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A B S T R A C T   

Malnutrition causes prolonged inflammation, resulting in delayed wound healing. High mobility group box-1 
(HMGB1) is a damage-associated molecular pattern that is present in the nuclei of macrophages and is 
secreted into the extracellular milieu in response to stimuli. It stimulates the production of interleukin-1β (IL-1β) 
through the receptors for advanced glycation end products (RAGE), inducing an inflammatory response, which is 
an essential response to initiate wound healing. We hypothesized that malnutrition may interfere with this 
cascade, causing abnormal inflammation and ultimately delaying wound healing. We used tooth-extracted mice 
with malnutrition fed with low-casein diet for two weeks. On days 3 and 7 after tooth extraction, the wound 
tissue was histologically observed and analyzed for several factors in the inflammation-regeneration lineage, 
including IL-1β, mesenchymal stem cells, myeloperoxidase activity, HMGB1, macrophage polarization, and 
adenosine 5-triphosphate (ATP). On day 7, delayed wound healing was observed with the following findings 
under malnutrition conditions: decreased mRNA expression of genes for regeneration and mesenchymal stem cell 
(MSC) accumulation, an obvious increase in myeloperoxidase and IL-1β mRNA expression, an increase in HMGB1 
levels, and an increase in ATP concentration in tissues with elevated proportion of M2 macrophages. These 
results suggest that the significantly increased secretion of HMGB1 associated with the upregulated production of 
ATP and IL-1β secretion via the RAGE pathway may interfere with the resolution of inflammation and wound 
healing under the state of malnutrition.   

1. Introduction 

Through rapid global nutrition transition, an increasing proportion 
of individuals are exposed to malnutrition during their life course. 
Malnutrition is a frequent and serious condition of multifactorial origin 
and is associated with adverse consequences. Elderly people in devel
oped countries and children aged below 5 years in low-income and 
middle-income countries experience this condition [1–3]. Malnutrition 
is not only affected by rapidly changing diets, norms of eating, and 
physical activity patterns, but also by pathogen burden and extrinsic 
mortality risk [4]. It is generally believed that insufficient protein intake 
accompanied by malnutrition damages the innate or acquired immune 
function by imposing a high metabolic load on a depleted capacity for 

homoeostasis [5]. It increases the risk of developing non-communicable 
diseases and long-term chronic inflammation, such as cardiovascular 
disease, atherosclerosis syndrome, and chronic kidney disease [5–9]. 
Malnutrition is strongly associated with oral diseases. Poor oral health 
may affect food selection and nutritional intake, leading to malnutrition 
[10]. Similarly, malnutrition affects the development and integrity of 
the oral cavity, the progression of oral diseases, and the physical and 
chemical properties of saliva [11]. Consequently, a vicious circle is 
established. Malnutrition impairs wound healing and increases the risk 
of secondary infections [12]. 

Wound healing has four processes: coagulation, inflammation, 
migration and proliferation, and remodeling. Inflammation usually oc
curs due to the localization and elimination of damaged factors and 
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promotes the healing of damaged tissues [13]. However, the recruitment 
of cells and mediators is changed during impaired wound healing. It 
prevents cell proliferation and injury healing and leads to continuous 
chronic inflammation. It has been shown that biomimic and biocom
patible wound dressings, such as hyaluronic acid, are beneficial to 
wound healing [14–16]. However, it remains unclear whether delayed 
healing of the extraction wound under malnutrition conditions is related 
to prolonged inflammation. Despite the proven consequences of 
malnutrition, the lack of research on its mechanisms still limits its 
treatment. Traditional treatment methods usually use improved and 
complementary interventions, such as physical activity training and oral 
nutritional supplements [17]. However, these long-term processes have 
little effect on wound healing, as the level of malnutrition cannot be 
improved immediately. Therefore, the mechanism of long-term chronic 
inflammation should be emphasized when developing new treatment 
methods for malnutrition. 

High mobility group box-1 (HMGB1) belongs to the high-mobility 
group nuclear protein family. It is a DNA-binding protein mainly pre
sent in monocytes, especially macrophages, and functions both inside 
and outside the cell. HMGB1 is involved in proper transcriptional 
regulation, DNA recombination, and maintenance when located in the 
nucleus. It is released when there is danger-induced cellular stress, 
which regulates inflammation and regeneration of extracellular 
signaling molecules as one of damage-associated molecular pattern 
molecules (DAMPs) [18]. Toll-like receptors (TLRs) and receptors for 
advanced glycation end products (RAGE) are the main HMGB1 re
ceptors. Excessive production of extracellular HMGB1 may cause tissue 
damage and organ dysfunction in individuals with infertility and in
fectious diseases. HMGB1 easily binds to other pro-inflammatory mol
ecules, including DNA, RNA, histones, nucleosomes, lipopolysaccharide 
(LPS), stromal cell-derived factor 1/chemokine receptor type (CXCR4), 
interleukin-1 (IL-1) α, IL-1β, and other factors that trigger inflammation. 
In addition, HMGB1 acts as a pro-inflammatory mediator. Extracellular 
HMGB1 is transformed into an effective activator of pro-inflammatory 
cytokine production through RAGE and TLR receptor stimulation [19]. 
Bone healing is promoted by inflammation induced by HMGB1 [20], and 
periodontal inflammation and bone resorption were reduced in mice 
after the administration of anti-HMGB1 neutralizing antibody [21] 
based on previous studies conducted in our laboratory. 

Long-term chronic inflammation, usually accompanied by malnu
trition, may be the cause of delayed healing of tooth extraction wounds. 
Moreover, HMGB1 has been shown to act on non-infectious inflamma
tion in previous studies. Therefore, we hypothesize that the delayed 
healing of tooth extraction wounds caused by malnutrition is related to 
inflammation induced by HMGB1. In this study, we established a 
malnourished tooth-extracted mouse model to determine the inflam
mation levels and inflammation-related factors, including HMGB1, ATP, 
and IL-1β, at 3 and 7 days after tooth extraction. In addition, the per
centages of two types of macrophages, M1 macrophages and M2 mac
rophages, were investigated to further elucidate the relevant HMGB1 
inflammatory pathways. These results unveiled how malnutrition affects 
healing of tooth extraction wounds from an inflammatory viewpoint. 

2. Materials and methods 

2.1. Animal and malnourished Tooth-Extracted mouse model 

This study was approved by the Animal Care and Use Committee, 
Okayama University (Permit no: OKU-2018498 and OKU-2018679). All 
animal experiments were carried out in accordance with the Guidelines 
for Animal Experiments of Okayama University. 

Ten-week-old male C57BL/6J mice (CLEA, Tokyo, Japan) main
tained in individually ventilated cages under a constant temperature of 
25 ◦C with a 12:12 light–dark cycle was used in the experiments. The 
mice were provided free access to sterile food and water under specific 
pathogen-free conditions. They were randomized to malnourished 

group (N = 4/group), which were fed with 3% casein diet (CLEA), and 
control group (N = 4/group), which were fed a 25% casein diet (CLEA) 
[22]. This basic set of mice (total 8 mice/set) was used for following all 
of experiments (18 sets for whole study). However, in some experiments, 
2 sets of mice were used when specified in the figure legend. The mice 
were initially anesthetized with pentobarbital (50 mg/kg body weight); 
the left first maxillary molar was extracted as the test site, while the right 
maxillary molar was left intact as the control site. The mandible and 
gingival tissues were collected 3 and 7 days after the tooth extraction. 
The mice were weighed twice a week. 

2.2. Hematoxylin-Eosin staining 

The mandibular samples containing the extracted socket were 
dissected, fixed in 4% paraformaldehyde (Wako Pure Chemical, Hir
oshima, Japan), decalcified in 10% ethylenediaminetetraacetic acid 
(EDTA) disodium salt dehydrate (Sigma-Aldrich, St. Louis, MO, USA) for 
7 days at room temperature, and then embedded in paraffin wax. Next, 
4-µm thick coronal serial sections were mounted in serial order on poly 
L-lysine-coated slides (Matsunami Glass, Osaka, Japan), stained with 
Mayer’s hematoxylin solution and Eosin Y (Merck KGaA, Darmstadt, 
Germany), and observed under a light microscope using ImageJ soft
ware (NIH, Bethesda, MD, USA). 

2.3. Quantitative reverse Transcription-Polymerase chain reaction 

Total RNA was collected from the maxillary gingival tissue using the 
RNeasy Plus kit (Qiagen, Hilden, Germany), and the reverse transcrip
tion reaction was carried out from 1 μg of total mRNA using 10 μM 
deoxynucleotide triphosphate (dNTP) mix, 50 μM oligo (dT)12–18 
Primer, 5 × first standard buffer, 0.1 M dithiothreitol, and SuperScript 
III Reverse Transcriptase according to the manufacturer’s protocols (all 
were purchased from Thermo Fisher Scientific, Waltham, MA, USA). 

The primers were designed as follows using the Primer3 online 
software (http://frodo.wi.mit.edu/): for glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), 5′-GAGTCAACGGATTTGGTCGT-3′ and 5′- 
GACAAGCTTCCCGTTCTCAG-3′; for CD44, 5′-GCTCCCTCCCTCTTAG 
GTCA-3′ and 5′-AAAACTTGTCCATGGCGTGC-3′; for Nanog, 5′-CGG 
TGGCAGAAAAACCAGTG-3′ and 5′-AAGGCTTCCAG-ATGCGTTCA-3′; 
for runt-related transcription factor 2 (Runx2), 5′-GCACTGGGTCA
CACGTATGA-3′ and 5′-CCCAC-TGTGAATCTGGCCAT-3′; for IL-1β, 5′- 
GTCGCTCAGGGTCACAAGAA-3′ and 5′-CCACACGTTGACAGCTAGGT- 
3′; and for CCL2, 5′-AGCCAACTCTCACTGAAGCC-3′ and 5′-GCGTTAA 
CTGCATCTGGCTG-3′ (All were synthesized by Eurofins Scientific, 
Luxembourg). Quantitative reverse transcription-polymerase chain re
action (qRT-PCR) was performed using an ABI 7300 system (Applied 
Biosystems, CA, USA) at 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C 
for 15 s and 60 ◦C for 1 min in 96-well plates in a final volume of 20 μL 
containing SYBR Green PCR Master Mix (Thermo Fisher Scientific). The 
relative quantities of transcripts were calculated following the 
comparative threshold cycle (ΔΔCT) method [23] using GAPDH as the 
endogenous control. The relative mRNA expression ratio was calculated 
at each time point as the ratio of the malnutrition group/normal food 
group. 

2.4. Flow Cytometry 

Gingival tissue was added to Minimum Essential Medium-alpha with 
L-glutamine and phenol red (Wako Pure Chemical), 10% deactivated 
fetal bovine serum (Biological Industries, Kibbutz Beit-Haemek, Israel), 
3.2 mg/mL collagenase type IV (Gibco Cell Culture, Carlsbad, CA, USA), 
and 1 mg/mL deoxyribonuclease I (Sigma-Aldrich), and homogenized 
using a tissue homogenizer (Ina Optica, Osaka, Japan). The gingival 
tissue was detached using 0.5 M trypsin EDTA (Gibco) after shaking at 
37 ◦C for 55 min. The cells in the supernatant were recovered by brief 
centrifugation for analysis. Cell viability was analyzed by staining with 
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the Zombie Violet Fixable Viability Kit (BioLegend, San Diego, CA, USA) 
and Fc blocking by CD16/32 (BioLegend). 

The following dye-conjugated antibodies were obtained from Bio
Legend: CD44-PE for stem cells, CD140α-APC/Cy5.5 for mesenchymal- 
derived cells, CD45-FITC for lymphocytes, CD14b-PE/Cy7 for mono
cytes, F4/80-Per/Cy5.5 for Mø, CD80-APC for M1 Mø, CD206-PE/Cy7 
for M2 Mø, and CD31-APC for platelet/endothelial cells. MSCs were 
defined as CD44+ CD140a+ CD14b− CD31− CD45− , Mø was defined as 
CD45+ F4/80+, M1 Mø was defined as CD45+ F4/80+ CD80+ CD206− , 
and M2 Mø was defined as CD45+ F4/80+ CD80− CD206+ using 
multicolor Flow Cytometry (FCM) utilizing MACSQuant X (Miltenyi 
Biotec, Bergisch Gladbach, Germany). Data analysis was performed 
using the FlowJo software (Becton Dickinson Bioscience, Ashland, OR, 
USA). 

2.5. In vivo Molecular imaging analysis system 

The mice were injected intraperitoneally with 200 mg/kg XenoLight 
RediJect inflammation probe (PerkinElmer, Waltham, MA, USA). After 
placing the mice in the IMPAC6 anesthesia chamber attached to the In 
Vivo Molecular Imaging Analysis System (IVIS) Spectrum (Perki
nElmer), the mice were sacrificed 10 min after probe injection. The 
mandibles were extracted and transferred to the IVIS spectrum, and 
images were captured after a 5-min exposure for in vivo bioluminescence 
generated by the activity of myeloperoxidase (MPO) as a marker for 
infiltration of neutrophils. The MPO signals were quantified using Living 
Image Software V4.4 (PerkinElmer) according to the manufacturer’s 
instructions. In addition, a circular region of interest (ROI) was defined 
as a region that exhibited more than 50% of the maximum luminescence 
in the inflammatory site of each mouse. The total flux (measured in 
photons per second) and maximum radiance (measured in photons per 
second per square centimeter per steradian) in the ROI were quantified 
[24]. 

2.6. Enzyme-Linked Immunosorbent Assay 

The connective tissue in the tooth extraction socket was harvested 3 
and 7 days after tooth extraction. The concentration of total and released 
HMGB1 protein in the supernatant of the gingiva was measured using 
HMGB1 Enzyme-Linked Immunosorbent Assay (ELISA) kit II (Shino- 
Test, Tokyo, Japan). The absorbance at 490 nm was measured using a 
microplate reader (Gemini XPS; Molecular Devices, Sunnyvale, CA, 
USA). 

2.7. Immunofluorescence Assay 

Paraffin-embedded mandibular sections were prepared as previously 
described. Immunofluorescence staining was performed according to 
the standard procedures [19]. For antigen unmasking, the slides were 
boiled in 1 mM EDTA/PBS (pH 8.0) for 3 min using a microwave. 
Immunofluorescence staining was performed using a primary antibody 
against HMGB1 (rabbit polyclonal IgG, 1:100, Shino-Test). The sec
ondary antibody used was Alexa Fluor 488 goat anti-rabbit IgG (1:100, 
Thermo Fisher Scientific). VECTASHIELD mounting medium with 4,6- 
diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, 
CA, USA) was used to prevent rapid loss of fluorescence during micro
scopic examination and nuclear staining. The measurement area was 
defined as the same area between each sample from the bottom of the 
tooth extraction socket. 

2.8. Adenosine 5-Triphosphate-Dependent Glycerol-3-Phosphate 
generation Assay 

Fluorometric adenosine 5-triphosphate (ATP) assays were carried 
out using an ATP Assay Kit (cat. # ab83355, Abcam, Cambridge, UK), 
following the manufacturer’s protocol [25]. Briefly, the gingival tissue 
was homogenized using a Deproteinizing Sample Preparation Kit (cat. # 

Fig. 1. Experimental protocol and establishment of malnourished mouse model. A: The malnourished and control groups were fed with 3% casein diet and 25% 
casein diet for 2 weeks, respectively; then, the left first maxillary molar was extracted. After 3 and 7 days, the samples were harvested. Malnutrition was confirmed 
through weight measurements and blood tests. B: Malnourished mice were smaller than healthy mice. One of the typical results from panel C. C: The mice in the 
malnourished group continued to lose weight over time compared with the normal mice. Two sets of mice used for blood test and histological analysis with HE 
staining were measured. D: The serum on the day of tissue sample collection was analyzed from 1 set of mice. The concentrations of total protein, albumin, and 
glucose in the malnourished group were lower than those in the control group. The total cholesterol concentration was not significantly different between the two 
groups. TP, total protein; ALB, albumin; GLU, glucose; TCHO, total cholesterol. Data are presented as mean ± SD. Statistical significance is indicated by *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. Two-way ANOVA followed by post hoc Bonferroni tests (C) or Student’s t-test (D) was performed. 
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ab204708, Abcam). Samples and standard solutions (50 µL) were added 
to the 96-well plates containing the ATP reaction mix and incubated at 
room temperature in the dark for 30 min. The plates were read using a 
microplate reader (Gemini XPS; Molecular Devices, Sunnyvale, CA, 
USA) at Ex/Em = 535/587 nm, and the ATP amount was normalized to 
the non-extraction side. 

2.9. Statistical analysis 

For multiple comparisons, statistical significance was evaluated 
using one-way analysis of variance (ANOVA) followed by post hoc 

Fisher’s least significant difference (LSD) test, or two-way ANOVA fol
lowed by post hoc Bonferroni tests. Student’s t-test was performed to 
compare the two groups. A probability value of<0.05 was considered 
significant. The results were expressed as mean ± standard deviation. 
Graphs were generated using GraphPad Prism 8 (GraphPad Software, La 
Jolla, CA, USA). Schematic representation was produced using Servier 
Medical Art (https://smart.servier.com). 

Fig. 2. Hematoxylin-eosin staining of tooth-extracted socket, mRNA expression of regeneration-related genes, and proportion of MSCs in it. A: Histological analysis 
of wound healing in tooth-extracted sockets (HE). On day 3, blood cells were detected in the tooth-extracted sockets of malnourished mice and neovascularization in 
control mice. On day 7, immune cells were present in the tooth-extracted socket, whereas neovascularization and new bone area were found in the sockets of control 
mice. One set of mice was used for each day, and a typical section for each condition was shown. B: The mRNA expression of CD44, Nanog, and Runx2 after tooth 
extraction was analyzed by quantitative RT-PCR. On day 3, no significance difference was observed; on day 7, the mRNA expression of CD44 and Nanog was not 
induced in the tooth-extracted socket in malnourished mice compared with that in control mice. Two sets of mice were used for day 3, and 1 set of mice was used for 
day 7 because of technical issues. C: Recruitment of MSCs (CD44+ CD140a+ CD14b− CD31− CD45− ) after tooth extraction was analyzed by FCM and shown as the 
proportion of MSCs in total cells. The proportion of MSCs was not induced in the tooth-extracted socket in malnourished mice as that in control mice on days 3 and 7. 
One set of mice was used for each day. un-ext: un-extracted; ext: extracted. Histological images were representative of four independent animal experiments. Scale 
bar: 200 μm. Graph data are expressed as mean ± SD. Results of mRNA expression were normalized to those of GAPDH mRNA and were presented as fold change after 
normalization to the un-extracted group. Statistical significance is indicated by *P < 0.05 and **P < 0.01. One-way ANOVA followed by post hoc Fisher’s LSD test 
was performed. 
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3. Results 

3.1. Validation of mouse model 

A mouse model established by feeding the animal with 3% casein for 
2 weeks (Fig. 1A) resulted in a reduction in body weight (Fig. 1B and 1C) 
and in total protein, albumin, and glucose levels, but not total choles
terol in serum (Fig. 1D). 

3.2. Wound healing after tooth extraction 

As shown in the hematoxylin-eosin stained image in Fig. 2A, blood 
cells were still packed in the extraction socket in the malnourished group 
on day 3 after tooth extraction, although neovascularization was still 
performed in the control group. In addition, mononuclear cells, prob
ably immune cells, filled the tooth extraction socket in the malnourished 
group on day 7, whereas new bone was detected in the control group. 

When the mRNA expression of genes in mesenchymal stem cells 
(MSCs) and osteoblasts was detected by qRT-PCR (Fig. 2B), CD44 and 
Nanog mRNAs tended to be expressed in tooth-extracted socket wounds 
in the control group on day 3. Although this tendency was upregulated 
on day 7, it was almost stable or reduced in the wounds of the 
malnourished group. By contrast, Runx2 mRNA expression was reduced 
on day 3 and upregulated on day 7 in both groups. However, no sig
nificant difference was observed between the control group and 
malnourished group. In addition, the population of MSCs increased in 
the tooth-extracted socket wound and was lower in the malnourished 
group on days 3 and 7 (Fig. 2C). 

3.3. Inflammation after tooth extraction 

Although the MPO activity analyzed by IVIS was strong on day 3 in 
the control group, it almost disappeared on day 7, it was less than that in 

the control group on day 3, and it increased on day 7 in the malnour
ished group (Fig. 3A). The activity on day 7 in the malnourished group 
was stronger than that on day 3 in the control group. 

The mRNA expression of the pro-inflammatory cytokine IL-1β tended 
to increase on day 3 in tooth-extracted socket wounds in the control 
group, but returned to baseline on day 7. However, it obviously 
increased in the tooth-extracted socket wound in the malnourished 
group on day 7 (Fig. 2B: more than 75-folds of un-extracted control in 
the malnourished group). By contrast, the mRNA expression of a che
mokine for monocytes, CCL2, obviously increased in tooth-extracted 
socket wounds in the malnourished group on day 3, but was almost 
restored to baseline on day 7 (Fig. 2B: more than 8-folds of un-extracted 
control in the malnourished group). However, this increment was not 
significant in the tooth-extracted socket wounds in the control group. 

3.4. HMGB1 secretion after tooth extraction 

HMGB1 in tooth-extracted wound tissue was detected by dis
tinguishing the differences between HMGB1 with intracellular origin 
and those with extracellular origin (Fig. 4A). After setting the baseline 
on tooth-un-extracted tissue, the total HMGB1 (intracellular plus 
extracellular origin) in both control and malnourished groups increased 
1.5- to 2.0-folds from day 3 to day 7. In particular, the extracellular 
HMGB1 increased 1.5-folds in the control group on day 3, but not in the 
malnourished group. This increment recovered to baseline in the control 
group on day 7, whereas it remained increase to 1.5-folds in the 
malnourished group. This resulted in a higher extracellular HMGB1 
concentration in tooth-extracted wounds in the malnourished group 
than in the control group. 

The secretion of HMGB1 from the nuclei to the extracellular spaces 
was detected by conducting an immunohistochemical analysis of the 
tooth-extracted wound tissue (Fig. 4B). HMGB1 was stained around the 
nuclei (intracellular space) and extracellular space on day 3 in both the 

Fig. 3. MPO activity and mRNA expression of pro-inflammatory cytokines in tooth-extracted socket. A: Molecular imaging analysis of MPO activity in tooth- 
extracted sockets. The maxillae were removed on days 3 and 7 after extraction of the left first upper molar. The signal intensity in relation to the total flux and 
maximum radiance is shown. The typical result was shown from 1 set of mice at each day. B: The mRNA expression levels of IL-1β and CCL2 after tooth extraction 
were analyzed by quantitative RT-PCR. The mRNA expression of CCL2 increased in the tooth-extracted socket in malnourished mice on day 3 and then decreased to 
the level of control group, whereas the mRNA expression of IL-1β was obviously induced in the tooth-extracted socket in malnourished mice on day 7. Two sets of 
mice were used for day 3, and 1 set of mice was used for day 7 because of technical issues as shown in Fig. 2B. Graph data are expressed as mean ± SD. Results of 
mRNA expression were normalized to those of GAPDH mRNA and were presented as fold change after normalization to the un-extracted group. Statistical significance 
is indicated by * P < 0.05 and ** P < 0.001. One-way analysis of variance followed by post hoc Fisher’s LSD test was performed. 
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control and malnourished groups. On day 7, HMGB1 was stained mainly 
in and around the nuclei in the control group, whereas it was obviously 
stained in the extracellular space in the malnourished group. 

Furthermore, the concentration of HMGB1 in serum also tended to 
increase in the malnourished group (Fig. 4C). Its concentration signifi
cantly increased from day 3 to day 7 in the malnourished group 
(approximately 2-folds). 

3.5. M1/M2 Macrophage polarization after tooth extraction 

FCM analysis of the Mø proportion revealed that there were no dif
ferences among the groups for M1 Mø and M2 Mø on day 3. On day 7, no 
differences were observed between the tooth un-extracted and extracted 
tissues for M1 Mø and M2 Mø in the control group. On day 7, M1 Mø was 
obviously decreased, whereas M2 Mø was obviously increased (Fig. 5). 

Fig. 4. Localization of HMGB1 in tooth-extracted socket and presence in serum. A: Gingival tissue, including a tooth-extracted socket, was homogenized for isolating 
cellular debris and the aqueous phase. The concentration of HMGB1 in these two groups was analyzed using ELISA. On day 7, extracellular HMGB1 concentration was 
significantly increased in the tooth-extracted tissue of malnourished mice, although total HMGB1 concentration in tooth-extracted tissue increased of both control 
and malnourished mice. One set or 2 sets of mice were used for each condition. B: In immunofluorescence images of HMGB1 in tooth-extracted sockets in 
malnourished mice, HMGB1 (green fluorescence) separated from the cell into the extracellular space was detected, especially on day 7. This was clearly observed 
when the image was superimposed on the image stained for nuclei with DAPI (blue fluorescence). Magnification of the boxed area is shown in the lower-right corner. 
Yellow arrows indicate HMGB1 staining. One set of mice was used for each day as used in Fig. 2A, and a typical section for each condition was shown. C: The 
concentration of HMGB1 in the peripheral blood was also analyzed using ELISA. Similarly, it increased on day 7. One set of mice was used for each day. un-ext: un- 
extracted; ext: extracted. Graph data are presented as mean ± SD. Results are presented as fold change after normalization to the un-extracted group. Statistical 
significance is indicated by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. One-way ANOVA followed by post hoc Fisher’s LSD test (A) or two-way 
ANOVA followed by post hoc Bonferroni tests (B) was performed. Scale bar: 50.0 μm. X2: 2-time magnification. 

Y. Zhang et al.                                                                                                                                                                                                                                   



International Immunopharmacology 96 (2021) 107772

7

3.6. ATP concentration after tooth extraction 

The ATP concentration in tooth-extracted wound tissues was 
measured to evaluate the activity of cells in the tissue. After normali
zation in tooth-un-extracted tissue, the ATP concentration in tooth- 
extracted wound tissue was more than two times that in tooth-un- 
extracted tissues in the malnourished group on day 7. This increment 
was significant compared with that in tooth-extracted wound tissues in 
the control group (Fig. 6). 

4. Discussion 

In this study, the delay in wound healing in tooth-extracted socket 
tissues was validated using a malnourished mouse model. In this tissue, 
the accumulation of MSCs and bone regeneration were delayed, and 
prolonged inflammation and relatively large amounts of HMGB1 were 
detected. Furthermore, an increased M2 Mø proportion and a relatively 
large amount of ATP were also detected, suggesting the effects of pro
longed inflammatory responses. 

MSCs promote healing across a broad range of developmentally 
unrelated tissues and a myriad of diseases and injury types by acceler
ating progenitor cell self-renewal, stimulating angiogenesis, and mini
mizing apoptosis and inflammation [26]. There was little 
neovascularization or new bone formation in the extraction wound and 
a decrease in the percentage of MSCs in the immune cells in the 
malnourished mouse model, which indicates that healing of the 
extraction wound under malnutrition conditions is delayed. Systemic 

inflammation may occur in individuals with anorexia nervosa than in 
healthy control participants [27]. Nutrition not only supports the 
function of immune cells, which initiates an effective response against 
pathogens through the activation of TLRs, but also resolves immune 
responses rapidly when necessary and avoids any underlying chronic 
inflammation [28,29]. Many micronutrient deficiencies are responsible 
for this decline in immunity [30]. The malnutrition-inflammatory score 
has been widely used to predict chronic kidney disease [31]. However, 
the ability of dietary intervention to modulate the synthesis of these 
compounds and their effects on inflammatory processes and metabolic 
disorders have largely been ignored. Persistent inflammation may be the 
reason for delayed healing of tooth extraction wounds [32]. In this 
study, we found that inflammation was slightly reduced 3 days after 
tooth extraction, but increased on day 7 in malnourished mice, which 
suggests that inflammation under the state of malnutrition is delayed. 

Pattern recognition receptors (PRRs) initiate an immune response by 
recognizing the structural components of the pathogen to induce the 
release of molecules from damaged cells as DAMPs. Therefore, DAMPs 
are considered danger signals that induce inflammatory responses. 
Moreover, DAMPs mediate the production of pro-inflammatory cyto
kines to induce non-sterile inflammation by activating TLRs and RAGE 
receptors [33]. Mild inflammation persists over long periods of time, 
causing tissue damage and/or fibrosis, leading to irreversible organ 
dysfunction [13]. HMGB1 is a nucleoprotein that promotes gene tran
scription by stabilizing nucleosome formation. HMGB1 plays a role in 
DNA recombination, repair, replication, and gene transcription. It can 
also be released passively from dying cells or actively secreted 

Fig. 5. M1/M2 macrophages (Mø) polarization after tooth extraction analyzed by FCM. The proportion of M1 Mø (CD45+ F4/80+, CD80+, CD206− , or M2 Mø 
(CD45+ F4/80+, CD80− , and CD206+) in total Mø (CD45+ F4/80+) is shown. No statistical difference was observed between M1 Mø and M2 Mø in malnourished and 
control mice on day 3. However, M2 Mø increased significantly in tooth-extracted tissues on day 7 in the malnutrition group. One set of mice was used for each day, 
but an extra mouse for the malnutrition on day 7. un-ext: un-extracted; ext: extracted. Data are presented as mean ± SD. Statistical significance is indicated by ** P <
0.01 and *** P < 0.001. One-way ANOVA followed by post hoc Fisher’s LSD test was performed. 
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monocytes, macrophages, and myeloid dendritic cells and function as 
DAMPs [34]. HMGB1 activates multiple receptors (TLR4, TLR2, RAGE, 
and CXCR4) located in macrophages and mediates the production of 
TNF-α, IL-1β, IL-1α, IL-6, and macrophage inflammatory proteins by 
promoting nuclear factor (NF)-κB and mitogen-activated protein kinase 
[35,36]. The function of HMGB1 largely depends on its location in or 
outside the nucleus after either active release from cells or passive 
release upon lytic cell death [37,38]. The secretion of HMGB1 in the 
gingival tissue increased from the nucleus to the outside 7 days after 
tooth extraction in a malnourished mouse model. Similarly, the con
centration of HMGB1 in the blood increased. In simple terms, the 
amount of HMGB1 performing the action of DAMPs increased in the 
gingival tissue and blood of malnourished mice 7 days after tooth 
extraction. 

The interaction of HMGB1 with RAGE receptor is related to the 
activation of inflammatory response and wound healing in several 
DAMPs and its accompanying PRR, especially in a non-infectious envi
ronment [39]. HMGB1 promotes the secretion of inflammatory factors 
by activating TLRs or RAGE in macrophages. Macrophages have a key 
role in the inflammatory phase of tissue repair, and their dynamic 
plasticity enables the cells to mediate tissue destruction and repair 
functions. It can be polarized by HMGB1 into classic pro-inflammatory 
M1 and alternative M2 macrophages [40] and can regulate the transi
tion of different stages of the healing response to promote repair of 

damaged tissues [41]. The imbalance of M1/M2 macrophages triggers 
the development of inflammatory diseases, and macrophage polariza
tion is a target of interest for immunotherapy [35,42,43]. Recent studies 
have shown that HMGB1 can facilitate the M1 macrophage phenotype in 
certain inflammatory disease models, mainly based on HMGB1 inter
action with TLR receptors [44]. However, HMGB1 can enhance the ac
tivity of M2 macrophages in other disease models, especially in a RAGE- 
dependent manner [35]. Therefore, we explored which receptors are 
activated by HMGB1 when the healing of tooth extraction wounds is 
delayed due to persistent inflammation. We found that the proportion of 
M2 macrophages in total macrophages increased in the malnourished 
mouse model 7 days after tooth extraction, which suggested that 
HMGB1 mainly activates RAGE receptors rather than TRL receptors. 

IL-1β is an effective pro-inflammatory cytokine that is associated 
with wound healing [45,46]. It is produced and secreted by a variety of 
cell types, including macrophages, which are essential for the host de
fense response to infection and injury. It is produced as an inactive 
precursor, termed pro-IL-1 β, in response to the activation of the NF-κB 
pathway by DAMPs, which is generally referred to as a priming step. The 
primed cell must encounter an additional DAMP that activates multiple 
PRRs to form inflammasomes and induce the processing and secretion of 
caspase-1-dependent active IL-1 β molecules [47,48]. Among them, 
HMGB1 is the main DAMP that induces the production of pro-IL-1β and 
the maturation of IL-1β through RAGE [38]. In our study, we found that 
IL-1β mRNA gene expression increased in the gingival tissues of 
malnourished mice 7 days after tooth extraction, which revealed that the 
increase in extracellular HMGB1 might promote IL-1β production and 
lead to prolonged inflammation. CCL2, also known as monocyte 
chemotactic protein 1, is a small pro-inflammatory cytokine that is 
believed to be involved in the early recruitment of macrophages [49]. 
This increased slightly 3 days after tooth extraction. However, it did not 
cause inflammatory changes. The wound surface was exposed to oral 
cavity in this study. There may be alternative reactions if the wound 
surface was covered by anti-microbial dressing [50], because malnu
trition causes alternations in immune reactions. 

ATP mainly provides energy to the cells. Changes in nutrients in the 
environment alter the ATP production pathway [51]. When ATP is 
rapidly hydrolyzed into ADP or AMP, a large amount of free energy is 
released to maintain the cell function [52]. On the contrary, ATP is a 
DAMP that modulates inflammatory cell recruitment [53,54]. ATP acts 
as an important messenger in cellular processes such as bone formation 
and absorption, synaptic transmission, blood pressure regulation, and 
inflammation when it reaches the extracellular milieu due to plasma 
membrane damage, necrosis, or non-dissolving pathways. ATP regulates 
HMGB1 release during necrosis [55]. Extracellular ATP stimulates cell 
migration through the P2X7 receptor and causes the release of HMGB1 
through the P2X7 receptor [56,57]. Moreover, ATP significantly en
hances the secretion of IL-1 in a time- and dose-dependent manner [58]. 
Extracellular ATP activates the NLRP3 inflammasome through the P2X7 
receptor to induce caspase-1-dependent IL-1β release, which is one of 
the most famous and widely used stimuli [56,59]. In this experiment, the 
extracellular ATP concentration increased in the gingival tissues 7 days 
after tooth extraction in malnourished mice, demonstrating that the 
increased extracellular ATP may promote the secretion of HMGB1 from 
the nucleus and the production of the inflammatory factor IL-1β. 

In summary, 7 days after tooth extraction under the state of 
malnutrition, ATP is released from the cell to function as a messenger 
and promotes the increase of HMGB1 secretion by activating the P2X7 
receptor. HMGB1 activates the RAGE receptor to promote the polari
zation of macrophages to M2 macrophages and produce the precursor 
protein pro-IL-1β through the NF-κB pathway. HMGB1 and ATP as 
DAMPs activate the P2X7 receptor together to generate the assembly of 
the NLRP3 inflammasome, which triggers the cleavage of the precursor 
protein pro-IL-1β by caspase 1 into mature IL-1β and releases it. These 
results lead to prolonged inflammation and delayed healing of the 
extraction wound (Fig. 7). 

Fig. 6. Increased ATP in gingiva after tooth extraction in malnourished mice. 
Gingival tissues, including tooth-extracted sockets, were homogenized to 
determine the ATP concentration. Results were normalized to those of the ATP 
standard and are presented as fold changes in comparison to the un-extracted 
group. The ATP concentration varied, but no statistical difference was 
observed on day 3. However, it increased in the tooth-extracted tissues of 
malnourished mice on day 7. One set of mice was used for each day, but an 
extra mouse for the malnutrition on day 3. un-ext: un-extracted; ext: extracted. 
Data are presented as mean ± SD. Results were normalized to those of the ATP 
standard and were presented as fold changes in comparison to the un-extracted 
group. Statistical significance is indicated by * P < 0.05 and *** P < 0.001. 
One-way ANOVA followed by post hoc Fisher’s LSD test was performed. 
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Unfortunately, significant results of IL-1β were not obtained in the 
malnourished mouse model 3 days after tooth extraction. Therefore, the 
reason for the reduction in inflammation during the initial process of 
tooth extraction wound healing remains unclear. Similarly, the amount 
of IL-1β protein and related receptors such as P2X7, RAGE, and TLRs, 
and pathways should be evaluated to further improve the understanding 
of the mechanism of inflammation prolonging malnutrition. It should 
also be determined whether anti-HMGB1 antibodies promote the heal
ing of tooth extraction wounds in malnourished mice to confirm 
whether HMGB1 plays a major role in this process. The traditional 
method of providing nutrition supplements is a long-term treatment 
process that has little effect on wound healing. Research on the mech
anism of delayed wound healing in individuals with malnutrition may 
provide a new perspective on the targeted promotion or inhibition of 
short-term diseases associated with malnutrition. Moreover, long-term 
chronic inflammation related to malnutrition is generally believed to 
cause a variety of chronic inflammatory diseases, such as chronic kidney 
disease and neurodegenerative diseases [31,60]. Inhibition of HMGB1 
may also help in the treatment of these diseases. Nonetheless, it should 
be noted that whether anti-HMGB1 antibodies affect prolonged 
inflammation in malnutrition requires further research. 
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