
B unclassified_o_Enterobacterales
Klebsiella
Desulfovibrio
Bilophila

Colidextribacter

1 unclassified_f_Lachnospiraceae
norank_f__Lachnospiraceae

1 Roseburia
Lachnospiraceae_NK4A136_group
norank_f_Oscillospiraceae
Lachnoclostridium
Lachnospiraceae_UCG-006
Blautia
norank_f__Eubacterium_coprostanoligenes 1
norank_f_Desulfovibrionaceae

AR
§

CELELE
R

norank_f__Oscillospiraceae
norank_f__Lachnospiraceae
Roseburia

Dubosiella

Colidextribacter

Akkermansia

Blautia

S PO D P

Q" Q" O O

Q-

—— HFD+QA

Q%P‘Qg,&b
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analysis performed on IAA and KYNA indicated
that these two substances were indeed the meta-
bolites that were more critical to the differential
effects among the different groups (Figure 4h).
The abundance alterations of TAA and KYNA

showed that they were decreased in HFD group
but increased in HFD+QA group (Figure 4i). In
order to verify the results of the non-targeted
metabolomics analysis, we quantified the amount
of IAA in the feces of the mice cecum with HPLC.
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The results showed that the content of IAA was
reduced in HFD group but increased in HFD+QA
group (Fig. S2a), which was consistent with the
trend demonstrated in Figure 4i. Subsequently,
in vitro anaerobic fermentation was used to figure
out if QA altered the tryptophan metabolites of
microbes. When the mice feces were fermented
with QA for 72 h, the concentration of IAA and
KYNA in the bacterial broth was significantly
increased (Fig. S2b-c). Therefore, we hypothe-
sized that QA might act through altering the pro-
duction of IAA and KYNA of the intestinal flora.

QA alleviated oxidative stress and
neuroinflammation through microbial metabolites

To verify whether QA reduced brain oxidative stress,
neuroinflammation via microbial metabolites, differ-
ent doses of IAA and KYNA (10 mg/kg/d and 30 mg/
kg/d for intragastric treatment, and 2 mg/kg/d for
intraperitoneally injection) were employed to verify
the function of the two metabolites on HFD-induced
brain dysfunction. The design of the experiment was
shown in Figure 5a. Data of weight gain suggested
that JAA and KYNA treatment could reverse the
weight gain caused by HFD (Fig. S3a). The examina-
tion of serum and liver lipids indicated that both IAA
and KYNA could decrease TC, TG and LDL-C either
in serum or in liver (Fig. S3b-e). Interestingly, there
was no significant difference between intraperitoneal
injection and intragastric gavage.

(A) The diagram of treatment. (B) The relative
expression levels of genes related to oxidative
stress in the brain after IAA treatment. (C) The
relative expression levels of genes related to oxi-
dative stress in the brain after IAA treatment. (D)
MDA level in brain. (E) Activity of GPx. (F)
Activity of CAT. (G) Activity of SOD. Data are
expressed as mean + SEM, *p < .05, **p < .01,
**p < .001. MDA, malondialdehyde; GPx, glu-
tathione peroxidase; CAT, catalase; SOD, super-
oxide dismutase.
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The expression of antioxidant enzymes indi-
cated that IAA and KYNA administration
increased the mRNA levels of CAT, SOD1 and
Gpx1 (Figure 5b-c). The detection of MDA in
brain suggested IAA and KYNA could reduce
MDA level (Figure 5d). In the meanwhile, both
IAA and KYNA could increase the activities of
antioxidant enzymes CAT, GPx and SOD
(Figure 5e-g). Concurrently, the mRNA level of
IL-6 and IL-1p (Figure 6a-b) and the protein level
of TNF-a and IL-1P (Figure 6c,d) after IAA and
KYNA treatment decreased significantly, following
the same trend as that of QA in HFD mice. These
results revealed that brain oxidative stress and
inflammatory responses caused by HFD could be
mitigated by both IJAA and KYNA treatment.

The activation of microglia is regarded as the
indicator of neuroinflammation,*' and elevated
expression of ionized calcium-binding adaptor
molecule 1 (Iba-1) represents microglia
activation.”> The immunofluorescence staining of
Iba-1 on brain slices showed that the number of
Iba-1 positive cells was significantly increased in
HFD group, but decreased in both IAA and KYNA
groups (Figure 6e). Measurement of AD-related
genes indicated that IAA and KYNA could inhibit
the up-regulation of APP, PS1, APH1, APOE, IDE,
BACEl induced by HFD (Figure 7a-b).
Furthermore, TAA and KYNA suppressed the
phosphorylation of Tau and reduced the level of
APy, (Figure 7c-f). From the above results, it could
be concluded that IAA and KYNA reproduced the
function of QA on HFD-induced brain oxidative
stress, neuroinflammation and expression of AD-
related genes.

QA regulated brain function by inhibiting DR3/IKK/
NF-kB signaling pathway through bacterial
metabolites

To further investigate the mechanism how QA
regulated brain function through microbial

metabolites. (e) Heatmap of differential tryptophan metabolites. (f) Correlation heatmap of tryptophan metabolites with oxidative
stress indicators, inflammatory cytokines and AD indicators. (g) Ecological network among differential tryptophan metabolites with
oxidative stress indicators, inflammatory cytokines and AD indicators. (h) ROC analysis of IAA and KYNA. (i) The abundance of IAA and
KYNA in different groups. *p < .05, **p,< .01, ***p < .001. PLS-DA, Partial Least Squares Discrimination Analysis; ROC, Receiver
Operating Characteristic; IAA, Indole-3-acetic acid; KYNA, Kynurenic acid.
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Figure 5. IAA and KYNA alleviated oxidative stress in mice subjected to HFD.

metabolites, a reference-based (RB) transcriptome
analysis was conducted to determine the impact of
IAA on gene expression and the potential regula-
tory mechanism in brain. The gene expression
profile of HFD+HI group was compared with
HED group. Principal component analysis showed
significantly different clustering of gene in HFD

+HI mice compared with HFD mice (Figure 8a).
Volcano plot illustrated 56 up-regulated genes and
58 down-regulated genes in the HFD+HI group
compared to the HFD group (Figure 8b). From
the Venn diagram, it could be observed that there
were 653 genes specifically enriched in the HFD
+HI group while 431 genes specifically enriched in
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Figure 8. IAA altered the expression of genes in the brain of HFD mice. (a) PCA analysis of gene profiles. (b) Volcano map of differential
expression genes. (c) Venn diagram. (d) GSEA analysis of expressing gene sets. (e) Heatmap clustering of differential genes. (f)
Reactome annotations analysis of differential genes. GSEA, Gene Set Enrichment Analysis.

HFD group (Figure 8c). Gene Set Enrichment
Analysis (GSEA) showed that genes related to oxi-
dative phosphorylation, positive regulation of
monocyte chemotactic protein 1 production,
organ or tissue specific immune response and amy-
loid fibril formation were positively correlated with
the HFD group and negatively correlated with the
HFD+HI group (Figure 8d). From the heatmaps

analysis, the gene expression profiles were signifi-
cantly altered by HI administration (Figure 8e).
Among them, Hcrt, Tnfrsf25, Gbp3, etc. were sig-
nificantly down-regulated in the HFD+HI group
while Palb2, Pet117, Plin4, etc. were up-regulated
by IAA. The Reactome annotation analysis indi-
cated that these differential genes belong to 12
different functional classes, and genes related to
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immune system accounted for the largest propor-
tion (Figure 8f).

According to the Reactome annotation analysis,
the relative abundance of genes (expressed as TPM
ratio) related to immune system that were signifi-
cantly up- and down-regulated was shown in
Figure 9a. Those genes were also subjected to
QPCR validation, and the results demonstrated
the reliability of the RB transcriptome analysis
(Figure 9b). Figure 9c showed the interaction of
the immune system related genes by protein-pro-
tein interaction network analysis. Among those
genes, Tnfrsf25 encodes the functional receptor
DR3, which has been reported to be important
meditators of inflammation.”> It has been estab-
lished that activation of DR3 by ligand TL1A
rapidly initiates downstream signaling cascades
involves the phosphorylation of the IkB kinases
(IKK) and IxB, and triggers NF-kB signaling
pathway,”* leading to the expression of pro-
inflammatory factors (Figure 9d). The detection
of DR3, p-IKK/IKK, p-IxB/IkB and p-NF-kB/NF-
kB (Figure 9¢) showed that the protein level of DR3
and the phosphorylation level of IKK, kB and NF-
kB was increased by HFD, suggesting the activation
of DR3/IKK/NF-«xB pathway. Whereas IAA treat-
ment significantly decreased the expression of DR3
and the phosphorylation of IKK, IxB and NF-«B,
which indicated the suppression of DR3/IKK/NE-
kB pathway. These findings suggested that QA
might suppress HFD-induced neuroinflammation
by inhibiting DR3/IKK/NF-kB signaling pathway
through IAA.

Discussion

With the increase of people’s average age, AD has
become one of the deadliest diseases today. As
oxidative stress and neuroinflammation are major
factors in AD, the potential of polyphenols in the
treatment of neurodegenerative diseases has
attracted more and more attentions.” In the pre-
sent study, we demonstrated that QA could signif-
icantly alleviate HFD-induced oxidative stress and
neuroinflammation, inhibit the phosphorylation of
Tau and down-regulate the protein level of Af,,.
We found that QA could improve the dysbiosis of
gut microbiota of HFD mice and altered the micro-
bial metabolites, especially the tryptophan-related

metabolites, JAA and KYNA, while TAA and
KYNA treatment could reproduce the effects of
QA on oxidative stress, neuroinflammation and
expression of AD related genes in HFD mice.
Furthermore, TAA treatment could alter the
expression profiles of genes related to immunity
and inhibit the activation of DR3/IKK/NF-«B sig-
naling pathway to suppress inflammation in the
brain.

Polyphenols have long been recognized to pos-
sess numerous biological properties. The potential
of polyphenols on the treatment of neuroinflam-
mation has also been discussed before. For exam-
ple, Epigallocatechin-3-O-gallate protects neurons
in the hippocampus of depressed rats by decreasing
IL-6 levels and inhibiting neuroinflammation.*®
Prolonged neuroinflammation can lead to the
exacerbation of neurodegenerative diseases, so
polyphenols have also been recognized to have
potential in the prevention of AD. Curcumin is
reported to inhibit the formation and promote
the disaggregation of amyloid-f plaques, attenuate
the hyperphosphorylation of Tau and enhance its
clearance, and modify microglial activity etc.”’
Resveratrol treatment attenuates the decline of cog-
nitive scores, reduces Ap,; levels during a 52-week
trials on AD patients.”® In this study, we observed
that daily oral administration of QA to HFD mice
alleviated oxidative stress and neuroinflammation
as well as decreased the protein level of AP and
p-Tau (Figures 1 and 2). However, the role of QA
in the prevention of AD needs to be further inves-
tigated on AD mice models.

It is recognized that large polyphenols are meta-
bolized by intestinal microorganisms into small
molecules,”” and the function of dietary polyphe-
nols are always carried out by gut microbiota,
especial via gut microbial metabolites. From the
results of 16S rRNA sequencing, we found that
QA effectively improved the diversity and compo-
sition of intestinal microbiota of HFD mice. At the
phylum level, the abundance of the two dominate
phyla Bacteroidota and Firmicutes was altered by
HFD and the F/B ratio was increased in HFD mice.
Stability of F/B ratio is one of the most important
healthy indicators of gut microbiota. Studies have
shown that the F/B ratio is higher in obesity
people.”” In our study, we observed that the admin-
istration of QA reduced this ratio to a level
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Figure 9. IAA-regulated neuroinflammation via the NF-kB signaling pathway. (a) The TPM ratio of up-regulated and down-regulated
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comparable to that of the CON group (Figure 3c),
suggesting the improvement of gut microbiota by
QA. The further examination of the relative abun-
dance of microbes at genus level showed that QA
significantly increased the abundance of
Akkermansia and decreased the abundance of
Colidextribacter. As a probiotic, Akkermansia exhi-
bits efficacy in alleviating multiple diseases, miti-
gating intestinal inflammation and preserving
a healthy intestinal barrier.’® Colidextribacter is
reported to be negatively correlated with serum
SOD activity’' and positively correlated with
obesity”> and serum TC levels.” Thus, our studies
indicated that gut microbes might play essential
roles during the suppression of neuroinflammation
by QA.

From the results of metabolomics, the main
metabolic pathways were found to be involved
were tryptophan metabolism, biosynthesis of
plant secondary metabolites, steroid hormone bio-
synthesis and ABC transporters (Figure 4d).
Tryptophan metabolism is an important metabolic
pathway of human. As an essential amino acid,
tryptophan could be converted to many bioactive
compounds through tryptophan metabolism.”*
Tryptophan metabolites have received increasing
attention in recent years due to their anti-
inflammatory and anti-AD properties.”> Although
plant secondary metabolites are substances that
occur naturally in plants, studies have shown that
they can also have great benefits for human health,
such as shikimic acid, which is demonstrated to
possess antioxidant and anti-inflammatory
properties.’® The alteration of steroid hormone
biosynthesis might be due to the alteration of
lipid metabolism, as we observed a significant
down regulation of blood lipids after QA treatment
(Fig. S1). ABC transporters are responsible for
ATP-driven translocation of many substrates
across membranes,”” and considered as a new line
of research for treating AD because some of them
can control levels of AB in the brain.*® As trypto-
phan metabolism was the top enriched pathway, we
focused on tryptophan metabolites in this study to
further investigate the possible mechanisms.

Tryptophan metabolism is considered as a link
between gut microbiota and brain.”* Numerous
studies have shown that tryptophan metabolites
play a key role in maintaining intestinal

homeostasis and systemic immunity,** among
other functions. Tryptophan metabolites produced
by various ways can cross the BBB and thus mod-
ulate the immunoreactivity of astrocytes and
microglia.*' Thus, the enzymes involved in trypto-
phan metabolism have been identified as ideal tar-
gets for cancer and neurodegenerative diseases.*’
Tryptophan metabolism contains three main path-
ways: the indole pathway, the kynurenine pathway
and serotonin pathway.* In this study, we found
that most of the differential metabolites of trypto-
phan metabolism belonged to the indole pathway
and the kynurenine pathway (Figure 4e). The cor-
relation heatmaps and multivariate correlation net-
work maps analysis on tryptophan metabolites
showed that IAA and KYNA were positively corre-
lated with antioxidative enzymes and negatively
correlated with pro-inflammatory factors and AD
indicators (Figure 4f,g). ROC analysis of these two
substances further indicated the importance of IAA
and KYNA, and the abundance of IAA and KYNA
were significantly increased in the fecal of the HFD
+QA group mice compared with the HFD group
mice. In vitro anaerobic fermentation of QA and
mice feces confirmed that QA could increase the
microbial production of TAA and KYNA indeed
(Fig. S2b-c). It is interesting that there seems to
be some relationship between Akkermansia and
IAA. Studies have shown that Akkermansia
improved colitis in mice by increasing the levels
of indole-3-acrylic acid and IAA in the gut.**
Furthermore, an anti-obesity study revealed that
whole grain Qingke conspicuously augmented the
abundance of Akkermansia in HFD mice, conco-
mitant with elevated levels of tryptophan metabo-
lites (Indole and IAA).*> Here in this study, the
alteration of Akkermansia was also in keeping
with TAA, which is consistent with those studies.
The effects of IAA and KYNA on neuroinflam-
mation has been mentioned by studies. It is
reported that JAA could inhibit AP aggregation
and suppress the NF-kB signaling pathway,*® and
KYNA is generally considered to have neuropro-
tective effects.”’ Besides, researchers found that
IAA could alleviate nonalcoholic fatty liver disease
in mice,*® and attenuate oxidative stress and
inflammation. Another study showed that IAA
relieved ankylosing spondylitis in mice.*” KYNA
is also reported to regulate adipose tissue energy



homeostasis and inflammation.”® In the present
study, we confirmed that administration of IAA
and KYNA could restore the effects of QA on
brain oxidative stress, neuroinflammation and AD
related markers in HFD mice (Figures 5-7).
Together, our data suggested that QA alleviated
brain oxidative stress and inflammation by regulat-
ing tryptophan metabolites.

In the mechanism exploration of this study, we
found that the gene expression profiles of brain
were significantly influenced by IAA treatment.
GSEA analysis showed that genes related to oxida-
tive phosphorylation, positive regulation of mono-
cyte chemotactic protein 1 production, organ or
tissue specific immune response and amyloid fibril
formation were more highly expressed in the HFD
group rather than in the HFD+HI group, which is
consistent with the reduction in the expression
levels of inflammatory factors and A4, in HFD
+HI group. Further categorization of the differen-
tial genes revealed that the differential genes were
most enriched in the category of the immune sys-
tem (Figure 8f). These data suggested that QA
might suppress neuroinflammation by regulating
inflammatory signaling pathways via IAA.

Among the differential genes, Tnfrsf25 could
be a candidate target, as it encodes DR3,
a member of the TNF super receptor family,
that directs the NF-kB signaling pathway
thereby causing an inflammatory response in
the organism. In addition, the sole ligand of
DR3, TLI1A, is recognized as a potential thera-
peutic target for inflammatory conditions, such
as intestinal inflaimmation and tissue fibrosis.>®
Activation of the NF-kB signaling pathway is
inextricably linked to the development of many
diseases such as various types of inflammation
and cancer,”’ and also leads to activation of
microglia. It is reported that NF-kB levels were
significantly increased in the cerebral cortex
of AD patients, and NF-kB activates BACE1
and promotes the formation of AP protofibrils,
as well as inhibits the dephosphorylation of
Tau.”” It has been shown that TLIA signaling
activates NF-kB through DR3”’ to promote the
expression of a number of target genes, such as
IL-6, IL-2, IL-1Pp and TNF-a, and these released
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molecules will in turn reactivate NF-«B. In this
study, we found the activation of DR3/IKK/NEF-
kB signaling pathway in HFD group and con-
firmed the suppression of this pathway by IAA
(Figure 9¢). Combining with the expression pro-
files of inflammatory factors TNF-a, IL-1f, IL-6
and IL-10 with or without QA and IAA treat-
ment, our findings demonstrated that QA might
suppress HFD-induced neuroinflammation by
inhibiting the activation of the DR3/IKK/NEF-
kB signaling pathway in the brains via microbial
metabolites. However, the concrete regulatory
mechanism of IAA on the DR3/IKK/NF-kB sig-
naling pathway needs to be investigated further.

It is undeniable that there may be other path-
ways that contribute to the regulation of QA/IAA
on oxidative stress and neuroinflammation, as
many other genes were also differentially
expressed in HFD and HFD+HI group. GSEA
analysis showed that genes related to oxidative
phosphorylation were negatively enriched in HI
group, and COX7C, a subunit of cytochrome
¢ oxidase, which is involved in oxidative phos-
phorylation, was significantly downregulated by
IAA. Other immune related genes, such as
NR4A3 and FOSL2 were also down-regulated by
IAA. NR4A3 is defined as an orphan receptor,
and is considered as a potential target for the
treatment of inflammatory diseases.”* FOSL2 is
an important transcriptional regulator that may
be associated with many inflammatory diseases.’
HSP family always participate the folding of pro-
teins. HSPA1A belongs to the HSP70 family
along with HSPAIB, and their expression was
also significantly suppressed by IAA. Several stu-
dies have shown that HSP70 has potent neuro-
protective properties for the treatment of AD.>®
The high expression of HSPA1A and HSPA1B in
HFD group might attribute to the up-regulation
of AB. QA or TAA treatment suppressed the
expression of AP, so that their expression
decreased correspondingly.

Conclusion

In conclusion, this study demonstrated for the
first time that QA supplementation improved
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HFD-induced brain oxidative stress and neu-
roinflammation by increasing the expression
and activity of antioxidant enzymes and inhibit-
ing the expression of pro-inflammatory factors.
QA reduced AP levels and Tau phosphorylation
in HFD mice, and shifted the composition of
gut microbiota and relevant metabolites pro-
duction toward anti-inflammatory. Our results
also indicated the involvement of tryptophan
metabolites in the regulatory function of QA.
Administration of tryptophan metabolites IAA
and KYNA reproduced the effects of QA on
brain oxidative stress and neuroinflammation.
Transcriptome analysis revealed that TAA could
suppress the DR3/IKK/NF-kB signaling path-
way. Together, these data suggested that QA
might suppress HFD-induced brain inflamma-
tion by inhibiting DR3/IKK/NF-kB signaling
pathway via gut microbial tryptophan metabo-
lites. Our study indicated the potential of QA
in the regulation of brain health. However, the
exact gut microbiota species responsible for the
production of tryptophan metabolites and regu-
lated by QA need further in-depth exploration.
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