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Abstract
Background Diabetes mellitus (DM) and periodontitis have a bidirectional relationship, with each being a high-risk 
factor for the other. Prolonged hyperglycemia exacerbates periodontal inflammation and disrupts bone homeostasis. 
Pyruvate kinase M2 (PKM2), a key enzyme in glycolysis, is involved in metabolic reprogramming, but its role in 
osteogenesis under high-glucose (HG) inflammatory conditions remains largely unknown. This study aimed to 
investigate the effects of HG and inflammation on bone marrow mesenchymal stem cells (BMSCs) under indirect 
co-culture conditions and to explore how PKM2 regulates metabolism and mitochondrial function during osteogenic 
differentiation in HG inflammatory environments, elucidating its role in diabetic periodontitis (DP).

Methods Expose BMSCs to conditioned medium (CM) collected from RAW264.7 cells stimulated with HG and/or 
lipopolysaccharide (LPS). BMSCs functionality was assessed using CCK8, EdU, Annexin V-PI apoptosis assay, alkaline 
phosphatase (ALP), and Alizarin Red S (ARS) staining. Metabolic characteristics were evaluated through Seahorse 
assays, lactate production, glucose uptake, and ATP measurements. Mitochondrial function was assessed via JC-1, and 
ROS staining, Mito-Tracker staining, and transmission electron microscopy (TEM). Gene and protein expression were 
analyzed by quantitative real-time PCR and western blotting. In vivo therapeutic effects of shikonin were validated via 
micro-CT and histological staining in a diabetic periodontitis mouse model.

Results In vitro experiments demonstrated that HG inflammatory conditions impaired the survival of BMSCs, 
suppressed osteogenic differentiation, and induced metabolic reprogramming. This reprogramming was 
characterized by enhanced glycolysis, impaired oxidative phosphorylation (OXPHOS), abnormal upregulation of PKM2 
expression, and mitochondrial dysfunction accompanied by morphological alterations. Shikonin effectively reversed 
these adverse effects by inhibiting PKM2 tetramerization, rescuing the loss of osteogenic function in BMSCs. The 
therapeutic potential of shikonin was confirmed in the diabetic periodontitis mouse model.

Conclusion PKM2 impairs the osteogenesis of BMSCs by affecting metabolism and mitochondrial function, 
suggesting it as a potential therapeutic target for diabetic periodontitis.
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Introduction
Diabetes mellitus (DM) is a metabolic disease character-
ized by chronic hyperglycemia, caused by an absolute or 
relative deficiency in insulin secretion, predominantly 
manifesting as type 2 diabetes. Prolonged metabolic dis-
turbances lead to various complications, among which 
periodontitis is recognized as the sixth complication of 
diabetes and has garnered significant attention [1]. Peri-
odontitis is a chronic oral inflammatory disease driven 
by the host’s inadequate immune response to bacteria-
induced inflammation, gradually damaging periodontal 
tissues and ultimately resulting in tooth loosening and 
loss. Previous mechanistic studies have demonstrated 
that the diabetic environment provokes an excessive 
inflammatory response to periodontal microbiota, accel-
erating periodontal destruction and impairing peri-
odontal repair [2]. Diabetic periodontitis (DP) often 
presents severe inflammation and resistance to conven-
tional periodontal treatments, creating considerable 
challenges in clinical management [3]. Currently, clinical 
outcomes for diabetic periodontitis patients are still lim-
ited, and it remains difficult to restore periodontal bone 
homeostasis.

Periodontal bone homeostasis is maintained through 
a delicate balance between osteoclast-mediated bone 
resorption and osteoblast-mediated bone formation. 
As precursors to osteoblasts, mesenchymal stem cells 
(MSCs) are crucial for maintaining bone homeostasis. 
When the osteogenic differentiation function of MSCs 
is impaired, this balance is disrupted, leading to reduced 
bone formation and bone loss. As MSCs require sig-
nificant energy to sustain bone homeostasis [4], energy 
metabolism serves as a critical regulatory factor in their 
differentiation [5–7]. Distinct metabolic patterns are 
observed across various cell differentiation lineages and 
their associated functions [8]. Metabolic reprogramming 
is an adaptive regulation of cellular energy demands in 
response to varying environmental conditions to achieve 
new functions, which is commonly found in tumor cells 
and macrophages [9, 10]. However, in the context of dia-
betic periodontitis, which is characterized by elevated 
blood glucose levels and a chronic inflammatory environ-
ment, the metabolic properties of MSCs remain insuffi-
ciently explored.

Pyruvate kinase (PK) is the final and rate-limiting 
enzyme of glycolysis, and PKM2 is one of its four iso-
forms (PKM1, PKM2, PKL, and PKR), primarily 
expressed in proliferating cells in the form of inactive 
monomers, low-activity dimers, and active tetramers 
[11]. Some studies have shown that PKM2 can be highly 

expressed in inflammatory responses, and pharmacologi-
cal or genetic inhibition of its activity can prevent the ini-
tiation of inflammatory cascades [12–14]. In addition to 
its classical glycolytic role, PKM2 possesses unique non-
glycolytic functions, exhibiting protein kinase activity. 
Growing evidence suggests that mitochondrial dysfunc-
tion is a key factor in the progression of various diseases 
[15–17]. As a protein kinase, PKM2 may regulate mito-
chondrial physiological processes, positioning it as a 
potential therapeutic target for cancer, inflammation, and 
related conditions [18, 19].

This study aimed to explore the impact of a high-glu-
cose (HG) inflammatory microenvironment on BMSCs 
function by simulating such conditions, focusing on the 
role and mechanism of PKM2 in BMSCs osteogenic dif-
ferentiation. This research could provide new insights 
into the molecular mechanisms underlying the progres-
sion of diabetes-associated periodontitis, as well as offer 
novel perspectives for the treatment of diabetic peri-
odontitis patients.

Materials and methods
Cell culture and identification
As previously described [20], primary mouse BMSCs 
were isolated and collected in α-MEM (C12571500BT, 
Gibco, USA) supplemented with 10% FBS (BBP5, More-
gate, New Zealand) and 1% penicillin-streptomycin solu-
tion (C0222, Beyotime, China). The cells were cultured 
at 37 °C with 5% CO2. When the cells reached 80% con-
fluence, they were passaged. After passage to the third 
generation, the BMSCs were seeded into plates at dif-
ferent ratios according to experimental needs. The sur-
face markers of BMSCs (including CD34, CD45, CD73, 
CD90, and CD105) were detected by flow cytometry. 
The morphology of the BMSCs was observed under a 
fluorescence microscope after staining with phalloidin 
(40735ES, Yeasen, China). To evaluate their differen-
tiation potential, BMSCs were cultured in osteogenic or 
adipogenic induction medium for 14 days.

Cell treatment
To establish an in vitro model of HG and/or inflamma-
tion, RAW264.7 cells were exposed to complete medium 
containing HG (35 mmol/L) and/or LPS (1  µg/mL) 
(SMB00610, Sigma, USA) for 12 h. After stimulation, the 
supernatant was discarded, and the cells were washed 
with PBS. The cells were then cultured in normal com-
plete medium for an additional 12  h. The supernatants 
from each group were collected, centrifuged at 1200 rpm 
for 5  min, and mixed with either normal complete 
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medium or osteogenic differentiation medium at spe-
cific ratios to prepare macrophage-conditioned medium 
(CM). Shikonin (HY-N0822, MCE, USA) and dorsomor-
phin (HY-13418 A, MCE, USA) were dissolved in DMSO 
and then diluted with culture medium to final working 
concentrations of 0.5 µM and 5 µM, respectively. Addi-
tionally, metformin (HY-B0627, MCE, USA) powder was 
dissolved in PBS to prepare a stock solution, with a work-
ing concentration maintained at 0.2 µM during use.

Cell viability
The viability of BMSCs was assessed using the CCK-8 
assay. BMSCs were seeded into 96-well plates at a den-
sity of 5 × 10³ cells per well and incubated overnight, after 
which the medium was changed to conditioned medium. 
After incubation for 1, 3, or 5 days, 10 µL of CCK-8 solu-
tion (C0038, Beyotime, China) was added to each well 
and incubated for 2 h. The optical density was measured 
at 450 nm using a multifunctional microplate reader.

EdU staining
DNA replication activity was evaluated using the EdU 
cell proliferation detection kit (C0075S, Beyotime, China) 
to further confirm the proliferation rate of BMSCs. After 
3 days of treatment, BMSCs were labeled, fixed, washed, 
permeabilized, and stained according to the manufactur-
er’s instructions, and images were captured under a fluo-
rescence microscope.

Cell apoptosis
Cell apoptosis was analyzed by flow cytometry using an 
Annexin V-FITC and PI detection kit (C1062M, Beyo-
time, China). BMSCs were digested, collected, and incu-
bated in the dark for 20  min with a mixture containing 

Annexin V-FITC and PI, followed by detection using a 
flow cytometer. The total apoptosis rate was calculated as 
the sum of the apoptosis rates observed in the lower right 
quadrant (early apoptotic cells) and the upper right quad-
rant (late apoptotic/necrotic cells).

ALP, ARS staining, and semiquantitative analysis
The BMSCs were subjected to osteogenic induction 
for 7 or 14 days. After induction, the cells were washed 
with PBS (PB2004Y, TBD, China), and then fixed with 
4% paraformaldehyde for 15 min, followed by additional 
PBS washes. A BCIP/NBT alkaline phosphatase color 
development kit (C3206, Beyotime, China) and an ARS 
staining kit for osteoblast mineralized nodules (C0148S, 
Beyotime, China) were used to stain the cells according 
to the manufacturers’ protocols. The stained cells were 
observed and imaged under a standard microscope. 
Semiquantitative analysis of ALP staining was performed 
using ImageJ software, and after dissolving the depos-
ited calcium salts in 10% cetylpyridinium chloride (CPC, 
C129534, Aladdin, China), the absorbance was measured 
at 562 nm for semiquantitative analysis of the ARS stain-
ing results.

Real-time quantitative PCR
Total RNA was extracted from the cells using TRIzol 
reagent (15596018, Invitrogen, USA). RNA concentra-
tion and purity were measured using a NanoDrop One 
Micro UV-Vis spectrophotometer (Thermo Fisher Scien-
tific, USA). According to the manufacturer’s instructions, 
cDNA was synthesized using the GoScript™ Reverse 
Transcription System (A5001, Promega, USA). qPCR was 
performed using cDNA mixed with SYBR green (A6001, 
Promega, USA) and primers at a final concentration of 
10 µM. Gene expression levels were normalized to the 
endogenous expression level of β-actin, and the data were 
analyzed using the 2ΔΔ-Ct method. The primer sequences 
are listed in Table 1.

Western blotting
Total protein was obtained by lysing cells with RIPA lysis 
buffer (P0013B, Beyotime, China) mixed with PMSF 
(ST506, Beyotime, China), with additional sonication to 
facilitate cell lysis. The protein concentration was mea-
sured using a BCA protein assay kit (P0012, Beyotime, 
China). Equal amounts of protein were electrophoresed 
on 7.5% /10% /12.5%SDS-PAGE gels (PG111/PG112/ 
PG113, EpiZyme, China) and transferred to PVDF mem-
branes (FFP28, Beyotime, China). The membranes were 
blocked with 5% BCA at room temperature for 2 h. The 
membranes were incubated with antibodies specific for 
ALP (1:1000, ABclonal, China), RUNX2(1:1000, Abcam, 
UK), LDHA(1:1000, CST, USA), PFKFB3(1:1000, CST, 
USA), PKM2(1:1000, CST, USA), MFN2(1:1000, CST, 

Table 1 Primer sequences used for qRT-PCR
Gene primer F/R sequence 5′–3′
RUNX2 F GGGAACCAAGAAGGCACAGA
RUNX2 R GGATGAGGAATGCGCCCTAA
ALP F ATCGACGTGATCATGGGTGG
ALP R TGGGAATGCTTGTGTCTGGG
LDHA F GCTACACGTACACGGAGACCT
LDHA R GAGGGTTGCCATCTTGGACT
PFKFB3 F CGGGTACAGAAGATCTGGGTG
PFKFB3 R TACTGCTTCACAGCCTCACG
PKM2 F ACGAGAACATCCTGTGGCTG
PKM2 R GAAGTCAGCGCCTTTCTCCT
MFN2 F TTCTTGTGGTCGGAGGAGTG
MFN2 R CTTTGGTGGTCCAGGTCAGT
OPA1 F CCGAGGATAGCTTGAGGGTT
OPA1 R CGTTCTTGGTTTCGTTGTGA
DRP1 F GGACATCATCCAGCTGCCTC
DRP1 R TAGGCTTTCCAGCACTGAGC
FIS1 F AGCTGGAACGCCTGATTGAT
FIS1 R TGGAGACAGCCAGTCCAATG
β-actin F CAGCCTTCCTTCTTGGGTAT
β-actin R TGGCATAGAGGTCTTTACGG
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USA), OPA1(1:1000, Abcam, UK), DRP1(1:1000, CST, 
USA), FIS1(1:1000, CST, USA), AMPK(1:500, ZenBio, 
China), and p-AMPK (1:500, ZenBio, China), overnight 
at 4  °C. After three PBST washes, the membranes were 
incubated with secondary antibodies at 37  °C for 2  h. 
ECL solution (P0018AM, Beyotime, China) was pre-
pared, and the bands were scanned and imaged in a dark 
room. ImageJ software was used to quantify the results. 
β-actin(1:1000, CST, USA) was used as the internal 
control.

Seahorse metabolic profile assay
The cells were digested and seeded into XFp probe plates 
at a density of 3 × 10⁴ cells per well for adherence. The 
medium was replaced with XF base medium supple-
mented with 2 mM glutamine and 1 mM pyruvate, with 
or without 10 mM glucose, followed by incubation in a 
CO₂-free incubator for 1 h. For the XF Mito Stress Test, 
oligomycin, trifluoromethoxy carbonylcyanide phenyl-
hydrazone (FCCP), antimycin A, and rotenone (103010-
100, Agilent, USA) were prepared in XF base medium, 
with final concentrations of 1.5 mM oligomycin, 1.0 µM 
FCCP, and 0.5 µM antimycin A and rotenone. For the XF 
glycolytic stress test, glucose (10 mM), oligomycin (1.0 
µM), and 2-deoxy-D-glucose (2DG, 50 mM) (103017-
100, Agilent, USA) were prepared and added to the plate 
for testing. Oxygen consumption rate (OCR) and extra-
cellular acidification rate (ECAR) were normalized to the 
cell count. Related parameters were calculated and ana-
lyzed according to the manufacturer’s instructions.

Lactate measurement
The original medium was removed, and the cells were 
washed with PBS before adding serum-free medium. The 
cells were incubated for 90 min, and the supernatant was 
collected. Lactate levels were measured via an L-lactate 
(L-LD) assay kit (A019-2-1, Nanjing Jiancheng Bioengi-
neering Institute, China) following the manufacturer’s 
protocol.

Glucose uptake
The BMSCs were digested, collected, and incubated in 
the dark at 37  °C with 2-Deoxy-2-[(7-nitro-2,1,3-ben-
zoxadiazol-4-yl)amino]-D-glucose (2-NBDG, 11046, 
Cayman, USA) at a working concentration of 200 µM for 
30  min. The uptake of glucose was analyzed using flow 
cytometry.

ATP measurement
The original medium was removed, and the cells were 
washed with PBS. An appropriate amount of lysis buffer 
(S0026, Beyotime, China) was added, and the superna-
tant was collected after cell lysis. A 100 µL ATP detection 
reagent was added to the wells, followed by a 5-minute 

incubation at room temperature. Then, 20 µL of the 
supernatant from the test samples was added to each 
well and mixed thoroughly. The relative light units (RLU) 
were measured using a luminometer.

DSS crosslinking
The samples were crosslinked with 5 mM disuccinimi-
dyl suberate (DSS, 21555, Thermo Scientific, USA) at 
room temperature for 30 min. Afterward, 1 M Tris-HCl 
(pH = 7.5) was added to a final concentration of 20 mM, 
and the reaction was quenched by incubation at room 
temperature for 15  min. The lysates were analyzed by 
western blotting.

Immunofluorescence staining
After treatment, the samples were fixed in 4% parafor-
maldehyde for 15  min, permeabilized with 0.2% Triton 
X-100 for 20 min, and blocked with 2% BSA for 30 min. 
The samples were then incubated with anti-PKM2 (1:100, 
CST, USA), followed by incubation with the appropri-
ate secondary antibody and DAPI. Immunofluorescence 
images were captured using laser scanning confocal 
microscopy (LSCM). The 3D surface plot was analyzed 
using ImageJ, where higher peaks indicated stronger 
staining intensity.

JC-1 and ROS staining
Mitochondrial function was measured using the JC-1 
assay kit (C2003S, Beyotime, China) and ROS detec-
tion kit (D6883, Sigma, USA). The images were captured 
using a standard microscope or the fluorescence intensity 
was measured using flow cytometry.

Mito-Tracker staining
The BMSCs were incubated with 200 nM Mito-Tracker 
Red FM (C1032, Beyotime, China) at 37  °C for 30  min. 
After washing, the cells were cultured in medium, and 
mitochondrial morphology was examined via confocal 
microscopy. Mitochondrial length was analyzed using 
ImageJ.

Mitochondrial transmission electron microscopy
The cells were collected, centrifuged, and the supernatant 
was discarded. The cell pellet was fixed with pre-cooled 
4% glutaraldehyde solution at 4 °C for temporary storage. 
The samples were subsequently fixed with 1% osmium 
tetroxide solution, dehydrated with a graded ethanol 
series, embedded, sectioned, stained, air-dried, and 
observed under a transmission electron microscope.

Mouse model of type 2 diabetes (T2DM)
Animal experiments were conducted following the 
ARRIVE (Animal Research: Reporting of In Vivo Experi-
ments) guidelines and were approved by the Animal 
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Ethics Committee of Chongqing Medical University 
(Project: The Role of PKM2-Mediated Metabolic Repro-
gramming in the Osteogenic Differentiation of BMSCs 
under Diabetic Periodontitis Conditions, No. 2024-115, 
Date: 2024.07.19). Four-week-old male C57BL/6 mice 
were purchased from SJA Laboratory Animal CO.LTD 
(Hunan, China). The mice were housed in pathogen-free 
conditions and allowed to acclimate for one week before 
being fed a high-fat/high-glucose diet (HFHG, D12492, 
Research Diets, USA). After 8 weeks of feeding, the mice 
reached a body weight of 32–38  g and were intraperi-
toneally injected with streptozotocin (STZ, 40  mg/kg, 
S0130, Sigma, USA) for 5 consecutive days. One week 
after the last injection, relevant parameters were mea-
sured. Mice with fasting blood glucose levels above 16.7 
mM and clinical symptoms (increased food and water 
consumption, increased urine output, and weight loss) 
were diagnosed with T2DM. The work has been reported 
in line with the ARRIVE guidelines 2.0.

Experimental periodontitis model
After the mice were anesthetized by intraperitoneal injec-
tion of 1% (w/v) pentobarbital sodium solution (50 mg/
kg, Notlas, China), a 5–0 silk ligature was inserted 
between the maxillary first and second molars, with both 
ends tied in a knot, and left in place for 14 days. The lig-
ature was checked every two days for loosening or dis-
lodgment, and if dislodged, a new ligature was inserted 
promptly.

Animal group allocation
The main result in subsequent studies is the distance 
between the distance of cemento-enamel junction 
(CEJ)-alveolar bone crest (ABC). According to pub-
lished studies [21], the significant intergroup differences 
between the control group and the periodontitis group 
were 0.25  mm (standard deviation [SD] = 0.05  mm) and 
0.45 mm (SD = 0.2 mm), respectively. With an 80% power, 
α of 0.05 and 2-tailed test, a sample size of 6 mice per 
group was recommended. Considering potential losses 
during the experimental process, we have ensured that 
each group contains 9 mice to maintain statistical power.

T2DM mice with successful modeling were randomly 
divided into three groups (n = 9 per group):

(1) Diabetes-only group;
(2) Diabetes with periodontitis (DP) group (ligature-

induced experimental periodontitis for 14 days);
(3) DP + shikonin group (shikonin treatment for experi-

mental diabetes with periodontitis for 14 days, with a fre-
quency of once per day in the morning).

In another cohort, normal male C57BL/6 mice of the 
same age as the T2DM group were divided into three 
groups (n = 9 per group):

(1) Control group (no treatment);

(2) Control + shikonin group (treated with shikonin for 
14 days, with a frequency of once per day in the morning 
and evening);

(3) Experimental periodontitis (EP) group (ligature-
induced experimental periodontitis for 14 days).

The total effective animal sample size for this experi-
ment was 54.

In vivo drug administration
Polyether F127 diacrylate (F127DA, EFL-F127DA-001, 
EngineeringForLife, China), a commonly used hydro-
gel with thermogelation properties that can be used to 
carry hydrophobic drugs, was chosen as the delivery 
vehicle for shikonin. A suitable amount of F127DA was 
dissolved in a shikonin solution at a final concentration 
of 0.5  mg/mL (ensuring that the final concentration of 
F127DA was 20%), thoroughly stirred in an ice bath, and 
then mixed with an appropriate initiator. The mixture 
was filtered under cold conditions and injected it into the 
periodontal area between the maxillary first and second 
molars using a microsyringe after anesthesia in mice. The 
gel was cured using 405 nm blue light for approximately 
30 s. Mice in the diabetes-only, DP and EP groups were 
injected with an equal amount of PBS at the same site, 
while the control group received no treatment.

Fasting blood glucose and OGTT test
After overnight fasting (water allowed), the mouse tail tip 
was cut by 1 mm with scissors, and a small amount of tail 
blood was collected to measure fasting blood glucose lev-
els using a glucometer and glucose test strips. A sucrose 
solution (200 mg/mL) was prepared and administered via 
gavage (2 g/kg). Blood glucose levels were recorded at 30, 
60, 90, and 120 min.

Micro-CT
Euthanized mice using CO2. In short, placed the mice in 
a cage and ensured that the CO2 gas flow rate replaces at 
least 20% of the cage volume per minute. Maintained this 
level for at least three minutes until the mice were con-
firmed dead. The maxillae were separated and scanned 
using micro-CT (vivaCT80, SCANCO Medical AG, Swit-
zerland). The scanning parameters were set at 70 kV and 
112 µA, with a slice thickness of 10  μm. The proximal 
region between the maxillary first and second molars was 
selected as the region of interest (ROI). Using SCANCO 
VivaCT40 micro-CT software, the distance from the 
cementoenamel junction to the alveolar bone crest (CEJ-
ABC), the percentage of bone volume per unit tissue 
volume (BV/TV), the number of trabeculae (Tb.N), and 
trabecular thickness (Tb.Th) were analyzed.
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Histological analysis
All samples were fixed in 4% paraformaldehyde solution 
for 36 h and decalcified in 10% ethylene diamine tetraace-
tie acid (EDTA) for 5 weeks. The maxillary bone speci-
mens were then embedded in paraffin, and 6  μm-thick 
sections were prepared. Hematoxylin and eosin (H&E) 
staining was used to assess periodontal conditions, Mas-
son’s trichrome staining was used to evaluate the degree 
of periodontal inflammation, and tartrate-resistant 
acid phosphatase (TRAP) staining was used to examine 
osteoclast activity. The expression of target proteins was 
observed using immunohistochemistry and immunofluo-
rescence staining.

Statistical analysis
All experiments were repeated at least three times, and 
the results were expressed as mean ± SEM. An unpaired 
t-test was used to analyze two independent groups. For 
multiple comparisons, one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test was per-
formed. Statistical analysis was conducted using Graph-
Pad Prism software (version 8.0.2, USA). A P-value 
of less than 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001) was considered statistically significant.

Results
The presence of CM-HG exacerbates BMSCs damage 
caused by the inflammatory microenvironment
Flow cytometry analysis identified undifferentiated 
BMSCs as positive for CD73, CD90, and CD105 (mes-
enchymal stem cell markers) and negative for CD34 and 
CD45 (hematopoietic cell markers) (Fig. S1A). Under 
a microscope, undifferentiated BMSCs appeared spin-
dle-shaped or polygonal, and staining with phalloidin 
revealed that BMSCs attached and spread on culture 
plates (Fig. S1B). After being cultured in their respective 
induction media, isolated BMSCs demonstrated osteo-
genic and adipogenic potential (Fig. S1C, D).

To better simulate the diabetic periodontal immune 
microenvironment, we used an indirect co-culture 
method, treating RAW264.7 cells with HG (35 mM) or/
and LPS (1 ug/ml) for 12 h, and then replaced with ordi-
nary medium for further 12 h. The supernatant was col-
lected to produce CM for subsequent BMSCs culture 
(Fig. 1A). We investigated whether HG levels amplify the 
effects of inflammatory microenvironment on BMSCs 
activity and function.

According to CCK-8 assay results, there was no signifi-
cant change in BMSCs activity on days 1 and 3 after treat-
ment with macrophage-conditioned medium prepared 
under high-glucose conditions (CM-HG), but by day 5, 
activity was relatively reduced. BMSCs activity exhibited 
a consistent downward trend following treatment with 
macrophage-conditioned medium prepared under LPS 

conditions (CM-LPS) throughout the observation period. 
Moreover, we observed that the macrophage-conditioned 
medium prepared under high-glucose and LPS condi-
tions (CM-HG + LPS) markedly reduced the viability of 
BMSCs upon exposure (Fig. 1B). After three days of stim-
ulation, we conducted EdU assays, which confirmed the 
CCK-8 results (Fig. 1C). To further confirm the effects of 
the HG inflammatory environment on BMSCs apopto-
sis, we used Annexin V-PI staining and flow cytometry. 
The results indicated that CM-LPS treatment greatly 
increased BMSCs apoptosis, and this phenomenon was 
more pronounced in BMSCs treated with CM-HG + LPS 
(Fig. 1D). To evaluate the damage of CM-HG + LPS treat-
ment on the osteogenic differentiation ability of BMSCs, 
we respectively performed ALP and ARS staining on days 
7 and 14 after osteogenic induction. Both ALP and ARS 
staining yielded similar results, indicating that the HG 
inflammatory microenvironment drastically reduced the 
osteogenic differentiation potential of BMSCs (Fig.  1E, 
F). Subsequent validation at the gene and protein levels 
confirmed this finding (Fig. 1G, H). These results suggest 
that CM-HG treatment adversely affects BMSCs activity 
and function, amplifying the damaging effects of CM-
LPS treatment.

CM-HG + LPS treatment induces metabolic reprogramming 
in cells
According to studies, alterations in the extracellular envi-
ronment can have an impact on cellular metabolism [22, 
23]. Subsequently, we investigated the metabolic char-
acteristics of BMSCs treated with CM-HG + LPS. Sea-
horse assays were employed to assess the metabolic state 
of BMSCs three days post-osteogenic induction. Results 
showed no significant changes in oxidative phosphoryla-
tion rates or related indicators among groups, while the 
glycolysis and glycolytic capacity in treatment groups 
significantly increased (Fig.  2A). Additionally, endpoint 
lactate measurements further confirmed the rise in gly-
colytic rates (Fig. 2B). Surprisingly, CM-HG or/and CM-
LPS treatment boosted glucose absorption, and under 
these unfavorable stimuli, the total ATP production of 
BMSCs actually increased (Fig.  2C, D). We suspected 
that the short treatment duration might have contrib-
uted to unexpected results. Therefore, we repeated these 
assays 7 days post-osteogenic induction. Unlike previ-
ous results, we observed substantial variations in cellular 
oxygen consumption rate (OCR) between the CM-LPS 
treated group and the control group. After CM-HG + LPS 
treatment, it seems that this difference was amplified, 
reducing the basal OCR, FCCP-induced maximum OCR, 
and ATP-linked OCR. Differences in extracellular acidifi-
cation rate (ECAR) among treatment groups also became 
more pronounced, with cells in CM-HG + LPS treatment 
groups exhibiting prominent glycolysis and glycolytic 
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capacity, leading to a remarkable increase in acid produc-
tion (Fig.  2E, F). Although all treatment groups main-
tained high glucose uptake compared to controls, total 
ATP production markedly decreased (Fig.  2G, H). This 

indicates that BMSCs underwent metabolic reprogram-
ming during osteogenic differentiation after CM-HG 
or/and CM-LPS treatment, shifting from reliance on 
OXPHOS to glycolysis while exhibiting high energy 

Fig. 1 The presence of CM-HG exacerbates BMSCs damage caused by the inflammatory microenvironment. (A) Experimental schematic for generating 
conditioned media for BMSCs culture (Images created with Biorender.com). (B) Cell viability assessed using the CCK-8 assay on days 1, 3, and 5. (C) EdU 
staining reflecting DNA replication activity of BMSCs after 3 days of culture (scale bar: 100 μm). (D) Flow cytometry analysis of apoptosis using Annexin 
V-FITC and PI staining. Apoptotic cells are represented as the percentage of Annexin V-positive and Annexin V/PI double-positive cells. (E, F) Osteogenic 
potential of BMSCs assessed by ALP staining on day 7 (E) and ARS staining on day 14 (F) (scale bar: 100 μm). Semiquantitative analysis of ALP staining was 
performed using ImageJ. Calcium deposition was evaluated by measuring optical density at 562 nm. (G, H) qPCR and western blot analysis of ALP and 
RUNX2 expression (β-actin was used as the internal control). Full-length blots are presented in Supplementary Fig. S3. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001; ns, not significant
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Fig. 2 CM-HG + LPS treatment induces metabolic reprogramming in cells. (A) Metabolic characteristics of BMSCs after 3 days of osteogenic induction. 
Basal respiration, maximum respiration, ATP production, basal glycolysis, glycolytic capacity, and glycolytic reserve are presented as bar graphs. (B) Rela-
tive lactate production in BMSCs on day 3 for each group. (C) On day 3, 2-NBDG was used as a fluorescent probe to compare glucose uptake between 
groups, with results presented as staggered offset histograms. (D) ATP concentration was assessed 3 days post-induction to compare total energy pro-
duction between groups. (E) Metabolic characteristics of BMSCs after 7 days of osteogenic induction. Basal respiration, maximum respiration, ATP produc-
tion, basal glycolysis, glycolytic capacity, and glycolytic reserve are presented as bar graphs. (F) Relative lactate production in BMSCs on day 7 for each 
group. (G) On day 7, 2-NBDG was used as a fluorescent probe to compare glucose uptake between groups, with results presented as staggered offset 
histograms. (H) Assessment of ATP concentration 7 days post-induction to compare the total energy production of each group. ∗P < 0.05, ∗∗P < 0.01, 
∗∗∗P < 0.001, ∗∗∗∗P < 0.0001, ns, no significance
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consumption characteristics, albeit with impeded ATP 
synthesis.

The PKM2 tetramer likely mediates Glycolysis in cells under 
HG inflammatory microenvironment
We were intrigued by the phenomenon of increased gly-
colytic rates in BMSCs caused by CM-HG + LPS treat-
ment. To validate this, we utilized quantitative real-time 
PCR and western blotting to detect levels of key enzymes 
involved in the glycolytic pathway within cells. Results 

showed that CM-HG + LPS treatment upregulated the 
levels of LDHA, PFKFB3, and PKM2, which was con-
sistent with previous assessments of glycolytic levels 
(Fig. 3A, B). Notably, in the CM-HG + LPS treated group, 
PKM2 expression significantly exceeded that of other 
groups. We hypothesize that the increased glycolysis 
induced by CM-HG + LPS treatment is primarily driven 
by PKM2. We then explored the specific conformation 
of PKM2. Through DSS crosslinking assays, we found 
that CM-HG + LPS treatment significantly induced the 

Fig. 3 The PKM2 tetramer likely mediates glycolysis in BMSCs under HG inflammatory microenvironment. (A, B) The relative expression of glycolysis-
related genes and proteins (LDHA, PFKFB3, and PKM2) was assessed by qPCR and western blot analysis on day 7. Full-length blots are presented in 
Supplementary Fig. S3. (C) Quantification of relative protein expression levels of the PKM2 tetramer, PKM2 dimer, and the tetramer/dimer ratio in BMSCs, 
presented as bar graphs. Full-length blots are presented in Supplementary Fig. S3 (D) Representative fluorescence images and 3D surface plots showing 
PKM2 and nuclei in BMSCs (Nucleus: blue, PKM2: red; scale bar: 100 μm). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant
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expression of PKM2 tetramers, with no notable impact 
on PKM2 dimers or monomers (Fig.  3C). Immunofluo-
rescence staining corroborated these findings. Under 
normal conditions, PKM2 is expressed at modest levels 
near the nucleus, but stimulation with CM-HG + LPS 
raised its expression in the cytoplasm raised its expres-
sion in the cytoplasm (Fig. 3D).

CM-HG + LPS treatment impairs mitochondrial function 
and alters mitochondrial morphology
We noticed that CM-HG + LPS treatment altered the 
metabolic characteristics of BMSCs during the osteo-
genic differentiation process. During this process, 
in addition to increased glycolysis, we also observed 
impaired mitochondrial OXPHOS pathways. We specu-
late that CM-HG + LPS treatment may exacerbate mito-
chondrial damage in the cells, thereby increasing the 
metabolic stress on the glycolytic pathway. Mitochon-
drial membrane potential and intracellular ROS lev-
els are closely associated with mitochondrial function. 
First, we measured mitochondrial membrane potential 
(MMP) using the JC-1 probe and analyzed intracellular 
ROS levels via flow cytometry. The results showed that 
both CM-HG and CM-LPS treatments reduced MMP 
and increased ROS levels, with CM-HG + LPS treatment 
exhibiting the most significant disruption of mitochon-
drial function (Fig. 4A, B). Mito-Tracker staining revealed 
that the mitochondrial network structure was disrupted 
and fragmented under all treatments, with mitochon-
drial fragmentation being most pronounced in the 
CM-HG + LPS group (Fig. 4C). TEM showed that, com-
pared to the other groups, mitochondria in cells treated 
with CM-HG + LPS exhibited pathological morphology, 
appearing smaller, swollen, or fragmented (Fig. 4D). Fur-
thermore, we examined the expression of genes and pro-
teins involved in mitochondrial dynamics. We observed 
that CM-HG + LPS treatment led to a decrease in MFN2 
and OPA1, while enhancing the expression of FIS1 and 
DRP1 (Fig. 4E, F). In summary, CM-HG + LPS treatment 
impaired mitochondrial function and altered mitochon-
drial morphology.

Inhibition of PKM2 promotes mitochondrial fusion in 
BMSCs under HG inflammatory conditions, improving 
mitochondrial function
PKM2 has been reported to regulate energy metabolism 
and mitochondrial morphology [24]. We hypothesize 
that CM-HG + LPS treatment promotes the overexpres-
sion of PKM2, which mediates metabolic reprogramming 
while inducing changes in mitochondrial morphology 
and functional impairment. We investigated whether shi-
konin, as a PKM2 inhibitor, could ameliorate the impact 
of the HG inflammatory environment on mitochon-
drial function. We found that shikonin alone seemed to 

promote mitochondrial elongation to some extent while 
rescuing the mitochondrial fragmentation induced by 
CM-HG + LPS (Fig.  5A). TEM also supported this find-
ing, revealing that after treatment with shikonin, the 
mitochondrial morphology in cells appeared more regu-
lar and elongated (Fig. 5B). To further verify this result, 
we assessed changes in relevant genes and proteins using 
real-time quantitative PCR and western blotting. We 
observed that shikonin induced an increase in MFN2 and 
OPA1 levels while reducing the expression of DRP1 and 
FIS1 (Fig. 5C, D). Similarly, shikonin treatment alleviated 
changes in MMP in the CM-HG + LPS group, as seen by 
reduced green fluorescence and increased red fluores-
cence, and it decreased ROS production (Fig. 5E, F).

Shikonin mainly reverses cellular metabolic 
reprogramming by inhibiting PKM2 tetramer formation
To explore whether the protective effect of shikonin on 
BMSCs in the HG inflammatory environment is related 
to cellular metabolic reprogramming, we assessed the 
metabolic characteristics of cells treated with shiko-
nin. Compared to previous experimental results, shi-
konin alleviated the inhibition of OCR brought on by 
CM-HG + LPS, modestly enhancing the basal respiration, 
maximum respiration, and ATP-linked of the cells. At 
the same time, it reduced the excessively high glycolysis 
and glycolytic capacity of the cells, while increasing gly-
colytic reserve to some extent (Fig.  6A). The release of 
lactate, the final product of glycolysis, was also inhibited 
(Fig.  6B). Shikonin reduced glucose uptake in stressed 
cells but increased the previously lowered total ATP lev-
els (Fig.  6C, D). Compared to the CM-HG + LPS group, 
shikonin dramatically reduced the expression of LDHA, 
PFKFB3, and PKM2, further confirming its protective 
role against abnormal cellular metabolism, likely through 
the inhibition of PKM2’s highly active state (Fig. 6E, F). 
DSS crosslinking experiments demonstrated that shi-
konin significantly inhibited the expression of PKM2 
tetramers, with less effect on its dimeric and mono-
meric forms (Fig.  6G). Immunofluorescence analysis 
revealed comparable results, with shikonin suppressing 
the expression of PKM2, particularly in the cytoplasm 
(Fig. 6H).

Shikonin alleviates the inhibition of osteogenic function 
of BMSCs in HG inflammatory conditions by activating the 
AMPK pathway
Finally, we examined the effect of shikonin on the osteo-
genic function of cells in the HG inflammatory micro-
environment. Shikonin has a valuable therapeutic effect 
on cells, as verified by ALP and ARS staining, quan-
titative PCR, and western blot experiments (Fig.  7A-
D). Notably, shikonin also had a promoting effect on 
osteogenesis in BMSCs under normal circumstances. 
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AMP-activated protein kinase (AMPK) is a key regula-
tor of cellular metabolism and energy balance, while 
also regulating mitochondrial dynamics [25] and closely 
associated with PKM2 [26]. When the AMPK pathway 

is activated, it tends to promote osteogenesis [27, 28]. 
Therefore, we postulated that shikonin alleviates the 
suppression of osteogenic function in BMSCs under the 
HG inflammatory condition by activating the AMPK 

Fig. 4 CM-HG + LPS treatment impairs mitochondrial function and alters mitochondrial morphology. (A) Using JC-1 staining to assess mitochondrial 
membrane potential. Red and green fluorescence indicated JC-1 aggregates and monomers, respectively. (scale bar: 100 μm). (B) Detection of intracel-
lular ROS levels in BMSCs using the DCFH-DA probe and analyzed by flow cytometry. (C, D) Representative confocal and electron microscopy (EM) images 
indicated differences in mitochondrial morphology between groups. Mito-Tracker Red (red) was used in the confocal images to label cells that contain 
mitochondria. (scale bars for confocal imaging: 50 μm. scale bars for EM: 500 nm). Images depicted representative fields from over ten cells photographed. 
Quantitative analysis of intracellular mitochondrial length using ImageJ. (E) qPCR analysis of mRNAs involved in mitochondrial fusion (MFN2 and OPA1) 
and mitochondrial fission (DRP1 and FIS1) in cultured BMSCs. (F) Expression of relevant protein levels was detected by western blotting. Full-length blots 
are presented in Supplementary Fig. S3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant
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pathway. Subsequent Western blot investigations vali-
dated this viewpoint, showing that the intervention of 
CM-HG + LPS severely inhibited the activation of the 
AMPK pathway (Fig.  7E). Additionally, we conducted 
further validation using both an AMPK activator and 

inhibitor. Results showed that adding the AMPK acti-
vator metformin rescued the osteogenic function of 
BMSCs, while the inhibitor dorsomorphin weakened 
the effect of shikonin on AMPK activation and reversed 
its promoting effect on the osteogenic differentiation 

Fig. 5 Inhibition of PKM2 promotes mitochondrial fusion in BMSCs under HG inflammatory conditions, improving mitochondrial function. (A, B) Chang-
es in mitochondrial morphology after the addition of shikonin, as demonstrated by representative confocal and EM images (scale bar for confocal images: 
50 μm; scale bar for EM: 500 nm). Quantitative analysis of mitochondrial length was performed based on confocal images, with 10 images analyzed per 
group. (C) Expression of mitochondrial fusion genes (MFN2 and OPA1) and fission genes (DRP1 and FIS1) after shikonin treatment. (D) Protein levels of 
mitochondrial fusion genes (MFN2 and OPA1) and fission genes (DRP1 and FIS1) after shikonin intervention, as assessed by western blotting. Full-length 
blots are presented in Supplementary Fig. S4. (E) Representative JC-1 staining image after shikonin treatment in BMSCs (scale bar: 100 μm). (F) Flow cy-
tometry analysis of intracellular ROS levels in BMSCs stained with DCFH-DA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant
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Fig. 6 Shikonin reverses cellular metabolic reprogramming primarily by inhibiting PKM2 tetramer formation. (A) Comparison of cellular metabolic char-
acteristics with and without shikonin treatment. Basal respiration, maximum respiration, ATP production, basal glycolysis, glycolytic capacity, and gly-
colytic reserve are presented as bar graphs. (Dashed line groups represented data from Fig. 2E, specifically the values for the CM-Control group and 
CM-HG+LPS group). (B) Differences in relative lactate production rates in BMSCs before and after shikonin treatment. (C) Glucose uptake in BMSCs 
detected using the 2-NBDG probe, as shown in the histogram, with or without shikonin treatment. (D) ATP concentration used to assess the impact of 
shikonin on total cellular energy production. (E) The effect of shikonin on the gene expression of glycolysis-related enzymes (LDHA, PFKFB3, PKM2) in 
BMSCs under normal and HG inflammatory microenvironment. (F) Western blot analysis confirmed changes in glycolysis-related enzymes at the protein 
level. Full-length blots are presented in Supplementary Fig. S4. (G) Quantitative analysis of changes in PKM2 tetramer, PKM2 dimer, and the tetramer/
dimer ratio in BMSCs exposed to HG inflammatory conditions with or without shikonin treatment, presented in the bar graphs. (H) Representative fluo-
rescence images and 3D surface images demonstrate the therapeutic effects of shikonin (Nucleus: blue, PKM2: red; scale bar: 100 μm). *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001; ns, not significant
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Fig. 7 Shikonin alleviates the inhibition of osteogenic function of BMSCs by activating the AMPK pathway. (A, B) ALP and ARS staining results after 7 and 
14 days of osteogenic induction using shikonin. Semiquantitative analysis of ALP staining and calcium deposition is shown in the bar charts. (scale bar: 
100 μm). (C, D) Effect of shikonin on osteogenesis-related genes and proteins of BMSCs exposed to the HG inflammatory environment or not. Full-length 
blots are presented in Supplementary Fig. S5. (E) Western blot analysis showing AMPK pathway activation following shikonin treatment. Full-length blots 
are presented in Supplementary Fig. S5. (F, G) Western blot bands representing the effects of an AMPK activator and inhibitor (F), and the correlation 
between AMPK activation and osteogenesis (G). Full-length blots are presented in Supplementary Fig. S5. (H, I) ALP staining and ARS staining images with 
semi-quantitative analysis. (scale bar: 100 μm). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant
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potential of BMSCs in the HG inflammatory condition 
(Fig. 7F, G). ALP and ARS staining provided visual confir-
mation of BMSCs osteogenic function (Fig. 7H, I).

Shikonin reduces alveolar bone loss in diabetic 
periodontitis mice and promotes periodontal tissue 
remodeling
We further evaluated the therapeutic effect of shiko-
nin through in vivo experiments. First, we success-
fully established a T2DM mouse model(Fig. S2A, B) 
and subsequently induced periodontitis (Fig. S2C). The 
modeling process of the final DP mice is shown in the 
figure(Fig.  8A). Additionally, we evaluated the perfor-
mance of F127DA loaded with shikonin to confirm its 
feasibility as a drug carrier(Fig. S2D-F).

Micro-CT and histological analyses determined the 
effect of shikonin on alveolar bone resorption following 
the induction of DP. As shown in the 3D reconstruction 
images, the alveolar bone loss in EP and DP mice was 
severe, but shikonin treatment significantly reduced alve-
olar bone loss in DP mice. Similar trends were observed 
in the sagittal view (Fig. 8B). The distance from the CEJ-
ABC is an important indicator of periodontal attachment 
loss, which we used to quantify the extent of periodontal 
bone resorption. Compared to the control group, both 
the EP and DP groups had considerably longer distances 
from CEJ to ABC. Conversely, after shikonin treatment, 
this distance greatly decreased. Furthermore, microstruc-
tural parameters such as bone volume fraction (BV/TV), 
trabecular number (Tb.N), and trabecular thickness (Tb.
Th) are useful indicators of alveolar bone quality. Simi-
larly, shikonin treatment showed higher BV/TV, Tb.N, 
and Tb.Th (Fig.  8C). HE staining yielded similar results 
(Fig. 8D). These results indicate that shikonin effectively 
alleviates alveolar bone loss in DP mice. Masson stain-
ing revealed that in the EP and DP groups, periodontal 
inflammation led to the deformation and degradation 
of collagen and elastic fibers, ultimately causing sparse 
and disordered fiber arrangements. Shikonin, on the 
other hand, resulted in a denser fiber density and bet-
ter tissue structure in the periodontal ligament of DP 
mice (Fig. 8E). The presence of diabetes exacerbated the 
extent of periodontal destruction, leading to increased 
osteoclast activation; however, shikonin reduced the 
number of osteoclasts (Fig.  8F). Immunohistochemical 
staining showed that, compared to the control group, 
the expression of RUNX2 decreased in the DM, EP, and 
DP groups, with the most significant effect in the DP 
group, while shikonin effectively increased the expres-
sion of RUNX2. Meanwhile, PKM2 expression exhib-
ited an opposite trend to that of RUNX2 across groups, 
with shikonin substantially inhibiting PKM2 expression. 
Interestingly, we also found high expression of PKM2 
in areas of inflammation (such as the gums) (Fig.  8G). 

Immunofluorescence double staining confirmed a nega-
tive correlation between the osteogenic marker OCN and 
PKM2 in the periodontal area, with shikonin promoting 
osteogenesis after inhibiting PKM2 (Fig.  8H). In sum-
mary, we believe that shikonin may play a key role in the 
treatment of DP.

Discussion
Diabetes has been clearly established as a major risk fac-
tor for periodontitis [29]. Compared to non-diabetic 
patients, the risk of periodontitis increases approximately 
threefold in diabetic patients [30]. As a systemic factor, 
diabetes alters the local microenvironment of periodonti-
tis, potentially diminishing the alveolar bone’s self-repair 
and regeneration capabilities by primarily influencing the 
osteogenic ability of BMSCs through synergistic inflam-
matory factors, thereby accelerating the progression of 
periodontitis. In severe diabetic periodontitis, blood glu-
cose levels above 30 mM and strong LPS-induced inflam-
matory responses are often observed [31, 32]. Based on 
clinical relevance and prior studies [33, 34], we selected 
HG (35 mM) and LPS (1  µg/mL) as stimuli. However, 
some in vitro studies have found that stimulation by HG 
or inflammatory factors promotes osteogenic differentia-
tion [35, 36]. This isolated effect may not represent the 
multi-factorial environment within. The diabetic peri-
odontal immune microenvironment involves various 
cellular interactions, with macrophages playing a cru-
cial role in regulating immune responses to periodon-
tal pathogens and bone resorption [37, 38]. Numerous 
experiments have shown that LPS treatment can increase 
the secretion of inflammatory factors such as TNF-α and 
IL-1β by macrophages [39–41]. Additionally, cytokines 
secreted by macrophages in response to other external 
stimuli can induce phenotypic changes in tissue cells 
[42, 43]. Therefore, culturing BMSCs in the presence of 
macrophage-conditioned media better simulates the 
complexity of the periodontal microenvironment in dia-
betic periodontitis patients. RAW264.7 cells are a well-
established murine macrophage cell line, widely used 
in research related to diabetes and periodontitis due to 
their strong response to external stimuli and their abil-
ity to secrete large amounts of pro-inflammatory cyto-
kines [44, 45]. As a result, we cultured BMSCs using CM 
from RAW264.7 cells and found that the addition of HG 
environment exacerbated the destructive effects of the 
inflammatory conditions. Specifically, CM-HG + LPS 
treatment severely impaired BMSCs viability and osteo-
genic function, with PKM2 mediating metabolic repro-
gramming and mitochondrial dysfunction during 
osteogenic differentiation. In recent years, increasing evi-
dence has shown that stem cell differentiation is linked 
to energy metabolism [46, 47]. BMSCs primarily rely 
on glycolysis for energy to maintain pluripotency when 
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undifferentiated. During the osteogenic differentiation of 
BMSCs, the OXPHOS process is activated, and BMSCs 
depend on OXPHOS to meet the high ATP requirements 
for extracellular matrix protein synthesis [48–50]. The 
literature confirms that HG can promote cellular gly-
colysis [51, 52], while inflammatory factor stimulation 

can severely block mitochondrial respiration, leading 
to mitochondrial damage, oxidative stress, and reduced 
ATP production [53, 54]. Our study demonstrated that 
CM-HG + LPS treatment induces excessive glycoly-
sis while simultaneously interfering with the OXPHOS 
pathway, causing cellular stress and forcing increased 

Fig. 8 Shikonin reduces alveolar bone loss in diabetic periodontitis mice and promotes periodontal tissue remodeling. (A) Schematic diagram of model-
ing process of diabetes periodontitis mice (Images created with Biorender.com). (B) Micro-CT images of alveolar bone in each group, including 3D and 
sagittal views. Red areas indicate the extent of exposed tooth roots. (C) Analysis of the CEJ-ABC distance and the bone morphological parameters of the 
alveolar bone in each group. (D-F) H&E, Masson, and TRAP staining of periodontal tissue. (scale bar: 100 μm). (G) Representative IHC staining images of 
RUNX2 and PKM2 in periodontal tissue. (scale bar: 100 μm). (H) IF staining of OCN and PKM2 in the periodontal region. (Nucleus: blue, PKM2: red, OCN: 
green; scale bar: 100 μm). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant
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reliance on glycolysis, thereby further disrupting meta-
bolic balance via PKM2. (Although no differences in 
OCR were observed by day 3 of osteogenic induction). A 
reasonable explanation is that BMSCs initially increase 
glycolysis to produce ATP more rapidly in response to 
stress from the HG inflammatory condition [55], main-
taining self-renewal or immune regulatory capabilities; 
this transient stimulation does not affect their OXPHOS 
pathway. However, long-term exposure to such harsh 
conditions impairs mitochondrial function in differenti-
ating BMSCs, thus affecting the OXPHOS pathway. To 
compensate for the decreased ATP due to mitochondrial 
dysfunction, glycolysis compensatorily increases. This 
low-efficiency energy production not only requires the 
cells to take up more glucose but also leads to extracel-
lular lactate accumulation.

PKM2 was found to play a central regulatory role in the 
metabolic reprogramming of various cell types, through 
mechanisms such as its expression, activity, allosteric 
regulation, post-translational modifications, and trans-
location [56]. Our interest lies in its role in stem cell 
metabolism. Previous studies have shown that PKM2 
can directly bind to gastric cancer-associated transcript 2 
(GACAT2), translocating to the mitochondria to enhance 
OXPHOS in periodontal ligament stem cells (PDLSCs) 
[57]. A reduction in PKM2 activity can initiate metabolic 
reprogramming in cancer stem cells, suppressing their 
malignant biological characteristics [58]. In our study, we 
observed that inhibiting PKM2 activity and expression 
could reverse the abnormal upregulation of glycolysis. It 
is known that PKM2 tetramers have higher enzymatic 
activity than its dimers and monomers. The highly cata-
lytic tetramer mainly acts in the cytoplasm and has a 
stronger affinity for the metabolic substrate phospho-
enolpyruvate, thereby promoting glycolysis [59, 60]. To 
assess the allosteric regulatory state of PKM2, we used 
DSS crosslinking to simultaneously determine the mono-
meric, dimeric, and tetrameric forms of PKM2 protein in 
BMSCs. The results showed that the HG inflammatory 
environment could modulate the conformation of PKM2, 
considerably increasing the tetramer ratio, indicating 
activation of the glycolytic pathway. Furthermore, we 
conducted preliminary exploration of PKM2 localization 
within cells using immunofluorescence and observed that 
its intracellular distribution appears to be associated with 
its conformation. This suggests that PKM2 may undergo 
translocation by altering its conformation, enabling 
interactions with other proteins. However, more robust 
genetic models are needed to confirm this possibility. In 
future studies, we plan to further investigate the biologi-
cal effects of PKM2 by isolating subcellular fractions to 
assess its expression in greater detail.

Successful differentiation of BMSCs relies on proper 
mitochondrial function, and the balance between 

mitochondrial fission and fusion is crucial for maintain-
ing mitochondrial quality and function. Imbalances in 
mitochondrial dynamics can lead to mitochondrial dys-
function [61]. Undifferentiated BMSCs exhibit an active 
cell cycle, during which mitochondria are often in a fis-
sion state associated with cell division. When BMSCs 
undergo osteogenic differentiation, they rely on mito-
chondrial fusion and elongation to maintain mitochon-
drial function and support OXPHOS, thereby generating 
more energy required for the differentiation process [62, 
63]. This experiment demonstrated that HG inflamma-
tory environment causes mitochondrial dysfunction in 
BMSCs during osteogenic differentiation, resulting in 
excessive fragmentation mediated by PKM2. The close 
relationship between PKM2 and mitochondrial func-
tion is increasingly being validated [24]; in this study, we 
found that inhibiting PKM2 expression can rescue the 
excessively fragmented mitochondria and upregulate 
the expression of mitochondrial fusion proteins. Some 
studies back up this finding [64, 65]. Interestingly, some 
researchers have proposed the opposite viewpoint, con-
firming that upregulated PKM2 promotes mitochondrial 
fusion [19, 66]. We speculate that the explanation for this 
discrepancy is that different mitochondrial morphologies 
correspond to the physiological needs of different cells 
and complicated external surroundings, suggesting that 
PKM2 does not simply regulate mitochondrial dynamics.

Shikonin is a lipophilic naphthoquinone derived from 
the herb Lithospermum erythrorhizon, and it has been 
reported to possess various medicinal properties, includ-
ing anti-inflammatory, anticancer, and antimicrobial 
effects [67, 68]. Shikonin and its analogs exhibit promis-
ing selectivity toward PKM2, as they act on PKM2 with-
out inhibiting the activities of PKM1 and PKL [69]. This 
experiment confirmed that shikonin regulates mitochon-
drial function and metabolic characteristics of BMSCs 
by inhibiting PKM2, thereby promoting osteogenic dif-
ferentiation through AMPK pathway activation. One 
study indicated that shikonin may modulate the allosteric 
structure of PKM2 by forming hydrogen bonds and pro-
moting macromolecular aggregation, while inhibiting its 
pyruvate kinase activity and protein kinase activity [70]. 
In vivo animal experiments suggested a unique therapeu-
tic effect of shikonin on diabetic periodontitis mice, as 
localized application of shikonin significantly improved 
the damage to mouse periodontal tissue caused by the 
hyperglycemic inflammatory microenvironment and pro-
moted periodontal bone remodeling.

Currently, the role of PKM2 in diabetic complications is 
increasingly recognized, revealing promising therapeutic 
strategies. PKM2 overexpression is linked to diabetic Par-
kinson’s disease (PD) [66], where shikonin inhibits PKM2 
to enhance neuronal tolerance to 6-OHDA and lower PD 
risk in diabetic rats. In diabetic ApoE−/− mice, salvianolic 
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acid A reduces PKM2/PKR-mediated endothelial cell 
pyroptosis, offering potential for diabetic atherosclerosis 
treatment [71]. Additionally, the PKM2 activator TEPP-
46 prevents diabetic nephropathy by enhancing glucose 
flux and mitochondrial biogenesis [60]. These findings 
highlight the importance of PKM2-targeted therapies, 
although further safety evaluations and animal model 
studies are needed to validate their potential for clinical 
application.

In summary, we primarily explored the specific mecha-
nisms by HG inflammatory microenvironment on the 
osteogenic function of BMSCs from the perspective of 
metabolic reprogramming, finding that it is related to 
the upregulated PKM2-mediated hyperglycolysis. Sub-
sequent experiments confirmed that PKM2 has a regu-
latory effect on mitochondrial function. Treatment 
with the PKM2 inhibitor shikonin partially restored 
mitochondrial function and reversed cellular metabolic 
characteristics, which facilitated periodontal bone regen-
eration. Nonetheless, the mechanisms underlying the 
role of osteoclasts in the HG inflammatory environment 
remain insufficiently explored. Future studies should 
focus on osteoclast metabolism and the therapeutic 
effects of shikonin on these cells. Overall, our research 
provides a potential strategy for the treatment of diabetic 
periodontitis, but further validation from a more com-
prehensive perspective is required to confirm its efficacy.

Conclusions
This study explored the destructive effect of HG inflam-
matory environment on the function of BMSCs and the 
metabolic and mitochondrial dynamics changes caused 
by the abnormal up regulation of PKM2. The use of the 
inhibitor shikonin can effectively save the osteogenic 
function of BMSCs, which provides a promising method 
for the treatment of bone regeneration of DP (Fig. 9).
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