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Abstract: Acute pancreatitis (AP) is commonly accompanied by intense pain and is associated with high mortality 
rates. However, the effectiveness of existing therapeutic approaches remains unsatisfactory. Stem cell therapy, 
which can promote the regeneration of damaged tissue and alleviate systemic inflammatory responses, has brought 
new possibility for patients suffering from AP. In particular, hair follicle-derived mesenchymal stem cells (HF-MSCs) 
are proposed as a suitable cell source for treating pancreatic diseases, but further research on their effectiveness, 
safety, and underlying mechanisms is warranted for clinical implementation. In this work, the therapeutic potential 
of HF-MSC transplantation was studied in an L-arginine-induced AP rat model. HF-MSCs were extracted from infant 
Sprague-Dawley (SD) rats, expanded in vitro, and detected by flow cytometry. HF-MSCs were labeled by PKH67 and 
transplanted into rats with AP via tail vein injection. Serum specimens were collected at 24 h, 48 h, and 72 h after 
transplantation, and the levels of amylase, lipase, and anti-inflammatory factors, namely interleukin-6 (IL-6) and 
tumor necrosis factor-alpha (TNF-α), were analyzed. Pancreas samples were collected and assayed by immunofluo-
rescence and immunohistochemistry 1 week after transplantation to monitor the differentiation of HF-MSCs and 
the functional recovery of the damaged pancreas. Intravenously delivered rat HF-MSCs spontaneously homed to 
the damaged pancreas and expressed pancreatic progenitor cell markers, relieved inflammation, and boosted pan-
creatic regeneration. These findings indicate that HF-MSC transplantation is a potentially effective treatment for AP.
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Introduction

Acute pancreatitis (AP) is an autodigestive pan-
creatic disease with a high mortality rate and  
a complex pathogenic etiology. The incidence 
of AP is approximately 4/10,000 worldwide, 
and the associated morbidity has been sub-
stantially increasing annually [1]. Among these 
patients, 90-95% has mild or moderate-to-
severe AP characterized by relatively minor 
symptoms and a favorable prognosis. Severe 
AP in the remaining 5-10% of patients is typi-
cally accompanied by severe complications su- 
ch as shock, heart failure, pancreatic encepha-
lopathy, and even systemic inflammatory res- 
ponse syndrome (SIRS). AP often co-occurs 
with islet dysfunction, which leads to hypergly-
cemia [2]. Severe hyperglycemia can exacer-

bate secondary infections, which eventually 
leads to insulin resistance, resulting in an ad- 
verse feedback loop that fuels AP progression. 
More importantly, AP associated islet dys- 
function can progress to pancreatic diabetes. 
Pancreatic progenitor cells, which play a signifi-
cant role in islet functional recovery and dam-
aged pancreatic regeneration [3], are important 
prognostic factors for patients with AP. The 
main therapeutic strategies for AP currently 
involve the resolution of symptoms by anti-
inflammatory, anti-shock, pancreatic secretion 
inhibition, and other treatments, but these are 
not particularly effective [4].

Stem cells have recently attracted attention as 
treatment of many refractory diseases. Charac- 
terized by self-renewal ability and pluripotent 
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differentiation, mesenchymal stem cells (MSC) 
are multipotent stem cells with widespread  
clinical applications [5]. These cells lack major 
histocompatibility complex II antigen [6], mak-
ing them ideal seed cells for transplantation 
therapies. The therapeutic effects of MSC in 
several autoimmune, traumatic, ischemic, and 
inflammatory diseases are excellent [7]. Simi- 
larly, MSC have been considered as a prospec-
tive therapy for AP because of their homing 
capacity, and anti-inflammatory, anti-apoptotic, 
and immunomodulatory effects [8-11].

Hair follicles (HF) are mammalian skin append-
ages with a stem cell-abundant, archetypal 
neuroectodermal-mesodermal interaction sys-
tem [12]. Mammals have ample HF reserves, 
which undergo cycles of anagen, catagen, and 
telogen phases, throughout their lifespan [13]. 
Unlike other stem cell sources, HF collection is 
noninvasive for donors. Stem cells derived from 
HF are primarily located in the hair bulb and 
external root sheath, and are characterized by 
pluripotential differentiation and powerful pro-
liferation ability [14, 15]. Transplanted HF-MSC 
participate in angiogenesis and accelerate the 
regeneration and repair of damaged tissues 
[16, 17], indicating that they might stimulate 
pancreatic cell proliferation and thus promote 
post-injury pancreatic regeneration like other 
MSC [18, 19]. However, the potential of HF-MSC 
as a therapeutic tool for AP has not yet been 
directly investigated.

According to the above advantages, transplant-
ed HF-MSC might spontaneously home to the 
damaged pancreas and differentiate into pan-
creatic progenitor cells, then significantly con-
tributing to regeneration and reprogramming of 
the damaged pancreas. To validate this hypoth-
esis, we established a rat model of AP induced 
by L-arginine, in which rats were injected with 
HF-MSC or saline (sham control). The homing 
ability of fluorescently labeled HF-MSC to the 
pancreas and their differentiation was moni-
tored, along with pathological changes to the 
damaged pancreas. Our findings provide a the-
oretical reference for the development of 
HF-MSC as a novel treatment strategy for AP.

Materials and methods

Experimental animals

Forty-eight 7-9-week-old and four 7-10-day-old 
male Sprague-Dawley (SD) rats weighing 170-

250 and 21-27 g, respectively, were obtained 
from the Animal Facility of the Second Affiliated 
Hospital of Harbin Medical University, Harbin, 
China. All rats were housed in single cages in 
an animal room at 24°C with a 12/12 h light/
dark cycle and fed with standard laboratory 
rodent food and water. All animal experiments 
were conducted in compliance with the relevant 
ethical standards and regulations approved by 
the Ethics Committee at the Experimental 
Center of the Second Affiliated Hospital of 
Harbin Medical University.

Extraction and culture of HF-MSC

Primary HF-MSC were derived from the four 7-9 
day-old SD rats. The skin of the vibrissa was cut 
and digested with 0.1% collagenase, then HF 
were gently peeled from the skin under obser-
vation using a binocular microscope (Nikon, 
Japan). The isolated HF were incubated for 40 
min at 37°C under a humidified 5% CO2 atmo-
sphere in 24-well plates that were coated with 
collagen IV. Complete medium comprised 90% 
DMEM/F12 medium containing 10% fetal bo- 
vine serum and 1% penicillin-streptomycin (all 
from Gibco Laboratories, Gaithersburg, MD, 
USA). The cell culture medium was refreshed 
every 15 h and non-adherent cells were dis-
carded with the spent culture medium. When 
cells with a paving stone appearance adher- 
ed around the HF, the culture medium was 
refreshed every 48 h. Extracted primary cells 
were passaged after approximately 2 weeks, 
and third-generation HF-MSC with good growth 
characteristics were harvested. All procedures 
were conducted in a sterile environment.

The cells were labeled with the green fluores-
cent cell membrane dye PKH67 (Sigma-Aldrich 
Corp., St. Louis, MO, USA) as described by the 
manufacturer and detected using a BX51 fluo-
rescence microscope (Olympus Corporation, 
Tokyo, Japan). When cell viability measured by 
trypan blue staining reached 95%, the cell sus-
pension was adjusted to approximately 1 × 106 
cells/mL before transplantation.

Flow cytometry of HF-MSC

The extracted HF-MSC was assessed by fluo-
rescence-activated cell sorting. The cells were 
detected by flow cytometry (Becton Dickinson 
and Co., Franklin Lakes, NJ, USA). Approximately 
1 × 106 cells were incubated with 1.0 µL of rat 
monoclonal antibodies against CD31, CD45, 
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CD29, and CD90 (Becton Dickinson and Co.), 
and the isotype control antibody served as the 
negative control. Fluorescence emission was 
evaluated using CellQuest software (Becton 
Dickinson and Co).

Rat model of acute pancreatitis 

Rats (n = 48) weighing 270 ± 10 g were ran-
domly allocated (n = 16/group) to the following 
groups. The AP group was injected with 2.0 g/
kg L-arginine in 0.9% normal saline twice daily 
at 1.5 h intervals for 3 days, and once intrave-
nously (i.v.) with 0.9% normal saline into the tail 
vein 24 h later [20]. The sham group injected 
was intraperitoneally (i.p.) with of 0.9% normal 
saline. The AP+HF-MSC group was injected i.p. 
with 2.0 g/kg L-arginine in 0.9% normal saline, 
followed by an i.v. injection of 5 × 106 cells/kg 
body weight of PKH67-labeled HF-MSC into the 
tail vein 24 h later. Rats from each group were 
sacrificed at 24, 48, and 72 h after HF-MSC 
transplantation for serological and histopatho-
logical analyses. The remaining rats were sacri-
ficed 1 week after transplantation for histologi-
cal analysis of the pancreas.

Hematoxylin-eosin (HE) staining and immuno-
histochemistry

Pancreases were fixed in 4% paraformalde-
hyde, dehydrated, embedded in paraffin, and 
cut into 5-mm thick sections for hematoxylin 
and eosin (HE) staining. Morphological changes 
in the pancreas in each group were compar- 
ed using an optical microscope (Nikon Corp., 
Tokyo, Japan). Pathological damage induced by 
pancreatitis was scored as described [21, 22]. 
The sections were submerged in 3% H2O2 for 10 
min, then non-specific binding was blocked 
with 10% normal donkey serum for 30 min. The 
sections were incubated with rabbit anti-pan-
creatic and duodenal homeobox 1 (PDX-1; 
Abcam, UK; 1:200), mouse anti-neurogenin-3 
(Ngn3; Santa Cruz Biotechnology, USA; 1:100), 
and mouse anti-pancreas specific transcription 
factor 1a (PTF-1a; Santa Cruz Biotechnology; 
1:200) at 4°C overnight, followed by 1:200- 
diluted TRITC-conjugated AffiniPure goat anti-
rabbit or anti-mouse IgG antibody (Zhongshan 
Golden Bridge Biotechnology, Beijing, China)  
for 30 min, followed by DAB chromogenic sub-
strate (Zhongshan Golden Bridge Biotechno- 
logy Co.), then counterstained with hematoxy-
lin, dehydrated, and mounted. The stained sec-
tions of each group were assessed using an 

optical microscope (Nikon, Japan), and positive 
areas were semi-quantitatively scored and sta-
tistically analyzed using Image-Pro Plus 7.0 
software.

Immunofluorescence

Immunofluorescence assays of the pancreas 
were conducted as described [20]. In brief,  
pancreatic sections were incubated with 5% 
normal donkey serum and 1:200-diluted rab- 
bit anti-PDX-1 (Abcam, Cambridge, UK, 1:400), 
mouse anti-Ngn3 (Santa Cruz Biotechnology, 
USA, 1:200), and mouse anti-PTF-1a (Santa 
Cruz Biotechnology Inc., Dallas, TX, USA) pri-
mary antibodies at 4°C overnight. After rinsing 
with PBS, the sections were reacted with anti-
rabbit/mouse IgG (1:200) for 30 min. Nuclei 
were stained with 4’-6-diamidino-2-phenylin-
dole (DAPI; Vector Laboratories Inc., Burlinga- 
me, CA, USA) for 5 min, then the sections were 
mounted with an anti-fluorescence quenching 
agent. Representative images were captured 
using a laser confocal microscope (Carl Zeiss 
Microscopy GmbH, Jena, Germany). All experi-
mental procedures described above were con-
ducted in a dark room.

Serological analysis

Rat blood specimens were collected from the 
abdominal aorta at 24, 48, and 72 h after 
HF-MSC transplantation. The contents of se- 
rum amylase and lipase (both Sigma-Aldrich), 
TNF-α and IL-6 (both USCN Business Co., Ltd., 
Wuhan, China) were measured as described by 
the manufacturers of the respective ELISA kits. 
Absorbance at 450 nm was measured using a 
microplate reader (BioTek U.S., Winooski, VT, 
USA). Values for each factor were calculated by 
comparisons with standard curves.

Statistical analysis

Data were analyzed by one-way analysis of va- 
riance (ANOVA), Chi-square tests and Student 
t-tests using SPSS 17.0 statistical software, 
and are expressed as means ± SEM. Statistical 
charts were prepared using GraphPad Prism 
8.0 software. Values with P < 0.05 were defined 
as being statistically significant.

Results

Isolation, culture, and identification of HF-MSC

The primary HF-MSC cultured in vitro were char-
acterized by adherent growth with a largely 
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paving-stone appearance (Figure 1A). The mor-
phology of HF-MSC gradually transitioned to  
a spindle-like appearance in generations 2-3 
(Figure 1B and 1C). The cell membrane and 
nuclei were detected by microscopy as bright 
green under fluorescence emitted by PKH67, 
and as blue DAPI stain, respectively (Figure 
1D).

Flow cytometry showed that 97.79% and 
97.50% of the cells expressed the MSC mark-
ers CD29 and CD90, respectively (Figure 2A 
and 2B). In contrast, few cells expressed hema-
topoietic stem cell markers; 1.60% and 2.30% 
of the cells expressed CD45 and CD31, respec-
tively. Therefore, the cells extracted from HF 
were mainly HF-MSC (Figure 2C, 2D).

Transplanted HF-MSC alleviated pancreatic 
injury

Establishment of the AP rat model and restora-
tion of the pancreas after HF-MSC transplanta-

tion were verified by HE staining (Figure 3). 
Optical microscopy revealed no obvious edema 
or inflammatory infiltration in pancreatic tis-
sues from the sham group (Figure 3A). In con-
trast, pancreatic tissues from the AP group 
showed cell edema, necrosis, hemorrhage, and 
inflammatory infiltration. Scores for pathologi-
cal pancreatic injury were obviously lower in  
the AP+HF-MSC, than in the AP group, and 
gradually decreased over time (P < 0.05, Figure 
3D).

HF-MSC transplantation reduced mortality of 
rats with AP

At 1, 2, and 7 days post-transplantation, all rats 
in the sham group survived, 1, 3, and 4 rats, in 
the AP group died, respectively, and 1 each in 
the AP+HF-MSC group died at these time 
points, respectively. Mortality did not signifi-
cantly differ between the AP and AP+HF-MSC 
group at 24 h (P > 0.05), but became obviously 
reduced over time in the AP+HF-MSC (P < 0.05).

Figure 1. Culture and PKH67 labeling of HF-MSC. Primary (A), second-generation (B), third-generation (C), and 
PKH67-labeled (D) HF-MSC. Scale bar, 100 μm. HF-MSC, hair follicle mesenchymal stem cells; PKH67, green, fluo-
rescent stain for cell membranes.
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HF-MSC inhibited systemic inflammatory re-
sponses in rats with AP

Serum amylase, lipase, TNF-α, and IL-6 levels 
were monitored at daily intervals (24, 48, and 
72 h) in the three animal groups after trans-
plantation. Serum levels of amylase, lipase, 
and inflammatory factors (TNF-α, IL-6) in the  
AP group obviously increased, then gradually 
decreased over time in the AP, compared with 
the sham group (P < 0.05). Levels of serum 
amylase, TNF-α, and IL-6 significantly decreas- 
ed in the AP+HF-MSC, compared with that in 
the AP group (P < 0.05, Figure 4).

HF-MSC homed to damaged pancreas and ex-
pressed pancreatic progenitor cell markers

Immunofluorescence staining and confocal la- 
ser scanning microscopy showed co-localized 
PKH67-labeled transplanted cells, pancreatic 
progenitor cell markers (PDX-1, Ngn3, PTF-1a), 
and nuclei in the AP+HF-MSC group (Figure 5). 
The cell membrane stained with PKH67 emit-
ted bright green fluorescence, and cell prolifer-
ation capacity was unimpaired. The HF-MSC 
clustered in the damaged pancreas, particu- 
larly in the islets, and rarely in the liver, spleen, 
and lung. Neurogenin 3, PDX-1, and PTF-1a are 

Figure 2. Fluorescence-activated cell sorting analysis. A. CD29 labeled with FITC. B. CD31 labeled with APC. C. CD90 
labeled with PE. D. CD45 labeled with PerCP. APC, allophycocyanin; CD, cluster of differentiation; PE, phycoerythrin; 
PerCP, peridinin-chlorophyll-protein.



Transplanted HF-MSC express pancreatic progenitor cell markers in AP model

1394	 Am J Transl Res 2021;13(3):1389-1399

specific markers of pancreatic progenitor cells 
with an important influence on pancreas res- 
toration and regeneration. Preliminary experi-
ments revealed that HF-MSC localized in the 
damaged pancreas at 24 h after transplanta-
tion, but only a few cells expressed markers  
of pancreatic progenitor cells. However, most 
transplanted cells expressed pancreatic pro-
genitor cell markers in pancreatic tissues at 
one week after transplantation. PKH67-positive 
cells (green) expressed markers of pancreatic 
progenitor cells (PDX-1, Ngn3, PTF-1a) visual-
ized as red fluorescence. The cytoplasm appea- 
red yellow or white, and nuclei were stained 
blue with DAPI (Figure 5).

HF-MSC transplantation promoted expression 
of pancreas-associated proteins

Immunohistochemical analysis showed that 
PDX-1-, Ngn3-, and PTF-1a-positive cells were 
more prevalent in the pancreas of rats in the 

AP+HF-MSC, compared with the other two 
groups. The sham group had the least PDX-1-, 
Ngn3-, or PTF-1a-positive cells (P < 0.05 for all; 
Figure 6). These findings indicated that pan- 
creatic cell regeneration significantly improved 
after HF-MSC transplantation.

Discussion

To date, therapeutic options for AP are limited 
to symptom management. In addition to critical 
clinical manifestations, severe AP is accom- 
panied by various complications that severely 
endanger the lives of patients [23]. Therefore, 
MSC transplantation, which promotes regener-
ation of the damaged pancreas while simulta-
neously relieving inflammation, is considered to 
have significant therapeutic potential for treat-
ing AP. Saito et al. [24] first proposed the hom-
ing ability of transplanted MSC to spontane-
ously move to target organs or tissues under 
specific conditions. Damaged tissues or organs 

Figure 3. Pathological changes in the pancreas. Representative images of hematoxylin-eosin staining of (A) sham 
(B) rats injected with L-arginine (AP group) and (C) rats transplanted 3 days after L-arginine injection (AP+HF-MSC 
group). Scale bars = 100 μm. (D) Histopathological scores of groups at different time points (*P < 0.05; †P < 0.001). 
AP, acute pancreatitis; HE, hematoxylin-eosin; HF-MSC, hair follicle-mesenchymal stem cells.
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Figure 4. Serological analysis. Serum levels of (A) IL-6, (B) TNF-α, (C) amylase, and (D) lipase in three groups at 24, 
48, and 72 h post-transplantation (n = 4 per group).

Figure 5. Immunofluorescence emission of PDX-1, Ngn3, and PTF-1a after HF-MSC transplantation. Co-localized, 
transplanted HF-MSC and pancreatic progenitor cell markers in pancreas. PKH67-labeled cells (green) are co-local-
ized with pancreatic progenitor cell markers PDX-1, PTF-1a, and Ngn3. Nuclei are labeled with DAPI (blue). PKH67-
positive cells are scant in rat spleen, lung, and liver. Scale bar, 50 μm.
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release various cytokines, chemokines, and 
adhesion factors that guide MSC to damaged 
sites, where they play key roles in regeneration 
and restoration.

Bone marrow mesenchymal stem cells (BMSC) 
have been transplanted in most studies of AP 
[18]. However, invasive BMSC collection can 
cause serious trauma and infections, and age 
restrictions limit donor selection. Therefore, 
determining an alternative optimal cell source 
for transplantation has remained crucial for 
clinical applications. The present study expand-

ed and characterized HF-MSC in vitro, then 
applied them to treat rats with AP in vivo. The 
therapeutic outcomes were undeniably promis-
ing. The HF-MSC offer important and substan-
tial advantages over other MSC sources. Their 
multi-directional differentiation potential, abun-
dant reserves, non-invasive collection and con-
venient separation renders HF-MSC ideal ther-
apeutic candidates.

To the best of our knowledge, this is the first 
empirical demonstration of MSC from hair folli-
cles differentiating into pancreatic progenitor 

Figure 6. Immunohistochemical de-
tection of proteins in pancreas. A. 
Sharp increase in PDX-1-, Ngn3-, 
and PTF-1a-positive cells in AP+HF-
MSC group. B. Quantitative findings 
of pancreatic progenitor marker 
proteins in three groups. *P < 0.05; 
Scale bar, 50 μm.
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cells in a rat model of AP. It has been demon-
strated that, in a rat model of chronic pancre-
atitis, MSC differentiate into acinar-like cells at 
2 weeks after transplantation [25]. We harvest-
ed and assessed differentiation into pancreatic 
cells at 1 week after transplantation because 
the focus of the present study was AP. PKH67 is 
a stable cell membrane marker with low cyto-
toxicity that has minimal effects on cell prolif-
eration or differentiation [26]. Therefore, la- 
beling cells with PKH67 enabled fluorescence-
based tracking of transplanted HF-MSC hom- 
ing and expansion in vivo. The transplanted HF- 
MSC thrived in the recipient pancreas, and 
spontaneously homed to the damaged pancre-
as without causing tumorigenesis. Moreover, 
few transplanted HF-MSC were detected in the 
liver, lung, kidney, and other important organs, 
indicating that transplantation is unlikely to 
cause embolization in rats. Most importantly, 
co-localized PKH67, DAPI staining, and specific 
markers of pancreatic progenitor cells (Ngn3, 
PDX-1, and PTF-1a) indicated that the trans-
planted HF-MSC retained their capacity for  
proliferation and differentiation in vivo after 
implanting in the damaged pancreas.

Neurogenin 3, PDX-1, and PTF-1a are pivotal 
factors that regulate pancreatic proliferation 
and differentiation. Insulin synthesis and secre-
tion are regulated by PDX-1 that is expressed 
mostly in islets, where it directly interacts with 
the insulin promoter [27]. Lee et al. [28] found 
that mesenchymal cells derived from human 
adipose tissue differentiate into insulin-produc-
ing cell aggregates via PDX-1 overexpression in 
the pancreas and duodenum. Morphogenesis 
of the pancreatic ductal epithelium is controll- 
ed by Ngn3, a crucial marker of pancreatic pro-
genitor cells [29]. Pancreas specific transcrip-
tion factor 1a regulates the fate of pancreatic 
epithelial cells during early development and 
determines whether cells in the embryo will 
continue to home toward the pancreas or the 
duodenum [30]. Acute pancreatitis is common-
ly accompanied by the islet structural damage 
and islet cell necrosis [31]. The transplanted 
HF-MSC homed to the damaged pancreas and 
specifically implanted in islets while expressing 
PDX-1, Ngn3, and PTF-1a. These activities indi-
cate their potential to protect islet function, and 
consequently improve the prognosis of AP, 
which will be investigated in-depth in the near 
future.

Improving the homing rate of transplanted MSC 
is an important but complex issue for stem cell 
transplantation, which is at the early resear- 
ch stage. The specific mechanism underlying 
HF-MSC homing also requires further investiga-
tion. Stromal cell-derived factor-1 (SDF-1) and 
its receptor CXCR4 reportedly affect the hom-
ing process of MSC [32], which might also apply 
to HF-MSC.

One limitation of the current study is the lack of 
an objective index with which to measure pain 
in the rat models of AP. A change in physical 
activity might serve as a proxy, but is not a 
direct measurement of the degree of pain. 
Furthermore, the experimental period was not 
long enough to evaluate the potential long-term 
complications of HF-MSC transplantation, such 
as tumorigenesis and graft versus host dis-
ease. This study was limited to assessing the 
capacity of HF-MSC to differentiate in vivo. 
Therefore, HF-MSC and pancreatic acinar cells 
should be co-cultured to verify HF-MSC differ-
entiation in vitro.

Despite these limitations, the present study 
confirmed the therapeutic potential of HF-MSC 
transplantation in a rat model of AP. The ex- 
tracted HF-MSC largely retained the prolifera-
tion and differentiation potential of primary 
cells after multi-generation culture. Moreover, 
transplanted HF-MSC homed, differentiated, 
and exerted potent anti-inflammatory effects in 
the rat model of AP, providing an essential basis 
that will guide future clinical applications of 
HF-MSC transplantation to patients with AP.

Conclusion

Transplanted HF-MSC can alleviate pancreatic 
damage by homing toward injured sites and 
expressing pancreatic progenitor cell markers 
that lead to the continuous inhibition of in- 
flammatory factor release while promoting the 
regeneration of damaged pancreatic tissues. 
These findings provide evidence of a novel 
strategy for treating AP.
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