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SUMMARY

As mammals evolved with exposure to particular diets, naturally abundant compounds may have become part of the set of environ-
mental co-determinants that shaped brain structure and function. Here we investigated whether bioactive factors found in apples directly
affect hippocampal neurogenesis in the adult mouse. We found that quercetin, the most abundant flavanol in apple peel, was anti-pro-
liferative at high concentrations but pro-neurogenic at low concentrations. This was confirmed in vivo, with intraperitoneally delivered
quercetin promoting survival and neuronal differentiation, without affecting proliferation. Using a bioassay-guided fractionation
approach we also identified additional pro-neurogenic compounds in apple flesh that were not related to flavonoids. We found that
3,5-dihydroxybenzoic acid significantly increased neural precursor cell proliferation and neurogenesis. This work shows that both flavo-
noids and 3,5-dihydroxybenzoic acid are pro-neurogenic, not only by activating precursor cell proliferation but also by promoting cell-

cycle exit, cellular survival, and neuronal differentiation.

INTRODUCTION

“An apple a day keeps the doctor away.” There may be some
truth to this aphorism. Apart from being a source of energy,
food is known to influence an individual’s overall fitness. A
growing number of studies have demonstrated the health
benefits of phytochemicals, the chemical substances found
in plants (for review see Dillard and German, 2000). Active
dietary compounds are also vital for maintaining cognitive
function. One of the processes underlying this mainte-
nance is brain plasticity, whereby structural and functional
modifications occur in response to internal and external
stimuli. Adult hippocampal neurogenesis is a particular
form of brain plasticity in which functional neurons are
generated throughout life and integrated into the existing
circuitry, thereby mediating particular forms of learning
and memory.

Flavonoids, the abundant phytonutrients found in fruits
and vegetables, can modulate molecular signaling path-
ways that influence these cognitive processes (Spencer,
2009). Prominent examples of flavonoids and polyphenols
are resveratrol (found in the skin of red grapes and in red
wine) and epigallocatechin-3-gallate (EGCG; found in
green tea). In the case of resveratrol, the biological activity
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has been traced to the intracellular regulation of Sirtl and
other sirtuins (Prozorovski et al., 2008). We and others
have shown that both EGCG and resveratrol affect adult
hippocampal neurogenesis (Ortiz-Lopez et al., 2016;
Torres-Perez et al., 2015; Yoo et al.,, 2010). However,
although some positive indications have been reported,
intervention trials based on the consumption of resveratrol
and similar factors have often proved disappointing (van
der Made et al., 2015). One reason, other than questions
of bioavailability, might be that plants actually contain a
very large number of potentially active compounds. Geor-
giev et al. (2014), for example, list 20 flavonoids from
grapes alone, which likely work in concert to produce bene-
ficial effects on central nervous system function, including
positive effects on learning and memory.

As apples are one of the most widely consumed fruits
worldwide, resulting in a generalized exposure across
cultures, we investigated whether they contain sub-
stances that sustain or promote adult hippocampal
neurogenesis. We took a two-pronged approach, first
studying quercetin, the most abundant flavonoid in
apple peel (Bhagwat and Haytowitz, 2016), and second
extending our investigation to identify additional pro-
neurogenic factors in the fruit.
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RESULTS

Quercetin Promotes Cell-Cycle Exit and Neuronal
Differentiation In Vitro

Quercetin has been linked to several neuroprotective
mechanisms, particularly in relation to microglial function
(Nichols et al., 2015). This class of phytochemicals can also
exert antioxidant effects due to its capacity to scavenge
reactive oxygen species. Although quercetin and other nat-
ural compounds could affect adult neurogenesis through
more than one pathway, we focused on their effect on
stem cells, from which the adult-born neurons in the hip-
pocampus originate. We first used the monolayer culture
system, which consists of a relatively pure population of
putative stem and progenitor cells, to establish a dose-
response curve. In line with reports of inhibitory effects
of high doses of quercetin on cancer stem cells, we found
that incorporation of the thymidine analog 5-bromo-2’-de-
oxyuridine (BrdU), as a measure of proliferative activity,
was reduced at concentrations of 25 uM and higher (Figures
1A and 1B). At concentrations up to 35 pM, this was not
due to increased cytotoxicity, which was, however, de-
tected at even higher doses with the lactate dehydrogenase
assay (Figure 1C) and 7-AAD staining (Figure 1D). Cell-cy-
cle analysis based on propidium iodide incorporation and
flow cytometric analysis revealed that 25 pM quercetin
reduced S-phase entry (Figure 1E) and caused the cells to
accumulate in the G1 phase (Figure 1E). Western blot anal-
ysis for cell-cycle-related proteins showed that CDK4 levels
were significantly decreased when 25 uM quercetin was
added to cells grown under proliferation conditions (Fig-
ure 1F). In contrast, no change in the expression of either
cyclin D1 or p27 was observed following the addition of
25 uM quercetin to the proliferating cells (Figure 1F).

The above data indicate that quercetin upregulates the
cell-cycle “brake” signal to counteract the mitogenic effects
of growth factors. This was further supported by our obser-
vation that, in the presence of growth factors, 25 uM quer-
cetin increased the number of cells with neuron-like
morphology (Figures 1G and 1H) and BIII-tubulin expres-
sion (an immature neuronal marker; Figures 1H and 1I),
whereas expression of the stem cell marker nestin was
decreased (Figures 1H and 1]). Taken together, these find-
ings indicate that quercetin can act pro-neurogenically
even in the presence of growth factors, which normally
maintain neural precursor cells (NPCs) in an undifferenti-
ated and proliferative state in vitro.

Quercetin Promotes In Vitro Cell Survival and
Stimulates Adult Neurogenesis In Vivo

The NPCs in monolayer cultures can be induced to differ-
entiate into neurons or astrocytes by removal of growth

factors. However, growth factor withdrawal also leads to
significant cell death. As polyphenols have been shown
to exert neuroprotective effects, we next examined
whether quercetin supports cell survival in vitro during dif-
ferentiation. We found that the addition of 25 uM quer-
cetin for 4 days following growth factor withdrawal almost
doubled the percentage of surviving cells (Figures 2A-2C).
Given the positive effects of quercetin in vitro, we next
examined its effects in vivo. Quercetin was administered
orally at 50 mg/kg, a dose previously shown to lead to suf-
ficient accumulation of metabolites in the brain (Ishisaka
etal., 2011). Proliferating cells were labeled with iododeox-
yuridine (IdU) after 14 days of quercetin treatment,
whereas the effect of the treatment on cell survival was as-
sessed in a cohort of cells labeled with chlorodeoxyuridine
(CldU) immediately before the treatment began (Fig-
ure 2D). After 2 weeks of quercetin treatment we observed
a trend toward a decrease in proliferation (Figure 2E). In
contrast, the number of CldU* cells was significantly
increased (Figure 2F). Quercetin treatment resulted in a
net increase in the number of newly born neurons, with
a significantly higher percentage of NeuN*/CIdU* cells
compared with the control group (Figures 2G and 2H),
whereas the number of new astrocytes was unchanged.

Quercetin Induces Endogenous Antioxidants and the
AKT Pathway

To determine how quercetin exerts an effect on cell sur-
vival, we next performed RNA microarray analysis on cells
collected 24 h after growth factor withdrawal. The expres-
sion levels of 3,900 transcripts significantly changed
following 25 uM quercetin treatment (Figure 3A). The top
10 positively regulated genes (Table S1) were enriched for
genes related to oxidative stress (Gsta3, Srxnl, Osginl), as
well as Relaxin1, which has been reported to promote oste-
oblast differentiation (Moon et al., 2014). Remarkably, we
found that Miat, along non-coding RNA recently identified
as a switch gene in lineage-determined neuronal progeni-
tor cells during cortical development (Aprea et al., 2013),
was among the top 10 negatively regulated transcripts. To
identify putative target pathways we subjected the tran-
script lists to enrichment with WebGestalt and pathway
analysis from the KEGG and WikiPathway databases.
Following hypergeometric testing, the top 10 most signifi-
cantly enriched pathways were identified (Figures 3B and
3C). These pathways were then ranked according to the ra-
tio of genes in the sample to the overall number of mem-
bers in that pathway. In both databases, pathways involved
in “cell cycle,” “endogenous antioxidative activity,” and
“cell survival” were significantly enriched, as was
mitogen-activated protein kinase (MAPK) signaling. It is
known that, depending on their specific chemical struc-
ture, flavonoids can either inhibit or activate these
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Figure 2. Quercetin Promotes In Vitro Cell Survival and Stimulates Adult Neurogenesis In Vivo

(A) Experimental scheme.

(B) Bright-field images of NPCs 96 h after growth factor withdrawal.

(C) Quercetin (25 M) increased cell survival during differentiation. Percentage of resazurin fluorescence intensity compared with control.
One-way ANOVA with Dunnett’s post hoc test, n = 6 independent experiments.

(D) Experimental scheme for CldU and IdU injection and quercetin treatment.

(E-H) (E) A trend toward a decrease in IdU* cells was observed in the quercetin-treated animals. (F) Immunofluorescence staining shows
the cohort of cells that were CldU* (red) and NeuN* (green). A significant increase in the number of CldU* (G) and CldU*NeuN" (H) cells was
observed in the quercetin-treated group. #p = 0.068; *p < 0.05, ***p < 0.001, Student’s t test, n = 4 mice per group. Scale bars, 50 pum.
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Figure 3. Quercetin Induces Endogenous Antioxidants and the AKT Pathway
(A-E) (A) A heatmap showing changes in NPC transcript expression in cells treated with 25 pM quercetin, 24 h after growth factor
withdrawal. The top 25 most enriched pathways from the KEGG database for significantly upregulated (B) or downregulated (C) transcripts.

(legend continued on next page)
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pathways (reviewed by Spencer, 2009). The flavonoids were
reported to exert their effect on cell survival through mod-
ulation of the MAPK and phosphoinositide-3 kinase (PI3K-
AKT) pathways. The enrichment analysis of the MAPK
pathway showed that p42/44 extracellular signal-regulated
kinase (ERK) was not differentially expressed in response to
quercetin treatment. In contrast, JNK2 and JNK3 were up-
regulated, whereas JNK1 was downregulated. The tran-
scripts of JNK-related proapoptotic genes, namely Bid,
Bax, and Puma, were also upregulated in the quercetin-
treated group (Table S2). To determine whether the pro-sur-
vival and anti-apoptotic signals were simultaneously
upregulated, we analyzed the enrichment of the differen-
tially expressed genes in the PI3K-AKT pathway from the
KEGG database and the NRF2-Keap1 (kelch-like ECH-asso-
ciated protein 1) pathway from the WikiPathways data-
base. In the PI3K-AKT pathway we observed significant
upregulation of pro-survival genes such as Akt, Creb,
Mdm2, and BclxL (Bcl211). In contrast, apoptosis-inducing
genes such as p53 and Bim (Bcl2111) were downregulated
(Table S3).

To confirm the transcriptomic data, we performed qPCR
to quantify the expression level of Bcl211 and BcI2I11. Our
results revealed a trend toward Bcl2l1 upregulation over
time in the quercetin-treated group (Figure 3D), but a trend
toward decreased expression of the pro-apoptotic gene
Bcl2111 (Figure 3E). Increased expression of phospho-AKT
(pAKT) and BCL211 was also observed at the protein level.
After 48 h incubation with 25 pM quercetin, pAKT expres-
sion was significantly upregulated (Figures 3F and 3G). A
similar but non-significant pattern was also observed for
BCL2I11 protein expression (Figures 3F and 3H). Another
highly enriched pathway that potentially explains the
mechanism via which quercetin promotes the survival of
differentiating NPCs is the NRF2-Keap1l pathway. One of
the downstream genes in this pathway, Gsta3 (glutathione
S-transferase «3), was the most highly expressed gene in
differentiating NPCs upon 25 pM quercetin treatment
(Table S4). In addition to Nrf2 upregulation, the Nrf2 antag-
onist Keap1l was increased in the quercetin-treated group.
This increase in Keap1 expression may counteract the detri-
mental effect of excessive Nrf2 accumulation.

Apple Peel and Flesh Are Pro-neurogenic In Vitro

Given the above findings with quercetin, we next wanted
to determine whether apple peel or flesh displays similar
pro-neurogenic properties. We first sought to identify an
apple cultivar that is particularly rich in flavonoids by

comparing six locally harvested varieties: Elstar, Pinova,
Pilot, Rebella, Roter Berlepsch, and Jonagold. Using the
borohydride-chloranil assay, we found that these varieties
differed greatly in their absolute flavonoid content,
although all contained flavonoids in their peel and, to a
much lesser extent, in their flesh (Table S5). The enrich-
ment in the peel was greatest (almost 9-fold) in the Pinova
cultivar. Using the neurosphere assay, we found that Pi-
nova peel (Figure 4A) and flesh extract (Figure 4A) had a
similar pro-neurogenic capacity.

Apple Juice Supplementation Does Not Affect Adult
Neurogenesis In Vivo

Given the wide consumption of apple juice, we next exam-
ined whether consumption of whole apple juice concen-
trate affected adult neurogenesis in vivo, with concomitant
effects on learning and memory (Figure 4B). To exclude the
effect of the increased caloric intake of fruit sugar as a po-
tential confounding factor, a group that received equica-
loric sugar water was included in addition to the control
group that received normal drinking water. However, all
mice showed a similar change in body weight over the
experimental period (Figure 4C). Food consumption was
greater in mice that drank water compared with mice that
received apple juice or equicaloric sugar water (Figure 4D).
Liquid consumption differed greatly between the groups,
with the highest consumption in the sugar water group
(Figure 4E). To detect whether the apple juice supplement
had an effect on hippocampus-dependent learning, a
reversal version of the Morris water maze task, designed
to detect the specific contribution of adult-generated neu-
rons to the overall performance in spatial navigation and
cognitive flexibility, was performed (Garthe et al., 2009;
Figure 4F). We did not detect any difference between the
groups with respect to escape latency (Figure 4G), path
length (Figure 4H), probe trial performance, or reversal
learning (Figures 4G and 4H). Following the behavioral
testing, the mice were perfused, and the number of surviv-
ing BrdU™ cells was quantified. No effect of either the sugar
water or the apple juice supplementation on adult hippo-
campal neurogenesis was observed (Figure 4I).

Apple Flesh Has Pro-neurogenic Activity

We next returned to our earlier observation that, despite
the lower level of flavonoids in apple flesh, there was still
as much pro-neurogenic activity as in peel extract. To iden-
tify additional pro-neurogenic compounds in apple ex-
tracts, we used a bioassay-guided fractionated approach.

Relative expression of the Bcl2l1 gene increased (D) and the Bcl2(11 gene decreased (E) in differentiating NPCs after 24 and 48 h quercetin

(25 uM) treatment (n = 3 experiments).

(F-H) An increase in the expression of pAKT (G) and Bcl2l1 (H) following quercetin treatment was also observed at the protein level

(F, western blot). One sample t test, n = 3 experiments.
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Figure 4. Apple Peel and Flesh Are Pro-neurogenic In Vitro, but Apple Juice Does Not Affect In Vivo Neurogenesis or Cognitive

Function

(A) Pinova apple peel and flesh extracts significantly increased the number of primary hippocampal neurospheres. One-way ANOVA with
Dunnett’s post hoc test.
(B) Experimental scheme for apple juice supplementation. MWM, Morris water maze.
(C) No significant difference in body weight was observed.
(D) The water-supplemented group consumed significantly more food than the apple juice- and sugar water-supplemented mice.

(E) The sugar water-supplemented mice consumed significantly more liquid than the other groups.

(F-I) (F) Experimental scheme. No effect of apple juice or sugar water was observed based on the escape latency (G) or path length (H). No
difference in the number of BrdU™ cells was observed (I). One-way ANOVA, n = 10 mice per group. *p < 0.05, ***p < 0.001.
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Flesh extract was separated into fractions using liquid- and
solid-phase separation methods (Figure 5A). Among the
three fractions (water, EtOAc, and BuOH), we found a
dose-dependent increase in the number of neurospheres
generated from primary dentate gyrus cell cultures in the
presence of the water fraction, more than doubling the
number of neurospheres (Figure 5B). The EtOAc fraction
decreased neurosphere counts (0.05 mg/mL 63.2%,
0.5 mg/mL 0% of control, n = 1 experiment). Although
there was a small increase in the number of neurospheres
generated in the presence of the BuOH fraction (0.1 mg/
mL 128% of control, n = 1 experiment), additional repli-
cates and further fractionation steps could not be per-
formed due to the low yield. As the water fraction also
contains fruit sugar that might affect cell growth, we tested
a solution with a sugar composition (sucrose, glucose, and
fructose) equivalent to that of the water fraction, revealing
no effect of sugar on neurosphere numbers (Figure 5C).

The water fraction was next further fractionated by
high-performance liquid chromatography in solvents of
different polarity (20%-100% methanol [MeOH] in water).
The 40% MeOH eluent increased neurosphere number in a
dose-dependent manner (Figure 5D), but decreased neuro-
sphere counts at the high concentration of 10 mg/mL. The
fractions eluted at 20% and 60% MeOH did not increase
neurosphere numbers (Figure 5E) and no fraction could
be obtained at 100% MeOH. The 40% MeOH fraction was
fractionated into four fractions (Figures SF-5H). The neuro-
sphere assay revealed that fraction IV dose-dependently
increased the neurosphere count, with a maximum effect
at a concentration of 0.01 mg/mL (Figure 5F). At higher
concentrations the number of neurospheres was again
decreased. No effect of fraction II or III was observed
(Figure 5G).

Fraction IV could not be further sub-fractionated
because of the low amount of material. We instead used
ultra-performance liquid chromatography coupled with
photodiode-array detector and electrospray quadrupole
time-of-flight mass spectroscopy (TOF-MS) to identify the
compounds present in this fraction. The compounds
eluted in the first 1.5 min could not be separated, but sub-
sequent peaks (numbers 1-6; Figure 6A) were subjected to
TOF-MS and collision-induced dissociation. Interestingly,
two of the peaks were identified as the glycosides of dihy-

droxybenzoate (Table S6), the salt of dihydroxybenzoic
acid (DHBA), which belongs to the non-flavonoid phenolic
compounds present in fruits. We therefore obtained
commercially available isomers of DHBA and examined
their effects on NPC activity. A significant increase in neu-
rosphere numbers was found with 2,3-DHBA at a concen-
tration of 1 uM (Figure 6B) and 3,5-DHBA at concentrations
of 1 and 10 pM (Figure 6D). Treatment with 1 uM 3,4-DHBA
produced a slight increase in the number of neurospheres
generated (p = 0.19; Figure 6C), whereas 10 uM 3,5-DHBA
led to a significant increase in neurosphere number (Fig-
ure 6E) as well as a significant increase in neurosphere
size (Figure 6F). We also found that treatment of adherent
monolayer cultures with 3,5-DHBA at concentrations of
100 and 250 puM resulted in a higher cell density after
4 days in culture (Figure 6G). To determine whether this
was due to 3,5-DHBA acting on NPC survival when
cultured under proliferation conditions, adherent cells
were cultured in growth factors for 4 days and varying con-
centrations of 3,5-DHBA were added on day O (4 day), day 2
(2 day), or day 3 (1 day), after which the resazurin cell
viability assay was performed on day 4 (Figure 6H). Our re-
sults revealed an increase in the percentage of cell survival
at the higher 3,5-DHBA concentrations, with the strongest
effect size observed when the 3,5-DHBA was present in the
medium for the entire 4 days of the experiment (Figures 61—
6K). We also examined whether 3,5-DHBA had a similar cell
survival effect when the adherent NPCs were cultured un-
der differentiation conditions (Figure 6L). Again we
observed a neuroprotective effect, with a significant in-
crease in cell survival found in the cells treated with 3,5-
DHBA (=250 uM) throughout the entire differentiation
process (Figure 6M). After 6 days of differentiation these
cells were fixed and stained for markers of mature neurons
and astrocytes. We found a significantly higher percentage
of BIII-tubulin™ neurons in the cultures differentiated in the
presence of high concentrations of 3,5-DHBA, further con-
firming its pro-neurogenic effect (Figures 6N and 60).

HCAR1, the Putative Receptor for Hydroxybenzoic
Acid, Is Expressed on NPCs and in the Neurogenic
Niche In Vivo

The hydroxycarboxylic acid receptor 1 (HCAR1) had been
listed as an orphan receptor until it was identified as the

Figure 5. Apple Flesh Extracts Display Pro-neurogenic Activity

(A) Experimental scheme for the extraction and fractionation of apple extract.

(B-H) (B) The water fraction of Pinova flesh extract significantly increased the number of hippocampal neurospheres, whereas (C) the
equivalent concentration of sugar had no effect; n =5 independent experiments. Following further separation of the water fraction, (D) the
40% methanol-eluted fraction significantly increased the number of hippocampal neurospheres (n = 4 experiments), whereas (E) the 20%
and 60% methanol fractions had no effect (n = 1 experiment). Following further fractionation of the 40% methanol fraction, the pro-
neurogenic activity was restricted to fraction IV (F, fraction IV; G, fractions I and III; n = 3 individual experiments; H, HPLC elution trace).
One-way ANOVA with Dunnett’s post hoc test. *p < 0.05, ***p < 0.001.
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receptor for lactate and 3,5-DHBA. HCAR1 is expressed in
the brain, including in the hippocampus (Castillo et al.,
2015). Using immunocytochemistry we confirmed that
HCARI1 was expressed by proliferating nestin*/Sox2* hip-
pocampal adherent monolayer cells in vitro (Figure 7A).
Immunofluorescence staining of brain sections revealed
that, in addition to being expressed by the granular cells
of the dentate gyrus, as has been previously reported (Cas-
tillo et al., 2015), HCAR1 is also expressed by type 1 and
type 2 NPCs, as evidenced by the co-expression of nestin
and Sox2 (Figure 7B).

3,5-DHBA Increases NPC Proliferation and
Neurogenesis In Vivo

Given the positive effects of 3,5-DHBA on NPC prolifera-
tion and survival in vitro, and the presence of HCAR1 on
NPCs in vivo, we finally examined whether administration
of 3,5-DHBA affects in vivo NPC proliferation and adult
neurogenesis. To do this, 3,5-DHBA (15.625, 31.25, 62.5,
125, and 250 mg/kg) was administered intraperitoneally
to adult mice once daily for 14 days prior to perfusion. A
group that received no DHBA, but had free access to a
running wheel, was included as a positive control. All
mice received two intraperitoneal injections of BrdU
(50 mg/kg) spaced 1 h apart prior to the first dose of 3,5-
DHBA to label the proliferating cells. Treatment with 3,5-
DHBA resulted in a significant increase in the number of
proliferating NPCs in the subgranular zone of the dentate
gyrus in all but the group receiving the highest dose of
3.5-DHBA, with the greatest effect being observed at a
dose of 62.5 mg/kg (Figures 7C and 7D). A similar result
was observed following quantification of the number of
BrdU-labeled cells (Figures 7E and 7F). Finally, the number
of immature neurons (DCX*) was counted to determine
whether, in addition to proliferation, 3,5-DHBA treatment

also influences adult neurogenesis. Similar to the results
obtained for the in vitro experiments, we observed a signif-
icant increase in the number of newborn neurons in all but
the group receiving the highest dose of 3,5-DHBA, with the
greatest increase observed in the group receiving
62.5 mg/kg (Figures 7G and 7H). To examine whether
3,5-DHBA treatment also affected the maturation rate of
the newborn neurons, the DCX* cells were morphologi-
cally categorized according to the presence and shape of
their apical dendrites (Plumpe et al., 2006). Briefly, category
A and B cells had no or very short processes, C and D cells
had increasingly longer processes that, by stage D, had
reached the molecular layer, and category E cells had one
strong dendrite with sparse branching, whereas in category
F cells the dendritic tree was more elaborate, with multiple
branches in the molecular cell layer. We found that the
mice treated with 62.5 mg/kg 3,5-DHBA had both a signif-
icantly higher percentage and a significantly higher abso-
lute number of DCX* cells belonging to categories E and
F than the control mice, indicating that 3,5-DHBA treat-
ment increases the maturation speed of the newly born
neurons (Figures 71 and 7J). Interestingly, and consistent
with our previous report (Plumpe et al., 2006), this change
in dendritic morphology was not observed in the positive
control group of mice that exercised.

DISCUSSION

In this study we demonstrate that apples contain pro-
neurogenic compounds in both their peel and their flesh.
Our data reveal that, while quercetin is anti-proliferative
at high concentrations, its effect on NPCs at lower concen-
trations is more complex and appears to involve activation
rather than inhibition. We found that 25 pM quercetin

Figure 6. Hydroxybenzoic Acid Is a Pro-neurogenic Compound Found in Apple Flesh

(A-E) (A) Base peak chromatogram m/z 100-1000, gradient elution, electrospray ionization(—) of fraction IV. Six peaks. were annotated,
two of which (peaks 2 and 4) were glycosides of dihydrobenzoate. Neurosphere assays revealed that the dihydroxybenzoic acid isomers (B)
2,3-DHBA, (C) 3,4-DHBA, and (D and E) 3,5-DHBA all increased precursor proliferation, with the greatest effect observed in response to
3,5-DHBA. n = 2-5 individual experiments. #p = 0.19.

(F) In addition to increasing neurosphere number, 3,5-DHBA also significantly increased the diameter of the resulting neurospheres.
(G) Using the xCELLigence impedance-based assay, an increased number of cells were detected in adherent monolayer cultures treated with
100 and 250 uM 3,5-DHBA. n = 8 independent experiments.

(H) Adherent cells were cultured in 20 ng/mL epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) for 4 days and
varying concentrations of 3,5-DHBA were added on day 0, 2, or 3. The resazurin assay was then performed on day 4.

(I-K) An increase in the percentage of cell survival at the higher 3,5-DHBA concentrations was observed. (I) 4 day, (J) 2 day, (K) 1 day.
n = 3 independent experiments.

(L) Adherent precursor cells were cultured under differentiation conditions with 3,5-DHBA present throughout the experiment.

(M) A significant increase in cell survival was observed in the differentiating cells treated with >250 uM 3,5-DHBA. n = 6 independent
experiments.

(N and 0) (N) 3,5-DHBA dose-dependently increased the number of surviving differentiated neurons, with the highest effect observed (0)
in the cultures treated with 1,000 uM 3,5-DHBA.

One-way ANOVA with Dunnett’s post hoc and Student’s t test (E and F). Scale bar in (0), 50 pm. *p < 0.05, **p < 0.01, ***p < 0.001.
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increased cell-cycle exit and promoted the survival and dif-
ferentiation of adult hippocampal NPCs, both ex vivo and
in vivo. This is similar to the effect that we and others
have previously reported for compounds such as resvera-
trol and EGCG (Ortiz-Lopez et al., 2016; Torres-Perez
et al., 2015; Yoo et al., 2010). Natural compounds such as
these, which are abundant in widely consumed fruits and
vegetables, might therefore contribute to a beneficial effect
on neurogenesis and brain function as part of broader envi-
ronmental influences.

Based on transcriptomic data we propose that the PI3K-
AKT and NRF2-KEAP1 pathways are involved in such
effects. This is in agreement with previous reports that fla-
vonoids have numerous modes of action. Under stress con-
ditions, there is an activation and accumulation of NRF2 in
the nucleus (Nguyen et al., 2009). The heterodimer of NRF2
with small MAF (musculoaponeurotic fibrosarcoma) has
been shown to increase the binding affinity with ARE,
which leads to the transcription of phase II enzymes
(Itoh et al., 1997). These enzymes play important roles in
endogenous protection systems by neutralizing the harm-
ful by-products of oxidative stress (Nguyen et al., 2003). A
downstream gene in this pathway, Gsta3, was the most
highly expressed gene in differentiating NPCs after 25 uM
quercetin treatment. In addition to Nrf2 upregulation,
Keap1 was also upregulated in the quercetin-treated group.
This protein facilitates the nucleocytoplasmic shuttling
mechanism of Nrf2 and subsequently promotes its ubiqui-
tinoylation and degradation (Nguyen et al., 2005). Bell and
colleagues demonstrated that the overexpression of NRF2
inhibits neurite outgrowth and neuronal maturation (Bell
et al., 2015). It is therefore likely that the upregulation of
KEAP1 expression in response to quercetin treatment
counteracts the detrimental effect of excessive NRF2
accumulation.

Given the pro-neurogenic nature of quercetin, we
sought to determine whether apple extracts display
similar properties. We found that apple extracts from
the flesh and to a lesser extent the peel increased neuro-

sphere formation in vitro. Previous studies in aged animals
found that apple supplementation prevented oxidative
brain damage through increased endogenous antioxida-
tive capacity, as well as restoring long-term potentiation
and acetylcholine level, concurrent with improvement
in behavioral tasks (Tchantchou et al., 2005; Viggiano
et al., 2006). A pilot human study showed that the con-
sumption of apple juice improved behavioral symptoms
in patients with Alzheimer’s disease (Remington et al.,
2010). However, no significant cognitive change was
observed after short-term apple supplementation in
healthy volunteers (Bondonno et al., 2014). We therefore
investigated whether apple juice consumption could in-
crease neurogenesis and enhance spatial learning and
memory in mice. Despite observing pro-proliferative ef-
fects of apple extract in vitro, we found no effect of apple
juice consumption on in vivo neurogenesis or spatial
learning and memory performance. Given that the quer-
cetin concentration in apple juice is very low (below
2 mg/L), resulting in an intake of approximately 0.6 mg/
kg, we conclude that this is likely an insufficient concen-
tration of active phytochemical to modulate neurogenesis
with a measurable effect size. This, however, does not
exclude a contributing effect to overall environmental ef-
fects on brain function.

Interestingly, we identified DHBA as a pro-neurogenic
factor unrelated to flavonoids. Hydroxybenzoic acid is
abundant in fruits, where it acts as a natural preservative
(Soni et al., 2005). Multiple bioactive molecules are struc-
turally related to 3,5-DHBA (Hubkova et al., 2014), some
of which (e.g., 3-HBA) also bind to the HCA2 receptor,
whereas 3,5-DHBA specifically, albeit weakly, binds to
HCAR1 (Liu et al., 2012). Interestingly, HCARI1 is a Gi-
coupled receptor, which, after activation, inhibits adeny-
late cyclase to downregulate formation of cyclic adenosine
monophosphate (cAMP) (Liu et al., 2012). Biochemical
studies have revealed that 3,5-DHBA shows a higher po-
tency to decrease the levels of cAMP in SK-N-MC cells
than lactate, the natural ligand of HCAR1 (Liu et al.,

Figure 7. 3,5-DHBA Increases Neural Precursor Cell Proliferation and Neurogenesis In Vivo

(A) Immunofluorescence staining of proliferating adult hippocampal precursor cells in monolayer culture. HCAR1 (red) co-localized with
the neural precursor cell markers nestin (green) and Sox2 (cyan).

(B-H) (B) Confocal z-stack image of the hippocampal dentate gyrus in brain sections from nestin-GFP mice. HCAR1 (red), nestin (green),
and Sox2 (dark blue). Arrowhead points to a nestin® cell with HCAR1 co-localization confirmed in orthogonal view (B"). In vivo admin-
istration of 3,5-DHBA resulted in a significant increase in the number of proliferating (Ki67*) cells (C, D), BrdU* cells (E, F), and DCX"
immature neurons (G, H) in the dentate gyrus. n = 5 animals per group.

(I) 3,5-DHBA administration altered the dendritic morphology of the newly born neurons, increasing the percentage of DCX™ cells with a
more mature phenotype.

(J) 3,5-DHBA administration also increased the absolute number of DCX" cells with a mature morphology (DCX classes C-F). For each DCX*
cell class the bars are vehicle, RUN, and 15.625, 31.25, 62.5, 125, and 250 mg/kg 3,5-DHBA from left to right.

One-way ANOVA with Dunnett’s post hoc test in (C, E, and G) and two-way ANOVA with Tukey post hoc test in (I and J). Scale bars, 150 um
and, for the insets, 15 um. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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2012). 3,5-DHBA is also more potent than lactate in hippo-
campal slices (Liu et al., 2012).

Although the food industry uses benzoic acid as a preser-
vative, naturally occurring DHBA has received relatively lit-
tle attention as a potential signaling molecule. DHBA binds
to the lactate receptor, GPR81/HCARI1 (Cai et al., 2008),
which, as we show, is present on NPCs, suggesting a direct
mode of action. At the same time, given the role of lactate
as both a signaling molecule and a source of energy for neu-
rons, the discovery of an intrinsically active agonist to the
receptor on neural stem cells is of further relevance (Lev-
Vachnish et al., 2019; Wang et al., 2019). We found that
3,5-DHBA not only increases NPC proliferation and neuro-
genesis, but also increases the maturation rate of these
newborn cells. This appeared to be a concentration-depen-
dent effect, with the most effective dose being 62.5 mg/kg
and no effect observed at the highest concentration tested
(250 mg/kg). In accordance with our results, another study
also observed that administration of high concentrations
of 3,5-DHBA had no effect on the long-term survival of
newly born neurons (Lev-Vachnish et al., 2019). However,
in that study lower concentrations of DHBA were not
examined. Thus, the observation of a dose-dependent
response to 3,5-DHBA is interesting, as it might indicate
differential regulation and a modulatory effect. Little is
known about downstream signaling events after HCAR1
activation. However, in muscle myotubes, 3,5-DHBA has
been shown to stimulate phosphorylation of MAPK kinase
1/2 (MEK1/2), ERK1/2, and p90 ribosomal S6 Kkinase
(p90RSK) (Ohno et al., 2018). In hippocampal neurons,
3,5-DHBA also affects energy metabolism, ion homeostasis,
and (possibly directly) synaptic signaling (Angamo et al.,
2016).

We have shown that both flavonoids and DHBA are pro-
neurogenic, not only by activating NPC proliferation but
also by promoting cell-cycle exit, cellular survival, and
neuronal differentiation. An obvious caveat of our
approach is the limitation of the in vitro experiment. Both
quercetin and isoforms of DHBA have been used as target-
ing moieties to facilitate drug delivery across the blood-
brain barrier (Guo et al., 2020; Pinto et al., 2020). Therefore,
although our in vivo experiments cannot distinguish direct
from indirect effects, the ex vivo studies indicate that direct
effects are generally possible.

EXPERIMENTAL PROCEDURES

Animals

Male and female C57BL/6JRj mice were purchased from Janvier
and experiments were conducted in accordance with the appli-
cable European (86/609/EEC) and national (Tierschutzgesetz) reg-
ulations and approved by the local ethics committee (DD24-5131/
207/27). The C57BL/6NHsd mice were purchased from Harlan

Laboratories (Mexico City) and BALB/c mice were obtained from
the animal facility of the National Institute of Psychiatry
"Ramoén de la Fuente Muiiz," with experiments conducted in
accordance with the national regulations (NOM-062-ZO0-1999)
and approved by the local ethics committee (CEI/C/009/2013).
Mice were housed in standard laboratory cages (4 or 5 mice per
cage) under a 12 h light/12 h dark cycle at a temperature of
23°C = 1°C. The animals had ad libitum access to food and water.

In Vivo Quercetin Treatment

CldU (42.5 mg/kg) was injected at the beginning of the experiment
and IdU (57.5 mg/kg) was injected 2 h before the animals were
perfused with 4% paraformaldehyde (PFA). Quercetin (50 mg/kg;
Sigma) was prepared fresh in propylene glycol and administered
daily through oral gavage (total volume 200 pL).

In Vivo Apple Juice Supplementation

Pinova apples were purchased from Obsthof Schlage Dresden-Pill-
nitz, harvested in autumn 2014. Eight liters of apple juice was ob-
tained from 13 kg of fresh apples, then aliquoted, and stored
at —80°C. Mice were housed in groups of five that received juice,
sugar water, or normal drinking water. The sugar water or apple
juice was replaced daily. Food and liquid intake was measured daily
and body weight was measured weekly. A single injection of BrdU
(50 mg/kg) was given on the first day of the experiment and the
mice were perfused 1 day after the completion of the water
maze task.

Isolation of Adult Hippocampal Neural Precursor Cells
The isolation procedure for adult hippocampal NPCs was adapted
from Babu et al. (2007). Mice were killed by cervical dislocation,
the brains were collected, and the dentate gyrus was dissected as
previously described (Walker and Kempermann, 2014). The tissue
was dissociated using a Neural Dissociation Kit-P (Miltenyi Biotec)
and the cells were resuspended in 1 mL of growth medium (Neuro-
basal medium containing 2% B27 supplements, 1x GlutaMAX,
2 pg/mL heparin, 50 units/mL penicillin/streptomycin, 20 ng/
mL epidermal growth factor (EGF) and 20 ng/mL basic fibroblast
growth factor (bFGF-2)). The cells were then plated into one well
of a PDL- and laminin-coated 12 well plate and incubated in
37°C, 5% CO,, for monolayer cultures, or into an uncoated 96
well plate for neurosphere cultures. The tested compounds/ex-
tracts were dissolved in water or DMSO, depending on the solubi-
lity. When DMSO was used as the vehicle, the final concentration
in the culture medium did not exceed 0.1% and an equivalent vol-
ume of DMSO was added to control conditions.

Adherent Monolayer Cell Culture

Five or six male and female C57BL/6JRj mice were used to establish
a monolayer culture. After tissue dissociation, the NPCs were
plated into a PDL/laminin-coated plate and incubated at 37°C
with 5% CO,. Every second day, half of the medium was replaced
with fresh proliferation medium containing 20 ng/mL bFGF and
20 ng/mL EGE. After reaching 80% confluency, the cells were
passaged and replated at a density of 10,000 cells/cm?. This was
repeated until passage 6, after which the cells were cryopreserved
in vials each containing 1 x 10° cells. For each of the adherent
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monolayer culture experiments, a vial of stock cells was thawed
and plated into a T25 flask containing proliferation medium. The
cells were passaged at least once before being plated into at least
three replicate wells of a PDL/laminin-coated 24 well plate and
treated as described in each individual experiment. This consti-
tuted an n = 1 and was repeated an additional three or four times
on subsequent passages to provide the data described as n = 3 or
4 individual experiments for each dataset. The cells used for exper-
iments did not exceed passage 15.

Neurosphere Assay

Freshly isolated NPCs from the dentate gyrus were resuspended in
complete neurosphere medium to reach the approximate density
of two hippocampi in 10 mL medium, and subsequently filtered
through a 40 pm nylon mesh cell strainer (Walker and Kemper-
mann, 2014). After the test compounds or vehicle was added,
the cells were plated in a 96 well plate and incubated at 37°C,
5% CO,, for 12 days. Neurospheres with diameters > 40 pm were
counted using an inverted light microscope.

Cell-Cycle Analysis with Propidium Iodide Staining
Cells were harvested and fixed with ice-cold 70% ethanol.
Following two PBS washes, the cell pellet was treated with 50 puL
RNase A (100 pg/mL). Subsequently, 400 pL propidium iodide solu-
tion (50 pg/mL solution) was then added and the cells were incu-
bated for 1 h in the dark prior to flow cytometric analysis.

7-Aminoactinomycin D Cell Death Assay

Cells were harvested into 15 mL falcon tubes and washed twice
with PBS. The cell pellet was resuspended in 400 pL PBS and treated
with 20 pL (1 pg) of 7-aminoactinomycin D solution. As the posi-
tive control, 0.2% Triton X-100 was added to the cell solution. Flow
cytometric analysis was performed following a 10 min incubation.

In Vitro BrdU Labeling and Immunostaining

Cells were plated on PDL/laminin-coated glass coverslips in 24 well
plates at 10,000 cells/cm? and incubated in proliferation medium
for 48 h. The medium was replaced with fresh proliferation me-
dium containing test compounds or vehicle (DMSO) and incu-
bated for another 24 h. BrdU (10 uM) was applied for 2 h prior to
fixation. The cells were fixed with 4% PFA for 10 min and subse-
quently washed three times with PBS prior to being stained. See
Supplemental Experimental Procedures for a detailed staining
procedure.

Fluorescence and DAB Immunostaining on Brain
Tissue

Mice were deeply anesthetized by intraperitoneal injection of xyla-
zine and ketamine and subsequently perfused with 0.9% NaCl and
4% PFA. The brains were collected and immersed in 4% PFA solu-
tion for 24 h, after which they equilibrated in 30% sucrose. Serial
coronal cryosections (40 um) were cut using a microtome (Leica)
and stored in cryoprotection solution at —20°C. Every sixth sec-
tion of each brain was pooled in one series and stained using stan-
dard protocols. See Supplemental Experimental Procedures for a
detailed procedure and Table S7 for a list of antibodies used.
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Resazurin Survival Assay

Cells were incubated in 0.05 mM resazurin dye (7-hydroxy-3H-
phenoxazin-3-one 10-oxide) for 2 h at 37°C and the fluorescence
intensity was then measured in a plate reader at 560 nm ex/
590 nm em filter settings.

Western Blot

Cells were collected in lysis buffer with protease inhibitor cock-
tail and disrupted by trituration using a syringe fitted with a
20G needle. The proteins were separated by SDS-PAGE and
transferred to nitrocellulose membranes. The membranes were
blocked and then probed with primary antibodies and horse-
radish peroxidase-labeled secondary antibodies. Protein bands
were detected using a horseradish peroxidase/chemilumines-
cence system (ECL Western Blotting Substrate, Pierce) and visu-
alized on Hyperfilm ECL (Amersham). The films were scanned
and band intensities were determined using Image] (http://
imagej.nih.gov/ij/).

RNA Microarray

The total RNA from monolayers treated with quercetin was pre-
pared using the Qiagen RNeasy mini kit. The total RNA from pri-
mary cells treated with apple extract was prepared using the
Qiagen RNeasy micro Kkit, followed by an amplification step us-
ing Ovation Pico and PicoSL WTA System V2 and Encore biotin
module. RNA samples were amplified using the TotalPrep RNA
amplification kit (Illumina) and hybridized to MouseWG-6
v.2.0 Expression BeadChips (Illumina). Raw data were prepro-
cessed with quantile normalization in R/Bioconductor using
the package beadarray. The array was reannotated by querying
each probe sequence against the mm9 mouse genome using
the BLAT algorithm (kindly supplied by Dr. Jim Kent; http://
hgwdev.cse.ucsc.edu/~kent/exe/linux). The genomic position
of probes returning a single hit was then used to assign the
probe to an NCBI Entrez Gene ID. Probes targeting the same
gene ID were collapsed as a means to yield data for 21,155
unique genes. Using the Benjamini-Hochberg method, the
gene expression result was corrected with adjusted p < 0.05 as
the significance cutoff and then visualized using a volcano
plot. The gene expression was presented as “expression relative
to control," which was the result of log2 fold change. The value
1 indicates a 2-fold change of differentially upregulated expres-
sion and —1 indicates a 2-fold change of differentially downre-
gulated expression. The list of differentially expressed genes
was enriched into KEGG pathways (Kanehisa and Goto, 2000)
and WikiPathways (Kelder et al., 2009) using WebGestalt, a
web-based gene enrichment analysis tool.

Real Time PCR

Adherent cultures were washed with PBS and harvested in RLT
buffer. Total RNA was prepared using the Qiagen RNeasy mini
kit. The cDNA was prepared from 1 pg of RNA using Superscript
I kit and oligo(dT) primers. qPCR analysis was performed using
SYBR Green PCR Mix (Qiagen). Thermal cycling and fluorescence
analysis were performed using the AACt method after normalizing
to the B-actin gene. See Table S8 for a list of primer sequences.


http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://hgwdev.cse.ucsc.edu/%7Ekent/exe/linux
http://hgwdev.cse.ucsc.edu/%7Ekent/exe/linux
http://hgwdev.cse.ucsc.edu/%7Ekent/exe/linux

Apple Extraction

The extract was prepared from the Pinova apple cultivar, which
was obtained from a local apple orchard (Obstgut Drefiler Sobrigau,
Kreischa) (Schlage Obsthof) in autumn 2011. The apple peel (100 g
fresh weight) and flesh (200 g fresh weight) were separately
blended in 200 mL 80% MeOH and then filtered through What-
man filter paper grade 1. The process was repeated three times.
The solution was then centrifuged for 10 min, 6,000g at 4°C. The
supernatant was collected and dried in a rotary evaporator at
40°C prior to being fractionated (see Supplemental Experimental
Procedures for details on the fractionation process and total flavo-
noid assay).

Morris Water Maze

Three weeks after apple juice supplementation, mice were trained
to locate a submerged escape platform in a circular pool (2 m diam-
eter). The water was made opaque with non-toxic titanium dioxide
and kept at a temperature of 19°C to 20°C. Each mouse underwent
six trials a day for 5 consecutive days. On day 4 the position of the
platform was changed to the opposite quadrant (reversal). The
starting position was changed every day and remained constant
for all trials each day. Mice were allowed to search for the platform
for up to 120 s. At the end of each trial, they were guided to the
platform and allowed to remain there for 15 s. The first 30 s on
the first trial of day 4 was used as the probe trial. Swim paths
were recorded using Ethovision (Noldus) and further analyzed us-
ing MatLab (MathWorks, USA).

In Vivo 3,5-DHBA Treatment

3,5-DHBA was prepared fresh every day and dissolved in 5%
ethanol in 0.9% NaCl to administer at doses of 15.625, 31.25,
62.5, 125, and 250 mg/kg body weight to female Balb/c mice.
3,5-DHBA was administered once daily for 14 days via intraperito-
neal injection. One hour prior to the first 3,5-DHBA administra-
tion, mice received two BrdU injections (50 mg/kg), separated
by 1 h.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism software
(v.5.0, GraphPad Software). Microarray data analysis was per-
formed using R for Mac OS X (3.1.1). The false discovery rate
method was applied to perform multiple comparison tests on the
microarray data. All data are shown as means with SEM. In figures
the significance levels are denoted as *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.

Data and Code Availability

The microarray expression dataset used for analysis, as well as the
raw data files, has been deposited in the GEO repository (http://
www.ncbi.nlm.nih.gov/geo/) under accession GSE150803.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2021.01.005.
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