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Quercetin promotes the proportion

and maturation of NK cells by binding

to MYH9 and improves cognitive functions
in aged mice
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Abstract

Background Quercetin is a flavonol compound widely distributed in plants that possesses diverse biological
properties, including antioxidative, anti-inflammatory, anticancer, neuroprotective and senescent cell-clearing
activities. It has been shown to effectively alleviate neurodegenerative diseases and enhance cognitive functions in
various models. The immune system has been implicated in the regulation of brain function and cognitive abilities.
However, it remains unclear whether quercetin enhances cognitive functions by interacting with the immune system.

Results In this study, middle-aged female mice were administered quercetin via tail vein injection. Quercetin
increased the proportion of NK cells, without affecting T or B cells, and improved cognitive performance. Depletion
of NK cells significantly reduces cognitive ability in mice. RNA-seq analysis revealed that quercetin modulated the
RNA profile of hippocampal tissues in aging animals towards a more youthful state. In vitro, quercetin significantly
inhibited the differentiation of Lin"CD117* hematopoietic stem cells into NK cells. Furthermore, quercetin promoted
the proportion and maturation of NK cells by binding to the MYH9 protein.

Conclusions In summary, our findings suggest that quercetin promotes the proportion and maturation of NK cells
by binding to the MYH9 protein, thereby improving cognitive performance in middle-aged mice.
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Background

Aging is the consequence of the progressive functional
decline of the organism and is a primary risk factor for
the development of cancer, cardiovascular disease, mem-
ory loss, and various neurodegenerative diseases in the
elderly population. Cognitive decline is a key character-
istic of aging in humans [1]. Senescence-related neuro-
logical disorders in humans, such as Alzheimer’s disease,
Huntington’s disease, and Parkinson’s disease, are associ-
ated with pathological cognitive decline. Normal aging

in humans is also associated with a variety of changes,
including cognitive decline, reduced mobility, and an
increased prevalence of anxiety and depression.
Immunosenescence is the aging-related impairment
of the immune system, and is associated with a reduced
ability to respond to infections, deterioration of long-
term immune memory, and dysregulation of immune
surveillance [2]. Studies show that the immune system
plays a critical role in the aging process and is closely
linked to age-related diseases. For example, in a murine
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model of immune system senescence, the mice exhib-
ited generalized senescence, and transplantation of their
immune cells into wild-type animals accelerated senes-
cence, shortening the lifespan of the recipient mice [3].
Moreover, improving immune function and redox status
in mice with early senescence increases their life span [4].
Furthermore, a growing body of evidence shows that the
immune system can regulate brain functions and ame-
liorate neurodegenerative disease symptoms and cogni-
tive impairment [5, 6]. Indeed, immunodeficient mice
exhibit marked deficits in learning and cognitive func-
tions [7]. IL-4 (from T-cells) enhances cognitive ability
in immunocompromised mice by modulating myeloid
lineage (M2) cells [8]. Additionally, NK cells effectively
remove a-synuclein aggregates and protect against neu-
rodegenerative disorders, such as Parkinson’s disease and
dementia with Lewy bodies, which are associated with
pathological synuclein deposits [9].

In recent years, small molecule compounds have
become a hotspot in several research fields for their
numerous advantages, including natural origin, multi-
target and multiple pathways of action, and few side
effects. Quercetin is a flavonol compound with multiple
biological activities that is widely distributed in the plant
kingdom and present in a variety of foods, such as vegeta-
bles, fruits and tea [10]. Quercetin has a variety of biolog-
ical effects in vivo and in vitro, including antioxidant [11],
anti-inflammatory [12], anticancer [13—15], neuroprotec-
tive [16, 17] and anti-aging actions [18, 19]. Quercetin
exerts its neuroprotective effects by targeting a variety of
signaling pathways, including PI3K/AKT [20], JNK [21],
Nrf2-ARE [22, 23], PNO2 [24] and MAPK [25]. More-
over, quercetin ameliorates age-related neurological dis-
eases, including Alzheimer’s disease, Parkinson’s disease
[26], and chronic cerebral ischemia [27], by activating the
AMPK signaling pathway, reducing mitochondrial dys-
function [28] and enhancing oxidative defense mecha-
nisms [29], thereby improving learning and memory
functions. Additionally, quercetin has immunomodula-
tory effects. Quercetin inhibits lipopolysaccharide (LPS)-
induced tumor necrosis factor (TNF-a) production in
macrophages [30]. It also inhibits LPS-induced increases
in the mRNA levels of TNF-a and interleukin-la in glial
cells [31], and it enhances the lytic activity of NK cells
[32]. However, whether quercetin affects cognitive func-
tions by modulating the immune system remains unclear.
Therefore, in the present study, we investigate changes
in cognitive abilities in aging mice treated with querce-
tin, and we analyze immune cell alterations in periph-
eral tissue, specifically, the spleen. We anticipate that the
findings will provide a foundation for future studies on
quercetin as a therapeutic agent for age-related cognitive
and memory disorders.
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Results

Quercetin improves short-term memory ability and
increases the proportion of NK cells in middle-aged mice
We investigated anxiety/depression-like behaviors and
the learning and memory abilities of middle-aged mice
(10 months) treated with quercetin via tail vein injec-
tion (1 mg/kg every 2 days for 30 days) using the novel
object recognition and open field tests. There was no
significant difference in the number of crossings of the
center area between the quercetin-treated and control
groups in the open field test (Fig. 1A). Quercetin did not
affect the anxiety levels of middle-aged mice, but in the
novel object recognition test, the recognition index was
significantly higher in the quercetin-treated group than
in the control group (Fig. 1B). This result suggests that
quercetin significantly improved the short-term memory
ability of middle-aged mice. As mice age, the quantity
and functions of immune cells undergo changes. Our
previous studies demonstrated an association between
immune cells and cognitive function [33, 34]. Therefore,
we examined the immune cell population in the spleen
after quercetin treatment. Compared with the control
group, the proportions of T and B cells in the quercetin-
treated mice were not significantly different (Fig. 1C, D).
However, there was a significant increase in the propor-
tion of NK cells (Fig. 1E, F). These findings suggest that
quercetin treatment had no impact on the splenic T and
B cell populations, but increased the proportion of NK
cells. Therefore, the influence of quercetin on short-term
memory in middle-aged mice may be related to its effect
on NK cells.

Quercetin promotes the maturation of NK cells

NK cells are components of the innate immune system,
but they also participate in the adaptive immune system
and in the immune memory response [35]. Mouse NK
cells were identified by CD3"NK1.1* labeling, and mature
functional NK cells were divided into three different sub-
sets according to their expression of CD27 and CD11b,
as follows: CD27*CD11b~ (immature), CD277CD11b*
(intermediate mature) and CD27 CD11b" (mature) [36].
CD27*CD11b"~ cells represent immature NK cells with
potent proliferative ability. CD27*CD11b™ cells are inter-
mediate mature NK cells with the highest cytotoxicity.
CD27-CD11b" cells are terminal mature NK cells with
a strong ability to secrete cytokines. To further investi-
gate the effects of quercetin on NK cells, we conducted
a quantitative analysis of NK cell subsets in the spleen
following quercetin treatment. Flow cytometry showed
that, compared with young mice, the proportion of early
CD27*CD11b~ NK cells were increased significantly
in middle-aged mice (Fig. 2A, B). There was no statisti-
cally significant difference in the proportion of interme-
diate phase CD27*CD11b* NK cells (Fig. 2C), but there
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Fig. 1 Quercetin improves cognitive ability and increases the number of NK cells in middle-aged mice. (A) Representative path plots and the number of
crossings of the central region in the open field test for quercetin-treated (Que) and control mice. (B) Recognition indexes of the Que and control groups
in the novel object recognition experiment. (C) Representative flow cytometry plots and bar graphs of T cells in the spleens of Que and control groups of
mice. (D) Representative flow cytometry plots and histograms of B cells in the spleens of Que and control groups of mice. (E) Representative flow cytom-
etry plots and histograms of NK cells in the spleens of the Que and control groups. (n=5 for each group, ns p>0.05, *p < 0.05, *p <0.01)
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Fig. 2 Quercetin promotes NK cell maturation in vivo. (A) Representative flow cytometry profiles of NK cell subsets in the spleens of young control,
middle-aged control (Ctrl) and quercetin-treated (Que) mice. (B) Proportions of CD27*CD11b~ NK cells immature, IM). (C) Proportions of CD27*CD11b*
NK cells (intermediate mature, M1). (D) Proportions of CD27-CD11b* NK cells (mature, M2). (n=5 for each group, ns p>0.05, *p < 0.05)

was a significant decrease in the proportion of terminally
mature CD27-CD11b* NK cells (Fig. 2D). Following
quercetin treatment in middle-aged mice, the proportion
of early CD27*CD11b~ NK cells decreased, while the
proportion of terminal mature CD27-CD11b* NK cells
increased. These results indicate that quercetin promotes
the maturation of NK cells.

Quercetin enhances the proportion of NK cells and
facilitates NK cell maturation in vitro

Aging leads to a decline in the self-renewal ability of
hematopoietic stem cells (HSCs) in the body, result-
ing in an increased number of HSCs differentiating into
myeloid lineage cells, a decreased number of HSCs dif-
ferentiating into gonadal lineage cells, and the reduced
production of immune cells [37]. The NK cells in periph-
eral tissues observed were derived from HSCs. The above
findings demonstrate that quercetin increases the pro-
portion of NK cells and promotes NK cells differentia-
tion in vivo. We therefore investigated whether quercetin

predominantly impacts the proportion or maturation of
NK cells. The effect of quercetin on NK cells was inves-
tigated by treating spleen mononuclear cells in vitro
using four different concentrations of the compound
(3.125, 6.25, 12.5 and 25 pM). These concentrations had
no significant effect on T or B cells. However, 12.5 and
25 uM quercetin markedly increased number of NK cells
(Fig. S1). Thus, a concentration of 25 uM was used for
subsequent experiments. Quercetin at 25 pM not only
promoted NK cell number (Fig. 3A), but also reduced
the number of early CD27*CD11b~ cells and increased
the number of terminally mature CD27-CD11b* cells
(Fig. 3B, C). These findings are consistent with the in vivo
results obtained from quercetin-treated mice, suggesting
that quercetin increases the percentage of NK cells and
promotes NK cells differentiation in the spleen.
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Fig. 3 Quercetin promotes the proportion and maturation of splenic NK cellsin vitro. Cells were treated with 25 uM quercetin (Que) or DMSO (Control).
(A) Representative flow cytometry profiles and bar graphs of splenic NK cells. (B) Representative flow cytometry profiles of NK cell subpopulations (im-
mature cells, IM; intermediate mature cells, M1; mature cells, M2). (C) The proportions of CD27*CD11b™ (IM), CD277CD11b* (M1) and CD27-CD11b™ (M2)
NK cell subpopulations. Data represent mean + SEM. *P < 0.05. **p <0.01. ns, not significant, vs. Ctrl

Quercetin inhibits the differentiation of HSC-derived NK
cells

To examine the effect of quercetin on the differentiation
of HSC-derived NK cells, we conducted in vitro differ-
entiation experiments. To ensure that the concentration
of quercetin was non-cytotoxic and did not induce cel-
lular damage, three concentrations of quercetin (6.25,

12.5 and 25 uM) were selected for treating HSCs during
the proliferative period, and their viability was assessed
using the CCK-8 assay. None of the three concentrations
of quercetin exhibited cytotoxicity towards HSCs. A
concentration-dependent increase in HSC proliferation
was observed (Fig. S2). Therefore, 25 uM quercetin was
chosen for the following experiments. HSCs obtained
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from bone marrow were sorted to obtain Lin"CD117"
cells, which were then co-cultured with OP9 cells for
21 days. The culture medium was supplemented with
appropriate differentiation factors to establish an in vitro
culture model of HSC-to-NK cell differentiation. Follow-
ing 7 days of culture, HSCs differentiated into common
lymphoid progenitor (CLP) cells, which subsequently
matured into CD122* rNKP cells after an additional 7
days of culture. The rNKP cells then proceeded to dif-
ferentiate into NK1.1" NK cells (Fig. 4A). Flow cytom-
etry analysis was used to examine CD122% rNKP cells
on the 14th day of differentiation culture, as well as
NK1.1* NK cells on the 18th day. After 14 days of differ-
entiation, the Control group contained approximately 2%
CD37CD122" rNKP cells, whereas the quercetin group
did not contain any CD122% cells (Fig. 4B). On the 21st
day of differentiation, the CK group contained approxi-
mately 16% NK1.1* cells, indicating successful differen-
tiation of HSCs into NK cells. In contrast, the quercetin
group did not express CD122 or NK1.1, suggesting the
absence of NK cell differentiation from HSCs (Fig. 4C).
Together, these in vitro findings suggest that quercetin
does not promote the differentiation of HSCs into NK
cells, but instead significantly impedes the differentiation
of NK cells derived from HSCs.

Quercetin targets the MYH9 protein

To further clarify the effects of quercetin on immune
cells and uncover its target proteins and associated sig-
naling pathways, we isolated PBMCs from C57BL/6
mice. Total cellular protein from PBMCs was extracted,
and the interaction between quercetin and the extracted
total protein was evaluated using Metpro protein-ligand
interaction detection technology. Following incuba-
tion with quercetin, total cellular protein was enzymati-
cally digested with trypsin, and the resulting peptides
were eluted and analyzed using nanoLC-MS/MS, which
successfully identified a total of 667 proteins and 1,596
peptides (Fig. 5A). To assess similarities and differences
between the groups, we performed principal component
analysis (Fig. 5B). In addition, differential screening of
the detected peptide fragments was performed, resulting
in the identification of 189 differentially-expressed pep-
tides between the control and quercetin-treated groups
(Fig. 5C and Fig S3). Subsequently, the 50 peptides dis-
playing the most significant differential expression levels
were subjected to hierarchical cluster analysis and visu-
alized by heat map (Fig. 5D). This revealed a significant
enrichment of multiple proteins associated with the cel-
lular cytoskeleton, including the non-myosin IIA-MYH9
protein, caused by quercetin treatment. Furthermore,
these differential peptides were labeled with subordinate
proteins, and KEGG analysis was performed to identify
significantly-enriched metabolic pathways. The analysis
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revealed a strong correlation between quercetin and
pathways linked to coronavirus diseases, focal adhesions,
platelet activation, lipids, and atherosclerosis (Fig. 5E).
We constructed an interaction network diagram of the
differentially-expressed proteins (Fig. 5F) and analyzed
the connectivity between these interacting proteins
(Fig. 5G), which revealed an association between querce-
tin and the MYH9 protein. The MYH9 protein, a funda-
mental constituent of the cellular skeleton, plays a critical
role in preserving and facilitating the functionality of
HSCs [38]. Additionally, it exerts influence over immune
cells and regulates the cytotoxicity of NK cells [39].
Thus, the MYH9 protein is likely to be a primary target
of quercetin. Therefore, we simulated their binding using
CB-Duck and AutoDuck molecular docking software. In
order to obtain more accurate docking results and pre-
vent blind searching for the optimal ligand conforma-
tion throughout the entire protein structure, we initially
employed the online molecular docking tool CB-DOCK
to predict potential binding sites for quercetin and the
protein. Subsequently, AutoDock simulations were per-
formed based on the cavity dimensions of the predicted
binding sites. After docking, we chose the docking results
with the lowest binding energy and hydrogen bond gen-
eration in AutoDock, as well as a shared binding site in
CB-DOCK. The simulation results showed that querce-
tin was located in the same cavity of the MYH9 protein,
using both docking tools, with three common binding
sites—arginine 424, aspartic acid 590 and arginine 644
(Fig. 5H).

Surface plasmon resonance (SPR) analysis was
employed to verify the binding capability of the MYH9
protein to quercetin. Based on the analysis of the bind-
ing constant (Ka), dissociation constant (Kd), affinity
constant (KD), response curve, and affinity ranking of
quercetin for MYH9 protein at varying concentrations,
a specific 1:1 binding interaction between quercetin and
MYHY protein was identified. Moreover, the MYH9
response to quercetin displayed a trend towards concen-
tration-dependency (Fig. 5I). These results demonstrate
specific binding of quercetin to MYH9. Therefore, quer-
cetin may have potential as a modulator of NK cell func-
tion through its specific targeting of MYH9.

MYH9 protein promotes the proportion and maturation of
NK cells

To investigate the role of MYH9 in NK cell proportion
and maturation, mouse spleen mononuclear cells were
treated with the MYH9 inhibitor blebbistatin (10 uM).
Flow cytometric analysis was performed to examine the
abundance of NK cells, which revealed a significant inhi-
bition of NK cell proportion by blebbistatin compared
with the control group (Fig. 6A). Notably, this inhibi-
tory effect was significantly mitigated by treatment with
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Fig. 4 Quercetin inhibits the differentiation of HSCs to NK cells. (A) Culture protocol for the differentiation of Lin"CD117" hematopoietic stem cells into
NK cells. (B) Representative flow cytometry profiles and bar graphs for the differentiation of 25 uM quercetin-treated (Que) and DMSO-treated (Control)
Lin"CD117" hematopoietic stem cells into INKP cells. (C) Representative flow cytometry profiles and bar graphs for the differentiation of Que and Control
Lin"CD117* hematopoietic stem cells into NK cells. Data represent mean = SEM. *P < 0.05. **p < 0.01
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COOH chips with quercetin concentrations (from top to bottom) of 100, 50, 25 and 12.5 uM

quercetin (25 pM) (Fig. 6B). We also analyzed the NK
cell subpopulations (Fig. 6C), which showed that there
was no statistically significant difference in the number
of early CD27-CD11b* NK cells between the control and
blebbistatin-treated groups (Fig. 6D), whereas the num-
ber of mid-phase CD27*CD11b* NK cells was increased

(Fig. 6E) and the number of end-phase CD27-CD11b*
NK cells was decreased (Fig. 6F). Quercetin treatment
significantly increased the number of terminally dif-
ferentiated NK cells (Fig. 6F). These results show that
downregulation of MYH9 in splenocytes inhibits the pro-
portion and maturation of NK cells. This inhibitory effect
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Fig. 6 MYH9 protein promotes NK cell proportion and maturation. Representative flow cytometry profiles (A) and proportions (B) of NK cells among
control (Ctrl), blebbistatin-treated (Blebbistatin), and quercetin (Que; 25 uM) + blebbistatin-treated spleen mononuclear cells. C, Representative flow cy-

tometry profiles (C) and proportions of NK cell subpopulations CD27CD1

1b™ (D), CD27*CD11b™ (E) and CD277CD11b™ (F) among ctrl, blebbistatin, and

blebbistatin + Que- treated spleen mononuclear cells. Data represent mean + SEM. *P<0.05. **p < 0.01. ns, not significant, vs. Ctrl

is relieved by quercetin. MYH9 promotes the proportion
and maturation of NK cells, and quercetin exerts its regu-
latory effects on NK cells by binding to MYH9.

Depletion of NK cells significantly reduces short-term
memory ability in mice

Numerous studies show an involvement of the immune
system in the regulation of brain function, with periph-
eral immune cells capable of impacting cognition by
entering the [7]. NK cells have been detected in the
brain parenchyma, and they have been demonstrated
to participate in neural repair after damage to the CNS,
improve brain damage in Parkinson’s disease, and play
a neuroprotective role [40]. To further assess the role of
NK cells in cognitive function in mice, we depleted NK
cells by intraperitoneal injection of anti-NK1.1 antibody
[41, 42] and then evaluated cognitive performance. To
assess the efficacy of NK cell depletion, we employed
flow cytometry analysis to measure the percentage of
NK cells in blood after the novel object recognition and
open field tests were conducted. The analysis revealed a
reduction in the proportion of NK (CD3™"NK1.1") cells
in the group treated with anti-NK1.1 antibody, compared
with the control group injected with IgG2a (Fig. 7A).
This demonstrates that the mice were lacking NK cells
when they performed the novel object recognition and
open field tests. During the open field test, no statistically

significant difference was observed in the number of cen-
ter zone crossings between the NK cell depletion group
and the isotype control group (Fig. 7B), indicating that
NK cell depletion had no impact on anxiety or depressive
behaviors in mice. In contrast, the novel object recog-
nition test showed that the cognitive index in the anti-
NK1.1 antibody group was decreased compared with the
isotype control group (Fig. 7C), suggesting that short-
term memory functions were impaired. These findings
collectively demonstrate an influence of NK cells on the
cognitive abilities of mice.

Quercetin improves gene expression patterns in the
hippocampus of middle-aged mice

The hippocampus is a crucial region of the brain
involved in learning and memory [43]. NK cells have
been detected in the dentate gyrus region of the hippo-
campus [44]. To further investigate the effects of quer-
cetin treatment on the brains of middle-aged mice, we
performed RNA-seq analysis of the hippocampus from
8-week-old young mice, 10-month-old middle-aged
mice and middle-aged mice given quercetin treatment.
The analysis revealed high similarity between the hip-
pocampal samples from the young group and the quer-
cetin-treated middle-aged group by principal component
analysis. Moreover, the hippocampal samples from the
middle-aged control group differed significantly from
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(See figure on previous page.)

Fig. 8 Hippocampal RNA sequencing of young mice, middle-aged mice and quercetin (Que)-treated middle-aged mice. (A) Principal Component Analy-
sis (PCA) plots of the A-Hippo-Ctrl, Y-Hippo-Ctrl and A-Hippo-Que samples. (B) Number of differentially-expressed genes between each pair of the
A-Hippo-Ctrl, Y-Hippo-Ctrl and A-Hippo-Que samples. (C) Heatmap of differentially-expressed genes in the A-Hippo-Ctrl and Y-Hippo-Ctrl samples. (D)
KEGG analysis of the differential genes in A-Hippo-Ctrl and Y-Hippo-Ctrl samples. (E) Heatmap of the differential genes in A-Hippo-Ctrl and A-Hippo-Que
samples. (F) KEGG analysis of the differential genes in the A-Hippo-Ctrl and A-Hippo-Que samples. (G) GSEA plot showing enrichment of upregulated
genes (red) and repressed genes (blue) at baseline for genes involved in protein processing in the endoplasmic reticulum in A-Hippo-Ctrl compared with
Y-Hippo-Ctrl. (H) GSEA plot showing the enrichment of genes involved in protein processing in the endoplasmic reticulum in A-Hippo-Que compared
with A-Hippo-Ctrl for upregulated genes (red) and repressed genes (blue) at baseline. (I) Pie chart showing the number of differentially-expressed genes
between each pair of the A-Hippo-Ctrl, Y-Hippo-Ctrl and A-Hippo-Que samples. (J) Plot of weighted gene co-expression network analysis (WGCNA) in
the samples from the Aged, Aged + Que and Young groups. (K) KEGG analysis of genes with altered expression patterns in the hippocampus of quercetin-

treated mice

the other two groups (Fig. 8A). Next, we conducted pair-
wise comparison analysis of the three groups. The dif-
ferentially-expressed genes between each pair of groups
were analyzed by hierarchical clustering and visualized
by heat map (Fig. 8B). This revealed a substantial num-
ber of differentially expressed genes between the young
and middle-aged control mice (Fig. 8C). Next, we per-
formed KEGG pathway enrichment analysis on these
differentially-expressed genes and discovered that the
majority of them were concentrated in pathways related
to protein processing in the endoplasmic reticulum, anti-
gen processing and presentation, estrogen signaling path-
ways, and the multi-species-longevity regulatory pathway
(Fig. 8D). There were more differentially-expressed genes
between the quercetin-treated middle-aged mice and
middle-aged control mice (Fig. 8E), while there were
fewer differentially-expressed genes between young
mice and quercetin-treated middle-aged mice. Interest-
ingly, we found that the metabolic pathways significantly
enriched in the middle-aged control group compared
with the quercetin-treated middle-aged group were the
same as those enriched in the middle-aged group com-
pared with the young group (Fig. 8F). We also performed
gene set enrichment analysis (GSEA) on genes involved
in protein processing in the endoplasmic reticulum in the
three groups of hippocampal samples. We found a higher
expression of genes related to protein processing in the
endoplasmic reticulum in both young mice (Fig. 8G)
and quercetin-treated middle-aged mice (Fig. 8H), while
these genes were expressed at lower levels in the middle-
aged control group mice. Importantly, the expression
pattern of this gene set was similar between the young
group and the quercetin-treated group. In addition, we
quantified the overlap of the differential genes between
each group pair. There were more common differential
genes between the middle-aged control group and the
young group, as well as between the middle-aged control
group and the quercetin-treated group, but fewer com-
mon differential genes between the young group and
the quercetin-treated group (Fig. 8I). Weighted gene co-
expression network analysis (WGCNA) demonstrated
that the middle-aged group showed positive correlations
with three gene modules, namely purple, turquoise and

yellow, while the young group showed negative correla-
tions. In contrast, the expression patterns of the middle-
aged group treated with quercetin exhibited changes
within these three gene modules, resulting in reduced
correlation (Fig. 8]). Additionally, the blue, brown, black,
green, yellow-green and pink gene modules, which dem-
onstrated negative correlations in the middle-aged group,
showed decreased correlation after quercetin treatment,
with positive correlations similar to those in the young
group (Fig. 8]). Finally, by analyzing the metabolic path-
ways enriched in the gene modules showing altered
expression patterns after quercetin treatment, we identi-
fied significant overlap of the enriched pathways between
the middle-aged control group and the young group, as
well as between the middle-aged control group and the
middle-aged quercetin-treated group. These findings
suggest that there are significant differences in hippo-
campal gene expression patterns between middle-aged
and young mice. Furthermore, quercetin alters the gene
expression profiles in middle-aged mice to ones similar to
those in young mice.

Discussion

With the aging of the population, aging-related neuro-
degenerative diseases, such as Alzheimer’s disease and
Parkinson’s disease, have become an increasing burden
on patients and society. Quercetin, a small-molecule
flavonoid compound, has been shown to improve neu-
rodegenerative diseases through multiple mechanisms
of action [45-47] and can be used in combination with
dasatinib to selectively remove senescent cells in vivo,
reduce microglial activation, and decrease the senes-
cence-associated secretory phenotype to improve cogni-
tive function in mice [48].

Numerous studies show that various immune cell
subpopulations in the adult brain play key roles in neu-
rogenesis and learning memory [6, 49]. NK cells have
been demonstrated to act in the nervous system, repair-
ing nerve damage, exerting neuroprotective effects, and
ameliorating brain damage in Parkinson’s disease [40].
Therefore, in the present study, we investigated whether
quercetin exerts neuroprotective effects and enhances
cognitive function by modulating immune cells.
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Quercetin significantly improved cognitive and memory
deficits in 10-month-old middle-aged mice. Addition-
ally, we observed an increase in the proportion of NK
cells in the peripheral spleen tissue and alterations in the
distribution of NK cell subsets, suggesting the promotion
of NK cell differentiation. These findings indicate that
quercetin can improve cognitive function in aging mice,
and that this interaction may be related to the regulation
of NK cells. Senescence causes a decrease in the self-
renewal capacity of HSCs, an increase in the number of
HSCs differentiating from the myeloid lineage, a decrease
in the number of HSCs differentiating to the gonadal lin-
eage, and a reduction in the production of immune cells
[50]. Here, we found that quercetin increased the pro-
portion of NK cells in peripheral tissues by promoting
their self-proliferation and differentiation, rather than by
inducing NK cell differentiation from HSCs. Numerous
studies have demonstrated that immune cells are capable
of traversing the blood-brain barrier to exert immune
functions within the central nervous system. For instance,
peripheral T cells have been implicated in enhancing
cognition and learning in murine models [7, 51], while
the presence of NK cells within the hippocampal dentate
gyrus has sparked debate among researchers regarding
their potential impact on various neurological disorders
[44]. Several studies have demonstrated that NK cells
possess the ability to facilitate nerve repair following cen-
tral nervous system injury, mitigate intracerebral damage
in Parkinson’s disease, and exert a neuroprotective effect
[40]. Moreover, NK cells have shown promise in improv-
ing neurodegenerative conditions such as Parkinson’s
disease, Lewy body dementia, and Alzheimer’s disease,
which are characterized by a-synuclein deposition [9].
Conversely, research has indicated that the senescence of
neuroblasts in the aging brain can enhance the cytotox-
icity of NK cells, ultimately leading to neurogenesis and
cognitive decline [4]. Furthermore, at the Alzheimer’s
Association International Conference, NKGen Biotech
presented results from its phase 1 clinical trial utilizing
NK cell treatment (SNKO1) in patients with Alzheimer’s
disease. Specifically, 70% of the patients exhibited stable
or improved functional scores by the 11th week. Addi-
tionally, our current study involving novel object recog-
nition experiments on NK-depleted mice corroborated
the cognitive enhancement effects of NK cells, providing
further evidence that quercetin’s modulation of NK cells
enhances cognitive function in middle-aged mice.
MYHO9, which encodes non-muscle myosin heavy chain
ITIA (NMHCIIA), is a widely-expressed cytoplasmic myo-
sin protein. This class of myosin proteins is ubiquitously
present in eukaryotic cells and plays critical roles in vari-
ous cellular processes that require generation of intracel-
lular mechanical forces and cytoskeletal rearrangements,
such as cytokinesis, cell migration, polarization and
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adhesion, maintenance of cell shape, and signal trans-
duction [52]. The elevated expression of MYH9 protein
in immune-related cells indicates a potential significance
in immune cell function. MYH9 is known to play a criti-
cal role in the modulation of hematopoietic stem cells
(HSCs) function and differentiation within the hemato-
poietic cell lineage. Therefore, conditional knockdown
of MYH9 in HSCs leads to a dramatic decrease in the
number of HSC cells, severe impairment of hematopoi-
etic function, and reduction of whole blood cells in mice,
which ultimately results in reduced survival [38]. Fur-
thermore, MYH9 affects T cell motility and migration
[53] and enhances the cytotoxicity of NK cells through
binding to solubilized particles after phosphorylation of
the protein tail fragment [39]. In our study, the reduction
in the proportion of NK cells and in the terminal matu-
ration of NK cells in splenocyte cultures in which the
MYH?9 protein was downregulated was ameliorated after
treatment with quercetin, possibly as a result of its bind-
ing to MYH9. However, the specific molecular mecha-
nisms by which MYH9 affects NK cell proliferation and
differentiation remain unclear, and therefore warrant
further study. However, we speculate that the mecha-
nism of action of quercetin may be related to the role of
MYHY in DNA synthesis [54]. The hippocampus, as the
brain region that controls learning and memory, has gar-
nered significant attention in cognition-related research.
Hippocampal RNA-seq analysis showed that quercetin
mitigates the negative impacts of aging on the brain and
improves gene expression patterns in middle-aged mice,
making them resemble those in young animals. Thus, the
regulation of NK cells by quercetin is associated with its
binding to MYH9, which improves cognitive function
in aging mice. Furthermore, it is important to acknowl-
edge certain limitations in this study. Specifically, the
sample size of mice in the mouse cognition experiment
was deemed inadequate, potentially resulting in cognitive
results being influenced by individual mouse differences.
Despite this limitation, the cognitive tests consistently
indicated significant differences between the two groups.
Moving forward, larger sample sizes will be utilized in
future studies to ensure the acquisition of more depend-
able statistical data.

In conclusion, our findings suggest that quercetin pro-
motes the proliferation and differentiation of NK cells in
peripheral tissues and alleviates cognitive impairment in
aging mice by binding to MYH9. However, further inves-
tigation is required to elucidate the underlying mecha-
nisms of action.

Methods

Animals

C57BL/6 female mice (8-week-old and 10-month-
old) were purchased from Jiangsu Biocytogen Co., Ltd
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(Jiangsu, China). Mice were given 200 ul of 1 mg/kg
quercetin (in PBS containing 10% DMSO as solvent)
every other day via tail vein injection, and control mice
were given the same volume of PBS (containing the same
volume of DMSO). The experimental protocols for the
animals in this study were approved by the Animal Care
Committee of Tongji University and were conducted in
accordance with institutional guidelines.

Open field test (OFT)

A square box (505030 cm) was used to evaluate anx-
iety-like behavior. Anxious mice prefer to stay in the cor-
ner of the box and make stereotyped movements along
the sides. At the beginning of the experiment, mice were
placed in the same corner of the box, and their trajec-
tory was tracked and recorded for 15 min. Anxiety was
assessed by observing the time spent in the central area.

Novel object recognition (NOR)

The novel object recognition test evaluates the cogni-
tive and memory abilities of rodents by comparing the
times spent exploring familiar and novel (unfamiliar)
objects. The test consists of the following three phases:
the adaptation phase, the familiarization phase, and the
test phase. In the adaptation phase, the mice were free
to move in the black square box without any objects for
10 min. In the familiarization phase, two objects (Al
and A2, which have no odor and are fixed and cannot be
moved) are placed diagonally at the bottom of the box,
approximately 10 cm from the side walls. The mice were
placed in the box with their backs facing the objects at
an equal distance from the objects and allowed to move
freely and explore the objects for 10 min. During the test
phase, carried out 1 h after the familiarization phase,
object Al was replaced with a new object, B. The mice
were placed again into the box with their backs facing
the objects at an equal distance, and their behavior was
recorded for 5 min. The times exploring objects A and B
were calculated. The preference for the novel objects was
assessed using the cognitive index (D2), and calculated
with the following formula: D2=N/(N+F), in which N
is the exploration time of the novel object, and F is the
exploration time of the familiar object.

Cell preparation, culture, and flow cytometry analysis

The mice were euthanized, and the spleens were removed
and rinsed with PBS. The spleens were then ground and
filtered through a 70 uM cell filter and lysed using eryth-
rocyte lysate (BD Biosciences).

Spleen mononuclear cells were seeded onto 12-well
plates at a density of 1x10° per well and treated with dif-
ferent concentrations of quercetin for 24 h (control was
an equal volume of DMSO). Flow cytometry was used to
quantify the number of T cells (CD3%), B cells (CD45R™),
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NK cells (CD37NK1.1*) and NK cell subpopulations
(CD27*CD11b~, CD27*CD11b*, CD27-CD11b™).

Isolation and purification of Lin"CD117* hematopoietic
stem cells

C57BL/6 mice (8 weeks of age) were euthanized by cervi-
cal dislocation and sterilized in 75% alcohol for 30 s, pref-
erably allowing the fur to be completely wetted. Next, the
femur and tibia were removed and placed in a Petri dish
containing pre-chilled PBS for cleaning. The attached
muscle tissue was removed as cleanly as possible, and
then the cleaned bone was placed in pre-chilled PBS.
Next, both ends of the tibia were cut, and the bone mar-
row was flushed out with a 1-mL syringe until the bone
turned white. Bone marrow cells were gently dispersed,
and the resulting bone marrow monocyte suspension
in PBS was filtered through a 40 um cell sieve. Subse-
quently, the bone marrow was centrifuged at 440 x g for
5 min, and the supernatant was discarded. Single bone
marrow cells were resuspended in 5 mL of red blood cell
lysate, and lysis was terminated with 5 mL of pre-cooled
PBS after 1-2 min. Next, the cells were centrifuged at
440 x g for 5 min, the supernatant was discarded, and
5 mL of pre-cooled PBS was used to wash the cells. An
aliquot was taken for counting. After the negative selec-
tion of lineage cells using a mouse Lineage Cell Deple-
tion Kit (Miltenyi Biotech), the cells were subjected to
positive selection of CD117% cells to obtain the target
Lin"CD117* HSCs.

Differentiation culture of NK cells

Lin~"CD117* hematopoietic stem cells were inoculated at
1x10° cells per well into 12-well plates containing RPMI
1640 medium containing 10% fetal bovine serum, 100
U/ml penicillin, 100 ng/ml streptomycin, fIt3L (50 ng/
mL), SCF (30 ng/mL) and IL-7 (0.5 ng/mL). After 3 days
of culture, the medium was replaced with the same fresh
medium. On day 7, the medium was changed to DMEM/
F12 medium containing 10% fetal bovine serum, 100 U/
ml penicillin, 100 ng/ml streptomycin, IL-15 (30 ng/ml)
and IL-2 (5,000 IU/ml), and co-cultured with OP9 stro-
mal cells. Cells were analyzed after 7-11 days of culture,
and the medium was replaced with fresh medium every
3 days.

Identification of proteins that interact with quercetin

Following the extraction of total protein from PBMCs,
a bicinchoninic acid assay was used to quantify protein
and divide it into six 100-ug aliquots. For each group
of three aliquots, methanol was added to the control
group, and quercetin was added to the treatment group.
After incubating samples at 25 °C for 10 min, Protease K
(1:100) was added for 5 min at 25 °C. Subsequently, sam-
ples were transferred to a water bath with a temperature
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greater than 95 °C to completely inactivate Protease K.
Next, samples were cooled and placed at room tempera-
ture for 5 min. After adding 2% sodium deoxycholate and
200 mM ammonium bicarbonate, DL-dithiothreitol was
added and incubated at 37 °C for 30 min. Next, iodoacet-
amide was added and incubated at room temperature
(protected from light) for 45 min. Subsequently, trypsin
was added (1:50,

enzyme/protein ratio) and digested overnight in a 37 °C
water bath. The following day, 50% trifluoroacetic acid
was added to terminate the enzymatic reaction and pre-
cipitate the proteins. The enzymatically cleaved peptides
were then eluted. After elution, peptides were digested
and resuspended in 100 puL 0.1% formic acid to yield a
final concentration greater than 2 pg/pL. Finally, mass
spectrometry was performed.

SPR analysis of quercetin and MYH9 protein

The binding ability of quercetin to MYH9 protein was
measured by SPR on a BIAcore3000 system (GE Health-
care, Chicago, IL). The MYH9 protein was immobilized
on a CM5 chip by its amine group. A 10-pL aliquot of
0.1 mg/mL MYH9 was injected into the flow cell at a rate
of 5 pL/min. Successful immobilization of MYH9 was
verified by adding approximately 5,000 resonance units to
the sensor chip. No MYH9 was injected into the first flow
cell as a control. Quercetin was diluted in a buffer con-
taining 20 mM Tris-HCl, 150 mM NaCl and 1 mM TCEP
(pH 7.2). After fixation, varying dilutions of quercetin
were injected at 30 pL/min for 3 min. After sample injec-
tion, the flow buffer was allowed to dissociate by passing
over the sensor for 3 min. The sensor surface was regen-
erated by injecting 20 pL of 10 mM glycine-HCI solution
(pH 2.25). Generated data were analyzed at 25 °C using
Bioassessment Software 4.1.1 (GE Healthcare).

Molecular docking

The binding of quercetin and MYH9 protein was simu-
lated with CB-Dock (http://clab.labshare.cn/cb-dock/
php/blinddock.php) and AutoDock software. The 3D
structure of the MYH9 protein was obtained from Uni-
Prot. The CB-Dock calculation program was used to
select the highest-scoring results, and then AutoDock
was used to predict the cavities. A total of 50 simulated
positional predictions were made based on binding
affinity ordering. The predicted results with the highest
affinity group were put into PyMOL for visualization.
Hydrogen bonds formed between quercetin and MYH9
were the proposed binding sites.

NK cell depletion experiment
C57BL/6 female mice (8 weeks old) were treated with
200 ng of anti-NK1.1 antibody or isotype control IgG2a
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antibody every 2 days for 6 days, and on the seventh day,
the novel object recognition test was conducted.

RNA-seq analysis

Total RNA from samples was extracted to create an
RNA-seq library, which was analyzed by BGI USA
(Cambridge, MA) using a BGISEQ-500 sequencer. Raw
sequencing reads were cleaned by removing reads con-
taining aptamer or poly-N sequences and reads with low-
quality base ratios. Clean reads were stored in FASTQ
format and then mapped to the reference genome using
the HISAT?2 (v2.0.4)/Bowtie2 (v2.2.5) tool. Gene expres-
sion levels were calculated using RESM software and
normalized to determine gene expression. Heat maps
were plotted using GraphPad Prism 8 (GraphPad, San
Diego, CA). To gain insight into phenotypic variation,
the Kyoto Encyclopedia of Genes and Genomes (KEGG,
https://www.kegg.jp/) enrichment analysis of annotated
differentially-expressed genes was performed using Phy-
per (https://en.wikipedia.org/wiki/Hypergeometric_dis-
tribution) based on hypergeometric tests. Terms and
pathways were corrected for significance levels using
Bonferroni’s strict threshold (Q-value <0.05).

Statistical analysis

Data were analyzed using GraphPad Prism 8.0 and
expressed as meanzstandard error of the mean. Statisti-
cal comparisons between the two groups were performed
using unpaired ¢-test. P-values of <0.05 were considered
statistically significant.

Abbreviations

Que Quercetin

LPS Lipopolysaccharide

TNF-a Tumor necrosis factor

HSCs Hematopoietic stem cells

SPR Surface plasmon resonance

PCA Principal component analysis

PPI Protein—protein interaction

CNS Central nervous system

GSEA Gene set enrichment analysis

KEGG Kyoto Encyclopedia of Genes and Genomes
WGCNA Weighted gene co-expression network analysis
NMHCIIA Non-muscle myosin heavy chain 1A

OFT Open field test

NOR New object recognition

SEM Standard error of the mean
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Supplementary Figure 1. The effect of quercetin with four different con-
centrations on NK, T and B cells. (A) Representative flow cytometry profiles
showing CD3"NK1.1* NK cells; Bar graphs for statistical results of splenic
NK cells. (B) Representative flow cytometry profiles showing CD3* T cells;
Bar graphs for statistical results of splenic CD3* T cells. (C) Representative
flow cytometry profiles showing CD45R* B cells; Bar graphs for statistical
results of splenic CD45R™ B cells. Data represent mean +SEM. *P<0.05. ns,
not significant, vs. Ctrl
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Supplementary Figure 2. The effect of quercetin with three different
concentrations on HSCs. Data represent mean 4+ SEM. *P < 0.05

Supplementary Figure 3. [dentification of 189 differentially-expressed
peptides between the control and quercetin-treated groups. Myh9 pep-
tides appears with high frequency, marked with a red box
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