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Background: Mandibular fractures account for 40% to 65% of maxillofacial injuries, with about 10% developing delayed
union or nonunion. Isopsoralen (ISO), a main active component of Psoralea corylifolia L., exhibits osteogenic
and anti-inflammatory effects. However, the role of autophagy in 1SO-promoted mandibular fracture healing
remains unclear. This study aimed to investigate the effects of ISO on mandibular fracture healing in rats and
its underlying autophagy-mediated mechanism.

Material/Methods: Specific pathogen-free-grade rats with left mandibular fractures were randomly assigned to 4 groups: nor-
mal saline (NS), ISO, 3-methyladenine (3-MA), and ISO + 3-MA. Interventions were given every 2 days. Fracture
healing was assessed at 2, 4, and 6 weeks using the Lane-Sandhu radiographic scoring system, micro-comput-
ed tomography, hematoxylin-eosin staining, enzyme-linked immunosorbent assay, and western blotting.

Results: Compared with other groups, the 3-MA group showed impaired healing, with lower radiographic scores, bone
volume/total volume, bone mineral density, and trabecular number; higher trabecular separation; and sparse
bone formation (all P<0.05). Relative to the NS group, the ISO group exhibited improved bone microarchitec-
ture, elevated serum alkaline phosphatase and osteocalcin levels, and distinct autophagy marker changes (at
2 weeks: upregulated sequestosome 1 (P62), downregulated microtubule-associated protein 1 light chain 3 11/I
(LC3-11/1); at 6 weeks: downregulated P62, Beclin-1, and LC3II/1; all P<0.05). Autophagy indices in the 1SO +3-MA
group were comparable to those in the I1SO group (P> 0.05).

Conclusions: ISO stabilized autophagic flux and alleviated 3-MA-induced delayed mandibular fracture healing by regulating
autophagy.
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Introduction

Millions of fractures occur annually worldwide, representing
a significant public health challenge. Fracture healing can be
delayed by nonunion, a major cause of long-term patient dis-
ability [1]. Among the new fracture cases reported globally in
2019, facial fractures involving the craniofacial bones, jawbones,
and related structures accounted for approximately one-third,
affecting an estimated 1.5 million individuals [2]. Mandibular
fractures are among the most common maxillofacial injuries,
accounting for 40% to 65% of all facial fractures [3]. The eti-
ology of maxillofacial fractures is multifactorial and includes
traffic accidents, falls, sports-related injuries, and acts of vio-
lence [4,5]. Fracture healing is a multifaceted biological pro-
cess that encompasses hematoma formation, callus formation,
and bone remodeling [6]. Osteoblasts play crucial roles in bone
tissue growth and the wound healing process. Impairments in
osteoblast function can result in delayed fracture healing and
worsen pathological changes in bone tissue [7]. Nonunion re-
fers to a fracture that fails to heal within the expected period
or is deemed incapable of healing without medical interven-
tion. As a complex chronic condition, bone nonunion is often
accompanied by persistent pain and can lead to functional
impairment, long-term aesthetic concerns, and psychological
distress [8]. Under the current standard of care for fractures,
approximately 10% of patients experience delayed fracture
union or nonunion. Therefore, medical interventions that can
accelerate fracture repair hold significant clinical value, as they
may facilitate the mitigation of fracture-related adverse out-
comes, including delayed union and nonunion, thereby reduc-
ing the burden of associated complications.

Psoralea is a leguminous plant used in traditional Chinese med-
icine and is one of the primary components of the “Xianling
Gubao capsule,” a widely prescribed drug for preventing and
treating osteoporosis [9]. Psoralea corylifolia L. is a natural es-
trogen modulator known for its diverse pharmacological effects,
including enhancing cellular immune function, stimulating os-
teoblast activity, inhibiting osteoclasts, and exhibiting antibac-
terial and antiviral properties [10,11]. Isopsoralen (ISO), one of
its main active ingredients, is known for its kidney-tonifying
effects in traditional Chinese medicine [12]. ISO has multiple
biological effects, including anti-inflammatory and osteogen-
ic activities. Specifically, it can ameliorate bone metabolic dis-
orders by regulating bone metabolism-related signaling path-
ways, promoting osteoblast differentiation, inhibiting osteoclast
differentiation and proliferation, and alleviating inflammation
and oxidative stress [13]. It is unknown whether 1SO also pos-
sesses mechanisms to promote fracture healing in addition to
these regulatory mechanisms.

Autophagy is a conserved catabolic pathway in eukaryotes, in
which cytoplasmic components are encapsulated by a double
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membrane and degraded by lysosomes and vesicles, which
plays a key role in maintaining cellular homeostasis and adapt-
ing to metabolic stress [14,15]. During fracture healing, au-
tophagy participates in multiple critical processes, including
early inflammatory regulation, osteoblast survival and differ-
entiation, and bone matrix mineralization [16,17]. Abnormal
autophagy function (either hyperactivation or inhibition) has
been demonstrated to be closely associated with delayed frac-
ture healing and nonunion [18,19]. Therefore, modulating au-
tophagy activity has emerged as a potential strategy to pro-
mote fracture healing. Autophagy can be categorized into 3
forms—macroautophagy, microautophagy, and chaperone-me-
diated autophagy—on the basis of the morphological and func-
tional distinctions in cytoplasmic cargo degradation. Among
these, macroautophagy (hereafter referred to as autophagy)
is the most extensively studied type [20]. Autophagy dysfunc-
tion is implicated in various human diseases, including cancer,
metabolic disorders, immune diseases, and neurodegenerative
conditions [21]. Importantly, autophagy is critically involved in
bone metabolism and plays a vital role in maintaining the ho-
meostasis of bone marrow-derived mesenchymal stem cells
and their lineages, such as adipocytes, chondrocytes, and os-
teoblasts [17,22]. Autophagy, as a critical intracellular degra-
dation system, plays a central role in early inflammatory initi-
ation, bone remodeling, and bone metabolism during fracture
healing. Its inhibition or overactivation can impair the healing
process [23]. However, it remains unclear whether I1SO facili-
tates fracture healing by modulating autophagy.

To investigate the role of autophagy in fracture healing, this
study employed 3-methyladenine (3-MA) as a classical au-
tophagy inhibitor. 3-MA inhibits autophagosome formation by
blocking type Ill phosphatidylinositol 3-kinase, and has been
widely applied in bone metabolism research [24]. By dynami-
cally monitoring autophagy marker proteins Beclin-1 (autoph-
agy initiation), microtubule-associated protein 1 light chain 3
[1/1 (LC3-11/1; autophagosome), and upregulated P62 (autoph-
agy substrate degradation), the state of autophagy flow can
be comprehensively evaluated [25,26]. In terms of osteogen-
ic function, serum alkaline phosphatase (ALP), a zinc-contain-
ing glycoprotein expressed in various human tissues and or-
gans, serves as a marker of early osteoblast differentiation and
participates in matrix mineralization [27]. Osteocalcin (OCN)
is a validated serum biomarker secreted by osteoblasts, used
to reflect bone formation status [28]. ALP and OCN are clas-
sic indicators for evaluating osteogenic function in fracture
healing studies.

This study established a model of autophagy inhibition in rat
mandibular fracture and dynamically monitored the changes
in the aforementioned autophagy and osteogenic markers. The
aim was to investigate whether ISO promotes fracture healing
by regulating cellular autophagy and preliminarily elucidate its
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mechanism of action, thereby providing experimental evidence
for the precision treatment of mandibular fracture.

Material and Methods

Experimental Animals

A total of 80 healthy 9-week-old male Sprague-Dawley (SD) rats
weighing 350 + 10 g were used in this study. All rats, of specif-
ic pathogen-free grade, were obtained from the Experimental
Animal Center of Zunyi Medical University (license number:
SYXK (Qian) 2021-0004). The animals were housed in an spe-
cific pathogen-free facility at the same center under a stan-
dardized 12-hour light/dark cycle, with the room temperature
maintained at 22 to 25°C, and provided with ad libitum ac-
cess to food and water. After 1 week of acclimation, the experi-
ments were commenced. All experimental procedures were ap-
proved by the Animal Welfare and Ethics Committee of Zunyi
Medical University (approval No. ZMU21-2411-078) and were
conducted in strict accordance with the 3R principles (replace-
ment, reduction, and refinement).

Drugs and Reagents

Sodium pentobarbital (batch No. 11715) was obtained from
Sigma-Aldrich (St. Louis, MO, USA). ISO and 3-MA were ob-
tained from Hubei Cuiyuan Biotechnology Co, Ltd (Wuhan,
China). The following antibodies were used in this study: rab-
bit anti-Beclin 1 antibody and mouse anti-P62 antibody (cat.
No. 11306-1-AP, 66184-1-Ig; Proteintech Group, Inc, Rosemont,
IL, USA) and rabbit anti-LC3B antibody and goat anti-rabbit
IgG H&L conjugated to horseradish peroxidase (HRP; cat. No.
A7198, AS007; ABclonal Technology Co, Ltd, Wuhan, China).
Additionally, an H&E staining kit was obtained from Wuhan
Servicebio Technology Co, Ltd (Wuhan, China); a bicinchonin-
ic acid protein quantification kit was obtained from Beijing
Solebao Technology Co, Ltd (Beijing, China); and enzyme-
linked immunosorbent assay (ELISA) kits for OCN and ALP
were obtained from Shanghai Keaibo Biotechnology Co, Ltd
(Shanghai, China).

Modeling and Experimental Grouping

An animal model was established by anesthetizing the rats
with a 3% pentobarbital solution (40 mg/kg) and placing them
in a supine position for skin disinfection. A bone incision, 1
mm in width and 3 mm in depth, was made via a slow micro-
motor and stainless steel grinding head at the intersection of
the vertical projection line of the rat’s mandibular third molar
and the lower edge of the mandible, creating an incomplete
mandibular fracture model. The surgical site was cleaned, su-
tured, and confirmed for successful modeling via radiography.
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Postoperatively, 80 x10° U of penicillin was administered in-
tramuscularly for 3 days to prevent infection.

After a 2-week postoperative observation period, 72 SD rats
were randomly allocated to 4 groups using a random number
table (n=18 per group). Each group was further equally di-
vided into 3 time-point subgroups for outcome evaluation at
2, 4, and 6 weeks after administration, with 6 rats per time
point per group. The overall experimental design is shown in
Figure 1. All interventions were administered once every 2
days via a dual-route strategy: oral gavage (2 mL) for ISO or
sterile normal saline, and intraperitoneal injection (1 mL) for
3-MA or sterile normal saline (the detailed drug administra-
tion protocol is presented in Table 1). For all histological, se-
rological, and molecular analyses, 3 independent biological
samples were randomly selected from the 6 rats in each time-
point subgroup for statistical testing.

Score of Fracture Healing Degree

At 2, 4, and 6 weeks following treatment, the left mandi-
bles of the rats were harvested, and radiograph imaging was
performed on the surgical-side mandibles to evaluate frac-
ture line resolution and callus formation in each group. The
Lane-Sandhu radiographic scoring system was used to evalu-
ate the degree of bone reconstruction in the bone graft area,
as shown in Table 2 [29].

Micro-Computed Tomography Scan

Following drug intervention, the left mandibles of the rats
were extracted at week 6 for ex vivo micro-computed tomog-
raphy (micro-CT) scanning via an NMC-200 micro-CT scanner.
The entire mandible was scanned, and subsequent 3-dimen-
sional reconstruction was conducted via the Avatar image pro-
cessing software. A region of interest measuring 1.5 mm along
the left and right fracture lines was selected for analysis, with
relevant parameters quantified and assessed via Cruiser soft-
ware. The micro-CT scan focused on the mandibular fracture
site, and CT Analyzer software was used to evaluate bone vol-
ume/total volume, bone mineral density, trabecular number,
and trabecular separation.

H&E Staining

At 2, 4, and 6 weeks after administration, the left mandibles
of the rats were removed, fixed in 4% paraformaldehyde for
2 days, decalcified, and paraffin-embedded. The thickness of
each section was 8 ym. H&E staining was performed, and the
sections were conventionally dewaxed, gradient rehydrated,
immersed in hematoxylin solution for 5 minutes, differenti-
ated in differentiation solution for several seconds, and then
moved into eosin solution for 5 minutes. Gradient dehydration
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Figure 1. Schematic diagram of the experimental design. A total of 72 specific pathogen-free (SPF) Sprague-Dawley (SD) rats with
established mandibular fracture models were randomly assigned to 4 groups (n =18 per group): normal saline (NS) group,
isopsoralen (ISO) group, 3-methyladenine (3-MA) group, and 1SO+3-MA group. Each group was further subdivided according
to 3 evaluation time points (2, 4, and 6 weeks; n =6 per time point).

Table 1. Administration plan of rats in each group.
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o Oral gavage Intraperitoneal injection
(2 mL, once every 2 days) (1 mL, once every 2 days)
NS group Sterile normal saline Sterile normal saline
isOgoup  IS0100 mg/kg (innormalsalin  Sterilenormalsalne
3mAgouwp  Sterlenormalsalne 3.MA 30 mg/kg (in normal saline)
1sO+3-MAgoup IS0 100 mg/kg innormal saline) 3.MA 30 mg/kg (in normal saline)

Abbreviations: 3-MA, 3-methyladenine; NS, normal saline; ISO, isopsoralen.

was then performed, and the samples were sealed and placed for 16 minutes. The contents of alkaline ALP and OCN were

under a microscope for observation. determined according to the instructions of the ELISA kit. The
optical density was measured at a wavelength of 450 nm, and
Enzyme-Linked Immunosorbent Assay the concentration of each sample was calculated.

At 2, 4, and 6 weeks after treatment initiation, blood was tak-
en through the abdominal aorta and centrifuged at 4000 r/min
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Table 2. Lane-Sandhu radiographic scoring system.

ANIMAL STUDY

Description of scoring criteria Points
Bone formation No evidence of bone formation 0
 Bone formation occupying 25% of defect 1
 Bone formation occupying 50% of defect 2
 Bone formation occupying 75% of defect 3
Full gap bone formation s
Uien B Ful fracture line o
Pattial fracture line 2
Absent fracture line s
Remodeling Noevidence of remodeling o
| Remodeling of intramedullary canal 2
Fullremodeling of cortex s

Western Blotting

At 2, 4, and 6 weeks after administration, the left mandibular
bone of each rat was extracted, and the total protein in the
mandibular tissue was extracted according to the instructions
of the protein extraction kit. Standard curves were prepared
with a bicinchoninic acid protein assay kit, and the protein con-
centration was calculated. The protein was separated via sodi-
um dodecyl sulfate—polyacrylamide gel electrophoresis (120 V,
100 min), transferred to a polyvinylidene fluoride (PVDF) mem-
brane (300 mA, 80 min), and blocked at room temperature for
2 hours with 5% skim milk powder. The PVDF membrane was
incubated in Tris-buffered saline with Tween 20 (TBST) and
washed 3 times. LC3 (1: 2000), P62 (1: 25,000), and Beclin-1 (1:
5000) primary antibodies were prepared. The PVDF membrane
was incubated with the primary antibodies at 4 °C overnight.
The membrane was then washed with TBST. Subsequently, the
PVDF membrane was incubated with HRP-labeled goat anti-
rabbit 1gG secondary antibody (1: 5000) and HRP-labeled goat
anti-mouse 1gG secondary antibody (1: 5000) at room temper-
ature for 1 hour. The developer was added, and bands were vi-
sualized using an ultrasensitive multifunctional imager. Protein
grayscale values were analyzed using Image) software.

Statistical Analysis

All data were analyzed using SPSS 29.0 (IBM Corp, Armonk, NY,
USA). Normality was assessed using the Shapiro-Wilk test, and
homogeneity of variances was assessed using the Levene test.
For each time point (2, 4, and 6 weeks; n=6 per group), given
the independent group design with separate SD rats per group
per time point, differences among the 4 groups were evaluated
using one-way analysis of variance (ANOVA). When the overall
ANOVA was significant (P< 0.05), pairwise comparisons between
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groups were performed using the least significant difference
post hoc test. The least significant difference method was se-
lected to maintain statistical power for pre-planned comparisons
while controlling the type | error rate under the condition of a
significant omnibus test. All data are presented as mean + stan-
dard deviation. P<0.05 was considered statistically significant.

Results

Analysis of Experimental Animals

A total of 80 rats were used in the study. Prior to randomiza-
tion, 2 rats were excluded as their body weight deviated by
more than 20% above the cohort mean. The remaining 78 an-
imals were randomly assigned to experimental groups. During
the experimental period, 6 rats were excluded from the final
analysis due to predefined criteria: 4 due to accidental death
(primarily related to anesthetic complications), and 2 due to
severe wound infection. Consequently, data from all 72 rats
that completed the experimental protocol without meeting the
exclusion criteria were included in the final statistical analysis.

ISO Promoted Bone Graft Growth and Mineralization

As time progressed, fracture sites in all groups gradually
healed, with callus formation visible in the bone defect areas.
Two weeks postoperatively, the fracture lines remained prom-
inent in the ISO group, while those in the normal saline (NS),
ISO, and 1SO+3-MA groups showed relative reduction in both
the fracture lines and callus volume. By the fourth week, the
ISO group exhibited reduced fracture lines and callus, although
still clearly visible. The NS, ISO, and 1SO+3-MA groups demon-
strated indistinct lower margins of fracture ends with callus
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6wk !

NS 150 3-MA 150 NS
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*¥

+3-MA +3-MA

Figure 2. Radiographic findings demonstrating the effects of isopsoralen (ISO) on fracture healing. (A) Representative radiographic
images of the left mandible at 2, 4, and 6 weeks after administration. White arrows indicate the fracture site.
(B) Lane-Sandhu radiographic scores in the fracture area (n = 3). Data are presented as mean + standard deviation. * P<0.05,
** P<0.01 compared with the 3-methyladenine (3-MA) group. Normal saline (NS), ISO, and 3-MA were used as indicated.

formation at the mandibular border. Six weeks postoperative-
ly, the ISO group showed cortical bone formation with reduced
fracture lines and callus, although still prominent. The NS, ISO,
and 1SO+3-MA groups demonstrated good fracture healing
with no visible fracture lines (Figure 2A). Radiograph evalua-
tions using the Lane-Sandhu scale revealed significantly high-
er scores in the NS, ISO, and 1SO+3-MA groups compared with
the 3-MA group (P<0.05), with NS and ISO groups showing
markedly higher scores than 1ISO+3-MA (P < 0.05) (Figure 2B).

At 6 weeks after administration, the micro-CT results revealed that
the callus in the NS group was in the remodeling stage observable

from the lateral side, whereas the woven bone in the ISO group
was progressively resorbed and replaced by a relatively robust
cortical bone structure. Compared with that in the NS group, the
cancellous bone density in the 3-MA group was significantly low-
er. With the addition of ISO, the cancellous bone became denser,
the number of trabeculae increased, the trabecular spacing de-
creased, and the connectivity and extensibility between trabec-
ulae improved (Figure 3). The results of the quantitative analy-
sis of the bone parameters in the region of interest are shown
in Table 3. The bone volume/total volume, bone mineral density,
and trabecular number in the NS, ISO, and ISO+3-MA groups were
significantly greater than those in the 3-MA group, whereas the
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Table 3. Scanning data of bone parameters at 6 weeks after administration in each group.

Group BV/TV (%) BMD (mg/cm?) Th.N (mm-?) Tb.Sp (mm)

NS group 1.189+0.056 1.740 £ 0.047 2.060+0.123 0.090+0.012
lsogowp 1273£003 1816£0015 2617£0090° 0082£0010
3MAgoup 0419+0088* 105140066 114450070 0155£0007%
IS0+3-MAgroup 0841£0019%¢ 144300200 1940401285 0083£0009°
F = 1212 1565 e C 3306
e 00063 00058 00018 00276

Data are presented as mean + standard deviation; n =3 per group. # Compared with the normal saline (NS) group at the same time
point, P<0.05. ® Compared with the isopsoralen (ISO) group at the same time point, P<0.05. ¢ Compared with the 3-methyladenine
(3-MA) group at the same time point, P<0.05. Specific P values are provided in the corresponding footnotes.

Abbreviations: BV/TV, bone volume/total volume; BMD, bone mineral density; Th.N, trabecular number; Tb.Sp, trabecular separation.

NS group 150 group

NS IS0 3-MA IS0+ l NS IS0 3-MA IS0+
3-MA 3-MA

3-MA group 150 + 3-MA group

NS IS0 3-MA IS0+ ' NS 150 3-MA IS0+
3-MA 3-MA

Figure 3. Micro-computed tomography (micro-CT) imaging features of 1ISO promoting fracture area healing. Comparison of transverse
and sagittal micro-CT images and parameters of each group at 6 weeks after administration; The red area indicates the
fractured region. Bone volume/total volume (BV/TV), bone mineral density (BMD), and trabecular number in the normal
saline (NS), isopsoralen (ISO), and 1SO+3-methyladenine (3-MA) groups were significantly greater than those in the 3-MA
group, whereas trabecular separation (Th.Sp) in the 3-MA group was significantly greater than those in the NS, ISO and
ISO+3-MA groups (n = 3). Data are presented as mean # standard deviation (* P<0.05, ** P<0.01).

trabecular separation in the 3-MA group was significantly great-
er than those in the NS, 1SO, and 150+3-MA groups (P<0.05).
Three-dimensional reconstructed images more intuitively dem-
onstrated the bone defect remodeling outcomes across groups.
These results indicate that ISO promoted new bone formation
in the bone defect area and enhanced bone mass.
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Morphological Observation of Callus H&E staining

Figure 4 shows that, over time, the bone reconstruction process
in the callus areas of each group gradually advanced. From a
histopathological point of view, varying degrees of bone healing
were observed in the 4 groups. At 2 weeks after treatment ini-
tiation, neovascularization and early trabecular bone structures
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NS group 150 group

6wk

3-MA group 150 + 3-MA group

SR

Figure 4. Histological features of the fracture area at 2, 4, and 6 weeks after administration (hematoxylin-eosin staining, x40
magnification). Panels A1-A3: normal saline (NS) group; B1-B3: isopsoralen (ISO) group; C1-C3: 3-methyladenine (3-MA)
group; D1-D3: ISO+3-MA group. Columns from top to bottom represent 2, 4, and 6 weeks, respectively. Red arrows indicate
neovascularization; blue arrows indicate newly formed trabecular bone and osteoblast accumulation.

were observed in both the NS group and the ISO group, and os-
teoblasts gathered along the trabecular bone, whereas the tra-
becular bone density was significantly reduced in the ISO+3-MA
group. Only inflammatory cells and fibrous connective tissue were
observed in the 3-MA group, and obvious trabecular bone for-
mation was rarely observed (Figure 4A1-4D1). At 4 weeks fol-
lowing treatment, the bone trabeculae in the NS and ISO groups
thickened, increased in density, were arranged in a braided mesh,
and gradually ossified. However, the bone trabeculae density
in the 1ISO+3-MA group was still lower than that in the other 2
groups, while the 3-MA group presented disordered bone tra-
beculae and low bone trabeculae density (Figure 4A2-4D2). At 6
weeks after treatment, the bone trabeculae in the NS group and
ISO group were further regularized and tightened, approaching
the mature slab bone structure. Although the 1ISO+3-MA group
showed a slab-like arrangement, it was insufficient in density
and loose in structure. The 3-MA group exhibited increased tra-
becular bone quantity compared with the 4-week time point, al-
though the trabecular structure remained as a low-density net-
work with residual fibrous tissue (Figure 4A3-4D3).

I1SO Improved the Activity and Quantity of ALP and OCN
ALP is a biomarker of early differentiation and bone forma-

tion in osteoblasts [16]. Figure 5 and Tables 4, 5 show that
the serum ALP and OCN concentrations changed. At 2 weeks

after treatment initiation, the ALP and OCN levels of the NS
group, 1SO group, and ISO+3-MA group were significantly great-
er than those of the 3-MA group (P<0.05), and there was no
difference among the 3 groups. At the 4-week time point, the
ALP levels of the 3 groups were still greater than those of the
3-MA group (P<0.05), the ALP level of the 1SO+3-MA group
was lower than that of the ISO group (P<0.05), and the OCN
level was significantly lower than that of the ISO group and
NS group (P<0.05). At 6 weeks after treatment, the ALP lev-
els in the NS and ISO groups remained significantly higher
than those in the 3-MA group (P<0.05), with no significant
difference between the NS and ISO groups. The ALP level in
the 1SO+3-MA group was significantly lower than that in the
NS group (P<0.05). Similarly, the OCN level in the I1SO+3-MA
group remained significantly lower than that in both the NS
and 1SO groups (P < 0.05), while the 3-MA group exhibited the
lowest OCN levels among all groups at this time point (P<0.05).

ISO Activated Autophagy to Promote Healing of
Mandibular Fracture in Rats

Figure 6 and Tables 6-8 demonstrate the temporal changes
in autophagy protein expression at fracture sites at 2, 4, and
6 weeks after administration.
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Figure 5. Changes in alkaline phosphatase (ALP) and osteocalcin (OCN) at 2, 4, and 6 weeks after administration. (A) Comparison of
the serum ALP content between groups at 2, 4 and 6 weeks after dosing. (B) Comparison of the changes in the serum ALP
content in each group: normal saline (NS) group; isopsoralen (ISO) group; 3-methyladenine (3-MA) group; and ISO+3-MA
group. (C) Comparison of the serum OCN content at 2, 4, and 6 weeks after administration. (D) Comparison of the changes in

the serum OCN content in each group (n=3, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.001).
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Table 4. Alkaline phosphatase expression data at each time point in each group.

Group 2 weeks 4 weeks 6 weeks
NS group 7.893+0.45 9.350+0.344 10.493 +0.822
lsogowp 760£0459 9o713+0.146 10257£0749
3 MAgowp 6243:07830 7007£0171% 62740300
IS0+3MAgoup 8070£0750° 8391£0218% 8443£0319%¢
N 7076 si46 377
e 00540 oo01s 00066

Data are presented as mean + standard deviation; n =3 per group. * Compared with the normal saline (NS) group at the same time
point, P<0.05. ® Compared with the isopsoralen (ISO) group at the same time point, P<0.05. ¢ Compared with the 3-methyladenine
(3-MA) group at the same time point, P<0.05. Specific P values are provided in the corresponding footnotes.

Table 5. Osteocalcin expression data at each time point in each group.

Group 2 weeks 4 weeks 6 weeks
NS group 2.153+0.093 2.510+0.095 2.767 £0.095
lsogowp 2057£0137 250010052 260350116
C3magowp 1760+0082% 1643£0064® 178740015

Data are presented as mean + standard deviation; n =3 per group. * Compared with the normal saline (NS) group at the same time
point, P<0.05. ® Compared with the isopsoralen (ISO) group at the same time point, P< 0.05. ¢ Compared with the 3-methyladenine
(3-MA) group at the same time point, P<0.05. Specific P values are provided in the corresponding footnotes.

APPROVED GALLEY PROOF

P62 Expression

At 2 weeks after administration, the 3-MA group showed the
highest P62 levels among all groups (P<0.001), while the ISO
group exhibited significantly higher P62 levels than the NS
group (P<0.05). At 4 weeks, P62 levels in the ISO group de-
creased significantly and were lower than those in the NS group
(P<0.001), whereas the 3-MA group continued to show elevat-
ed P62 (P<0.001). At 6 weeks, P62 levels in the 3-MA group re-
mained significantly higher than those in the NS and 1SO groups
(P<0.05), while the ISO group showed higher P62 than the NS
group (P<0.05). The ISO+3-MA group exhibited significantly lower
P62 levels than the 3-MA group at all time points (P<0.001), with
levels comparable to those of the NS group at 4 and 6 weeks.

Beclin-1 Expression

At 2 weeks after administration, Beclin-1 expression was sig-
nificantly lower in both the ISO and 3-MA groups compared
with the NS group (P <0.001), with the 3-MA group showing
the lowest levels. At 4 weeks, Beclin-1 levels in the ISO group
increased significantly and were higher than those in the NS
group (P=0.0338), while the 3-MA group remained significantly

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

lower than the NS and ISO groups (P<0.001). At 6 weeks,
Beclin-1 levels in the ISO group were comparable to those in
the NS group, whereas the 3-MA group continued to show sig-
nificantly lower levels (P<0.001). The 1SO+3-MA group demon-
strated significantly higher Beclin-1 expression than the 3-MA
group at all time points (P<0.01), with levels comparable to
those of the NS group at 4 and 6 weeks.

LC3II/I Ratio

At 2 weeks after administration, the LC3II/I ratio was significant-
ly lower in both the I1SO and 3-MA groups compared with the
NS group (P<0.001), with the 3-MA group showing the lowest
levels. At 4 weeks, this pattern persisted, with both the 1SO and
3-MA groups maintaining significantly lower ratios than the NS
group (P<0.001). At 6 weeks, although the LC3II/I ratio in the
3-MA group remained significantly lower than that in the NS
group (P<0.001), the ratio in the ISO group increased and re-
mained comparable to that of the ISO+3-MA group, with no sig-
nificant differences between these 2 groups. Notably, the ISO+3-
MA group exhibited significantly higher LC3I1/I ratios than the
3-MA group at all time points (P<0.001), with levels comparable
to those of the I1SO group throughout the observation period.
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Figure 6. The expression of autophagy-related proteins in the callus region. Expression of autophagy-related proteins in the callus
region. (A) Representative western blot bands of Beclin-1, LC3, and P62 at 2, 4, and 6 weeks after administration.
(B-D) Quantitative analysis of P62 (B), Beclin-1 (C), and LC3II/I ratio (D). Data are presented as mean + standard deviation
(n=3).* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Table 6. P62 protein expression level (gray value) data at each time point in each group.

Group 2 weeks 4 weeks 6 weeks
NS group 0.724+£0.161 0.814+0.103 1.010+0.080
lsogowp 1122+01472 0574£0.153 0743401090
C3magowp 209240203 141550057 133540007
ISO+3-MAgowp 0976£009° 1 0508£0077% 1 07540074
N 33 707 18
e oot28 oolo8 00041

Data are presented as mean + standard deviation; n =3 per group. * Compared with the normal saline (NS) group at the same time
point, P<0.05. ® Compared with the isopsoralen (ISO) group at the same time point, P<0.05. ¢ Compared with the 3-methyladenine
(3-MA) group at the same time point, P<0.05. Specific P values are provided in the corresponding footnotes.

Table 7. Beclin-1 protein expression level (gray value) data at each time point in each group.

Group 2 weeks 4 weeks 6 weeks
NS group 1.093 +£0.160 1.350+0.111 1.367 +0.086
lsogowp 090410095 1495£0062 1103£0154°
C3mAgowp 03380081 1 06890103 i 06460051
ISO+3-MAgowp 0752£0020% 1367402000 0963+0054%
N 597 188 324
"""""""""""""""""""""""""""""""""""" ool04 o027  oo0M8

Data are presented as mean + standard deviation; n =3 per group. * Compared with the normal saline (NS) group at the same time
point, P<0.05. ® Compared with the isopsoralen (ISO) group at the same time point, P< 0.05. ¢ Compared with the 3-methyladenine
(3-MA) group at the same time point, P<0.05. Specific P values are provided in the corresponding footnotes.

Table 8. LC3II/I protein expression level (gray value) data at each time point in each group.

APPROVED GALLEY PROOF

Group 2 weeks 4 weeks 6 weeks
NS group 1.568+0.139 1.530+£0.185 1.903+£0.053
lsogowp 1140£02450 1005£0044° 1286£0052°
3 MAgowp 0522£0080 0562£0088 0749£0.137%
1S0+3-MAgoup 1152£0180% L1480111% 1282£0109%
N 23 2695 7666
e oot o012 00015

Data are presented as mean + standard deviation; n =3 per group. * Compared with the normal saline (NS) group at the same time
point, P<0.05. ® Compared with the isopsoralen (ISO) group at the same time point, P<0.05. ¢ Compared with the 3-methyladenine
(3-MA) group at the same time point, P<0.05. Specific P values are provided in the corresponding footnotes.

Discussion ISO Reversed Autophagy Inhibition and Induced Delayed

Fracture Healing

In this study, 3-MA, an autophagy inhibitor, was used to es-

tablish a model of autophagy inhibition in mandibular frac-
ture in rats. This model was employed to investigate the ef-
fect of ISO intervention, aiming to provide an experimental
foundation for precise interventions in mandibular fractures.

Delayed fracture healing or nonunion is often linked to a dis-
ruption in local autophagy activity [30]. In this study, 3-MA was
used to induce autophagy inhibition and assess the effect of
ISO intervention. Imaging revealed a more pronounced frac-
ture line in the 3-MA group than in the other groups across all
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time points. The Lane-Sandhu score for fracture healing indi-
cated a significant delay in callus bridging due to autophagy
inhibition in the 3-MA group. Conversely, in the I1SO group, cal-
lus formation occurred earlier, and the closure of the fracture
line was accelerated, resulting in a significantly improved Lane-
Sandhu score compared with that in the 3-MA group (P < 0.05).
Histological analysis revealed delayed fracture healing in the
3-MA group, characterized by disorganized trabecular bone,
poorly arranged low-density reticular bone, and the presence
of fibrous tissue at various time points. Micro-CT analysis of
bone parameters further confirmed that ISO could partially re-
verse the decline in bone mass induced by 3-MA.

Serological analysis revealed that 3-MA notably reduced ALP
and OCN levels, whereas ISO significantly elevated them at all
time intervals (P<0.05). These findings indicate that ISO may
have a limited effect on enhancing healing in individuals with
normal autophagy levels but could hold particular therapeu-
tic significance for individuals with compromised autophagic
function, such as elderly individuals, individuals with diabe-
tes, and those with postmenopausal osteoporosis.

I1SO Regulated Autophagy Level in Callus

Autophagy is involved throughout the entire process of frac-
ture healing, and either excessive or insufficient autophagic
activity can compromise the survival and function of osteo-
cytes [23]. Adenosine 5’-monophosphate -activated protein
kinase (AMPK), a pivotal enzyme governing cellular energy
homeostasis, mediates the initiation and progression of au-
tophagy by inhibiting the phosphorylation of mammalian tar-
get of rapamycin (mTOR) and subsequently promoting the
phosphorylation of unc-51 like autophagy activating kinase
1 (ULK1) [31]. In addition, existing studies have demonstrat-
ed that AMPK activation accelerates fracture healing by en-
hancing autophagy, thereby improving the differentiation and
mineralization of osteoblasts [32]. Moreover, activation of the
Wnt/B-catenin pathway has been shown to alleviate hydro-
gen peroxide-induced injury in osteoblasts [33]. Furthermore,
psoralen-mediated osteogenic differentiation of periodontal
ligament stem cells is regulated with the involvement of the
mTOR pathway [34].

The present study involved the dynamic monitoring of 3 au-
tophagy marker proteins, namely, Beclin-1, LC3Il/1, and P62,
to elucidate the temporal regulatory effects of 1SO on au-
tophagy within the jaw callus. Beclin-1 is a crucial protein
in the initiation of autophagy. Elevated levels of Beclin-1 in-
dicate the activation of autophagy [35,36]. In the NS group,
there was a consistent increase in autophagy initiation, indi-
cating sustained activity throughout the jaw healing process.
Autophagy was significantly suppressed by 3-MA. However,
in the ISO+3-MA group, the expression returned to baseline
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levels after 4 weeks, suggesting that ISO has the ability to
reverse the inhibition of autophagy initiation. LC3Il binds to
the autophagy membrane and plays a role in autophagy ini-
tiation and maturation following autophagy induction. The
conversion of LC3I to LC3Il occurs during autophagy, and a
higher LC3II/I ratio typically indicates increased autopha-
gic activity [37]. In the present study, the LC3II/I ratio con-
tinuously increased between 2 and 6 weeks, indicating in-
creased autophagy and maturation during the intermediate
and late stages of the healing process. The ratio significant-
ly decreased in the 3-MA group, whereas treatment with 1SO
only partially restored it, suggesting that ISO had a limited
effect on autophagy. P62 is a substrate for autophagy, and
its expression inversely correlates with degradation efficien-
cy [38]. Following ISO treatment, P62 levels briefly increased
at 2 weeks, indicating potential inhibition of lysosomal deg-
radation in the initial phase. P62 levels subsequently signif-
icantly decreased at 4 weeks, which coincided with the res-
toration of lysosomal function. Furthermore, at 6 weeks, P62
levels decreased again, whereas Beclin-1 and LC3I1/I were con-
currently downregulated, suggesting that prolonged interven-
tion could trigger alternative ubiquitin-proteasome degrada-
tion pathways to maintain protein homeostasis.

In conclusion, the regulation of autophagy in jaw calluses by
ISO follows a precise temporal pattern: autophagy flow is pri-
marily suppressed in the initial stage (2 weeks), subsequent-
ly reinstated through improved lysosomal function in the in-
termediate stage (4 weeks), and eventually declines in the
later stage (6 weeks). During this decline, P62 is degraded
through alternative pathways to maintain the protein homeo-
stasis necessary for callus remodeling. This temporal regula-
tion exhibits a bidirectional and sequential pattern, aligning
with the reported bidirectional autophagy regulatory traits of
ISO in various other models.

Research Limitations and Prospects

The present study demonstrates that I1SO effectively amelio-
rates delayed mandibular fracture healing induced by autoph-
agy inhibition, whereas its pro-healing effects are limited un-
der conditions of normal autophagy. These findings suggest
that the clinical translational value of 1ISO may be primari-
ly confined to patient populations with impaired autophagic
function, underscoring the importance of patient stratifica-
tion based on autophagic status in future clinical applications.

Despite these promising findings, several limitations should
be acknowledged. First, the sample size in the present man-
dibular fracture model was relatively small, and key parame-
ters—including the optimal dosage, route of administration,
and evaluation endpoints—remain to be further optimized.
Second, although 3-MA is widely used as a pharmacological
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autophagy inhibitor, its potential off-target effects, including
inhibition of class Il PI3K and interference with other cellular
processes, warrant caution in interpreting the causal role of
autophagy in ISO-mediated bone healing. Future studies em-
ploying genetic approaches—such as siRNA-mediated knock-
down of autophagy-related genes (eg, Atg5, Atg7, or Beclinl)
in osteoblast or osteoclast precursor cells—are necessary to
establish the specific contribution of autophagy to the pro-
healing effects of ISO.

In addition to efficacy considerations, the safety profile of ISO
is a critical factor for its clinical translation. Although no overt
signs of toxicity (eg, abnormal body weight loss or reduced
food intake) were observed in SD rats following intraperitone-
al administration of 100 mg/kg 1SO every other day for 2 to 6
weeks, accumulating preclinical and clinical evidence indicates
that ISO and its parent plant Psoralea corylifolia L. may exhibit
potential organ toxicity under specific conditions, predominantly
affecting the liver and reproductive system. Toxicological stud-
ies have demonstrated that I1SO can alter organ coefficients in
rats, including decreased cardiac and increased ovarian coeffi-
cients in females, as well as elevated testicular, cardiac, and ad-
renal coefficients in males, suggesting potential effects on the
reproductive system in both sexes. Metabolomic analyses fur-
ther reveal that I1SO treatment may disrupt amino acid metab-
olism, potentially contributing to metabolic disturbances [39].

Hepatotoxicity remains a key concern in the safety evalua-
tion of ISO. Short-term exposure to high-dose 1SO (80 mg/kg)
has been shown to disrupt bile acid homeostasis by inhibit-
ing efflux transporters and amino acid-conjugating enzymes,
leading to liver injury [40]. Clinical case reports have also im-
plicated formulations containing psoralen and ISO in drug-in-
duced liver injury [41]. Mechanistic studies suggest that I1SO
and psoralen may impair bile acid metabolism by downregu-
lating key transporters such as CYP7A1, CYP27A1, BSEP, and
OST, resulting in intrahepatic accumulation of unconjugated
bile acids—an effect that appears more pronounced in males
[42]. Notably, overexpression of SULT1E1 has been shown to
alleviate such cholestatic liver injury, providing potential clues
for protective strategies [43].

The safety profile of 1SO exhibits dose-dependent complexity.
Pharmacokinetic data indicate high bioavailability of ISO in bea-
gle dogs, suggesting that careful optimization of dosing regi-
mens is necessary to avoid cumulative toxicity [44]. Supporting
this notion, continuous administration of 20 mg/kg 1SO for
35 days in a male C57BL/6 mouse model of osteoarthritis ef-
fectively alleviated symptoms without detectable hepatore-
nal toxicity [45]. In the present study, the intermittent dosing
schedule (every other day) and intraperitoneal route of admin-
istration may have contributed to the favorable safety profile
by minimizing sustained drug accumulation and circumventing
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first-pass metabolism, thereby reducing direct toxic stimula-
tion to hepatocytes.

Methodological limitations should also be considered. Although
randomization was performed using a random number table,
strict allocation concealment and blinding of outcome asses-
sors (eg, for radiographic scoring and histological analysis) were
not implemented, which may have introduced assessment bias.
Future studies should incorporate independent blinded asses-
sors to validate the current findings.

Collectively, while ISO exhibits promising therapeutic poten-
tial in fracture healing, its clinical translation must be predi-
cated on comprehensive risk assessment. Future translational
investigations should integrate multidimensional toxicological
evaluations—including assessments of hepatic and renal func-
tion, histopathological examination, reproductive organ anal-
ysis, and metabolomic profiling—and further explore sex dif-
ferences in 1ISO metabolism and toxicity. The development of
precision therapeutic regimens based on minimally effective
doses and optimized routes of administration will be critical
to balancing the efficacy and safety of 1SO. Moreover, mul-
ticenter, large-sample translational studies focusing on se-
quential therapeutic strategies combining ISO with autoph-
agy agonists or other osteogenic agents may facilitate the
development of novel, individualized treatment approaches
for mandibular fractures.

Conclusions

This study focused on the regulatory effect of ISO on mandib-
ular fracture healing and identified the autophagy-mediated
mechanism for the first time, filling the gap in research on I1SO
and autophagy in maxillofacial fracture healing. The autoph-
agy inhibitor 3-MA was used to establish a mandibular frac-
ture model with impaired healing, and the temporal regula-
tory effect of ISO on autophagy in jaw calluses was clarified.
These findings provide a theoretical basis and experimental
support for precise clinical intervention in patients with au-
tophagy-deficient fractures.

Institution Where Work Was Done

School of Stomatology, Zunyi Medical University, , Zunyi,
Guizhou, PR China.
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