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Abstract
Background  Breastmilk stem cells (BSCs) have been reported to have potential benefits for infants. However, 
whether the BSCs could improve brain injury is unknown. A culture system for BSCs was established, and the roles of 
BSCs in treating white matter injury (WMI) were investigated in our study.

Methods  Breastmilk samples were collected from healthy lactating women between days 1 and 5 after delivery. 
The BSCs were cultured in a specialized culture medium and then characterized through flow cytometry and 
immunofluorescence methods. A rat model with WMI was established by ligating the right carotid artery of Sprague–
Dawley rats at postnatal day 3 (P3) and exposing the rats to 6% hypoxia for 2 h. Rats were categorized into sham, 
WMI with breastmilk cell (WMI + BC), and WMI with (WMI + NS) groups. In the WMI + BC group, 5 µL BCs (1 × 106) 
was injected into the lateral ventricle 24 h post-modeling. Four different stages of oligodendrocyte (OL) markers 
were observed. Long-term neurobehavioral evaluations were conducted using the Morris water maze test. The 
inflammatory cytokines and proportion of proinflammatory microglial cells were detected to study the mechanisms 
of BSC treatment.

Results  The isolated BSCs expressed mesenchymal stem cell-positive markers, including CD105, CD73, CD29, CD166, 
CD44, and CD90. Meanwhile, the mesenchymal stem cell-negative markers, including HLA-DR, CD45, and CD79a, 
were also found in BSCs. The BSCs did not express pluripotent stem cell markers, including SOX2, Nanog, OCT4, SSEA4, 
and TRA-1-60. Immunofluorescence detection showed that BSCs expressed neural stem/progenitor cell markers, 
including Vimentin, Nestin, and A2B5. Following BSC treatment, pathological improvements were observed in WMI. 
The expressions of mature OLs markers myelin basic protein and myelin-associated glycoprotein were increased in 
the corpus callosum and periventricular areas. Meanwhile, the numbers of myelin sheath increased, and learning and 
memory abilities improved. Furthermore, a decrease in B7-2+/Iba1 + proinflammatory microglia and an increase in 
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Background
White matter injury (WMI) is the predominant type 
of brain injury among preterm infants. Approximately 
5–15% of very preterm infants develop severe neuro-
logical sequelae, whereas 25–50% experience mild cog-
nitive impairments, learning difficulties, and behavioral 
conditions [1]. Such brain injuries significantly harm the 
physical and mental well-being of children and impose an 
economic burden on families and society. Oligodendro-
cyte (OL) differentiation and myelination disorders are 
the main pathological changes in WMI. The pathogenesis 
of WMI involves neuroinflammation, cell death, oxida-
tive stress, and generation of free radicals [2]. Symptom-
atic supportive treatment is typically used for WMI [3]. 
WMI is a transient, nonprogressive condition, and the 
low immunogenicity environment of the brain makes it 
more conducive for cell transplantation therapy. Recent 
studies have shown that stem cells provide a new thera-
peutic option for addressing WMI [4].

Breastfeeding confers numerous benefits to infants, 
spanning growth, immunity, and societal and psycho-
logical aspects, among others [5]. Breastmilk stem cells 
(BSCs) were first identified in 2007. Nestin-positive cells 
were found in breastmilk, suggesting the potential exis-
tence of pluripotent stem cells [6]. Subsequent research 
revealed that BSCs exhibit mesenchymal properties and 
can differentiate into cell lineages of fat, cartilage, and 
bone [7]. However, other studies have suggested that the 
genes expressed by BSCs are similar to those expressed 
by human embryonic stem cells [8]. Discrepancies in the 
cellular properties of BSCs across different studies may 
stem from variations in medium composition, culture 
methods, and breastmilk collection techniques. A nota-
ble advantage of BSCs lies in their noninvasive acquisi-
tion, which offers broad application prospects.

Therefore, we aimed to establish a culture system for 
BSCs, isolate and culture them, and identify their surface 
markers. We also developed a neonatal WMI model in 
postnatal day 3 (P3) Sprague–Dawley (SD) rats to investi-
gate the safety, effectiveness, and underlying mechanisms 
of BSCs in treating neonatal WMI.

Methods
Collection of breastmilk samples
This study was approved by the Institutional Ethics Com-
mittee of West China Second Hospital, Sichuan Univer-
sity (no. 2020083). Breastmilk samples were obtained 
from healthy lactating women from postpartum days 1 
and 5. Before enrollment, participants were briefed on 
the study’s methods and objectives, and their informed 
written consent was obtained. Colostrum samples (5–50 
mL) were collected in sterile 15-mL centrifuge tubes 
containing antibiotics (1–2 mL penicillin–streptomycin) 
using sterile procedures.

Isolation and culture of breastmilk cells
Equal volumes of sterile normal saline (NS) were used to 
dilute the breastmilk, and the solution was centrifuged at 
810 × g for 20 min at 4℃. The skim milk liquid and fat 
layers were then removed. Subsequently, 10 mL sterile 
NS was added to the remaining cell pellet, and the solu-
tion was centrifuged for 5  min at 4℃ at 710 × g. After 
centrifugation, the liquid component was discarded, and 
the procedure was repeated at 500 × g for 5 min at 4℃. 
The pellet was then suspended in 1 mL culture medium 
(Supplementary Table 1), counted, and inoculated into 
a T25 cell culture flask at a 0.5–1 × 106/cm2 density. The 
culture medium in each flask was supplemented to 3–5 
mL, and the cells were incubated at 5% CO2 and 37℃. 
The culture medium was changed daily for the first 5 
days, after which, it was changed every 3 days.

Collection of BSCs
Primary cultured cells were observed under a micro-
scope every 3 days. When the cells reached approxi-
mately 70–90% confluency, the primary culture cells in 
each bottle were washed with 5 mL NS two to three times 
after removing the culture medium. Subsequently, 0.5 
mL 0.25% trypsin was added for digestion (approximately 
5  min at 37℃). Next, 5 mL culture medium was added 
to the culture bottle, and the cell pellet was resuspended 
using a pipette. Centrifugation was repeated, and the cell 
pellets were collected.

CD206+/Iba1 + anti-inflammatory microglia were observed. The mRNA expressions of proinflammatory factors (Il1b, 
Il6, Ifng, and Tnfa) and anti-inflammatory factors (Arg1 and Tgfb) decreased and increased, respectively.

Conclusion  Our findings suggest that BSCs can improve the maturation of OLs following WMI in newborn rats. The 
mechanisms may be attributed to the reduced proinflammatory microglia cells and factors as well as the increased 
anti-inflammatory microglia cells and factors.

Keywords  Preterm infants, White matter injury, Breastmilk stem cells, Oligodendrocyte differentiation and 
maturation, Neuroinflammation
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Flow cytometry and Immunofluorescence for BSCs
Mesenchymal and embryonic stem cell markers, includ-
ing CD90, CD105, CD45, CD34, CD73, CD29, CD79a, 
CD44, CD166, CD11a/CD18, STRO‑1, SOX2, OCT4, 
TRA‑1‑60, SSEA4, and Nanog, were used to characterize 
BSCs through flow cytometry. The BSC culture was incu-
bated in a dark room for 20  min at room temperature, 
centrifuged at 500 × g for 5 min, and resuspended with 
300 µL phosphate-buffered saline (PBS).

Through the immunofluorescence method, antibodies 
such as Vimentin, Nestin, A2B5, SOX2, OCT4, TRA‑1‑60, 
and SSEA4 were used to characterize the BSCs using 
neural stem/progenitor cells and embryonic stem cell 
markers. Initially, the cultured cells were rinsed with PBS 
three times. Subsequently, the cells were fixed with 4% 
paraformaldehyde at 4 °C for 20 min. After washing with 
PBS, the cells were incubated in PBS containing 0.3% 
Triton at room temperature for 30 min. Following three 
additional washes with PBS, the cells were kept in PBS 
containing 4% goat serum at room temperature for 1 h. 
Antibodies were diluted in PBS containing 0.3% Triton, 
2% goat serum, and 3% serum albumin. Diluted antibod-
ies were added to the BSCs, and the samples were incu-
bated at room temperature overnight. Subsequently, the 
cells were washed three times with PBS. Secondary anti-
bodies and 4′,6-diamidino-2-phenylindole (DAPI) were 
added, and the samples were incubated for 2 h at room 
temperature. Finally, the cells were observed under a flu-
orescence microscope.

Establishment of the WMI model in neonatal rats
P3 SD rats (specific pathogen-free grade) were purchased 
from Chengdu Dashuo Medical Experimental Animal 
Co., Ltd. The animal room was set on a 12-hour light/12-
hour darkness cycle. The surgery was conducted with 
continuous inhalation of isoflurane to maintain anesthe-
sia. The skin and subcutaneous tissue of the neck were 
systematically separated from the right side of the adja-
cent trachea layer by layer, and the right common carotid 
artery was identified. After carefully dissecting the artery 
and vagus nerve, the right carotid artery was ligated and 
severed. Rats in the WMI group were allowed a 1-h rest 
period in their cages following surgical treatment. Then, 
they were placed in a 6% oxygen + 94% nitrogen oxygen 
deficiency chamber for 2  h of hypoxia treatment. The 
WMI model was identified using laser speckle cerebral 
blood flow imaging, hematoxylin and eosin (H&E) stain-
ing, immunofluorescence, and the Morris water maze 
(MWM) test.

Intraventricular injection of BSCs
Intraventricular injection was administered 24  h post-
modeling. Rats were isoflurane anesthetized (R510-22-10; 
RWD), and 5 µL cells or NS were stereotaxically injected 

into the ipsilateral hemisphere intraventricularly at a flow 
rate of 1 µL/min. The injection site was positioned 2 mm 
posterior and 2  mm lateral to the bregma and 3  mm 
below the skull surface. Rats were randomly categorized 
into WMI + BC (breastmilk cells), WMI + NS, and sham 
groups. In the WMI + BC group, 1 × 106 BCs (5 µL) were 
injected into the lateral ventricle 24 h post-modeling. In 
the WMI + NS group, 5 µL NS was injected. In the sham 
group, only the right carotid artery was separated. Rats 
were euthanized by cervical dislocation following isoflu-
rane anesthesia (R510-22-10; RWD). Subsequently, their 
organs were collected for further experiments.

Migration and differentiation of BSCs after injection
BSCs were labeled with PKH26 following the manufac-
turer’s instructions. Briefly, 2 × 107 BSCs were washed 
and centrifuged at 400 × g for 5 min. After discarding the 
supernatant, the cells were resuspended and fully dis-
solved in 1 mL Solution C. PKH26 staining reagent (4 µL 
diluted in 1 mL Solution C) was prepared before label-
ing. The cells were immediately mixed with the PKH26 
reagent and incubated at 25  °C for 5  min, followed by 
gentle mixing. Staining was halted by adding an equal 
volume of serum for a 1-min incubation period. Subse-
quently, the cells were centrifuged at 400 × g for 10 min at 
25 °C. The supernatant was removed, and the cells were 
resuspended in NS. The differentiation of BSCs in the 
rat brain was assessed using immunofluorescence 7 days 
post-transplantation to observe whether PKH26 was co-
stained with nerve cell markers (NeuN and Olig2).

Immunofluorescence
Immunofluorescence was conducted using brain tis-
sue collected at P7 and P14. The brain tissue was fixed 
in 4% paraformaldehyde and then embedded in an opti-
mal cutting temperature compound at − 80 °C for at least 
2 h. Coronal Sect. (12 μm) of the embedded brain tissue, 
focusing on the corpus callosum (CC), were obtained 
using a microtome cryostat (Leica). For immunofluo-
rescence labeling, the sections were blocked with PBS, 
0.5% serum, and 0.3% Triton X-100 for 1 h. Subsequently, 
the sections were incubated overnight at 4 °C in the fol-
lowing primary antibody solutions: mouse anti-myelin 
basic protein (anti-MBP) (1:500; Millipore), mouse 
anti- myelin-associated glycoprotein (anti-MAG) (1:500; 
Millipore), rabbit anti-NG2 (1:200, ab129051; Abcam), 
mouse anti-O4 immunoglobulin (Ig) M (1:25, MAB345; 
Millipore), and mouse anti-Olig2 (1:200, MABN50; Mil-
lipore). After washing, the sections were incubated with 
secondary antibodies (488-conjugated donkey anti-
rabbit IgG and 488-conjugated donkey anti-mouse IgG, 
1:500; Jackson ImmunoResearch) at room temperature 
for 2  h. Nuclei were counterstained with DAPI (1:500; 
Sigma Aldrich). Then, brain fluorescence imaging was 
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conducted and analyzed using a digital slicing scanner 
(Pannoramic MIDI II). Mean fluorescence intensity was 
measured using ImageJ software.

H&E staining
Rats in each group were killed and perfused with NS and 
4% paraformaldehyde through the left ventricle follow-
ing chest opening. The brains were fixed in 4% formalde-
hyde for a minimum of 24 h and subsequently embedded 
in paraffin. The paraffin-embedded brains underwent 
treatment with xylene, dehydration through alcohol and 
distilled water gradient, coronal sectioning, and H&E 
staining. Pathological changes in brain tissues were then 
observed under a microscope.

Western blot
Protein concentrations in the CC tissues collected 
at P14 were assessed using a BCA protein assay kit 
(Pierce; Thermo Fisher Scientific). Samples were sepa-
rated through sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis and transferred onto nitrocellulose 
membranes (Thermo Fisher Scientific). Following block-
ing with 5% bovine serum albumin (Sigma-Aldrich) in 
Tris-buffered saline, membranes were incubated over-
night at 4 °C with the following primary antibodies: anti-
MBP (1:3000, MBP101; Millipore), anti-MAG (1:3000, 
MBP101; Millipore), anti-fractalkine (1:3000, ab25088; 
Abcam), anti-CX3CR1 (1:1000, 14-6093-81; Invitrogen), 
anti-B7-2 (1:3000, MA5-32078; Invitrogen), or anti-
β-actin (1:5000, sc‑2357; Santa Cruz Biotechnology). 
Horseradish peroxidase-coupled goat anti-mouse or anti-
rabbit IgG (1:5000; GE Healthcare Life Science antibody 
was used as the secondary antibody and incubated with 
the membranes for 1  h at room temperature. Binding 
signals were detected using a bioimaging system (Chemi-
Doc XRS+; Bio-Rad), and intensities were analyzed using 
ImageJ software.

Electron microscopy
On P28, brain tissues from the right CC were dissected 
(1 mm [3]) and immediately fixed in 2% glutaraldehyde. 
Following fixation in 1% osmium acid, the brain tissues 
were dehydrated in an acetone gradient ranging from 30 
to 100%. The dehydrated tissues were embedded in epoxy 
resin and cut into 50-nm sections. These sections were 
then collected using a copper mesh and stained with ura-
nyl acetate before being observed under a transmission 
electron microscope.

MWM test
The MWM test was conducted on P28 rats (n = 15 per 
group) for 7 days. This included the first 6 days of the 
positioning navigation test and day 7 of the space explo-
ration test. The MWM test was performed with video 

tracking software (RWD China) using an overhead video 
camera system to automate behavioral testing and pro-
vide unbiased data analyses. For the equipment prepara-
tion, a circular black pool with a diameter of 150 cm and 
a depth of 50  cm was used. The pool was divided into 
four quadrants and filled with water maintained at 22 °C. 
High-contrast cues were positioned inside the pool above 
the water surface, and a 10-cm diameter black platform 
was submerged 1  cm below the water surface. For the 
positioning navigation test, each rat underwent four daily 
trials in different quadrants for 6 days. Each trial allowed 
the rat 90 s to locate the hidden platform, and the time 
taken to locate the platform was recorded. If a rat failed 
to reach the platform within 90  s, it was guided to the 
platform. Subsequently, the rats were allowed to spend 
10  s on the platform to learn and memorize the cues. 
For the space exploration test, the platform was removed 
on day 7, and the rats were allowed to swim freely for 
60 s. The time taken for a rat to cross the location of the 
removed platform was recorded.

Cytokine antibody assay
Antibody arrays (RayBio GSR-CAA-67 Rat 67 Cytokine 
Antibody Assay; Ray Biotech, Inc.) were used to identify 
cytokines potentially involved in BSC treatment. CC tis-
sues from rats were collected at P7, and experimental 
procedures and analyses were conducted following the 
manufacturer’s instructions. The fluorescence readout 
was detected using a laser fluorescence scanning system.

Real-time reverse transcription polymerase chain reaction
Gene expression in brain CC tissue was quantified using 
a real-time reverse transcription–polymerase chain reac-
tion (RT-PCR). Total RNA was isolated using TRIzol 
reagent (Ambion, and mRNA was reverse-transcribed to 
cDNA using the RevertAid First Strand cDNA Synthe-
sis Kit. qRT-PCR amplification of cDNA was conducted 
using an iTaq SYBR Green Supermix kit (Bio-Rad) in a 
CFX96™ real-time PCR system (BioRad). The Ct (2ΔΔCt) 
method was used to determine the relative expression of 
each gene, with the target gene expression normalized to 
that of GAPDH. The specific primers used in this qPCR 
analysis are listed in Supplementary Table 2.

Statistical analyses
A total of 190 rats were randomized into the study, 
of which 13 were excluded owing to severe low body 
weight, severe wound infection, or death from bleeding 
or unknown causes. In the study, n refers to the num-
ber of animals; all experiments were conducted in trip-
licate. Sample size was determined based on previous 
literature and experience. One-way analysis of variance 
was used to compare experimental data among ani-
mals in the sham, WMI + NS, and WMI + BC groups. 
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Student–Newman–Keuls or Dunnett’s tests were used 
for multiple comparisons. Continuous variables were 
presented as means with 95% confidence intervals, and 
differences between groups were considered significant 
if p-values were < 0.05. Experimental data were analyzed 
and reported using GraphPad Prism® version 7.0 (Graph-
Pad Software). The work has been reported in line with 
the ARRIVE guidelines 2.0.

Results
Culture and identification of BSCs
The cells adhered to the wall after 3 days in the experi-
mental medium. Clonal aggregation became notice-
able after 6 days of culture, with the clones’ number 
and diameter significantly increasing by day 9 (Fig. 1A). 
Flow cytometry analysis revealed that breastmilk cells 
expressed CD105, CD73, CD29, CD166, CD44, and 
CD90. The mesenchymal stem cell–negative mark-
ers HLA-DR, CD45, and CD79a were also expressed 
(Fig. 1B). Also, the results of immunofluorescence found 
that the BSCs expressed CD105 and CD90, while did not 
express CD34 (Supplementary Fig.  1). Pluripotent stem 
cell markers, including SOX2, Nanog, OCT4, SSEA4, 
and TRA-1-60, were not detected in BSCs through flow 
cytometry (Fig.  1C). Similarly, immunofluorescence 
results revealed the absence of pluripotent stem cell 
markers (SOX2, OCT4, and SSEA4) in BSCs (Fig.  1D) 
while exhibiting expression of the neural stem/progenitor 
cell markers Vimentin, Nestin, A2B5, CD133 and Pax6 
(Fig. 1E and Supplementary Fig. 2).

Hypoxic ischemia–induced WMI in neonatal rats
In the WMI group, the cerebral blood flow on the right 
side (carotid ligation side) was significantly lower than 
that on the other side (Fig.  2A). The right/left cerebral 
blood flow ratio within the region of interest in the WMI 
group was significantly decreased (p < 0.05). H&E stain-
ing revealed tightly arranged white matter tissue in the 
sham group, whereas in the WMI group, the white mat-
ter tissue appeared swollen and broken, exhibiting a 
disordered arrangement, loose structure, and widened 
gaps (Fig.  2B). Following WMI, a significant decrease 
(p < 0.01) was noted in the mean fluorescence intensities 
of MBP and MAG in the white matter of the CC area at 
P14 (Fig. 2C). Transmission electron microscopy demon-
strated a significant reduction (p < 0.01) in myelin content 
in the WMI group accompanied by an irregular morphol-
ogy (Fig. 2D). The MWM experiment results indicated a 
significant increase in escape latency among rats in the 
WMI group, alongside a notable decrease in the fre-
quency of platform crossings and average residence time 
in the platform area (Fig. 2E).

Migration and differentiation of BSCs after injection
The locations of PKH26-labeled BSCs were observed at 
12, 24, 48, and 72 h post-injection. At 12 h post-injection, 
concentrated red fluorescence was observed in the lateral 
ventricle, indicating no significant migration of the BSCs. 
However, from 24 to 72 h post-injection, a scattered red 
fluorescence distribution was noted in the CC region 
on the injured side (Fig.  3B). To investigate the poten-
tial differentiation and neurosubstitution role of BSCs 
post-injection, co-staining of PKH26 with an OL marker 
(Olig2) and a neuronal marker (NeuN) was observed 3 
and 7 days post-injection. However, no co-staining cells 
of PKH26 with Olig2 or NeuN were observed (Fig. 3C). 
The results indicate that BSCs failed to differenti-
ate into OLs or neurons in the rat brain at 3 and 7 days 
post-injection.

Efficacy and safety of BSC injections after WMI
Figure  4A illustrates a schematic diagram detailing the 
establishment of the WMI model, treatment, and evalu-
ation timeline. Compared with the WMI + NS group, the 
WMI + BC group showed significantly improved patho-
logical changes in the white matter area of the injured 
side in newborn rats, leading to reduced swelling and 
breakage of nerve cells at P7 and P14 (Fig. 4B). Further-
more, in the MWM test, the WMI + BC group exhibited 
a shorter latency escape time and increased number and 
times of platform crossing at P28 (p < 0.01, Fig. 4D).

Liver function was evaluated using alanine transami-
nase and alkaline phosphatase. Renal function was evalu-
ated using blood urea nitrogen levels at P7. No significant 
differences in liver and kidney functions were observed 
among the three groups. H&E staining of liver samples 
depicted a regular arrangement of liver cells with normal 
shapes across all groups. Similarly, renal H&E staining 
illustrated a clear renal tissue structure, normal glomeru-
lar shape, and normal renal tubule shape in the medulla, 
with no signs of tubular wall thickening or cell swelling 
(Fig. 4C).

Compared with the WMI + NS group, the WMI + BC 
group revealed a decreased expression of the pre-OL 
markers NG2 and O4 (p < 0.01, Fig.  5A) at P7 and an 
increased expression of the mature OL markers MBP 
and MAG (p < 0.01, Fig. 5B) at P14. Western blot analysis 
further confirmed the elevated MBP and MAG expres-
sion levels in the WMI + BC group compared with the 
WMI + NS group (p < 0.01, Fig.  5C and D) at P14. Full-
length blots are presented in Supplementary Figs. 3 and 
4. Moreover, transmission electron microscopy demon-
strated that the WMI + BC group exhibited more myelin-
ation with a more regular pattern than the WMI + NS 
group at P14 (p < 0.01, Figure E).
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Fig. 1  Culture and identification of BSCs. (A) The proliferation and morphology of BSCs clones observed by microscope. Clonal aggregation became 
noticeable after 6 days of culture, with the clones’ number and diameter significantly increasing by day 9. (B) Detection of mesenchymal stem cell markers 
via flow cytometry. The BSCs expressed the mesenchymal stem cell–positive markers CD105, CD73, CD29, CD166, CD44, and CD90 and the mesenchymal 
stem cell–negative markers HLA-DR, CD45, and CD79a. (C) Detection of embryonic stem cell markers via flow cytometry. The BSCs did not express pluripo-
tent stem cell markers, including SOX2, Nanog, OCT4, SSEA4, and TRA-1-60. (D) Immunofluorescence of embryonic stem cell markers (green). Nuclei were 
stained with DAPI (blue). The BSCs did not express pluripotent stem cell markers, including SOX2, OCT4, and SSEA4. (E) Immunofluorescence of neural 
stem/progenitor cell markers (green). Nuclei were stained with DAPI (blue). The BSCs expressed the neural stem/progenitor cell markers Vimentin, Nestin, 
and A2B5. BSCs, breastmilk stem cells; DAPI, 4′,6-diamidino-2-phenylindole
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Fig. 2  Hypoxic ischemia–induced WMI in neonatal rats. (A) The laser speckle imaging system to evaluate the cerebral blood flow (n = 3 per group). The 
right cerebral blood flow ratio within the region of interest in the WMI group was significantly decreased. (B) H&E staining to evaluate the histopathologic 
damage in the corpus callosum area at P4, P7, and P14 (n = 3 per group). In the WMI group, the white matter tissue appeared swollen and broken, exhibit-
ing a disordered arrangement, loose structure, and widened gaps. (C) Representative immunofluorescence images of MBP (red) or MAG (red) staining of 
mature oligodendrocytes at P14. Nuclei were stained with DAPI (blue) (n = 3 per group). The mean fluorescence intensities of MBP and MAG in the white 
matter in the WMI group decreased. (D) Detection of the number of myelin sheath via electron microscopy at P14 (n = 3 per group) showed a reduc-
tion in myelin content in the WMI group accompanied by irregular morphology. (E) Morris water maze experiment performed to observe behavioral 
performance of rats at P28 (n = 10 per group). In the WMI group, the escape latency increased, whereas the frequency of platform crossings and average 
residence time in the platform area decreased. Data are presented as mean ± standard deviation. *p < 0.05, **p < 0.01. Sham, sham-operated group; WMI, 
white matter injury group; P, postnatal day; DAPI, 4′,6-diamidino-2-phenylindole; MBP, myelin basic protein; MAG, myelin-associated glycoprotein
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Fig. 3  Migration and differentiation of breastmilk stem cells (BSCs) after injection. (A) Schematic of the intraventricular injection of BSCs. (B) Immunofluo-
rescence of PKH26 (red) to observe the migration of BSCs after injection. At 12 h post-injection, concentrated red fluorescence was observed in the lateral 
ventricle, whereas from 24 to 72 h post-injection, a scattered red fluorescence distribution was noted in the corpus callosum region on the injured side 
(n = 5 per group). (C) Immunofluorescence performed to determine whether PKH26 (red) was co-stained with NeuN (green) and Olig2 (green) showed 
the differentiation of BSCs 3 and 7 days after injection. No co-staining cells of PKH26 with Olig2 or NeuN were observed (n = 5 per group). BSCs, breastmilk 
stem cells
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Fig. 4 (See legend on next page.)
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Related mechanisms of BSC treatment for WMI
Principal components analysis (PCA) was used to 
observe the overall distribution trend among all sample 
groups by reducing dimensionality to yield more reli-
able data analysis results. Our PCA results revealed 
distinct areas in two-dimensional space where samples 
from the sham, WMI + NS, and WMI + BC groups were 
distributed, with samples from the same group exhibit-
ing a concentrated distribution (Fig.  6A). The results of 
the cytokine antibody assay identified 10 differentially 
expressed proteins among the WMI + BC, WMI + NS, 
and sham groups (Fig.  6B). Among them, five pro-
teins showed potential relevance to OL differentiation 
and maturation, including CX3CL1 (fractalkine), B7-2, 
MCP-1, and eotaxin (Fig. 6C). In the Gene Ontology bio-
logical process analysis, the top five biological processes 
identified were response to interleukin 1, response to 
interferon-γ, regulation of T-cell activation, regulation of 
lymphocyte activation, and regulation of intraleukocytic 
adhesion (Fig. 6D). The first two processes may be associ-
ated with inflammation. Therefore, the next step was to 
study the inflammatory response during OL differentia-
tion and maturation.

Western blot analysis revealed reduced expression lev-
els of fractalkine and CX3CR1 in the WMI + BC group 
compared with that in the WMI + NS group (Fig. 6F and 
G). CX3CR1 distribution in the microglia was observed 
through immunofluorescence co-staining. Western blot 
analysis revealed a significant increase in the expression 
level of B7-2 in the WMI + NS group than in the sham 
group (p < 0.01). Conversely, compared with that in the 
WMI + NS group, the expression level of B7-2 in the 
WMI + BC group was significantly decreased (p < 0.01, 
Fig.  6E). Immunofluorescence analysis showed that the 
B7-2+/Iba1 + cell count decreased in the WMI + BC 
group (p < 0.01). Similarly, CD206+/Iba1 + cell count 
increased in the WMI + BC group (p < 0.01, Fig. 6H). qRT-
PCR results demonstrated an increase in mRNA expres-
sion levels of proinflammatory factors (Il1b, Il6, Ifng, and 
Tnfa) in the WMI + NS group, whereas a decrease was 
observed in the WMI + BC group (p < 0.01). Conversely, 
the mRNA expression of anti-inflammatory factors 
(Arg1 and Tgfb) decreased in the WMI + NS group and 
increased in the WMI + BC group (p < 0.01, Fig. 6J).

Discussion
According to estimates from the World Health Organiza-
tion, approximately 15 million premature babies are born 
worldwide each year, constituting 11.1% of all newborns 
[9]. Despite significant improvements in perinatal care 
quality and preterm survival rates, many surviving pre-
term infants still experience neurodevelopmental impair-
ments [10]. WMI is the most common form of brain 
damage in preterm infants, often leading to short- or 
long-term neurodevelopmental defects [11]. Early dam-
age to the developing brain can affect multiple domains, 
including motor, cognitive, behavioral, visual, and audi-
tory functions [12]. Hypoxic ischemia is a major mecha-
nism of perinatal brain injury [13], primarily affecting the 
white matter in premature infants [14, 15]. Within the 
brain’s white matter, OLs predominate and are more vul-
nerable to ischemia than other glial cells and even neu-
rons in certain brain regions and developmental stages 
[16]. WMI incidence peaks between 23 and 32 weeks of 
gestation, a critical period for OL development, when 
pre-OLs are predominant and particularly vulnerable to 
hypoxia and inflammation [17]. The main pathological 
features of WMI in preterm infants are developmental 
arrest, decreased myelination of oligodendrocyte lineage, 
axon swelling or degeneration, and activation of microg-
lia. The main mechanisms involved in the occurrence and 
development of WMI are ischemia, hypoxia and inflam-
mation [18].

Breastmilk contains many bioactive components, 
including oligosaccharides, active proteins, exosomes, 
probiotics, cytokines, and various cells, significantly 
affecting infant immune regulation and development. 
Among these cells are stem cells, progenitor cells, white 
blood cells, macrophages, neutrophils, epithelial cells, 
monocytes, and lymphocytes. In 2007, Nestin-positive 
cells, identified as pluripotent stem cells, were first dis-
covered in breastmilk [6]. Patki et al. found that BSCs 
exhibit mesenchymal stem cell properties and can dif-
ferentiate into fat, cartilage, and bone cell lineages [7]. 
Hassiotou et al. found that BSCs express genes similar to 
those in embryonic stem cells and can differentiate into 
cells from all three embryonic layers (pancreas, cartilage, 
and neurons) [8].

Currently, owing to insufficient studies, the nature of 
BSCs remains controversial. In this study, flow cytometry 

(See figure on previous page.)
Fig. 4  Therapeutic effects of BSCs on WMI in newborn rats. (A) Schematic of the establishment of the WMI model, treatment, and evaluation timeline. 
(B) H&E staining to evaluate the histopathologic damage in the corpus callosum area at P7 and P14 (n = 5 per group). The WMI + BC group showed 
significantly improved pathological changes in the white matter area of the injured side in newborn rats, leading to reduced swelling and breakage of 
nerve cells. (C) Hepatorenal function and hepatorenal H&E staining performed to determine safety of BSC treatment (n = 5 per group). No significant 
differences in liver and kidney functions were observed. (D) Morris water maze experiment performed to observe the behavioral performance of rats at 
P28 (n = 15 per group) showed that the WMI + BC group exhibited a shorter latency escape time and increased number and times of platform crossing. 
Data are presented as mean ± standard deviation. *p < 0.05, **p < 0.01. P, postnatal day; Sham, sham-operated group; WMI + BC, white matter injury with 
breastmilk cell group; WMI + NS, white matter injury with normal saline group; BSC, breastmilk stem cells; OL, oligodendrocytes; ALP, alkaline phosphatase; 
ALT, alanine transaminase; BUN, blood urea nitrogen
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results demonstrated that the obtained BSCs expressed 
the mesenchymal stem cell positive markers CD29, 
CD166, CD73, CD105, CD44, and CD90 while also 
expressing the mesenchymal stem cell negative markers 
HLA-DR, CD79a, and CD45. Notably, the mesenchy-
mal stem cell marker STRO-1 and the hematopoietic 
stem cell marker CD34 were not expressed, indicating 
distinctions from previously reported BSCs. Further-
more, flow cytometry and immunofluorescence results 
revealed the absence of the pluripotent stem cell markers 
SOX2, Nanog, OCT4, SSEA4, and TRA-1-60, suggesting 
divergence from BSCs possessing embryonic stem cell 
properties. Notably, the cultured BSCs expressed mark-
ers associated with nerve stem/progenitor cells such as 
Vimentin, Nestin, and A2B5, implying potential char-
acteristics of nerve stem/progenitor cells. Although the 
properties of the obtained BSCs did not precisely align 
with those reported in previous studies, they exhib-
ited properties of both mesenchymal and neural stem 
cells. Regarding the role of BSCs, Kaingade et al. found 
that BSCs can secrete vascular endothelial and hepato-
cyte growth factors in vitro [19]. Additionally, Borhani-
Haghighi et al. found that intravaginal injection of the 
BSC culture supernatant reduced apoptosis and inflam-
matory responses at the injury site in rats with spinal 
cord injury, improving their sensory and motor condi-
tions [20].

OLs undergo four distinct stages of maturation in both 
humans and rodents: oligodendrocyte precursor cell 
(OPCs), pre-OLs, immature OLs, and mature OLs [21]. 
OL precursor cells are highly proliferative, motile bipo-
lar cells that express A2B5, PDGF-α receptors, and NG2 
[22]. OPCs migrate in the brain and will further differ-
entiate into pre-OLs with multiple branches when they 
reach specific regions of the brain [23]. pre-OLs are char-
acterized by the expression of NG2 and O4. Then OLs 
will continue to differentiate into immature OLs and 
mature OLs with myelin generation ability. Mature OLs 
gradually myelinate and enclose axons to form myelin 
sheaths. Mature OLs express myelin proteins such as 
MBP, MAG, etc [24]. Studies have found that these imma-
ture cell types are more sensitive to prematurity-related 
injuries than mature oligodendrocytes [25]. Inflamma-
tion and hypoxia, two injuries that are clearly associated 
with preterm birth, are the two main causes of disrupted 
development of the OL lineage. In vitro experiments have 
shown that 90% of oligodendrocytes will die within 9  h 
after 30 min of oxygen-glucose deprivation [26]. Hypoxia 
also leads to alterations in the concentration of signal-
ing proteins and nutrients that are critical for normal 
growth and OPC differentiation in the developing brain 
[27]. In animal models, a proliferative response occurs 
after OL depletion due to hypoxia or inflammation, gen-
erating new OPCs, but developmental arrest leads to 

incomplete maturation of OL and impaired myelination 
[28]. In this study, BSC treatment significantly improved 
pathological changes in the white matter area on the 
injured side of newborn rats, thereby alleviating nerve 
cell swelling and breakage. OL differentiation and matu-
ration improved after BSC treatment and myelin sheath 
numbers increased. The learning and memory abilities of 
WMI rats also improved.

Fractalkine, also known as CX3CL1, is the sole mem-
ber of the CX3C chemokine family. Within the central 
nervous system, fractalkine is secreted by neurons and 
predominantly expressed in mature neurons of the hip-
pocampus, striatum, and cortex [29]. Fractalkine binds 
to its receptor CX3CR1, primarily expressed in microglia 
and associated with microglial chemotaxis, neurotoxicity, 
and activation [30]. The effects of fractalkine/CX3CR1 on 
OLs have been studied using cellular and animal mod-
els. For example, oxygen and glucose deprivation (OGD) 
or OGD + fractalkine significantly increased microglia 
expression in vitro, decreased OL proliferation, increased 
apoptosis, and reduced PLP expression [31].

Additionally, Du et al. found that the downregulation 
of CX3CR1 reduced serum IL-1β, IL-6, and TNF-α lev-
els and inhibited microglial activation, thus significantly 
reversing depression-like behavior and cognitive impair-
ment in mice with global cerebral ischemia and promot-
ing OL precursor cell differentiation and maturation into 
mature OLs [32]. Ischemia may promote fractalkine pro-
duction and release, increasing the number of activated 
microglia and production of harmful cytokines in the 
microglia, ultimately contributing to OL injury. The role 
of fractalkine/CX3CR1 in ischemic brain injury is likely 
more complex than currently understood, and the above 
contradictory results may be caused by variations in dis-
ease environments, experimental models, injury severity, 
and activation times of specific environmental signals 
[33]. In this study, fractalkine and CX3CR1 were upregu-
lated following WMI but downregulated after BSC treat-
ment. Combined with previous literature, BSCs may 
reduce the activation of proinflammatory significantly 
lower compared with glia through fractalkine/CX3CR1, 
reduce the levels of inflammatory factors, improve neu-
roinflammation, and promote OL differentiation and 
maturation. However, the role of fractalkine/CX3CR1 
remains debated, and further investigation is required 
to determine whether BSCs regulate microglia through 
fractalkine/CX3CR1.

Microglia are immune cells within the central nervous 
system, constituting approximately 5–12% of total nerve 
cells in the mouse brain and approximately 0.5–16% 
in the human brain [34]. Microglia can not only acti-
vate neuroinflammatory pathways leading to progres-
sive neurodegeneration, but also play a neuroprotective 
role by down-regulating inflammation and promoting 
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Fig. 5 (See legend on next page.)
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neuronal repair. Their activation is heterogeneous and 
has traditionally been classified as either neurotoxic (pro-
inflammatory M1 microglia) or neuroprotective (anti-
inflammatory M2 microglia). Proinflammatory microglia 
can produce and release proinflammatory factors, such 
as interleukin IL-1β, IL-6, IFN-γ, TNF-α, and MCP-1, 
which can be detected and quantified by measuring the 
expression of cell surface markers, such as CD86, CD16, 
CD11b, and CD32 [35]. On the contrary, anti-inflamma-
tory microglia can play a neuroprotective role by secret-
ing anti-inflammatory mediators, such as IGF-1, IL-4, 
IL-10, etc [36]., to reduce inflammatory response and 
repair damaged tissues, and M2 microglia express cell 
surface markers, such as CD206, CD163 and Arg1 [37].

Many studies have demonstrated the presence of acti-
vated microglia in various brain regions during different 
phases of ischemia [38, 39].

In vivo studies have found that activated microglia are 
enriched at the ischemic site 3–7 d after stroke [40]. Acti-
vated microglia could be detected in the border zone of 
ischemic lesions 30 min after permanent middle cerebral 
artery occlusion [30]. M2 microglia could be detected in 
the peri-infarct zone one day after occlusion. However, 
M1 microglia gradually increased from the 3rd day to 
the 14th day after injury [41]. After neonatal hypoxic-
ischemic brain damage, the number of M2 microglia 
decreases with the increase of M1 microglia [42]. Study 
have suggested that the reciprocity of M1/M2 microglia 
appears to be a complicated time-dependent continuum 
following neonatal hypoxic-ischemic brain injury, with 
an early M1 response and delayed M2 response [43]. A 
single-cell transcriptomic analysis of microglia has shown 
that some cells simultaneously express both M1 and M2 
markers, but lack consistency in M2 marker expression 
[44].

Throughout brain development, microglia directly and 
indirectly regulate OL function [45, 46]. Microglial acti-
vation significantly contributes to pre-OL and OL inju-
ries in ischemic WMI. Following hypoxia, activated M1 
microglia cells produce excess inflammatory factors, such 
as TNF-α and IL-1β, glutamic acid, nitric oxide, and reac-
tive oxygen species [47]. High levels of proinflammatory 

cytokines such as IL-1β, TNF-α, and IL-2 have been 
detected in the brains of patients with diffuse WMI [48]. 
Although activated microglia are harmful to OL progeni-
tor cells, they promote the survival of mature OLs [49]. 
Preterm infants possess numerous OL precursor cells in 
their brain white matter, rendering them extremely vul-
nerable to the influence of proinflammatory factors. Both 
in vivo and in vitro experimental models have demon-
strated the negative effects of these factors on OL pro-
genitor proliferation, differentiation, and survival [50]. 
However, studies have also highlighted the beneficial 
effects of M2 microglia on OL proliferation and differ-
entiation. M2 microglia cells produce and release anti-
inflammatory cytokines. In vitro studies have shown that 
conditioned medium from LPS-induced M1 microglia 
increases OL death following OGD, whereas conditioned 
medium from IL-4-induced M2 microglia decreases OL 
apoptosis [51]. Treatment aimed at reducing M1 microg-
lia and increasing M2 microglia in newborn mice has 
been shown to improve demyelination [52] and alleviate 
cognitive-behavioral deficits [53]. In this study, our find-
ings suggest an augmented neuroinflammatory response, 
which could adversely affect OL differentiation, matura-
tion, and myelination. BSCs reduce proinflammatory 
cytokine secretion while increasing anti-inflammatory 
cytokines, thereby alleviating inflammation in the brain’s 
white matter region. This, in turn, promoted OL differen-
tiation and maturation, ultimately improving white mat-
ter damage.

The potential of BSCs to differentiate into nerve cells 
post-injection and play a substitutive role requires fur-
ther investigation. Previous studies have suggested that 
BSCs can differentiate into neurons and OLs in vitro 
[54]. Other studies found that green fluorescent protein–
positive cells were distributed in the brain and blood 
after newborn mice were breastfed by transgenic female 
mice expressing green fluorescent protein, suggesting 
that BSCs differentiated in the brain [55]. However, our 
study’s results indicate that BSCs failed to differentiate 
into OLs or neurons in the rat brain 3 and 7 days post-
injection. On the question of long-term survival and 
differentiation of BSCs, owing to the limited amount of 

(See figure on previous page.)
Fig. 5  BSCs improved the differentiation, maturation, and myelination of Ols. (A) Representative immunofluorescence images of O4 (red) or NG2 (red) 
and Olig2 (green) staining of mature OLs at P7 in the CC area. Nuclei were stained with DAPI (blue) (n = 5 per group). Compared with the WMI + NS 
group, the WMI + BC group revealed a decreased expression of the pre-OL markers NG2 and O4 in the CC area. (B) Representative immunofluorescence 
images of MBP (red) or MAG (red) staining of mature OLs at P14 in the CC area. Nuclei were stained with DAPI (blue) (n = 5 per group). Compared with 
the WMI + NS group, the WMI + BC group revealed an increased expression of the mature OL markers MBP and MAG in the CC area. (C) Western blotting 
and corresponding quantification to examine the expression of MBP at P14 (n = 5 per group). Full-length blots are presented in Supplementary Fig. 3. 
Compared with the WMI + NS group, the WMI + BC group revealed an increased expression of the mature OL markers MBP. (D) Western blotting and cor-
responding quantification to examine the expression of MAG at P14 (n = 5 per group). Full-length blots are presented in Supplementary Fig. 4. Compared 
with the WMI + NS group, the WMI + BC group revealed an increased expression of the mature OL markers MAG. (E) Detection of the number of myelin 
sheath via electron microscopy at P14 (n = 4 per group). The WMI + BC group exhibited more myelination with a more regular pattern than the WMI + NS 
group. Data are presented as mean ± standard deviation. *p < 0.05, **p < 0.01. Sham, sham-operated group; WMI + BC, white matter injury with breastmilk 
cell group; WMI + NS, white matter injury with normal saline group; DAPI, 4′,6-diamidino-2-phenylindole; MBP, myelin basic protein; MAG, myelin-associ-
ated glycoprotein; BSC, breastmilk stem cells; CC, corpus callosum
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colostrum collected, we were not able to perform related 
experiments at additional time points. We found in our 
pilot study that PKH26 labeling could not be traced in 
rat brain at P28. In our study, we suggest that the thera-
peutic effects of BSCs may be related to their early anti-
inflammatory effect, which may affect the long-term 
differentiation and maturation of OLs through the repair 
of inflammation through paracrine action. There are few 
studies on the in vivo differentiation of BSCs post-injec-
tion, and the possible underlying mechanism requires 
further exploration.

Our study innovatively obtained BSCs with different 
characteristics from previous literature, which led to the 
filing of an invention patent [56]. These BSCs expressed 
certain mesenchymal and neural stem cell markers but 
lacked the expression of embryonic stem cell markers. 
They differed from mesenchymal or embryonic stem 
cell-like cells obtained from breastmilk in previous stud-
ies, displaying some neural stem cell markers. Despite 
these advancements, our study has some limitations. For 
example, the characteristics of breast milk stem cells is 
not well understood. In vitro, it is not clear what differ-
entiation direction and differentiation potential the cells 
derived from human milk have. More experiments and 
time are needed to clarify the characteristics of breast 
milk stem cells due to the limitation of breast milk collec-
tion and cell culture. Also, the underlying mechanism of 
fractalkine/CX3CR1 in ischemic hypoxia–related brain 
injury requires further investigation, and the relationship 
between fractalkine/CX3CR1 and microglial regulation 
remains unclear. Additionally, multiple mechanisms may 
underlie stem cell therapy, warranting further studies on 
other possible mechanisms, such as their influence on 
angiogenesis and apoptosis.

Conclusions
Our findings suggest that BSCs can improve the matura-
tion of OLs following WMI in newborn rats. The mecha-
nisms may be attributed to the reduced proinflammatory 
microglia cells and factors as well as the increased anti-
inflammatory microglia cells and factors due to the 
downregulation of fractalkine/ CX3CR1.
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Fig. 6  Related mechanisms of BSC treatment for WMI. (A) Principal components analysis of brain samples of protein chip in different groups (n = 4 per 
group). The samples from the same group exhibited a concentrated distribution. (B) Seventeen differential proteins in any two groups were screened in 
the heat map by the protein chip. (C) Venn diagram of differential proteins among the WMI + BC, WMI + NS, and sham groups. The results of the cytokine 
antibody assay identified 10 differentially expressed proteins among the three groups. (D) In the Gene Ontology biological process analysis, the top five 
biological processes identified were response to interleukin 1, response to interferon-γ, regulation of T-cell activation, regulation of lymphocyte activation, 
and regulation of intraleukocytic adhesion. (E) Validation of the expression of the differential protein B7-2 at P7 via western blotting. Full-length blots are 
presented in Supplementary Fig. 5. Compared with that in the WMI + NS group, the expression level of B7-2 in the WMI + BC group was significantly de-
creased (n = 5 per group). (F) Validation of the expression of the differential protein fractalkine at P7 via western blotting (n = 5 per group). Full-length blots 
are presented in Supplementary Fig. 6. (G) Western blotting and corresponding quantification to examine the expression of receptor protein CX3CR1 for 
the differential protein fractalkine at P7 (n = 5 per group). Full-length blots are presented in Supplementary Fig. 7. Western blot analysis revealed reduced 
expression levels of fractalkine and CX3CR1 in the WMI + BC group compared with that in the WMI + NS group. (H) Representative immunofluorescence 
images of B7-2 (red) and CD206 (red) staining of microglia (marked by Iba-1 with green fluorescence) at P7 in the corpus callosum area (n = 5 per group). 
The B7-2+/Iba1 + cell count decreased in the WMI + BC group, whereas CD206+/Iba1 + cell count increased in the WMI + BC group. (I) Schematic of the 
possible effect of BSCs in microglia polarization regulation. (J) The expressions of IL-1β, IL-6, IFN-γ, TNF-α, ARG1, and TGF-β mRNAs measured at P7 by 
qRT-PCR (n = 5 per group). Compared with that in the WMI + NS group, the expression level of IL-1β, IL-6, IFN-γ, and TNF-α in the WMI + BC group was 
significantly decreased, whereas the expression levels of ARG1 and TGF-β were significantly increased. Data are presented as mean ± standard deviation. 
*p < 0.05, **p < 0.01. Sham, sham-operated group; WMI + BC, white matter injury with breastmilk cell group; WMI + NS, white matter injury with normal 
saline group; BSC, breastmilk stem cells
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