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ABSTRACT: Ligands targeting folate receptor α (FRα), a protein
predominantly expressed in neural cells, have the potential to
reprogram (rejuvenate) brain cells and enhance cognitive function in
aged mice. In this study, we present a family of FRα-binding peptides
identified through AlphaFold modeling. These peptides induce a
structural change in the receptor upon binding, which facilitates its
internalization and transport to the cell nucleus. Once in the nucleus,
FRα functions as a transcription factor, promoting the expression of
genes associated with a youthful phenotype and improved cognition.
Notably, these peptides demonstrate permeability across the blood−
brain barrier, enabling their administration not only through
intracranial injection but also via peripheral delivery methods such
as intraperitoneal injection or gastric gavage. This property enhances
their potential for use in future therapeutic applications.

■ INTRODUCTION
Folic acid or vitamin B91 is needed in eukaryotic cells for one-
carbon metabolism features like the conversion of homo-
cysteine to methionine, although methionine is the universal
methyl donor, folate could also act as a donor through that
indirect way.2 Additionally, folate, with its nine derivates,3

plays a role in other biological functions like amino acid
homeostasis, purines, and thymidylate synthesis or redox
defense.4 Folate and its derivates are transported in cells by (a)
the reduced folate carrier, (b) the proton-coupled folate
transporter, or (c) the family of folate receptors.5 Human
family of folate receptors include folate receptors α, β, and γ.6
In this work, we will focus on folate receptor α (FRα),
expressed by the FOLR1 gene.

FRα expression is mainly restricted to epithelial and brain
cells,7 although it may appear in tumors present in other tissues
(see, for example, ref 8).

Also, the binding of folate to FRα has been analyzed at
structural level.9,10 Upon binding of folate to FRα, the receptor
is transported to the cell nucleus, where it acts as transcription
factor,11 facilitating the expression of the so-called Yamanaka
factors (YF).12 Curiously, the expression of YF results in cell
reprograming in cells yielding induced pluripotent stem cells13

from peripheral tissues but not in neuronal cells, where YF
only affect at rejuvenation level.14,15 Indeed, a decrease of
folate levels is related to aging2 and folate supplement is used
as a treatment to reduce memory impairment in old people.16

However, folate, as previously indicated, is involved in other
biological functions, and an increase in folate uptake could
result in toxic side effect. Thus, to focus on the interaction of
folate-FRα, folate could be replaced by small compounds that
bind specifically to FRα. Among those compounds, a small
peptide, CTVRTSAEC, has been previously indicated.17 This
peptide could replace folate binding FRα and promoting cell
reprogramming.18

Now in this work, we tested the effect of the family of FRα
binding peptides on mouse cortical cultured neurons. Our
results have indicated that folate could be replaced by those
peptides for the induction of YF, suggesting a possible future
clinical use of them. Moreover, the peptides induce changes in
brain cells related to the reorganization of the extracellular
matrix, which translate into cognitive improvements even upon
intracranial or peripheral delivery in aged wild-type mice. This
underscores the clinical potential of these peptides for future
treatment strategies for age-related diseases.
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■ RESULTS
Interaction of Newly Synthesized Small Peptides

with FRα. The binding of folate to FRα takes place in the
region of FRα comprising residues 80−200.10,11 On the other
hand, folate structure results from the association of 2-amino-
4-hydroxy pteridine with p-aminobenzoic acid and with
glutamic acid. Thus, it has been proposed the interaction of
the amino group of folate’s pteridine with aspartic 103 of FRα
and the interaction of folate’s glutamic acid with arginine 158
of FRα.10

In a similar fashion, by using AlphaFold modeling (AF2), it
can be suggested that the FRα binding peptide
CTVRTSAEC17 could bind to FRα through an ionic
interaction involving aspartic acid 103 of the FRα molecule

binding to arginine 4 of the peptide, and arginine 158 of the
FRα molecule interacting with glutamic acid 8 of the peptide
(Figure 1a).

Additionally, the same modeling was used to look for the
interaction of FRα with the other five synthesized peptides
(Figure 1a). With the use of AF2 protein structure prediction
technology, we were able to compare and analyze the binding
of different peptides (peptides FR-1-5) to the FOLR1 receptor
in comparison to the binding of this receptor to its natural
ligand Folic Acid (Figure 1a). The binding of each peptide was
found to occur in the same binding pocket used by folic acid
(Figure 1b). This binding pocket would be composed of the
following amino acids sequence: Y′80, F′82, W′84, D′103,
T′104, Y′107, W′124, R′125, W′142, H′157, R′158, G′159,
W′160, W′193, S′196, Y′197.

Figure 1. 3D modeling of the binding interaction between FRα and FRα-binding peptides. (a) FRα (green) binding to folic acid extracted from
Protein Data Bank (FRα + folic acid), see also refs 9,10. The rest of the molecule is indicated as a sketch based on refs 9,10. Folate receptor
modeled by AF2 (FRα)19 without any ligand (see also ref 10). Binding of folate receptor to peptides (blue), respectively, modeled by AF2, (FRα +
“1”, FRα + “2”, ...). (b) Ligand-binding site (red) representation. (c) Graphical representation of distance between intracellular chains of FRα (see
Table 1). One-way ANOVA with Tukey’s multiple comparisons test was conducted to study differences in the structure of FRα. Data are presented
as mean ± SEM (*p < 0.05; **p < 0.01; ***p < 0.001).
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These amino acids will be crucial for the interaction between
the receptor and peptides, with amino acid D’103 (aspartic
acid at position 103) likely serving as the main anchoring point
due to its strong tendency to form salt bridge interactions with
basic amino acids20 such as arginine or lysine, as shown by
peptides at position 4 (R-4/K-4). For example, peptides 1 and
2, which have cysteine at their termini, would form a ring
structure, leaving the side chains of R and K, respectively,
positioned on the outer edge for insertion into the receptor
binding pocket. This would create a more efficient overall
structure. We identified different potential conformational
changes in the intracellular region of the receptor upon
external binding of peptides to the FOLR1 receptor.
Depending on the binding of different peptides, the distance
between the two intracellular domains of FOLR1 varied
between each peptide (Figure 1 and Table 1). These distances
were analyzed, and results showed significant conformational
differences (ordinary one-way ANOVA, F = 3.072) owing to
peptide binding (Figure 1c). Tukey’s multiple comparisons test
showed that the “1”, “2”, and “6” peptides had the lowest mean
interdomain distance and the lowest variance (p-value =
0.0254, 0.0347, and 0.0254, respectively) but not mainly
differences among peptides were found. Peptides containing
both R/K amino acids and the cysteine ring structure, had the
shortest distance between domains, followed by those with
only one of the key amino acids involved in the bond. Peptides
without these amino acids had the longest distance between
domains.

After analysis of the different structures formed using the
AF2 protein prediction program, slight modifications were
seen in the intracellular domain of the receptor. These slight
variations turned out to be dependent on the ligand bound.
AF2 provides five predictions with the highest confidence. The
confidence is quantified by the pLDDT. This value is usually
higher for rigid structures or well-studied domains and lower
when the program is not confident in predicting that 3D
structure. However, recent studies have shown that regions
with low pLDDT can be mobile regions within the same
protein.19 These results made a paradigm shift in modeling
with the AF2 machine learning system, opening up a range of
new opportunities. With this idea, we were able to relate a
possible conformational change in the intracellular domain of
FOLR1 specific to each ligand. This conformational change is
based on the distance between its two parallel chains in the
intracellular domain. These distances are significantly reduced
in the presence of ligands and further reduced depending on
the peptide in question. This reduction in the distance between
the intracellular domains together with the idea of being a
mobile region could give us clues about how a smaller distance
between these regions would increase the signaling capacity of

the receptor. This is a key point in understanding how these
peptides can regulate the expression of the Yamanaka factors.
With this theory, those peptides causing a decrease in the
middle distance would give a slight increase in the expression
of the Yamanaka factors.
Effect of FRα Binding Peptides on Nuclear Local-

ization of Folate Receptor. We have tested the effect of
FRα binding peptides on neuronal cultured cells expressing
FRα, such as SK-N-SH neuroblastoma human cells. Upon
binding of FRα binding peptides to FRα receptor, an
internalization of the folate receptor α in the nucleus was
found, as previously described for FR-1.18 As shown in Figure
2, the FRα binding peptides are also involved in the FRα
nuclear internalization (Figure 2a). The presence of nuclear
FRα due to the addition of the different peptides was
quantified and is shown in Figure 2b.

In addition, it is well known the use of primary cultures of
human21 or mouse22 cells as models to study different cell
mechanisms. Thus, we have used primary cultures of mouse
cortical neurons22,23 to study the effect of FRα binding
peptides on FRα nuclear transport and transcription to express
specific genes.
Effect of FRα Binding Peptides in Primary Mouse

Cortical Neurons. Transport of FRα to the Nucleus. To
evaluate the internalization of FRα in cortical neurons, we
tested the expression of the FRα protein within the nuclear
region (labeled with DAPI staining) using confocal micros-
copy. Figure 2c shows an increase in the reaction with the FRα
antibody in the presence of the different FRα binding peptides.
The result is quantified in Figure 2d.
Expression of Sox2 and Klf4 upon Addition of FRα

Binding Peptides. Previous reports have indicated that FRα-1-
binding peptide (or folate) upon binding to FRα favors its
transport to the nucleus, where FRα acts as a transcription
factor11 facilitating the expression of Yamanaka Factors
(YF).12,18 There are four YF: Oct4 and Sox2 maintain cell
pluripotency and c-Myc and Klf4 regulate cell proliferation.24

Thus, we study the effect of the FRα binding peptides in the
induction of two YF peptides, Sox2 and Klf4. Figure 3 shows
that in the presence of the FRα binding peptides, an increase in
Sox2 (Figure 3a,b) and Klf4 (Figure 3c,d) protein expression
was found.
Expression of Young-Associated Markers in the Presence

of FRα Binding Peptides. A previous report18 described that
FRα-1-binding peptide (or folate) may reprogrammate
neurons from old brain mice to a younger phenotype, being
the expression of GluN2B an example of that partial
rejuvenation.18 GluN2B is a subunit of NMDA receptor,
mainly present in young cells25 that can increase synaptic
transmission and cognition,26 process in which the post-

Table 1. Distance between Leucine 9′ and Cysteine 244′ of FRα, Depending on Whether the Ligand Is Unbound to It (FRα)
or Bound to FRα-Binding Peptides 1, 2, 3, 4, 5, or 6a

FRα “1” “2” “3” “4” “5” “6”

measure 1 11.5 10.2 10.3 10.4 10.2 10.2 10.2
measure 2 13.5 10.5 10.7 10.6 10.8 10.4 10.2
measure 3 14.0 11.3 11.6 11.2 11.4 11.5 11.3
measure 4 15.0 12.0 12.4 12.3 12.7 12.4 12.1
measure 5 15.5 12.4 12.9 12.4 13.6 13.0 12.6
mean distance 13.9 11.28 11.58 11.38 11.74 11.5 11.28
variance 1.94 0.7096 0.9656 0.6976 1.5504 1.192 0.9496

aEach of the measures (measures 1, 2, ...) corresponds to the five highest confidence predictions resolved by AF2. Data represented in Armstrong.
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Figure 2. Effect of FRα binding peptides on the nuclear internalization of FRα. (a) Representative examples of a Western blot of SK-N-SH human
cellular cultures using an FRα antibody and β-Laminin as a loading control. (b) Quantification of nuclear FRα protein expression following a 30
min incubation with either a vehicle solution or different folate receptor FRα-binding peptides. The addition of peptides increases FRα protein
expression in cells compared to the vehicle (Kruskal−Wallis value = 14.22, p < 0.0273, df = 7). The intensity of the FRα immunoreactivity signal
was quantified relative to the β-Laminin signal detected in the same experiment. (c) Representative confocal images of neocortical neurons from
primary cultures showing FRα (red) immunofluorescence expression after treatment with vehicle or different FRα-binding peptides (FR-2-6). In
blue is shown DAPI nuclear marker. (d) Bar graphs showing the mean intensity from FRα immunofluorescence signal. The value of each neuron
analyzed (represented by black dots) is displayed, with data collected from a total of 359 neurons in panel (d). Treatment with different FR α-
binding peptides induced a significant increase in neuronal FRα nuclear expression (Kruskal−Wallis value = 57.92, p < 0.0001, df = 5). Data are
presented as mean ± SEM (*p < 0.05; **p < 0.01; ***p < 0.001). Scale bars, 25 μm (c).
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synaptic protein PSD-95 may play a role by its direct binding
to GluN2B.27 Thus, we studied the presence of PSD95 in
cultured mouse cortical neurons. Figure 4a shows that FRα
binding peptides increase the level of the presence of PSD95 in
cortical neurons. A quantification of the results of Figure 4a is
indicated in Figure 4b.
Other Markers for FRα Binding Peptides In Vivo

Effect. In a previous work, it was shown that intracranial
injection of folate or a FRα binding peptide10 in aged wild-type
mice results in the change in the extracellular matrix
organization known as perineuronal nets (PNNs) present at
dentate gyrus and comprising proteoglycans like neurocan,
brevican, aggrecan, phosphocan and versican. Aging is
associated with an increase in PNN at DG18 that could be
reduced by the presence of folate or a FRα binding peptide
(FR-1).18 Thus, the reduction of PNNs could be a good
marker for the rejuvenation effects of the FRα binding
peptides.

Considering the promising results that these newly
synthesized peptides had on in vitro neurons, we wanted to

test their potential in vivo effects. We then started studying the
first of the newly synthesized peptides (FR-2). We have first
replicated the treatment protocol previously carried out with
FR-1,18 injecting the peptide intrahippocampally to verify if it
could produce a more potent effect in terms of changes in the
extracellular matrix (Figure 5a). The results showed that FR-2
indeed had a very significant effect on the hippocampus,
reducing the density of perineuronal nets in the injection area
(Figure 5b). Next, we wanted to better understand the delivery
possibilities of these new peptides. Therefore, we examined
their ability to efficiently cross the blood−brain barrier and
produce significant effects on the nervous system as well.
Intraperitoneal Peptide Delivery and Its Effects on

the Brain. Looking for a possible human clinical use of these
FRα binding peptides, we tested the intraperitoneal delivery of
these peptides, searching for a further brain effect.

Figure 5c−e shows that intraperitoneal delivery of FRα
binding peptide 2 results in similar brain marker (PNNs)
changes to those previously observed for intracranial injection
of the same peptide (see Figure 5a,b and also ref 18). In the

Figure 3. Effect of FRα binding peptides on neuronal Sox2 and Klf4 protein expression. (a) Representative examples of a Western blot of primary
neocortical neuronal cultures from wild-type mice using a Sox2 antibody and β-actin as a loading control. (b) Quantification of Sox2 protein
expression following a 30 min incubation with either a vehicle solution or different folate receptor FRα-binding peptides. The addition of peptides
increases Sox2 protein expression in neurons compared to the vehicle (Kruskal−Wallis value = 10.57, p < 0.06, df = 5). The intensity of the Sox2
immunoreactivity signal was quantified relative to the β-actin signal detected in the same experiment. Data are presented as mean ± SEM (*p <
0.05; **p < 0.01). (c) Representative examples of a Western blot of primary neocortical neuronal cultures from wild-type mice using a Klf4
antibody and β-actin as a loading control. (d) Quantification of Klf4 protein expression following a 30 min incubation with either a vehicle solution
or different FRα-binding peptides. The addition of peptides increases Klf4 protein expression in neurons compared to the vehicle (Kruskal−Wallis
value = 13.69, p < 0.0177, df = 5). The intensity of the Klf4 immunoreactivity signal was quantified relative to the β-actin signal detected in the
same experiment. Data are presented as mean ± SEM (*p < 0.05; **p < 0.01; ***p < 0.001).
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intraperitoneal treatment, we found changes not only at
hippocampal levels (Figure 5e) but also on the somatosensory
neocortex, where a significant decrease of PNN density was
found (Figure 5d).
Effect of FRα-2 Binding Peptide Administration via

Intracranial Injection or Peripheral Delivery (Intra-
peritoneal Injection or Intragastric Inoculation) on
Cognition. Moreover, similar effects in these aged wild-type
mice were found using either delivery type at the level of
cognitive improvement (Figure 6). In both cases, there was a

notable improvement in new object recognition memory,
particularly in the long term but also in short-term spatial
memory. In the case of intraperitoneal injection, we observed a
significant improvement in stress and anxiety levels in the aged
mice. These results confirmed that intraperitoneal injection of
the peptide was able to reach the nervous system and induce
positive functional changes in cognition.

A possible explanation (see Table 2) is the high probability
calculated for these FRα binding peptide to cross BBB, by
following the model of Chen et al.28

Figure 4. Effect of folate receptor (FR) α-binding peptides on the expression of PSD-95 postsynaptic neuronal protein in neocortical neurons. (a)
Representative confocal images of neurons showing PSD-95 (green) immunofluorescence expression after treatment with vehicle or different FRα-
binding peptides (FR-2-6). In blue is shown DAPI nuclear marker. (a′) A magnified view of the square-segmented region highlighted in (a) is
displayed. (b) Bar graphs showing the mean intensity from PSD-95 immunofluorescence signal. The value of each neuron analyzed (represented by
black dots) is displayed, with data collected from a total of 359 neurons in panel (b). Treatment with different FR α-binding peptides induced a
significant increase in neuronal PSD-95 expression (Kruskal−Wallis value = 151.6, p < 0.0001, df = 5). Data are presented as mean ± SEM (*p <
0.05; **p < 0.01; ***p < 0.001). Scale bars, 50 μm (a), 20 μm (a′).
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Figure 5. Immunofluorescence results for Wisteria Floribunda (WFA) expression after intrahippocampal and intraperitoneal vehicle or FR-2
treatment. (a) Representative microphotographs of immunoreactivity obtained for WFA protein expression (green) in the hippocampus from
vehicle-treated and FR-2-treated mice. The segmented area corresponds to the CA3 region, where the analysis was performed. The yellow asterisk
represents the area where the selected treatment was microinjected. Scale bar shown in (a) indicates 100 μm. (b) Graphical representation of the
mean ± SEM of the perineuronal net (PNN) WFA-immunoreactive cell density per mm3 in the total volume of the CA3 region. Mice
intrahippocampally treated with the FR-2 peptide showed a significant reduction of PNN density (t = 3.526; df = 7). (c) Representative
microphotographs of immunoreactivity obtained for WFA protein expression (in green) in the somatosensory neocortex from intraperitoneal-
treated mice. Scale bar shown in (c) indicates 200 μm. (d) Graphical representation of the mean ± SEM of the perineuronal net (PNN) WFA-
immunoreactive cell density per mm3 in the total volume of somatosensory neocortex. Mice intraperitoneally treated with the FR-2 peptide showed
a significant reduction of PNN density (t = 1.977; df = 8). (e) Graphical representation of the mean ± SEM of the perineuronal net (PNN) WFA-
immunoreactive cell density per mm3 in the total volume of the CA3 hippocampal region (left panel) and the mean surface area of those PNN
WFA-immunoreactive units. Mice intraperitoneally treated with the FR-2 peptide showed in the hippocampus a significant reduction of PNN
surface area (t = 1.874; df = 8). *p < 0.05, **p < 0.01.
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Figure 6. Effect of intrahippocampal FR-2 peptide treatment on cognition. (a) Graphical scheme of the protocol followed for the behavioral study
of animals subjected to intrahippocampal treatment with the peptide or vehicle solution is shown. (b) Bar graphs show some of the main data from
the open field test in mice treated with FRα-binding peptide FR-2: total distance traveled, average speed of movement, and latency to first entry to
the center area of open field. No changes were found after FRα-binding peptide treatment in anxiety-depression-like behavior (t = 1.166, df = 10 for
latency to first enter to the center area), nor in general motor activity (t = 0.3545, df = 10 for total distance traveled and 0.3522, df = 10 speed
average). (c) Bar graphs show the results from two memory tests: the novel object recognition (NOR) for short-(2 h) and long-term recognition
memory (5 days) and the Y-maze test for spatial memory. Mice treated with the peptide showed a significant improvement in memory retention 5
days after the first training session, as shown by memory index of novel object recognition test (Mann−Whitney test, p = 0.0364). Treatment with
FRα-binding peptide induced a strong tendency toward a significant effect on spatial memory performance, as shown by the percentage of time
spent in the novel arm (t = 1.496, df = 10). Graphs displaying mean ± SEM of both the vehicle-treated group and the peptide-treated group are
shown. All data were analyzed by Student′s t test or Mann−Whitney test depending on whether the data met the requirements for normality. *p <
0.05. Effect of Intraperitoneal FR-2 Peptide Treatment on Cognition. (d) Graphical scheme of the protocol followed for the behavioral study of
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Even intragastric inoculation of the peptide led to cognitive
effects, significantly improving the spatial memory of aged and
treated mice. However, no significant behavioral effects were
observed in terms of mobility, stress, or anxiety levels (Figure
S1).

■ DISCUSSION
In this work, we have found that several peptides related to the
previously indicated CTVRTSAEC,17 from now named as FR-
1, are able to bind FRα at the same localization as folic acid,

minimizing the potential toxic side effects of folic acid, and
inducing the transcription of YF like Sox2 or Klf4.12,18

In the interaction of FRα binding peptides with FRα,
different types of bonds take place: ionic bonds between
glutamatic/aspartic residues with arginine/lysine amino acids
or hydrogen bands between tyrosine (−OH) and serine/
tyrosine (−OH).

The analysis using the AF2 protein prediction software
revealed slight ligand-dependent modifications in the intra-
cellular domain of the receptor. Notably, these changes were

Figure 6. continued

animals subjected to intraperitoneal treatment with the peptide or vehicle solution is shown. (e) Bar graphs show some of the main data from the
open field test in mice treated with FRα-binding peptide FR-2: total distance traveled, average speed of movement, and latency to first entry to the
center area of open field. No changes were found after FRα-binding peptide treatment in general motor activity (t = 0.03481, df = 19 for total
distance traveled and 0.04168, df = 19 speed average), but there was an improvement in stress and anxiety levels (t = 2.834, df = 18 for latency to
first enter to the center area). (f) Bar graphs show the results from two memory tests: the novel object recognition (NOR) for short (2 h)- and
long-term recognition memory (5 days) and the Y-maze test for spatial memory. Mice treated with the peptide showed a significant improvement
in object recognition memory, either 2 h (strong tendency, t = 1.372, df = 11) and 5 days (Mann−Whitney test, p = 0.0364) after the first training
session. Treatment with FRα-binding peptide induced also significant effect on spatial memory performance as shown by the percentage of time
spent in novel arm (t = 2.077, df = 16). Graphs displaying mean ± SEM of both the vehicle-treated group and the peptide-treated group are shown.
All data were analyzed by Student′s t test or Mann−Whitney test depending on whether the data met the requirements for normality. *p < 0.05.

Table 2. Key Biochemical Data of Newly Synthesized Small Peptides, Including Amino Acid Composition, Molecular Weight
(g/mol), HPLC Purity (%), Probability to Cross the Blood−Brain Barrier According to BBP Predict Software (All Are
Predicted to Be Blood−Brain Barrier Peptides), and a Schematic Representation of the Molecular Structure
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linked to a decrease in the distance between parallel chains
within the intracellular domain in the presence of ligands.
AF2’s pLDDT scores helped us to consider the hypothesis that
conformational changes in mobile regions, like the intracellular
domain of FRα, could enhance receptor signaling by reducing
the distance between domains.

After gaining a better understanding of the mechanism of
action of these new peptides through their interaction with the
folate receptor α, we aimed to study the sequences of these
peptides more closely and explore possible homologies with
existing sequences. By looking at the Homo sapiens (Taxon
ID:9606) protein database,29 we have tested if the sequence of
any of those peptides could be present in any reported human
protein. Only FRα binding peptide 3 (TVRTSAE) sequence
was found to be present in Shcbp1 protein.30 Shcbp1 is a
protein that interacts with the adapter protein p52 ShcA, a
factor involved in T cell activation.31 Also, Shcbp1 is involved
in several signaling pathways,32 mainly through its interaction
with Shc protein as well as in the regulation/dysregulation of
several processes,32 including neurodegenerative disorders.33

The interaction of Shcbp1 with Shc proteins occurs through an
acid region of Shcbp1, present at its NH2 half of the protein,
which binds to the SH2 domain of Shc protein.30,31 However,
the sequence TVRTSAE (present in the FRα binding peptide
3) is located in the CO2H half of the Shabp1 molecule.31

Further work will be needed to know whether there is a
possible relation, or not, between FRα and Shcbp1 protein.

Regarding the effects of these new peptides at the cellular
and organismal levels, we have found significant and promising
results. The administration of folate-receptor-binding peptides
to cortical neurons significantly promotes the transport of FRα
to the cell nucleus, where it functions as a transcription factor,
enhancing the expression of Yamanaka factors such as Sox2
and Klf4. The expression of Yamanaka factors in the brain, and
specifically in neurons, has been shown to reverse different
aging-associated phenotypes, including the increase of synaptic
receptors or the neuronal activity of circuits associated with
memory, improving memory functioning.15,18 One of these
synaptic proteins was GluN2B, a subunit of NMDA receptors,
mainly present in young brain cells15,18 and linked to the
postsynaptic protein PSD95.27 Its increased expression results
in improved cognition in old animals. Indeed, PSD95 is a
major synaptic protein involved in aging.34 The expression of
this protein has indeed been found to be significantly reduced
with aging in numerous studies, both in genetic models of
premature aging35 and with physiological aging,36 typically
accompanied by a decline in memory processing. Considering
these previous data, the increase in PSD95 expression in
mature cortical neurons found in this study after treatment
with FR-2 suggests a rejuvenating effect at the cellular level by
these peptides by enhancing neuronal plasticity.

Furthermore, the expression of Yamanaka factors in neurons
from in vivo mouse models has been also shown to reverse
other age-associated phenotype such as the increased presence
of organized extracellular matrix in the so-called perineuronal
nets.37

Various studies have found that during partial reprogram-
ming induced by the overexpression of Yamanaka factors,
which leads to a cellular rejuvenation process both peripherally
and in the central nervous system, there are systematic changes
in the extracellular matrix.18,38 Our previous studies have
determined that such partial reprogramming,18 led to a
reduction in the extracellular matrix and the perineuronal

nets they form. The in vivo results obtained in this work
similarly reproduce those findings reached by transgenic
overexpression of YF, reducing the perineuronal net density
after the intrahippocampal application in aged mice of one of
these peptides, FR-2. This protocol has also reproduced some
of the effects previously observed with FR-1,17 resulting in
cognitive improvement. In that improvement, there is, as
indicated, a decrease of PNNs, reverting that aging hallmark.39

However, the major milestone achieved in this study is the
potential reach of the effects of these peptides through
peripheral administration. The intraperitoneal injection of this
same peptide (FR-2) in aged mice, once per week for a full
month, resulted in the same type of changes seen previously
regarding the extracellular matrix of the cerebral cortex along
with an improvement in object recognition and spatial
memory. Additionally, an improvement in spatial memory
was observed when the same peptide was administered via
gastric gavage in aged mice. This ability to exert a cognitive
effect when administered peripherally through different types
of inoculations would confirm the theoretical potential
observed regarding the permeability of these peptides in the
blood−brain barrier like FRα peptide 1.28

In summary, we have indicated the effect of a family of FRα
binding peptides to activate the expression of some YF in
cultures of cortical neurons or in vivo, by intrahippocampal,
intraperitoneal, or intragastric injections, resulting in an
increase of cognitive improvement.

■ METHODS
Synthesis of Different FRα-Binding Peptides. To

mimic the cognitive results produced by intrahippocampal
injection of folate, we have characterized different FRα-binding
peptides with the following sequence: cys−thr−val−arg−thr−
ser−ala−glu−cys (CTVRTSAEC), thr−val−arg−thr−ser−
ala−glu (TVRTSAE), arg−thr−ser−ala−glu (RTSAE), thr−
val−lys−ser−thr−ala−asp (TVKSTAD), cys−thr−val−lys−
ser−thr−ala−asp−cys (CTVKSTADC), and ser−ala−lys−
ser−thr−val−asp (SAKSTVD) (Figure S1). These peptides
were prepared by the company Proteogenix (Schiltigheim,
France) and in Table 1 their biochemical properties.
AlphaFold Modeling. The amino acid sequence of

FOLR1 was extracted from its respective entry in the
UniProtKB database (P35846). A user-friendly interface for
accessing AlphaFold2 (AF2) has recently been made available
through notebooks. We used the ColabFold notebook, whose
structure prediction is powered by AF2 combined with
RoseTTAFold, a software tool that uses deep learning to
quickly and accurately predict protein structures [1], and a fast
multiple sequence alignment generation stage using another
software which search and cluster huge sequence sets
(MMseqs2).40 Using the AF2 program, the FASTA format
of each sequence serves as input and the program predicts five
structures for each sequence in a single execution. Each
ligand−receptor binding structure prediction was downloaded
from ColabFold with the exception of the linkage between
FOLR1 and Folic Acid, which was downloaded from the
Protein Data Bank (PDB) obtained through X-ray crystallog-
raphy data.41 This last interaction prediction barely showed the
intracellular region due to the technical limitations of the
results obtained through X-ray crystallography. Every structure
was analyzed, visualized, and colored with the PyMOL
Molecular Graphics System (Version 2.0 Schrödinger, LLC).
Based on the five structures predicted by AF2, we were able to
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find slight structural variations in the conformations of the
FOLR1 receptor. These variations were found among the most
likely predicted structures contributed by the same peptide,
between different peptides, and when compared against the
folate receptor without a ligand. To study these variations in
depth, the Pymol measurement program was used, in which
two random amino acids were chosen (Leucine 9′ and
Cysteine 244′), each one belonging to one of the two
intracellular domains of the FOLR1 structure. We then
analyzed the distance between both amino acids in the
three-dimensional configuration of the folate receptor in each
of the cases studied, namely, with the peptide binding (in each
of its 5 most probable configurations), and compared it with
the distance between both amino acids in the receptor without
bound ligand.
Nuclear Fractionation of Cultured Human Cells and

Western Blotting. To study the efficiency of different
peptides in translocating the FRα receptor into the nucleus,
as well as inducing the expression of different Yamanaka factors
such as Sox2 or Klf4, we used SK-N-SH human neuroblastoma
cell line.42 The method to fractionate the cell nucleus has been
reported previously,18 and the presence of FRα-binding
peptide in the nuclear fraction was demonstrated by Western
blot analysis using the antibody against FRα1-binding peptide
(Thermo Fisher, ref: PA5-101588). SK-N-SH cells were
treated with different FRα-binding peptides (1 mM), or
Dulbecco’s Modified Eagle Medium (DMEM) for 30 min at
37 °C. Total cell lysate or nuclear fraction was obtained as
previously reported.43 Whole cell lysate or cell nuclear pellets
of each experiment were then quantified by the BCA protein
assay. Samples were separated on 10% SDS-PAGE and
electrophoretically transferred to a nitrocellulose membrane
(Schleicher & Schuell GmbH). The membrane was blocked by
incubation with 5% semifat dried milk in PBS and 0.1% Tween
20 (PBS), followed by a 1 h incubation at room temperature
with the primary antibody in PBSM. The following primary
antibody dilutions were used: antifolate receptor α 1 (1/300;
Thermo Fisher, ref: PA5-101588) for nuclear fraction. In all
cases, β-Laminin (Santa Cruz SC-377000, diluted 1/1000) was
used as loading control. After three washes, the membrane was
incubated with a horseradish peroxidase-antirabbit Ig con-
jugate (DAKO), followed by several washes in PBS-Tween 20.
The membrane was then incubated for 1 min in Western
Lightning reagents (PerkinElmer Life Sciences). Blots were
quantified using the EPSON Perfection 1660 scanner and the
ImageJ software.
Primary Neuron Culture and Treatments. Cortical

neuronal cultures were obtained from embryonic day E18
C57JBL mouse embryos. After removing meninges, entire
cortices were first incubated with trypsin 10× (Sigma) and
DNAase (Roche) in HBSS for 15 min at 37 °C and then
mechanically dissociated using a Pasteur pipet. The reaction
was halted using medium plating (HS medium, glucose 20%,
50 mg/mL gentamicin, and MEM) followed by centrifugation
at 800 rpm for 10 min. Subsequently, the pellet was
reconstituted in plating medium and placed at a density of
106 cells/cm2 on glass coverslips coated with poly-D-lysine
(100 μg/mL; Invitrogen) or in 35 mm dishes in the incubator
at 37 °C and 5% CO2. After 3 h, the medium was replaced with
Neurobasal (NB) culture medium complemented with 2%
B27, 500 mM GlutaMAX supplement (Invitrogen), and
antibiotics (gentamicin 50 mg/mL). The following day AraC
was introduced into the medium at a concentration of 5 μM

and the culture medium was refreshed on day 7, wherein it is
substituted with freshly prepared NB+B27 medium. Half of the
culture medium was exchanged each 5−6 days and cells were
used at DIV 14. On the 14 DIV, PBS (vehicle solution) or the
peptide was added to the medium at a concentration of 5 mg/
mL for 30 min. After this period, the cells were washed with
PBS, dissociated, frozen, or fixed on coverslips with 4% PFA.
Primary Neuron Western Blotting. After neuron homoge-

nization, samples were separated on 10% SDS-PAGE and
electrophoretically transferred to a nitrocellulose membrane
(Schleicher & Schuell GmbH). The membrane was blocked by
incubation with 5% semifat dried milk in PBS and 0.1% Tween
20 (PBS), followed by 1 h incubation at room temperature
with the primary antibody in PBSM. The following primary
antibody dilutions were used: anti-Klf4 (1/1000; R&D System,
ref: AF3158) and anti-Sox2 (1/1000; R&D Systems, ref:
AF2018) for total cell lysate. β-actin (1/5000; SIGMA, ref:
T4026) was used as loading control. After three washes, the
membrane was incubated with a horseradish peroxidase-
antigoat Ig conjugate (DAKO), followed by several washes
in PBS-Tween 20. The membrane was then incubated for 1
min in Western Lightning reagents (PerkinElmer Life
Sciences). Blots were quantified using the EPSON Perfection
1660 scanner and ImageJ software.
Primary Neuron Immunofluorescence. For immunofluor-

escence studies, cells were fixed with 4% formaldehyde.
Subsequently, the fixed cells were permeabilized with 0.1%
Triton X-100 and 1 M glycine for 30 min. After fixation, the
coverslips were blocked with 1% bovine serum albumin for 30
min and subsequently incubated with primary antibodies
(antifolate receptor α 1, 1/300, Thermo Fisher, ref: PA5-
101588; anti-PSD95, 1/500 Synaptic Systems, ref: 124014) in
PBS containing 1% bovine serum albumin for 1 h. Coverslips
were rinsed three times with PBS and incubated for 45 min
with Alexa 488-conjugated antiguinea pig (diluted 1:500;
Thermo Fisher) and Alexa 594-conjugated antirabbit (diluted
1:400; Thermo Fisher). All of the coverslips were finally
counterstained for 3 min with 4′,6-diamidine-2′-phenylindole
dihydrochloride (DAPI; 1:1000, Calbiochem-EMD Darmstadt,
Germany). After being washed with PBS, the coverslips were
mounted with Fluorosave (Calbiochem, San Diego, CA).
Ethics Statements. Animals were housed in accordance

with European Community Guidelines (directive 86/609/
EEC) and handled following European and local animal care
protocols. The animal experiments were approved by the
CBMSO Ethics Committee (AECC-CBMSO-13/172) and the
National Ethics Committee (PROEX 102.0/21). All of the
methods were performed in accordance with the relevant
guidelines and regulations. The study is reported in accordance
with ARRIVE guidelines (https://arriveguidelines.org).
Animals. Animals were housed in a specific pathogen-free

facility under standard laboratory conditions. They were
housed 4−5 per cage with food and water available ad libitum
and maintained in a temperature-controlled environment on a
12/12 h light/dark cycle with light onset at 8 a.m. A total of 44
C57BL/6 wild-type male (XY) and female (XX) mice were
bred in the animal facility at the CBM.
Experimental In Vivo Designs. To study the in vivo

effects of this new family of synthetic peptides, we tested FRα-
binding peptide 2 (FR-2; TVRTSAE) was tested. This peptide
was administered intracerebrally, similar to what was done
previously with FR-1.17 According to a software tool predictor
created by Chen et al.28 (BBP predict), this peptide has the
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potential ability to cross the blood−brain barrier with a
probability of 65%. Taking advantage of this capacity, the
peptide was also injected intraperitoneally to verify its ability to
reach the brain through peripheral administration. In both
experiments, 1 week after the injections, the mice were
assessed using behavioral (open field trial) and memory tests
(novel object recognition and Y maze test) to determine the
potential functional effects of the peptide on the central
nervous system. Two weeks after surgery, the mice were
perfused immediately after completing the Y maze test.
Stereotaxic Surgery and Intrahippocampal Microinjec-

tion. A group of 13 wild-type C57JBL 26-month-old mice were
randomly injected in the hilus region of both brain
hemispheres (2 μL in each one) with vehicle (phosphate-
buffered saline, PBS), or synthetic FRα-binding peptide 2 (5
mg/mL, diluted in PBS; Abyntec; amino acid sequence:
CTVKSTADC; M.W., 927 Da).

After anesthesia with isoflurane, the mice were secured in a
stereotaxic frame (Kopf). Holes were drilled bilaterally in the
skull at the injection sites (one per hemisphere) using a
microdrill with a 0.5 mm bit. The following stereotaxic
coordinates were used for intrahippocampal injections (from
bregma): anterior−posterior −2.0; lateral 1.4; and dorsoven-
tral −2.2. A 33-gauge needle Hamilton syringe coupled to a
syringe pump controller mounted on the stereotaxic frame was
used to inject 2 μL of vehicle or metabolites at each site.
Injections were given at 0.25 μL/min, and after completing the
inoculation of the entire solution volume, a 3 min wait was
observed before removing the needle from the injection site.
Prior to completely removing the needle from the brain tissue,
another 3 min pause was implemented halfway through in
order to minimize potential damage. After the injections, the
skin was sutured, and buprenorphine (Sigma) was adminis-
tered subcutaneously. The animals were allowed to recover for
1 h on a heating pad before being returned to the cage. The
animals were treated with ibuprofen (Dalsy in drinking water)
for the following 5 days. They remained in the cage for an
additional week before the start of behavior tests and were
sacrificed 2 weeks after surgery.
Intraperitoneally Delivery. For a more realistic clinical

approach, we intraperitoneally injected the same synthetic
FRα-binding peptide into another group of 21 wild-type
C57JBL mice that were 19 months old. The animals were
injected once per week, with two injections of 150 μL spaced
an hour and a half apart on the same day, for the duration of a
whole month. These injections consisted of either the vehicle
(phosphate-buffered saline, PBS) or the peptide (5 mg/mL,
diluted in PBS).
Gastric Gavage Delivery. Finally, to evaluate the potential

of a more accessible treatment, such as oral administration, we
studied behavioral effects in aged mice treated via gastric
gavage with the FRα-binding peptide 2, in order to economize
on peptide usage. A group of 10 wild-type C57JBL mice,
averaging 18 months of age, was used, and the same protocol
previously applied for intraperitoneal delivery was followed. A
weekly administration (always on the same day for all mice) of
300 μL was performed via gastric gavage at a concentration of
5 mg/mL of the peptide diluted in PBS, or PBS alone for the
control group. Behavioral tests started the day after the last
administration (Figure S1).
Animal Sacrifice and Tissue Processing. The mice were

anesthetized with an intraperitoneal pentobarbital injection
(Dolethal, 60 mg/kg body weight) and transcardially perfused

with saline. Brains were separated into two hemispheres. One
was removed and fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer (PB; pH 7.4) overnight at 4 °C. The next
day, it was washed three times with 0.1 M PB and cut along the
sagittal plane using a vibratome (Leica VT2100S). Serial
parasagittal sections (50 mm thick) were cryoprotected in a
30% sucrose solution in PB and stored in ethylene glycol/
glycerol at 20 °C until they were analyzed. Regarding the other
hemisphere, the hippocampus was rapidly dissected on ice and
frozen in liquid nitrogen for other studies.
Immunofluorescence Techniques and Quantifications.

For immunofluorescence experiments, three brain sagittal
sections between 0.60 and 1.20 mm (approximately) lateral
to the midline in Paxinos and Franklin’s Mouse Brain Atlas44

were used. Free-floating serial sections (50 μm thick) were first
rinsed in PB and then preincubated for 2 h in PB with 0.25%
Triton-X100 and 3% normal serum of the species in which the
secondary antibodies were raised (Normal Donkey Serum,
Invitrogen, Thermo Scientific). Subsequently, brain sections
were incubated for 24h at 4 °C in the same preincubation
stock solution (PB + Triton + Serum) containing different
combinations of the following primary antibodies: L1516
(Merck) for Lectin from Wisteria floribunda (WFA) and
Aggrecan (Merck, ab1031). After rinsing in the sections in PB,
they were incubated for 2 h at room temperature in anti-
streptavidin Alexa 488 (Thermo Fisher, S-32254) and donkey
antirabbit 267 Alexa 594 (Thermo Fisher, A-21207). Sections
were also labeled with the nuclear stain DAPI (4,6-diamidino2-
phenylindole; Sigma, St. Louis, MO). We obtained stitched
image stacks from the entire DG in the hippocampus. These
were recorded at 1-μm intervals through separate channels
with a 20× lens for the analysis of neurogenesis and the
extracellular matrix (ECM). The same range of z-slices was
obtained from each slide in each experiment. Adobe Photo-
shop (CS4) software was used to build the figures.

Immunohistochemical quantifications for perineuronal nets
(PNN) of the ECM, were performed by counting positive
units labeled with WFA in the DG (including the GCL and
hilus) from three consecutive medial brain sections. To
determine the density of different cells, the different layers of
DG were traced on the DAPI channel of the z projection of
each confocal stack of images, and the area of this structure
was measured using the freehand drawing tool in Fiji. This area
was multiplied by the stack thickness to calculate the reference
volume. The number of positive cells was divided by the
reference volume, and the density (number of cells/mm3) of
cells was calculated.
Behavioral Tests. Open field (OF) and novel object

recognition (NOR) tests were performed as described
previously.18 Locomotor activity, as well as anxiety and
depression-like behavior, was evaluated using the OF test
during a 10 min session. In brief, on the 1st day, the mice were
placed individually in a 45 × 45 cm2 plastic box with vertical
opaque walls for 10 min. Each session was recorded, and data
such as distance, average speed, and latency to the first entry
on the center square of the box were analyzed with the ANY-
maze software. The next day, NOR test was performed. The
mice were placed in the same box for 5 min and allowed to
explore two identical objects: A and B (two black rook chess
pieces). The two objects were placed on the long axis of the
box, each 13 cm from the end of the box. After each exposure,
the objects and the box were wiped with 70% ethanol to
eliminate odors that could potentially affect the behavior of
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successive mice. Two hours after the familiarization trial, each
mouse was released into the box with the same object
previously used (object A) and a new one (object C, a tower of
colored plastic pieces), instead of object B (short-term
memory test). Object C was placed in the same position as
object B in the familiarization trial. The mice were allowed 5
min to explore the box. Five days later, the mice were released
into the box again, with object A in the same position and
another new object (object D, a falcon tube filled with wood
chips) in the same position as object C in the previous test.
Again, the animals were allowed 5 min to explore the box
(long-term memory test). The memory index (MI) was used
to measure the recognition memory performance. The MI was
defined as the ratio of time spent exploring or the number of
entries in the new object (tC or tD) to the time spent
exploring both objects (tA + tC or tA + tD) (MI = [tC/(tA +
tC)] × 100 and [tD/(tA + tD)] × 100). ANY-maze software
was used to calculate the time mice spent exploring the
different objects. The animals whose total exploration time of
both objects was less than 2 s were excluded. To assess spatial
memory, a Y maze test based on published protocols with
modifications was used. This test is based on the innate
curiosity of rodents to explore novel areas. First, the mice were
placed into one of the arms of a black Y-maze apparatus,
comprising three plastic arms forming a “Y” shape. They were
then allowed to explore the maze for 10 min with one of the
arms closed (training trial). After 1 h, the mice were returned
to the same arm of the Y maze (start arm) and were allowed to
explore all three arms of the maze for 5 min. The number of
entries into each arm and the time spent in each arm were
registered on video recordings and analyzed by ANY-maze
software. We compared the percentage of time spent in the
“novel” arm during the whole trial as a measure of spatial
memory performance.
Statistical Analysis. The data are presented as mean

values ± SEM. Statistical analyses were performed using
GraphPad Prism8. The experiments, as well as the acquisition
and analysis of all data, were conducted in a randomized order
by investigators who were blinded to the experimental
conditions. To compare the two experimental groups (mice
injected with vehicle or FRα-binding peptide), data were
previously tested for normality using the Shapiro-Wilk test, and
an unpaired Student’s t test was carried out. A one-way
ANOVA with Tukey’s multiple comparisons test was
conducted to study differences in the structure of FRα upon
different peptide binding. The Kruskal−Wallis test followed by
the uncorrected Dunn’s test was used for multiple comparisons
and post hoc analysis to analyze in vitro results of Klf4 and
Sox2 Yamanaka factors expression. A 95% confidence interval
was applied for the statistical comparisons.
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