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Failure of remyelination underlies the progressive nature of demyelinating diseases such as
multiple sclerosis. Why endogenous repair mechanisms frequently fail in these disorders
is poorly understood. However, there is now evidence indicating that this is related to an
overly inflammatory microenvironment combined with the intrinsic inability of oligoden-
drocyte precursor cells (OPCs) to differentiate into mature myelinating cells. Previously,
we found that phloretin, a flavonoid abundantly present in apples and strawberries,
reduces neuroinflammation by driving macrophages toward an antiinflammatory pheno-
type. Here, we show that phloretin also markedly stimulates remyelination in ex vivo and
in vivo animal models. Improved remyelination was attributed to a direct impact of phlor-
etin on OPC maturation and occurred independently from alterations in microglia func-
tion and inflammation. We found, mechanistically, that phloretin acts as a direct ligand
for the fatty acid sensing nuclear receptor peroxisome proliferator-activated receptor
gamma, thereby promoting the maturation of OPCs. Together, our findings indicate that
phloretin has proregenerative properties in central nervous system disorders, with poten-
tially broad implications for the development of therapeutic strategies and dietary inter-
ventions aimed at promoting remyelination.
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Accumulation of disability in neurological disorders such as multiple sclerosis (MS)
reflects an increasing burden of axonal injury and loss caused by repeated episodes of
inflammatory demyelination (1, 2). Early in the course of MS, this neuroinflammatory
response not only induces demyelination but also activates endogenous repair mecha-
nisms that mediate the restoration of damaged myelin sheaths, a process called remyeli-
nation. Remyelination is carried out by oligodendrocytes and is characterized by distinct
stages. First, expansion and mobilization of oligodendrocyte progenitor cells (OPCs)
within the lesion area occur, followed by OPC differentiation into mature myelinating
oligodendrocytes and remyelination of the affected axons (3–5). However, in progressive
MS patients, remyelination frequently fails, resulting in chronically demyelinated plaques
and gliotic scar tissue. This has profound pathophysiological consequences because loss
of myelin not only disrupts axonal function but also compromises axon physical integrity
by increasing susceptibility to inflammatory mediators and disrupting trophic support
provided by myelinating oligodendrocytes (6–9). The exact reason why remyelination is
hampered in these disorders is poorly understood. However, emerging evidence indicates
that this is related to an overly inflammatory microenvironment in combination with
the intrinsic inability of OPCs to differentiate into mature myelinating oligodendrocytes
(10, 11). Therefore, current strategies to enhance remyelination involve approaches
aimed at stimulating local central nervous system (CNS)–resident microglia and periph-
erally derived infiltrated macrophages toward a phenotype with antiinflammatory and
reparative features (12–14). Another promising strategy to enhance repair is by directly
manipulating signaling pathways that regulate OPC differentiation such as leucine rich
repeat and immunoglobin-like domain-containing protein 1, Notch, wingless-related
integration site (Wnt), and the peroxisome proliferator-activated receptor gamma
(PPARγ) pathway (10, 13, 15, 16). Overall, therapeutics that influence both immune
and repair processes are expected to be most efficient to promote remyelination.
Previously, we demonstrated that phloretin, a dihydrochalcone highly present in straw-

berries and apples and known to obtain immunomodulatory and antioxidative features, is
able to alleviate neuroinflammation by altering the phenotype of phagocytes (17). In this
study, we show that phloretin accelerates remyelination after cuprizone-induced demyelin-
ation as well. By using in vitro OPC cultures and microglia-depleted ex vivo brain slices,
enhanced remyelination was found to be the result of a direct impact of phloretin on
OPC maturation. Molecular docking and functional PPARγ antagonist/agonist experi-
ments further illustrated that phloretin stimulates OPC differentiation by acting as a
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potent PPARγ agonist. Because phloretin affects both the immu-
nomodulatory and neurodegenerative aspects of MS, it holds
potential as a natural treatment of this demyelinating disorder.

Materials and Methods

Antibodies and Chemical Reagents. Phloretin (Sigma-Aldrich) was dissolved
in 50 mM KOH to a 15-mM stock solution and stored at �20 °C. Phloretin was
administered daily at a concentration of 10 and 50 μM for in vitro and ex vivo
experiments, respectively. For in vivo treatment, phloretin was dissolved in 1 N
NaOH (pH was readjusted to 7.2 with 1 N HCL) and further diluted in physiologi-
cal water to obtain a concentration of 50 mg/kg. GW9662 (10 nM; M6191,
Sigma-Aldrich) and rosiglitazone (1 μM; R2408, Sigma-Aldrich) were used to
inhibit or activate PPARγ, respectively. WY14643 (25 μM; C7081, Sigma-Aldrich)
and GW501516 (0.1 μM; 43732, Sigma-Aldrich) were used to activate PPARα
and PPARβ/γ, respectively. 7-Aminoactinomycin D (7AAD; 0.5μg/mL; A1310,
Thermo Fisher Scientific) was used to evaluate cellular viability. The following
antibodies were used for immunofluorescence: rat anti–myelin basic protein
(MBP; 1/500; MAB386, Millipore; brain cryosections and in vitro OPC cultures),
rabbit anti–neurofilament (1/1,000; Ab8135, Abcam), rat anti-MBP (1/250;
MCA409S, Millipore; cerebellar brain slices), mouse anti-O4 (1/1,000; MAB1326,
R&D Systems), mouse anti-CC1 (1/50; ab16794, Abcam), and goat anti-olig2
(1/50; AF2418, R&D Systems). Appropriate secondary antibodies were purchased
from Invitrogen.

Mice. Wild-type (WT) C57BL/6JOlaHsd mice (Envigo) were fed a regular diet
and housed in the animal facility of the Biomedical Research Institute of Hasselt
University. All experiments were performed according to institutional guidelines
and were approved by the ethical committee for animal experiments of
Hasselt University.

Cell Lines. Cos7/Oli-neu cells were cultured for the ligand-binding luciferase
reporter assay in DMEM6429 (Sigma-Aldrich), supplemented with 1% penicillin/
streptomycin (P/S; Invitrogen), 10% fetal calf serum (FCS; Invitrogen), and 1%
L-glutamine (Sigma-Aldrich).

Bone Marrow–Derived Macrophages. Bone marrow–derived macrophages
(BMDMs) were isolated from WT mice. BMDMs were obtained as described pre-
viously (18). In short, tibial and femoral bone marrow cells from 12-wk-old
female WT mice were cultured in 10 cm Petri plates at a concentration of
10× 106 cells/plate in RPMI1640 medium (Thermo Fisher Scientific) supple-
mented with 10% FCS, 1% P/S, and 15% L929-conditioned medium (LCM). After
differentiation, BMDMs were detached at 37 °C with 10 mM EDTA in phosphate-
buffered saline (PBS; Gibco) and cultured (0.5× 106 cells/mL) in RPMI1640 sup-
plemented with 10% FCS, 1%P/S, and 5% LCM at 37 °C and 5% CO2.

OPC Isolation and Culturing. OPCs were isolated from pooled P0-P2 C57BL/
6JOlaHsd neonatal mice cerebral cortices. Cortices were isolated, and meninges
were removed, minced, and dissociated for 20 min at 37 °C with papain and
DNase I (both 20 μg/mL; Sigma-Aldrich). The resulting mixed glial cultures were
seeded in poly-L-lysine (PLL; 50 μg/mL; Sigma-Aldrich)–coated T75 flasks and
cultured (37 °C; 8.5% CO2) in DMEM6429 (Sigma-Aldrich) supplemented with
10% FCS and 1% P/S. After day 7, the medium was supplemented with insulin
(5 μg/mL; Sigma-Aldrich). Medium changes were performed on days 4, 7, 11,
and 14. Mixed glial cultures were separated after 14 d by mechanical shaking at
75 rpm for 45 min at 37 °C (to remove microglia) followed by additional 18-h
shaking at 250 rpm at 37 °C. Medium containing the detached cells was then
transferred to Petri dishes to further remove microglia and astrocytes based on
differential adhesion characteristics (20 min; 37 °C; 8.5% CO2). Afterward, the
enriched OPCs were collected and plated in PLL-coated wells. OPCs were cul-
tured in sato medium (DMEM; 100 μg/mL apo-transferrin, 16 μg/mL Putrescine,
5 μg/mL insulin, 60 ng/mL progesterone, 40 ng/mL sodium selenite, 30 ng/mL
triiodothyronine, 40 ng/mL L-thyroxine, 1% P/S, 2% horse serum, and 2% B-27;
all from Sigma-Aldrich) supplemented with platelet-derived growth factor (PDGF)
and basic fibroblast growth factor (bFGF; both 10 μg/mL; Peprotech) for the first
2 days to reset their cell cycle. Afterward, OPCs were cultured in normal sato
medium, and medium was changed every 2 days. Treatments were adminis-
tered every day (phloretin 10 μM, GW9662 10 nM).

Ligand-Binding Luciferase Reporter Assay. To determine the activation of
PPARγ, PPARα, and PPARβ/δ, ligand-binding luciferase reporter assays were per-
formed using the ONE-GloTM Luciferase Assay System Kit (Promega). Cos7 or
Oli-neu cells were transfected with bacterial plasmid constructs expressing lucif-
erase under the control of the ligand-binding domain (LBD) for PPARγ, PPARα,
or PPARβ/δ, which were provided by Bart Staels (National Institute of Health and
Medical Research, University of Lille, Lille, France). Cells were grown to 60% con-
fluency in 60-mm plates and transfected with 1.8μg plasmid DNA including
0.2μg pGAL4hPPARγ, pGAL4hPPARα, or pGAL4hPPARβ/δ, 1μg pG5-TK-GL3,
and 0.6μg pCMV-β-galactosidase. JetPEI (Polyplus Transfection SA) was used as
transfection reagent. Transfected cells were treated with vehicle, phloretin, or
rosiglitazone for 1, 3, 6, or 18 h. Following treatment, cells were lysed in lysis
buffer (25mM glycyl-glycine, 15mM MgSO4, 4mM EGTA, and 1× Triton; all
from Sigma-Aldrich). To correct for transfection efficacy, β-galactosidase activity
was measured using cell lysate (10%) in β-galactosidase buffer, consisting of
20% 2-nitrophenyl β-D-galactopyranoside (Sigma-Aldrich) and 80% Buffer-Z
(0.1M Na2HPO4, 10mM KCl, 1mM MgSO4, and 3.4μL/mL 2-mercaptoethanol;
all Sigma-Aldrich). Luminescence and absorbance (410 nm) were measured
using the FLUOstar Optima (BMG Labtech).

qPCR. Cell lysis was performed by using Qiazol Lysis reagent (Qiagen). RNA was
extracted using the RNeasy Mini Kit (Qiagen). RNA concentration and quality
were determined with a Nanodrop spectrophotometer (Isogen Life Science).
Complementary DNA (cDNA) synthesis was performed by using the Quanta
qScript cDNA SuperMix (Quanta Biosciences) per manufacturer instructions.
qPCR was conducted on the StepOnePlus Real-Time PCR System (Applied Biosys-
tems) using a SYBR green mix containing 1× SYBR green (Applied Biosystems),
0.3μM primers (Integrated DNA Technologies), 12.5 ng cDNA, and nuclease-free
water. The comparative Ct method was used to quantify gene expression. Data
were normalized to the most stable reference genes cyclin A and hypoxanthine
phosphoribosyltransferase 1. Primer sequences are available in SI Appendix,
Table S1.

Viability Assay. BMDMs were treated with clodronate or empty liposomes (0.5
mg/mL; LIPOSOMA) for 24 h and washed, and medium was changed. Cellular
viability was measured 7 d later by 7AAD according to manufacturer instructions
(A1310, Thermo Fisher Scientific). OPCs were isolated and cultured for 2 d in
PDGF- and bFGF-supplemented sato medium (also see OPC Isolation and Cultur-
ing), pretreated with vehicle or phloretin for 2 h, and treated with IFNγ/IL-1β
(100 ng/mL; Peprotech). Cellular viability was measured 24 h later. The FACSCa-
libur was used to quantify cellular fluorescence.

Immunofluorescence and Analysis. Frozen brain cryosections were air dried
and fixed in ice-cold acetone for 10 min at �20 °C. Cerebellar brain slices were
fixed in 4% paraformaldehyde (PFA) for 15 min at room temperature (RT).
Mouse OPCs were cultured on PLL-coated glass cover slides and fixed in 4% PFA
for 30 min. Brain sections, cerebellar slices, and OPCs were blocked by using
either Dako protein block (Agilent; 30 min), blocking buffer containing 5% horse
serum and 0.3% Triton X-100 in PBS (1 h), or blocking buffer containing 1% BSA
in 0.1% PBS-Tween (30 min), respectively. Afterward, they were incubated over-
night at 4 °C with primary antibodies, washed, and incubated with the appropri-
ate secondary antibodies for 1 h at RT. Images of brain cryosections and OPCs
were taken using a Nikon Eclipse 80i microscope (10× objective) and NIS Ele-
ments BR 3.10 software (Nikon). To quantify the level of OPC maturation in vitro,
MBP/O4 ratios per cell and Sholl analysis parameters related to process complex-
ity and branching (sum intersections and average intersections per Sholl ring)
were used as readouts. Sholl analysis was performed as described previously
(19). Images of cerebellar brain slices were made on the LSM880 confocal micro-
scope (Zeiss). The level of remyelination in brain slice was represented by the
myelinating index, which was calculated by dividing the colocalized area of MBP
and neurofilament (NF) by the total NF area. Colocalization was calculated using
the colocalize threshold plugin in ImageJ. Three-dimensional rendering of cere-
bellar brain slices was done using vaa3d software (20). The images shown in the
figures are digitally enhanced.

Molecular Docking. The structures of phloretin and rosiglitazone were taken
from Protein Data Bank (PDB 2uxi) and further optimized in MOE v.2020 to find
the dominant protomer (SI Appendix, Fig. S4 D and E) (21). Crystal structures of
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PPARγ [PDB 2g0h (22), 2q5p (23), 2zk3 (24), 3b3k (25), 3cds (25), 3d6d (25),
3k8s (26, 27), 2zk1 (24), 5ycp (27)], PPARα [PDB 2p54 (28)], and PPARβ/δ
[PDB 3tkm (29)] were prepared using the MOE QuickPrep function. Phloretin
was docked into the LBD of the PPAR structures using the GOLD v.2020 Ensem-
ble docking function (30).

Transmission Electron Microscopy. Brain samples were isolated and fixed
with 2% glutaraldehyde. Afterward, the samples were postfixed in 2% osmium-
tetroxide in 0.05 M sodium cacodylate buffer for 1 h at 4 °C. Samples were
dehydrated by ascending concentrations of acetone and impregnated overnight
in a 1:1 mixture of acetone and araldite epoxy resin. Thereafter, the samples
were embedded in araldite epoxy resin at 60 °C, cut into slices of 70 nm
(perpendicular to the corpus callosum [CC]; Leica EM UC6 microtome), and trans-
ferred to 0.7% formvar–coated copper grids (Aurion). The samples were con-
trasted with 0.5% uranyl acetate and lead citrate using a Leica EM AC20. Analysis
was performed by using the Philips EM208 S electron microscope (Philips)
equipped with a Morada Soft Imaging System camera with iTEM-FEI software
(Olympus SIS). ImageJ was used to calculate the g-ratio (the ratio of the inner
axonal diameter to the total outer diameter), using between four and eight
images per animal.

Cerebellar Slice Cultures. Cerebellar slices were obtained from C57BL/
6JOlaHsd mouse pups at the age of P9 or P10, as described previously (31, 32).
To induce demyelination, slices were treated with lysolecithin (LPC; 0.5 mg/mL;
Sigma-Aldrich) 3 d after isolation for 16 h. After demyelination, slices were
treated daily with phloretin (50 μM) or vehicle for 6 d. For microglia depletion,
slices were treated with clodronate or empty liposomes (0.5 mg/mL; LIPOSOMA)
immediately after isolation for 24 h. After 3 d, slices were treated with LPC for
16 h followed by daily treatment with phloretin or vehicle.

Measurements of Nitric Oxide. Nitric oxide (NO) was indirectly monitored in
the medium of the cerebellar brain slice cultures (BSCs) after 6 d of vehicle or
phloretin treatment using the Griess Reagent Nitrite Measurement Kit (Abcam).
Briefly, nitrite reacts with sulfanilamide and N-(1-naphthyl)ethylenediamine dihy-
drochloride to produce a pink azo dye. Absorbance of this azo derivative was
then measured at 540 nM using a microplate reader (iMark, Bio-Rad).

In Vivo Cuprizone-Induced Demyelination. To induce demyelination,
10-wk-old male mice (n = 3–6) were fed ad libitum a diet of 0.3% cuprizone
(bis[cyclohexanone]oxaldihydrazone; Sigma-Aldrich) mixed in powdered stan-
dard chow for 6 wk (6w). Mice were intraperitoneally injected daily with vehicle
or phloretin (50 mg/kg) starting from the first day of cuprizone diet. Upon with-
drawal of the cuprizone diet (6w), spontaneous remyelination occurred. Tissue
was collected at 6w and after 1 wk of recovery (6+ 1w).

Statistical Analysis. GraphPad Prism was used to statistically analyze the data,
which are represented as mean± SEM. D’Agostino and Pearson omnibus nor-
mality test was used to test for normal distribution. Two-tailed unpaired Student
t test (with Welch correction if necessary) was used for normally distributed data.
Mann-Whitney analysis was used for data that did not pass the normality test.
P values <0.05 were considered to demonstrate significant differences
(*P< 0.05, **P< 0.01, ***P< 0.001, and ****P < 0.0001).

Results

Phloretin Promotes Repair after Cuprizone-Induced Demye-
lination. To determine the impact of phloretin on remyelina-
tion, the cuprizone-induced de- and remyelination model was
used. Cuprizone feeding results in toxic demyelination of diverse
brain regions such as the CC, and switching to normal chow
leads to spontaneous remyelination. After 6 wk of cuprizone
feeding (6w), demyelination was observed in both vehicle- and
phloretin-treated mice, as determined by transmission electron
microscopy (TEM) and MBP staining analysis of the CC (Fig. 1
A–C). One week after cessation of cuprizone feeding
(6+ 1w), phloretin-treated mice showed increased MBP protein
levels (Fig. 1 A and B), increased CC1+ cells (SI Appendix, Fig.
S1 A and B), and lower G ratios in the CC compared with

vehicle-treated mice, illustrating that phloretin enhanced remye-
lination. Furthermore, small-diameter axons showed thicker
myelin sheaths in phloretin-treated mice compared with in con-
trol mice (Fig. 1D). In support of these findings, phloretin-
treated animals displayed increased messenger RNA (mRNA)
expression of Mbp and Plp, both after demyelination (6w) and
during remyelination (6+ 1w) (Fig. 1 E and F). Surprisingly, no
significant differences in number of phagocytes (F4/80+ cells) or
gene expression levels of proinflammatory mediators (Ccl5, Nos2,
Ccl4, Il6, Il1β, Tnfα) were observed between vehicle- and phlor-
etin- treated mice at 6w and 6+ 1w (Fig. 1 G–J). Additionally,
no differences were observed in the expression of the neurotro-
phic factors (Tgfβ, Cntf, Ngf, Igf1) or antioxidative genes, which
we previously found to be up-regulated by phloretin and drive
phagocytes toward a less-inflammatory phenotype (17), between
vehicle- and phloretin-treated mice (SI Appendix, Fig. S1 C
and D). We show that phloretin enhances remyelination after
cuprizone-induced demyelination without significantly affecting
the local inflammatory response.

Phloretin Stimulates OPC Maturation In Vitro. Having estab-
lished that phloretin stimulates remyelination without modulat-
ing the expression of inflammatory mediators, we next sought
to determine whether phloretin enhances the intrinsic differen-
tiation capacity of OPCs. For this purpose, OPC cultures were
exposed to a differentiation mixture in the presence or absence
of phloretin. Our data indicate that phloretin-treated OPCs
show enhanced differentiation compared with vehicle-treated
OPCs, evidenced by elevated mRNA levels of the mature oligo-
dendrocyte markers Mbp and Plp and increased ratio of MBP
over the preoligodendrocyte marker O4 (Fig. 2 A–C and SI
Appendix, Fig. S2A). To confirm increased differentiation of
OPCs upon phloretin treatment at a morphological level, Sholl
analysis was performed. Sholl analysis demonstrated that
phloretin-stimulated OPCs are characterized by an increased
number of branches and a more complex branch geometry,
morphological characteristics typically associated with more
mature oligodendrocytes (Fig. 2 D and E). No effect of phlore-
tin on oligodendrocyte viability was found (SI Appendix, Fig.
S2B). Overall, these findings demonstrate that phloretin enhan-
ces OPC differentiation in vitro.

Phloretin Directly Enhances OPC Differentiation in Ex Vivo
Brain Slices. Previously, we showed that phloretin reduces neuro-
inflammation by driving macrophages toward an antiinflamma-
tory phenotype. To determine whether phloretin promotes
remyelination independently of acting on phagocytes, we used ex
vivo cerebellar brain slice cultures (BSCs) demyelinated with LPC
and depleted of microglia. In agreement with our in vivo findings,
phloretin-treated BSCs showed enhanced remyelination compared
with vehicle-treated slices, as demonstrated by a higher myelina-
tion index (Fig. 3 A and B). Mirroring this, higher protein levels
of the mature oligodendrocyte marker CC1 were found in BSCs
treated with phloretin (Fig. 3 C and D). To elucidate the role of
microglia in these effects, we used slices in which microglia were
depleted by clodronate liposomes. Efficacy of microglia depletion
was confirmed in primary phagocyte cultures and in the BSC
model (SI Appendix, Fig. S4 A–C). No difference in the remyeli-
nation index was found between BSCs treated with empty lipo-
somes and those left untreated, ruling out any nonspecific effects
(SI Appendix, Fig. S3D). Consistent with previous studies, micro-
glia depletion with clodronate liposomes reduced the overall
remyelination capacity of BSCs (Fig. 3B and SI Appendix, Fig.
S3E) (33, 34). Interestingly, in the absence of microglia, phloretin
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was able to boost remyelination (50% increase) at a similar
potency as in the brain slices that contained microglia (48%
increase) (Fig. 3 A and B). In agreement with our findings in the
cuprizone model, no significant differences in mRNA expression
of Ccl5, Ccl4, Il6, Il1β, or Nos2 or release of nitric oxide (NO)
were found between vehicle- and phloretin-treated BSCs (Fig. 3 E
and F). The abovementioned findings support the notion that
phloretin promotes remyelination by inducing OPC differentia-
tion independently of microglia modulation.

Phloretin Stimulates OPC Maturation in a PPARγ-Dependent
Manner. Given that our previous RNA sequencing data demon-
strated that phloretin activates PPAR signaling and that PPARγ
plays an essential role in OPC differentiation, we next assessed
whether phloretin stimulates OPC differentiation via PPARγ
(17, 35, 36). By using ligand-binding luciferase reporter assays,
we show that phloretin activates PPARγ in a dose-dependent
manner, with an EC50 value of 11.61 μM (Fig. 4A and SI
Appendix, Fig. S4A). Interestingly, phloretin did not activate the

A

B

G

H I J

C D E F

Fig. 1. Phloretin promotes repair after cuprizone-induced demyelination. (A) Representative images of TEM and immunofluorescence MBP staining analysis
of CC from vehicle- or phloretin-treated mice (n = 3–6) after cuprizone-induced demyelination (6w) and subsequent remyelination (6+1w). The outer border
of the CC is defined by a dotted line. Scale bars, 100 μm (MBP staining); 2 μm (TEM). (B) Remyelination efficacy (ratio of the amount of myelination at 6+1w
over the amount of myelination at 6w using MBP staining) in CC from vehicle- or phloretin-treated mice. (C and D) Analysis of the g-ratio (ratio of the inner
axonal diameter to the total outer diameter) and g-ratio in function of the axon diameter in CC from vehicle- or phloretin-treated mice. (E and F) mRNA
expression of myelin proteins Mbp and Plp in the CC of vehicle- or phloretin-treated mice at 6w and 6+1w. Dotted line represents animals fed normal
chow. (G and H) Representative immunofluorescence images and quantification of F4/80 staining in the CC from vehicle- or phloretin-treated mice at 6w
and 6+1w. Scale bar, 100 μm. (I and J) mRNA expression of inflammatory mediators in the CC of vehicle- or phloretin-treated mice at 6w and 6+1w. Ctrl,
control; phl, phloretin. Data are represented as mean ± SEM *P < 0.05 and **P < 0.01 (unpaired t test, two tailed).
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other PPAR isoforms PPARα and PPARβ/δ (SI Appendix, Fig. S4
B and C). Time-dependent PPARγ luciferase reporter experi-
ments further demonstrated rapid PPARγ activation upon
phloretin treatment, comparable to rosiglitazone, suggesting that
phloretin acts as a direct ligand for PPARγ (Fig. 4B and SI
Appendix, Fig. S4 D–F). Accordingly, molecular docking analysis
unraveled that phloretin obtains a ligand binding mode similar to
that of other known PPARγ agonists and confirmed PPARγ iso-
form specificity, evidenced by a higher GoldScore docking affinity
score (PPARγ, 74.7; PPARα, 61.6; and PPARβ/δ, 58.7) (Fig. 4C
and SI Appendix, Fig. S4G). In support of these findings,
phloretin-treated OPCs, BSCs, and cuprizone animals displayed
increased expression of the PPARγ response genes Cd36, ApoE,
Abca1, and Cpta1 (Fig. 4 D–G and SI Appendix, Fig. S4 H
and I). Next, to establish whether phloretin stimulates OPC dif-
ferentiation via PPARγ, the PPARγ-specific antagonist GW9662
was used. The PPARγ antagonist reversed the increased Mbp and
Plp expression, MBP/O4 ratio, and branch quantity and com-
plexity following phloretin exposure (Fig. 4 H–L). Importantly,
PPARγ antagonism counteracted the reparative impact of phlore-
tin in BSCs (Fig. 4M). In the absence of phloretin, no effect of
the PPARγ antagonist on in vitro OPC differentiation or ex vivo
BSC remyelination was observed (Fig. 4 N and O). Collectively,
these findings show that phloretin is a potent PPARγ agonist and
thereby stimulates OPC maturation and remyelination.

Discussion

In this study, we show that phloretin stimulates CNS repair
after cuprizone-induced demyelination by enhancing the intrin-
sic differentiation capacity of OPCs. Direct peroxisome PPARγ
activation by phloretin was found to drive OPC maturation.
Given the potent immunomodulatory properties of phloretin
(17), our findings highlight the therapeutic promise of dietary
phloretin to simultaneously reduce neuroinflammation and
enhance CNS repair, potentially being of therapeutic interest in
early and late disease stages of chronic inflammatory, neurode-
generative disorders such as MS.
Increasing evidence indicates that failure of remyelination is

related to an inhibitory inflammatory microenvironment combined
with the intrinsic inability of OPCs to mature into myelinating
cells (10, 11). Our data indicate that phloretin induces remyelina-
tion in in vivo and ex vivo models by directly enhancing OPC mat-
uration. Consistent with our findings, a number of studies have

demonstrated the potential of boosting OPC maturation as a strat-
egy to stimulate remyelination (37–40). Intriguingly, while
enhanced remyelination was established independently of phago-
cyte modulation, we recently demonstrated that phloretin lowers
neuroinflammation in the experimental autoimmune encephalo-
myelitis (EAE) model by affecting the phenotype of infiltrated
macrophages (17). Several factors may be responsible for the differ-
ential impact of phloretin on the neuroinflammatory burden in the
EAE and the cuprizone models. First, the relative contribution of
systemic immunity differs between both models. While EAE dis-
ease pathology relies predominantly on a systemic autoimmune
response, the pathology in the cuprizone model is primarily driven
by changes in the inflammatory properties of glial cells. Accord-
ingly, the impact of phloretin in the EAE model was associated
with reduced levels of blood-derived monocyte-derived macro-
phages in the CNS, and thus, the observed effects in this model
may be partially due to prevention of immune cell infiltration by
phloretin. Alternatively, because the EAE model is characterized by
less substantial demyelination and abundance of foamy phagocytes
compared with the cuprizone model, it is possible that phloretin
exerts different effects in foamy phagocytes compared with phago-
cytes that do not contain myelin. Finally, the time point of analysis
may play a role in the differential effects observed, because neuroin-
flammation in the EAE model was monitored in the acute disease
stage, characterized by active immune cell infiltration, while the
cuprizone model is characterized by chronic low-grade inflamma-
tion. This study demonstrates that phloretin, aside from lowering
neuroinflammation in the EAE model, stimulates CNS repair
without significantly affecting the inflammatory response in the
cuprizone model.

Our results demonstrate that the nuclear receptor PPARγ
drives phloretin-induced OPC maturation. In agreement with
our findings, phloretin is reported to activate PPARγ signaling
in adipocytes (35, 36). Moreover, the PPARγ pathway is
known to stimulate OPC maturation (41–43). Mechanistically,
the proregenerative impact of PPARγ is associated with changes
in cellular lipid metabolism, oxidative stress regulation, and
enhanced mitochondrial function (44). Interestingly, we previ-
ously found that phloretin activates the antioxidative nuclear
factor-erythroid factor 2–related factor 2 pathway in macro-
phages (17). On this note, a more in-depth follow-up study
investigating oxidative stress regulation, changes in lipid metab-
olism, and mitochondrial function in phloretin-stimulated
OPC maturation would be of interest.

A B C D E

Fig. 2. Phloretin stimulates oligodendrocyte precursor cell maturation in vitro. (A) Representative immunofluorescence images of OPCs treated with vehicle
or phloretin and stained for the premature oligodendrocyte marker O4 and the mature oligodendrocyte marker MBP. Scale bar, 25 μm. (B) mRNA levels
of myelin proteins Mbp and Plp in vehicle- or phloretin-treated OPCs (n = 10–11 wells; three independent experiments) (C) Quantification of the MBP/O4
staining represented as the ratio of MPB over O4 per cell in OPCs treated with vehicle or phloretin (n = 100+ cells; two independent experiments). (D–E)
Sholl analysis (related to process complexity and branching of OPCs) of OPCs treated with vehicle or phloretin as a readout parameter for OPC differentia-
tion (n = 40+ cells; two independent experiments). Ctrl, control; phl, phloretin. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P<0.001,
and ****P < 0.0001 (unpaired t test, two tailed).
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Fig. 3. Phloretin directly enhances OPC differentiation in ex vivo brain slices. (A) Representative immunofluorescence images and three-dimensional recon-
structions of vehicle- or phloretin-treated BSCs stimulated with or without clodronate liposomes. Scale bar, 50 μm. (B) Myelination index of vehicle- or
phloretin-stimulated BSCs stimulated with our without clodronate liposomes (n = 3). (C and D) Representative immunofluorescence images and quantifica-
tion of vehicle- and phloretin-treated BSCs stained for the oligodendrocyte lineage marker olig2 and mature oligodendrocyte CC1 marker (n = 3). Scale bar,
50 μm. (E and F) mRNA levels of inflammatory mediators (n = 6–8) and NO production (n = 9–10) in BSC medium of vehicle- or phloretin-treated BSCs. Ctrl,
control; phl, phloretin. Data are represented as mean ± SEM. *P < 0.05 and ***P < 0.001 (unpaired t test, two tailed).
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Fig. 4. Phloretin stimulates OPC maturation in a PPARγ-dependent manner. (A) Luciferase assay illustrating a dose–response activation of PPARγ in cos7
cells treated with the PPARγ agonist rosiglitazone (1 μM) or different phloretin concentrations (from Left to Right: 10, 25, and 50 μM) for 18 h (n = 5–6).
(B) Luciferase assay illustrating a dose–response activation of PPARγ in Oli-neu cells after 1-, 3-, and 6-h rosiglitazone (1 μM) or phloretin treatment (from
Left to Right: 10, 25, and 50 μM) (n = 2–3). (C) The PPARγ LBD consists of three arms (1, 2, and 3), which are shown in yellow, pink, and green sticks, respec-
tively. Phloretin interacts with three arms of the PPARγ LBD: arm 1 residues Ser289, His323, Tyr473, and Tyr327 form hydrogen bonds with the protonated
hydroxyl group and the middle carbonyl group of phoretin, arm 2 residues Val339, Ileu341, and Met364, and arm 3 residues Arg288 and Leu330 make
hydrophobic interactions with the aromatic ring of phloretin. Phloretin obtained the highest docking score in the LBD of the PPARγ isoform (74,6913) (D–G)
mRNA expression of PPARγ response genes in OPCs (n = 6–8; two independent experiments), cuprizone mice (6w and 6+1w; n = 3–5), and BSCs (n = 6–7)
treated with vehicle or phloretin. (H) mRNA expression of myelin protein Mbp and Plp in OPCs treated with phloretin or phloretin and the PPARγ antagonist
GW9662. Dotted line represents OPCs treated with vehicle (n = 12–14; three independent experiments). (I and J) Representative immunofluorescence images
and quantification of MBP/O4 staining on OPCs treated with phloretin or phloretin and the PPARγ antagonist GW9662 (n = 70+ cells; two independent
experiments). Scale bar, 25 μm. (K and L) Sholl analysis (related to process complexity and branching) of OPCs treated with phloretin or phloretin and PPARγ
antagonist GW9662 as a readout parameter of OPC differentiation (n = 60+ cells; two independent experiments). (M) Myelination index of phloretin- and
phloretin plus GW9662–treated BSCs (n = 2). (N) Mbp and Plp gene expression levels in control OPCs and OPCs treated with the PPARγ antagonist GW9662
(n = 3–4). (O) Myelinating index of control cerebellar BSCs and BSCs treated with the PPARγ antagonist GW9662 (n = 3). Ctrl, control; phl, phloretin. Data are
represented as mean ± SEM. #P = 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (unpaired t test, two tailed).
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Our findings illustrate that phloretin acts as a direct agonist for
PPARγ. Accordingly, the estimated binding affinity of phloretin
to PPARγ is substantially higher than that to PPARα and
PPARβ/δ. Generally, PPAR agonists can interact with three arms
of the LBD. Arm 1 forms hydrogen bonds with the hydrophilic
head groups of agonists and by doing so stabilizes the binding of
coactivator proteins and activates gene transcription (45). Arms 2
and 3 exhibit further predominantly hydrophobic contacts with
the hydrophobic tail of the PPAR agonist (Fig. 4C) (29, 45). The
hydrogen bond between the middle carbonyl group of phloretin
and the Tyr327 residue of the PPARγ LBD is not observed in
PPARα or PPARβ/δ, because Tyr327 is not conserved in those
isoforms and is replaced by Phe318 or Phe291, respectively. Tak-
ing this into account, the PPARγ specificity of phloretin is likely
due to the stronger hydrogen bonding with arm 1 compared
with PPARα and PPARβ/δ. An additional explanation may be
the difference in hydrophobic contacts between phloretin and the
PPAR LBDs. Specifically, while the tail of phloretin was orien-
tated toward arm 2 in the PPARγ LBD, it was orientated toward
arm 3 in the LBDs of PPARα and PPARβ/δ. Together, our find-
ings demonstrate that phloretin is a potent PPARγ ligand and
thereby promotes OPC maturation.
Natural substances are (re)emerging as promising therapeutic

lead compounds in regenerative medicine, because they often
have minimal adverse effects and can be superior in terms of
biological and pharmacological activities as compared with syn-
thetic compounds (46–48). Highlighting the latter, the poten-
tial of flavonoids to improve remyelination in MS patients was
emphasized in a recent meta-analysis in which potentially
remyelinating interventions in animal models of toxic demye-
lination were assessed (49). When we relate the phloretin con-
centrations used in this study to the consumption of apples, it
corresponds to a daily intake of two to 10 apples in mice
depending on the variety (50) and more than 1,000 kg apples
in humans, which is not in the range of our normal dietary
habits. Moreover, because phloretin was injected intraperitone-
ally in this study and the bioavailability of flavonoids after

ingestion is generally low (51, 52), the number of apples needed
to reach effective blood concentrations would even be higher.
However, apples contain approximately 50 times more phlorid-
zin, the glycosidic form of phloretin, which can be hydrolyzed
to phloretin in the intestines (53), thereby being an important
source of phloretin next to the aglycone itself. Moreover, apples
contain other components such as ursolic acid that have been
shown to reduce neuroinflammation and stimulate remyelina-
tion. Interestingly, similar to phloretin, ursolic acid was found
to promote CNS repair in a PPARγ-dependent manner (54).
Therefore, future studies should define if dietary apple con-
sumption or phloretin/ursolic acid concentrated extracts can
modulate MS disease processes in a similar manner as treatment
with the standalone drug phloretin.

Our study shows that phloretin enhances remyelination by
directly stimulating OPC maturation through activation of
PPARγ. Phloretin has proregenerative properties in CNS disor-
ders, with potentially broad implications for the development
of therapeutic strategies and dietary interventions.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix .
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