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ABSTRACT 

 

Effects of 4-Hexylresorcinol 
on Mandibular Growth in Rats  

by Histone Deacetylase Inhibition 
 

In-Song Lee, DDS, MSD 

 

Department of Orthodontics, Graduate School, 

Seoul National University 

(Directed by Professor Tae-Woo Kim, DDS, MSD, Ph.D) 

 

 

Objective: Histone deacetylase (HDAC) is known to affect bone formation 

and resorption by deacetylating non–histone proteins such as transcription factors. 

Therefore, there have been many attempts to utilize histone deacetylase inhibitor 

(HDACi) to treat bone–related diseases. 4-Hexylresorcinol (4HR) has been 

studied for a long time as a food additive for anti-browning effect in shrimp and 

fruits, and was discovered to have anti-inflammatory and anti-microbial effects. 

Recently it was suggested to have an effect of Class I histone deacetylase inhibitor 

(HDACi). Therefore, the objective of this study was to evaluate the followings: 

(1) whether 4HR inhibited the activity of HDACs in Saos-2 cells, and (2) the 

effects of 4HR application on mandibular growth in rats. 

 



 

 

Methods: In vitro study, cultured Saos-2 cells were treated with either 4HR 

(1, 10, 100 µM) or solvent only. Cellular lysates were collected after 2, 8 or 24 

hours using protein lysis buffer. Collected lysates were used for western blotting 

of HDAC1, HDAC3, HDAC4, HDAC5, Ac-lys, H3, and Ac-H3. To assess the 

activity of Class I HDAC, inhibitory assay was used. The expression level of ATP, 

MMP, and oxygen consumption in Saos-2 cells was also measured with assay kits. 

In vivo study, total 30 of 4 weeks-old Sprague-Dawley rats (15 males and 15 

females) were divided into four groups. Control female (n=5) and control male 

(n=5) groups received only solvent, and experimental male (n=10) and 

experimental female (n=10) groups received 12.8mg/kg of 4HR into the 

sublingual area via subcutaneous injection every week. Body weight was also 

recorded weekly basis. After 12 weeks from the first administration, rats were 

euthanized and serum and craniofacial head samples were collected. Serum was 

analyzed for immunoprecipitation high-performance liquid chromatography (IP-

HPLC) to assess the expression of growth factors, hormones and osteogenesis-

related proteins in each group. Micro-computerized tomography images of rat 

skulls were used for anthropometric measurements and the independent samples t 

test was performed to evaluate if there was a statistically significant difference 

between groups. 

 

Results: 1) The 4HR administration reduced the activity of Class I HDAC & 

Class IIa HDAC (HDAC4, HDAC5) significantly in Saos-2 cells (p < 0.05).  

2) In the animal experiments, 4HR received rats showed different results 

according to male and female. Male rats in the 4HR group showed significantly 



 

 

smaller mandibular size with decreased testosterone level and body weight than 

those of male rats in the control group (p < 0.05). In addition, female rats in the 

4HR group showed larger mandibular size with elevated growth hormone levels 

than that of female rats in the control group (p < 0.05). 

 

Conclusions: 4HR exhibited HDACi activity in Saos-2 cells and resulted in 

different changes in body weight and mandibular size between sexes in growing 

rats. These findings indicated a possibility that 4HR could be a therapeutic target 

agent for the regulation of mandibular development in orthodontic patients. 

However, further studies required to understand the detailed mechanism of how 

4HR affected on mandibular growth as an HDACi.   

 

Keywords: 4-hexylresorcinol; histone deacetylase; mandible; testosterone 
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I. INTRODUCTION 

 

There are no objections that growth and development are mainly managed by 

genetic regulation. However, identical twins who share same genes develop 

prominent divergences in their genomic distribution over time.1 This means both 

genetic regulations and environmental regulations influence gene expression, and 

epigenetics can be one crucial explanation in this aspect. Epigenetics means 

structural chromatin changes that do not include DNA sequence. This involves 

DNA methylation, chromatin remodeling, histone modification, and micro RNAs. 

Of these mechanisms, histone modification is the mechanism that trigger 

expression and manipulation of DNA by post-translational modification via 

acetylation, methylation and phosphorylation in the histone amino (N)-terminal 

tails of nucleosome.2,3  

Histone acetylation is controlled by two opposingly acting enzymes, histone 

acetyltransferases (HATs) and histone deacetylases (HDACs). HDACs remove an 

acetyl group from the ε-amino group of lysine side chains. By doing this, they 

strengthen the electrostatic interactions between DNA and histones, causing 

condensed chromatin, which downregulate transcription.3 18 HDAC enzymes 

have been discovered in humans, which can be divided into four families 

depending on their structure, function and subcellular location. Class I (HDAC1,  

2, 3 and 8); Class IIa (HDAC4, 5, 7 and 9); Class IIb (HDAC6 and10); and Class 

IV (HDAC11) HDAC families require a Zn2+ ion for catalysis, while Class III 

(sirt1-7) HDAC family is nicotinamide adenine dinucleotide (NAD+) dependent 

enzyme.4 
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Bone is a metabolically dynamic tissue that is remodeled through tight 

regulation of bone resorption followed by new bone formation. These processes 

are controlled by bone-resorbing osteoclasts and bone-forming osteoblasts. The 

differentiation and the activity of osteoclasts and osteoblasts are regulated by 

specific principal genes and are closely controlled by the combine of transcription 

factors and their co-factors. It has been reported that some HDACs play pivotal 

roles in the ossification process by impacting these factors. 5,6,7  

Histone deacetylase inhibitor (HDACi) is a small molecule which can make 

HDACs inactive by integrating into their catalytic site. HDACi can play a pivotal 

role in epigenetic regulation, affecting cell proliferation, differentiation, cell cycle 

arrest, apoptosis, and cell death. Therefore, recently they have been being utilized 

as a treatment agent for various diseases such as mood disorder, epilepsy and 

cancer.8 Since HDACs can affect bone development, many attempts have been 

tried to figure out whether HDACi can also effect on bone-related diseases. While 

HDACi inhibited osteoclastogenesis and promoted osteoblast differentiation in 

vitro studies,9,10,11,12 there were clinical reports that long term exposure of HDACi 

reduced bone mineral density and escalated fracture risk in humans.13,14 It is 

necessary to figure out the precise mechanism of how HDACi influences bone 

development and remodeling. 

4-Hexylresorcinol (4HR) is synthetic resorcinolic lipid and is used as an 

antiparasitic and antiseptic agent since 1920s.15 It also has been used as a food 

additive as a potent inhibitor of tyrosinase and has been tested for toxicity for a 

long time.16 As 4HR is reported to have various effects such as anti-microbial 
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effect, anti-cancer effect, and anti-inflammatory effect, diverse attempts are in 

progress to utilize 4HR in different medical and biological fields.17 

Interestingly, it was suggested that 4HR could play a role as an HDACi.18 

Every HDAC has a hydrophobic pocket as an enzymatic domain and 4HR has a 

hydrophobic long alkyl group which can block this pocket. 4HR also has shown to 

inhibit HDAC activity and their expression. Therefore, we would like to figure out 

the followings: (1) whether 4-hexylresorcinol (4HR) inhibited HDAC activities in 

Saos-2 cells, and (2) the effects of 4HR application on mandibular growth in 

growing rats. 
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II. REVIEW OF LITERATURE 

 

1. Epigenetics and histone deacetylase  

 

In 1942, Waddington introduced the concept of epigenetics as “the branch of 

biology which studies the causal interactions between genes and their products, 

which bring the phenotype into being”.19 Epigenetics is the study of how cells 

regulate gene expression and their activity without changing DNA sequence 

inherited from parents. Epigenetics can explain the variations of gene expressions 

between individuals who shares same genomes, such as disease resistance and 

immune response. Epigenetic changes can occur through DNA methylation, 

histone modification and non-coding RNA. 

Nucleosomes are the basic units of DNA consisting of a segment of DNA 

and eight histone proteins around which DNA is coiled. They serve as the 

fundamental unit of chromatin which makes the DNA to be compressed into a 

smaller volume.  

In 1964, Allfrey et al. suggested that RNA synthesis in vitro was inhibited 

less effectively by chemically acetylated histones than by native histones.20 The 

authors suggested that acetylation might be a role of switch of RNA synthesis. 

Later then, the actual electron micrographs of spread chromatin was revealed in 

1974 and other studies confirmed his theory. 

An enzyme activity that catalyzes the removal of acetyl functional groups 

from histones was first discovered in a calf thymus extract in 1969.21 Histone 
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deacetylases (HDACs) are the enzymes that catalyze the removal of negatively 

charged acetyl functional groups from the lysine residues from histones. They 

compact chromatin and restrict the accessibility of transcription factors to the 

DNA. They were first identified in yeast.22 There are 18 HDACs in human and 

they can be divided into four classes based on their function, subcellular location, 

and structure. They can be divided into four different classes. The Class I, II, and 

IV HDACs are numbered in the order of discovery.23  

Class I HDACs comprise four members: HDAC1, 2, 3 and 8. They are 

usually observed in cell nuclei4 and have similarity in sequence with the yeast 

reduced potassium dependency 3 (Rpd3) protein. They are omnipresently 

expressed in most tissue and exert strong enzymatic activity to histone substrates. 

Thus, they are essential for gene transcription, DNA repair, and cell survival.24  

Class II HDACs share similar sequence with the S.cerevisiae protein Hda1 

and can be divided into two subclasses, Class IIa and Class IIb. HDAC4, 5, 7 and 

9 constitute Class IIa HDACs and HDAC6 and 10 constitute Class IIb HDACs.25 

Class IIa HDACs have a long N-terminal domain besides their C-terminal 

catalytic domain.26 Class II HDACs are able to commute between the cell nucleus 

and cytoplasm. They seem to be expressed in a tissue-specific manner. 

Class III HDACs are homologues of S. cerevisiae protein and include the 

sirtuins 1-7. Since, they require the cofactor nicotinamide adenine dinucleotide 

(NAD+), they are regarded as NAD+-dependent enzyme. They transfer an acetyl 

group from lysine to NAD+, creating O-acetyl ADP-ribose and nicotinamide, 

which becomes a feedback inhibitor of the enzymatic reaction. Their subcellular 

location varies. Sirt1 and Sirt2 are found in the nucleus and cytoplasm, and Sirt3-
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5 are predominantly located in mitochondria.27 Sirts are getting attention because 

they regulate inflammation, energy metabolism, and aging.28  

Class IV HDAC has the only member, HDAC11. It does not belong to Class 

I or II HDACs since its structure does not have similarity with either Rpd3 or 

hda1 yeast enzymes. Not many studies have been done regarding the roles of 

HDAC11 yet. 

 

2. Histone deacetylase and bone 

 

HDAC1 was proposed that its down regulation was related to the stimulation 

of osteoblast differentiation in vitro.29 HDAC1 knockout mice resulted in death by 

embryonic day 9.5 and HDAC2 knockout mice showed severe defect in 

morphogenesis.30 Conditional deletion of HDAC3 in neural crest demonstrated 

microcephaly, cleft secondary palate and dental hypoplasia.31 This meant that 

HDAC3 played an important role in regulation of craniofacial morphogenesis. 

HDAC8 deficiency caused primary alteration of cranial facial features which 

meant that it controlled patterning of the skull by repressing the abnormal 

expression of homeobox transcription factors.7 All these examinations indicated 

that Class I HDACs play essential roles in regulating endochondral ossification. 

HDAC4-null mice showed premature ossification of developing skeletons 

because of early onset chondrocyte hypertrophy.32 Another in vivo study also 

showed that HDAC4 integrates parathyroid hormone (PTH) and sympathetic 

signaling in osteoblasts.33 HDAC4 also modulated TGF-β and bone 

morphogenetic protein (BMP) signaling and affected skeletal development.34 
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HDAC5 knockout mice resulted in increased levels of the gene SOST 

(encoding sclerostin) and more sclerostin-positive osteocytes. This caused low 

trabecular bone density and decreased bone formation by osteoblasts.35  

HDAC6-deficient mice induced small increase in trabecular bone mineral 

density, implying that HDAC6 has a minor role in bone biology.36 Germline 

deletion of HDAC7 led early embryonic lethality before bone development 

occured.37 Suppressing HDAC7 levels increased the numbers of proliferating 

chondrocytes and negatively affected cancellous bone mass.38 HDAC9 knockout 

mice showed elevation of bone resorption and decrease of bone mass.39 This 

result suggested that HDAC9 regulated bone turnover by repressing osteoclast 

differentiation and bone resorption. Class II HDACs are also critical controllers of 

endochondral ossification like Class I HDACs by combining gene transcription 

responsive to cytokines and growth factors advocating bone and cartilage 

formation. 

Sirtuins are NADH-dependent protein deacetylases that regulate transcription 

and aging. Sirt1 is essential for the normal development and homeostasis of 

cartilage in vivo.40 Mice with defective Sirt1 showed defective cartilage and their 

degradation rate was elevated with age.40 Cartilage-specific Sirt1-conditional 

knockout (CKO) mice induced accelerated osteoarthritis progression under 

mechanical stress and aging.41 This indicated that Sirt1 played an important role 

in preventing the development of osteoarthritis.41 Reduced bone mineral density 

was observed in Sirt6 knockout mice and it was resulted from impairment of 

proliferation and differentiation in growth plate chondrocyte.42 
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3. Histone Deacetylase Inhibitor  

 

Histone deacetylase inhibitors (HDACi) are small molecules that can bind to 

HDACs and cause the accretion of acetylated histones and many nonhistone 

proteins that are involved in regulation of gene expression, cell proliferation, and 

cell death. Generally, HDACi contain equivalent structural features including: a 

zinc-binding group which can be considered as functional group by arranging the 

zinc ion in the active site, a cap substructure which interacts with amino acids of 

HDAC, and a linker binding the cap and the zinc-binding group at an adequate 

distance.43 HDACi can upregulate gene expression by inhibiting the enzyme 

activity of HDACs and have been used as treatment for numerous diseases such as 

cancer, osteoporosis, arthritis, epilepsy and mood disorder.44  

They can be divided as aliphatic acid compounds (e.g., sodium butyrate and 

valproate), cyclic peptides (MS-275), hydroxamic acids (SAHA, trichostatin A 

(TSA)), benzamides (Entinostat), sirtuins inhibitors (nicotinamide, sirtinol) 

according to their basic structure.45 TSA was the first natural hydroxamic acid 

discovered to inhibit HDACs.46 Vorinostat is the first HDACi to be approved for 

clinical use by the Food and Drug Administration. Vorinostat is a pan-inhibitor of 

Class I and Class II HDAC proteins. Valproic acid, sodium butyrate, TSA are 

pan-HDACi which can suppress different classes of HDACs. On the other hand, 

Romidespin and Entinostat (MS-275) are Class I selective HDACi. Up to date, 

total five agents have been approved for the treatment of various indications with 

confirmed HDAC-mediated working system.47  
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Many in vitro studies were conducted and suggested that HDACi could have 

advantageous effects in suppressing osteoclast resorption and promoting 

osteoblast bone formation. TSA was identified as an antiproliferative agent and a 

potent HDACi. It was found to be related with cell apoptosis or differentiation.48 

TSA inhibited RANKL-induced osteoclastogenesis from primary bone marrow-

derived macrophages by suppressing of c-Fos expression.49   

Sodium butyrate is very weak HDACi and considered as a broad acting agent. 

When it was applied to primary bone marrow cells isolated from femur and tibia 

from mice, it accelerated osteoblast differentiation of cells and increased calcium 

deposition in osteogenic cells.29 TSA also promoted osteoblast differentiation in 

C3H10T1/2 cells from mouse mesenchymal cell line.29 Sodium butyrate and TSA 

treatment in RAW264 cells from a murine macrophage cell line modulated 

osteoclastogenesis by inhibiting TNF-α–induced nuclear translocation of NF-κB 

and sRANKL-induced activation of p38 mitogen-activated protein kinase 

(MAPK) signals.50  

The cyclic depsipeptide largazole is the novel marine-derived HDACi and it 

induced the expression of alkaline phosphatase (ALP) and osteopontin (OPN) 

significantly in C2C12 cells.51 It also resulted in a significant increase in the 

activity and mRNA level of Runx2 and BMPs in C2C12 cells.51 

1179.4b; Class I & II HDACi, MS-275 (entinostat); Class I HDACi and 

SAHA; Class I and II HDACi showed more effective suppression of osteoclast 

bone resorption in vitro by reducing expression of the key osteoclast transcription 

factors during osteoclast differentiation.52 
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 However, these promising effects of HDACi on bone remodeling in vitro 

studies had to be reconsidered since clinical reports provided conflicting evidence. 

Valproate was reported to reduce axial and appendicular bone mineral density in 

children with epilepsy and might cause the osteoporotic fractures.13 Epileptic 

adults treated with valproate for more than one year showed decrease in bone 

mineral density.53 SAHA (Vorinostat) treatment inhibited tumor growth in bone 

but had an osteolytic effect on normal trabecular bone mass in mice.54  

 

4. Biological activity of 4-hexylresorcinol and histone 

deacetylase inhibitor  

 

4 hexylesorcinol (4HR) is most well learned alkylresorcinol derivative and 

also known for its pharmacological characteristics as antiseptic and anthelmintic. 

It is viscous liquid in pale yellow color and becomes solid on standing at room 

temperature. Since it has been studied for a long time as a browning inhibitor in 

food, it has achieved GRAS (Generally Recognized as Safe) status as a food 

additive.55 It is considered that 4HR can bind to tyrosinase by substituting with its 

natural substrate, L-tyrosine, and inhibiting its enzymatic activity.56  

4HR is also used as an antiseptic agent and served as an ingredient of topical 

drug in oral gargle and sore throat lozenges.57 Its antimicrobial activity is related 

to the characteristics of phenolic lipids of the alkylresorcinol group.58 4HR was 

also reported to be highly effective in treating mouse model with sepsis when 

combined with antibiotics as an adjuvant.58 
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4HR can inhibit the phosphorylation of the nuclear factor kappa B (NF-κB) 

signaling pathway and result in the suppression of this pathway. NF-κB signaling 

pathway is known to be related to osteoclast differentiation.59 When porcine bone 

particles were incorporated with 4HR, they appeared to increase new bone 

formation significantly than control group.59 4HR also stimulated new bone 

formation in rabbits with parietal defect.60 

4HR was observed to have some structural similarity with HDACi.18 HDACs 

have a deep hydrophobic pocket with zinc ion as the enzymatic site. Since the 

long six carbon alkyl group is strongly hydrophobic, it can block the hydrophobic 

pocket of HDACs and reduce their activity.18 Although it was much lower than 

TAS, 4HR showed HDACi activity in HUVECs.18  
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III. MATERIALS AND METHODS 

 

Part1. Cell culture experiments 

 

1-1. Saos-2 cells culture 

Saos-2 cells (Korean cell line bank, Seoul, Korea) were cultured in a 

humidified CO2 incubator at 37°C. The medium was RPMI 1640 (ThermoFisher 

Scientific, Waltham, MA, USA) added with fetal bovine serum and antibiotics.  

 

1-2. Western blot  

Saos-2 cells were processed with 1, 10, and 100 µM 4HR for 2, 8, or 24 

hours when they were about 70% confluently cultured; control cells were handled 

with solvent only (0.1% dimethyl sulfoxide) in culture medium. Cultured cells 

were collected with 0.01% trypsin and 1 mM EDTA. Cellular lysis was done 

using a protein lysis buffer (PRO-PREPTM, INtRON Biotechnology INC, 

Sungnam, Korea). Collected lysates were consumed for the Western blotting of 

Ac-lys, H3, Ac-H3, HDAC1, HDAC3, HDAC4 and HDAC5. Antibodies for the 

test were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The 

quantification was conducted as previously explained.17, 18 The one-way ANOVA 

was employed to determine the statistical difference between groups and followed 

by the Bonferroni comparisons. P< 0.05 was considered significant. 

 

1-3. HDAC inhibitory assay 
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HDAC enzyme activity followed by 4HR application was evaluated by a 

commercially available kit (CAT: ab156064, Abcam, Cambridge, UK). Saos-2 

cells received 1, 10, and 100 µM of 4HR, and cellular lysates were gathered after 

2, 8, and 24 hours. The following process was consistent with the manufacturer’s 

protocol. The activity of Class I HDAC (HDAC1, 2, 3, and 8) was calculated with 

this kit as stated in the product datasheet. HDAC assay substrate and buffer were 

supplemented to the reaction wells. Inhibitor and developer were placed inside 

wells and completely blended. The prepped samples were added to each well and 

incubated for 20 min at room temperature. Then, the stop solution was added and 

incubated for 10 min at same temperature. Fluorescence intensity was measured 

with a plate reader.  

 

1-4. Adenosine phosphatase (ATP) measurement  

ATP was detected using a luminescent ATP detection assay kit (CAT: 

ab113849, Abcam, Cambridge, UK). To assess the effects of 4HR administration 

on ATP levels, 1, 10, and 100 μM 4HR were treated, and cellular lysates were 

gathered after 8 and 24 hours. The following procedure was performed 

correspondingly with the manufacturer’s protocol. Shortly, the medium was added 

into the control wells, and the ATP standard was added into standard wells. The 

detergent solution was applied and incubated for 5 minutes. Then, the substrate 

solution was added and incubated for 5 minutes. The plate was stored in a dark 

room for 10 minutes. Luminescence was measured using a plate reader.  
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1-5. Mitochondrial membrane potential (MMP) measurement 

Mitochondrial membrane potential (MMP) was measured by means of a 

commercially available kit (CAT: MAK159, Sigma-Aldrich, MA, USA). After 

preparing cells on plates, we prepared the JC-10 Dye Loading Solution by adding 

50 μL of 100× JC-10 to 5 mL of Assay Buffer A. Cells were applied with 10 μL 

of 10× test compounds to stimulate apoptosis. In parallel, negative (vehicle only) 

and 4HR-treated samples were set up. The cells were incubated for 24 hours. JC-

10 Dye Loading Solution (50 μL) was added to each well. Light was blocked to 

protect cells and cells were stored in a 5% CO2, 37 °C incubator for 30 minutes. 

Assay Buffer B was added at 50 mL to each well. The fluorescence intensity was 

measured at 490 and 540 nm. The ratio of red/green intensity was used to 

determine MMP. 

 

1-6. Oxygen-consumption measurement 

Oxygen consumption assay was carried out using oxygen consumption assay 

kit (CAT: ab197243, Abcam, Cambridge, UK). Briefly, Saos-2cells (4.0×104 

cells/well) were put on 96-well cell culture plates and incubated overnight in a 

CO2 incubator at 37°C. After media was removed from all wells and they were 

substituted with 150 μL of fresh culture media. Reconstructed extracellular O2 

consumption reagent (10 μL) was added to each sample well. For the blank 

control well, 10 μL of fresh culture media was added. Each well was enclosed by 

adding 100 μL of pre-warmed high sensitivity mineral oil. For the measurement, 

the prepared plate was inserted into a fluorescence plate reader preset to the 

measurement temperature (37 °C). 
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Part2. Animal experiments 

 

2-1. Animal study design 

Total 30 of Sprague Dawley rats (15 males and 15 females) were included in 

this study. All rats were 4 weeks old and came from the same ancestors. The 

initial body weight of male rats was 87-90 g and that of female rats was 85-86 g at 

the time of arrival. The rats were divided into four groups; experimental male 

group (EM, n=10), control male group (CM, n=5), experimental female group (EF, 

n=10), and control female group (CF, n=5). Experimental groups received 12.8 

mg/kg of 4HR via subcutaneous injection in sublingual area every week. Control 

groups received same amount of solvent (0.1% dimethyl sulfoxide). The injection 

was carried out for 12 weeks and body weight was also recorded weekly basis. 

When rats were 16 weeks old, 12 weeks after the first administration, all rats were 

anesthetized with enfluorane and whole blood was collected from the heart. It was 

reserved in heparinized tube and centrifuged. Supernatant serum was collected for 

further analysis. After collecting blood, rats were euthanized by paraformaldehyde 

injection. Head samples were acquired for mCT analysis. This animal study was 

approved by Institutional Animal Care and Use Committee, Gangneung-Wonju 

National University (GWNU-2021-2-1). 

 

2-2. Immunoprecipitation high-performance liquid chromatography 

(IP-HPLC) 

Each 20 μL of arterial blood plasma obtained from experimental and control 

groups was immunoprecipitated using antisera of growth hormone (GH), growth 
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hormone-releasing hormone (GHRH), platelet-derived growth factor-A (PDGF-

A), estrogen receptor-β (ERβ), insulin, parathyroid hormone (PTH), progesterone, 

trans-forming growth factor-β1 (TGF-β1), tumor necrosis factor-α (TNFα), 

prostate-specific antigen (PSA), testosterone, bone morphogenic protein-2 (BMP-

2), BMP-3, BMP-4, osteonectin, osteopontin, osteocalcin, osteoprotegerin (OPG), 

receptor activator of NF-κβ (RANKL), runt-related transcription factor-2 

(RUNX2), osterix, and alkaline phosphatase (ALP). It was followed by HPLC 

analysis and proportional data (%) were plotted on a line graph and a star plot.  

 

2-3. Micro-computerized tomography (mCT) 

Images of rat heads were taken by μCT50 (Scanco Medical, Brüttisellen, 

Switzerland) at the Center for Scientific Instruments, Gangneung-Wonju National 

University (Gangneung, Korea). Source voltage was set as 90 kVp. Aluminum 

filter was used and image pixel size was 9.04 μm. The scanned images were 

reconstructed using the 3D Slicer 4.11 software (free software available from 

“www.slicer.org”). 

The definition of landmarks used in this study was shown in Table 1. The 

linear measurements of rat skull shown in Figure 1 were implemented on the 

scanned images. Briefly, total mandibular length I was Co to B1 distance. Total 

mandibular length II was Co to Id distance. Total mandibular length III was Co to 

Me distance. Corpus length I, II, III, and IV were Go-B1, Go-Id, Go-Me, and Go-

M1, respectively. Ramus height I, II, and III were L1-L1’, Cp-Cp’, and Co-Gn, 

respectively. Bicondylar mandibular width was Co to Co, zygomatic width Zy to 

Zy, and maxillary molar width L2 to L2. The statistical significance of the 
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differences of the mean measurements between the experimental and control 

groups, each matched by sex, was determined by independent samples t-test. P< 

0.05 was considered significant. 
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IV. RESULTS 

 

1. Administration of 4HR inhibited HDAC activity and increased the 

protein acetylation level in Saos-2 cells 

4HR administration decreased the expression level of HDAC1, HDAC3, 

HDAC4, and HDAC5 in Saos-2 cells (Figure 2). When the relative expression 

level of each HDAC to β-actin was compared among groups, their expression 

level in Saos-2 cells applied with 1, 10, 100 μM of 4HR decreased significantly (p 

< 0.01). In the post-hoc test, 100 μM 4HR treatment resulted in significantly 

lower expression level of HDAC1 compared with the untreated control group at 8 

h (p = 0.038). When observed at 24 hours after 4HR treatments, 10 and 100 μM 

4HR treatments resulted in significantly lower expression level of HDAC1 

compared with the untreated control group (p = 0.006 and < 0.001, respectively). 

The expression level of HDAC3 was significantly low in 100 μM 4HR treated 

cells when compared with the untreated control group at 8 hours (p < 0.001). 

When observed 24 hours after 4HR treatments, 1, 10, and 100 μM 4HR treatments 

resulted in significantly lower expression level of HDAC3 compared to the 

untreated control group (p < 0.001). 10 and 100 μM 4HR treatments resulted in 

significantly lower expression level of HDAC4 compared with the untreated 

control group at 24 h (p = 0.007 and < 0.001, respectively). 10 and 100 μM 4HR 

treatments resulted in significantly lower expression level of HDAC5 compared 

with the untreated control group at 24 h (p = 0.001 and < 0.001, respectively). 

The administration of 4HR (1-100 μM) decreased the activity of Class I 

HDAC (Figure 3). When compared HDAC activity among groups, its activity in 
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Saos-2 cells treated with 4HR (1 μM – 100 μM) was reduced significantly at 8 

and 24 h (p < 0.001 and 0.009, respectively). In the post-hoc test, 10 and 100 μM 

4HR treatments resulted in significantly lower values compared with the untreated 

control group at 8 h (p = 0.003 and < 0.001, respectively). When observed 24 h 

after 4HR treatments, 100 μM 4HR treatments resulted in significantly lower 

values compared with the untreated control group (p = 0.009). 

The acetylation of histone 3 (H3) was increased by 4HR administration (1-

100 μM) (Figure 4). When the relative expression ratio of Ac-H3 to H3 was 

compared among groups, the ratio in Saos-2 cells treated with 4HR (1 μM – 100 

μM) increased significantly (p < 0.001). In the post-hoc test, 4HR treatments (1 

μM – 100 μM) resulted in significantly higher ratio of AC-H3 to H3 compared 

with the untreated control group (p = 0.003 for 1 μM at 2h and p < 0.001 for the 

other groups). The protein acetylation level for whole cell lysates demonstrated 

that 4HR administration increased proteins’ acetylation level (Figure 5). 

Oxygen consumption was decreased by 4HR administration (Figure 6). 

Thereafter, the production of ATP was decreased by 4HR administration in Saos-

2 cells (Figure 7). Mitochondrial membrane potential (MMP) was increased by 

20% after 100 μM 4HR administration (Figure 8).  

 

2. Administration of 4HR decreased serum testosterone level and 

mandibular length in male rats 

In this study, no significant difference was observed in body weight between 

groups of female rats (p > 0.05). On the other hand, experimental male (EM) 

group showed a significant decrease in body weight compared to the control male 



 

20 

 

(CM) group (p = 0.001). At 16 week, the body weight of the CM group was 492.5 

± 10.5 g, and that of the EM group was 435.2 ± 7.5 g, which was approximately 

one week behind than the CM group (Figure 9A). The size of facial skeleton was 

observed to be slight smaller in the EM group compared to that in the CM group 

(Figure 9B). When the length of mandible was compared, the mandible of the EM 

group was slightly smaller than that of the CM group (Figure 9C). 

The measurements for the mandibular length were generally smaller in the 

EM group compared to the CM group (Table 2). The EM group had significant 

smaller in total mandibular length II, III, corpus length I, II, III, IV, and ramus 

height II compared to those in the CM group (p < 0.05). It drew attention that this 

pattern tended to be opposite in female rats. The measurements for the mandibular 

length were larger in the EF group than the CF group (Table 2). The EF group had 

significant larger in total mandibular length I, II, III, corpus length I, and ramus 

height I compared to those in the CF group (p < 0.05). 

Serum testosterone level in groups of male rats was statistically significant (p 

= 0.036). It was 20.38 ± 6.90 ng/mL in the CM group and 7.03 ± 2.10 ng/mL in 

the EM group (Figure 10). However, that of the CF group was 0.84 ± 0.36 ng/mL 

and 0.43 ± 0.17 ng/mL in the EF group (p > 0.05). In case of serum 17β estradiol 

level, all groups showed similar value and there was no statistically significant 

difference (p > 0.05). 

In the immunoprecipitation-high-performance liquid chromatography (IP-

HPLC), the EM group showed decreased levels of PTH (by 23.8%), testosterone 

(16.9%), osteopontin (12.6%), progesterone (7.3%), and OPG (7.2%) significantly 

compared to the CM group, while the EF group showed increased levels of GH 
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(by 12.9%), insulin (7.9%), GHRH (5.8%), osteocalcin (4.5%), and OPG (4%) 

compared to the CF group (p < 0.05) (Figure 11).  



 

22 

 

V. DISCUSSION 

 

This study showed that 4HR manifested HDACi activity in Saos-2 Cells 

(Figure 2 and 3). Administration of 4HR inhibited HDAC activity in a time- and 

dose- dependent manner. As a result, it also escalated the acetylated protein levels 

in Saos-2 cells (Figure 4 and 5). When 4HR was injected subcutaneously in the 

mandible of growing rats, only male rats showed reduced body weight (Figure 

9A) with decreased serum level of testosterone than control groups (Figure 10A). 

Interestingly, the length of mandibles was decreased in the same group (Table 2 

and Figure 9C). On the contrary, there was no significant difference in body 

weight among female rats (p > 0.05) and mandibular length exhibited the increase 

in the experimental female (EF) group (Table 2 and Figure 9C). It was noteworthy 

that this was the first study to report the effect of 4HR administration on 

mandibular morphology alteration in growing rats. 

The 4HR originally has been used as a food additive to prevent the browning 

of fruits and shrimp.16 Although 4HR is assumed to be pseudo-estrogen61, it did 

not show an estrogenic effect in the ovariectomized rats.62 In this study, the serum 

level of estrogen was not significantly different between the EF and CF groups (p 

> 0.05; Figure 10B). In the previous study, 4HR demonstrated HDACi activity in 

human umbilical endothelial cells (HUVECs)18 and it was confirmed that 4HR 

could act as an HDACi in Saos-2 cells (Figure 2,3 and 4). As we discussed earlier, 

HDACi had anticancer and anti-inflammatory effects and it seemed like that same 

applied for 4HR. 
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While 4HR administration caused no difference in body weight of female 

groups, there was a delayed body weight increase (approximate a week behind) in 

the EM group (Figure 9A). It could be suggested that the low serum level of 

testosterone in the EM group comparing to the CM group (p < 0.05; Figure 10A) 

was responsible for this result and it was proved also in IP-HPLC assay (Figure 

11A). However, the serum level of testosterone varied significantly in male 

laboratory rats and it was reported to be 2-48 nm/L.63 Even though the EM group 

exhibited a significantly smaller testosterone serum level than that of the CM 

group, still the value of the EM group belonged to the physiological range (Figure 

11). Therefore, the difference in the body weight and mandibular size between 

groups might have more impact to the results. It has been reported that the sex 

hormone could affect the craniofacial growth, and orchiectomy mice showed 

more significant inhibition in the craniofacial growth than ovariectomized 

mices.64 However, the effect of orchiectomy on the mandibular alveolar bone was 

shown as a delayed pattern in 3-month-old rats compared to that of ovariectomy.65 

Ovariectomy increased the body weight of 3-month-old female rats, but 

orchiectomy did not change the body weight of 3-month-old male rats.66 In the 

following study with the same group, orchiectomy resulted in significant low 

body weight and low bone mineral density of mandible in male rats.66  

There were not many researches that investigated the relationship between 

HDACi and testosterone serum level. Valproic acid (VPA) is the medication 

mainly used to treat epilepsy and bipolar disorder by inhibiting HDAC activity.47 

It was reported that it might influence the steroid hormone level and testosterone 

was decreased in VPA- treated male mice.67 At the same time, VPA application 
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caused significant increase in testosterone secretion on cultured porcine ovarian 

follicular cells.68 Therefore, it could be told that the effect of VPA administration 

depended on the administration method and animal model.67 In this experiment, 

4HR administration escalated H3 acetylation level in Saos-2 cells, and it was 

similar to the result that VPA injection on newborn mice showed the increase in 

the H3 acetylation level.69 VPA treatment also eliminated sex differences of the 

bed nucleus of the stria terminalis (BNSTp) and it meant that a disruption of 

histone deacetylation might result in alterations in gene expression blocking the 

masculinizing action of testosterone in BNSTp.69 VPA administration reduced 

steroid hormone mainly by mediation of mitochondrial stress.70 Similarly, 4HR 

increased mitochondrial stress in Saos-2 cells (Figure 6, 7, and 8). There could be 

a related mechanism between 4HR and VPA in steroid-hormone-associated 

cellular response, but it needs to be examined in a further study. Sodium butyrate 

is also known as an HDACi binding to the zinc sites of Class I and II HDACs.47 

The effect of testosterone on C. elegans behavior was removed by sodium 

butyrate administration.71 Acute single administration of sodium butyrate 

administration increased H3 and H4 acetylation in the hippocampus.71 

The EM group exhibited small mandibles with a decreased PTH level 

(Figures 11A and Table 2). Patients with hypoparathyroidism showed significantly 

decreased inferior cortical thickness in the mental mandible.72 The systemic 

findings of Sanjad-Sakati syndrome also include hypoparathyroidism and 

micrognathic mandible.73 Although PTH regulated HDAC4 in UMR 106-01 

cells,74 the exact mechanism between HDACi and PTH expression is still to be 

resolved.  
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Female rats showed increased mandibular size after 4HR administration 

contrary to male rats (Figure 9 and Table 3). IP-HPLC results of the EF group 

exhibited elevated GH and GHRH levels compared to those of the CF group 

(Figure 11). It was reported that GH administration resulted increase in 

mandibular length and posterior facial height.75 Rats that were small for 

gestational age showed reduced body weight with increased HDAC and could be 

treated by exogenous GH administration.76 The administration of trichostatin 

A(TSA), which was an HDACi, increased GH-mRNA expression level in 

pituitary cells.77 However, the EM group did not show elevated expression of GH 

and GHRH (Figure 11). Reduced testosterone level might have had a much 

stronger effect on skeletal development than that of other hormones in the EM 

group. Testosterone level in the EF group was also lower than that in the CF 

group (Figures 10A and 11A). Because the baseline level of testosterone was 

too low in female rats, the difference induced by 4HR administration might not 

have had a strong effect on skeletal development. Instead of the testosterone effect, 

the elevated expression of GH and GHRH in the EF group might have induced 

mandibular growth (Table 3). However, the mechanism in sexual difference to 

4HR administration is yet to be clarified in detail. 
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VI. CONCLUSIONS 

 

In conclusion, the administration of 4HR on Saos-2 cells decreased Class 

I HDAC activity and the expression level of HDAC4 and HDAC5, which are 

Class IIa HDAC. Subcutaneous administration of 4HR on growing rats 

exhibited different results between sexes. Male 4HR-administered rats showed 

reduced body weight with small mandibles, but female 4HR-administered rats 

showed no significant body weight difference with larger mandibles. 

Several data indicated a possibility that 4HR could be used to regulate 

mandibular growth by acting as an HDAC inhibitor. However, the detailed 

mechanism of how 4HR affect the mandibular growth as an HDACi at molecular 

and cellular level needs to be further studied.  
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TABLES AND FIGURES 

 

Figure 1. The variables for linear measurements of the mandible, maxilla and 

zygoma used in this study using micro computed tomography (mCT) images 
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Figure 2. Expression level of HDAC1, HDAC 3, HDAC 4, and HDAC 5 

decreased by 4HR administration. When compared to untreated control, 10 

and 100 µM 4HR group showed significantly lower values at 8 and 24 h 

after administration (* p < 0.05).
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Figure 3. Histone deacetylase activity was decreased by 4HR administration. 

When compared to untreated control, 10 and 100 μM 4HR group showed 

significantly lower value at 8 and 24 h after administration (* p < 0.01). 
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Figure 4. The level of acetylated histone 3 (Ac-H3) increased by 4HR 

administration. When Ac-H3 to H3 ratio of untreated control was compared, 4HR 

administered groups showed significantly higher values (* p < 0.05). The level of 

acetylated histone 3 (Ac-H3) increased by 4HR administration. When Ac-H3 to 

H3 ratio of untreated control was compared, 4HR administered groups showed 

significantly higher values (* p < 0.05). 
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Figure 5. Protein acetylation level generally increased by 4HR administration, as 

shown in whole cellular lysates 
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Figure 6. The administration of 4-hexylresorcinol (4HR) decreased extracellular 

oxygen consumption in Saos-2 cells. The relative oxygen consumption level 

compared to untreated control was 97.1 ±1.8, 96.7 ±1.5, and 95.4 ±1.7 % for 1, 10, 

and 100 µM, respectively. Accordingly, 100 µM 4HR administration decreased 

4.6% of oxygen consumption in Saos-2 cells (p < 0.05). 
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Figure 7. The administration of 4-hexylresorcinol (4HR) decreased ATP level in 

Saos-2 cells. The ATP level was 54350.5 ±4826.5, 53766.5 ±4696.5, 51653.0 

±3286.0 and 47338.5 ±5362.5 RLU for untreated control, 1, 10, and 100 µM at 24 

h after treatment, respectively.  
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Figure 8. The administration of 4-hexylresorcinol (4HR) increased mitochondrial 

membrane potential (MMP) in Saos-2 cells. The relative MMP level was 103.0 ± 

5.22, 108.9 ± 2.31, and 109.1 ± 2.9 % for 1, 10, and 100 μM at 24 h after 

treatment, respectively. Accordingly, 10 and 100 µM 4HR administration 

increased MMP significantly in Saos-2 cells (* p < 0.05).  
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Figure 9. The results of animal study. (A) Body weight changes of each group. 

Compared to control male (CM) group, experimental male (EM) group showed 

smaller body weight (* p < 0.05). However, it was almost similar between control 

female (CF) group and experimental female (EF) group. (B) Three-dimensional 

reconstructed images of micro-computerized tomogram. The EM group had 

smaller facial skeleton compared to the CM group. On contrary, the CF group had 

smaller facial skeleton compared to the EF group. (C) When compared the 

mandibular size among groups, the mandible from the CM group was bigger than 

that from the EM group. However, female showed opposite tendency. 
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Figure 10. Serum level of sex hormone. (A) Serum testosterone level showed 

significant difference in male rats between experimental and control group (*p < 

0.05). However, there was no difference in serum testosterone level of female rats. 

(B) Serum 17β estradiol level did not showed any difference between groups (p > 

0.05). 
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(A) 

(B) 

 

Figure 11. IP-HPLC analysis. Expression of growth factors, hormones, and 

osteogenesis-related proteins in blood plasma of rats. (A) The expression profile 

of growth factors and hormone. (B) The expression profile of osteogenesis-related 

proteins.
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Table 1. The definitions of landmarks in mCT. 

Co Condylion Most posterosuperior point of condylar process 

Go Gonion Most posterior point of angular process of mandible 

Gn Gnathion 
Point on most inferior contour of angular process of 
mandible 

Me Menton 
Point on most inferior contour of lower border of 
mandible, adjacent to incisors 

Id Infradentale 
Most inferior point of the marginal alveolar bone of 
the lower central incisor 

M1  
Point on intersection between the mandibular alveolar 
bone and mesial surface of first molar 

B1  
Point on intersection between lingual surface of lower 
incisor and anteriormost part of lingual alveolar bone 

L1  Point on mesial occlusal fossa of lower first molar 

L1’  
Crossing point on Me–Gn perpendicular to Me–Gn 
from L1 

L2  
Most external point on buccal surface of lower first 
molar 

Cp Coronoid 
Process 

Point on most superior contour of coronoid process 

Cp’  
Crossing point on Me–Gn perpendicular to Me–Gn 
from Cp 

Zy Zygion Most external point of the zygomatic arch 
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Table 2. Comparison of linear measurements of the mandible, maxilla, and 

zygoma in male groups (* p < 0.05). 

  

 

Experimental  

Males (EM) 

Control  

Males (CM) 

 

  Mean SE Mean SE p-value 

Mandible 

Total mandibular 
length I 

27.39 0.16 27.86 0.18 0.077 

Total mandibular 
length II 

25.69 0.19 26.35 0.17 0.027* 

Total mandibular 
length III 

23.63 0.17 24.19 0.13 0.032* 

Corpus length I 27.81 0.16 28.54 0.20 0.009* 

Corpus length II 24.42 0.19 25.43 0.22 0.003* 

Corpus length III 21.26 0.15 22.20 0.16 0.001* 

Corpus length IV 20.06 0.14 20.80 0.17 0.003* 

Ramus height I 9.48 0.06 9.39 0.08 0.360 

Ramus height II 14.75 0.08 15.13 0.13 0.013* 

Ramus height III 12.41 0.11 12.74 0.09 0.051 

Bicondylior 
mandibular width 

19.70 0.16 19.80 0.10 0.300 

Bigonial mandibular 
width 

21.75 0.21 22.34 0.14 0.670 

Maxilla 
Maxillary molar 

width 
9.58 0.05 9.61 0.06 0.382 

Zygoma Zygomatic width 25.27 0.12 25.53 0.25 0.662 
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Table 3. Comparison of linear measurements of the mandible, maxilla, and 

zygoma in female groups (* p < 0.05). 

  

 

Experimental  

Females (EF) 

Control  

Females (CF) 

 

  Mean SE Mean SE p-value 

Mandible 

Total mandibular 
length I 

25.70 0.18 24.94 0.09 0.001* 

Total mandibular 
length II 

24.18 0.17 23.61 0.11 0.010* 

Total mandibular 
length III 

21.92 0.15 21.41 0.10 0.010* 

Corpus length I 26.47 0.21 25.73 0.16 0.009* 

Corpus length II 23.37 0.19 22.91 0.18 0.118 

Corpus length III 20.09 0.17 19.88 0.24 0.471 

Corpus length IV 18.92 0.17 18.52 0.14 0.115 

Ramus height I 8.59 0.07 8.19 0.09 0.002* 

Ramus height II 13.27 0.10 12.98 0.09 0.059 

Ramus height III 11.56 0.07 11.40 0.08 0.135 

Bicondylior 
mandibular width 

18.00 0.33 18.04 0.09 0.097 

Bigonial mandibular 
width 

18.84 0.41 18.51 0.37 0.934 

Maxilla 
Maxillary molar 

width 
9.28 0.16 9.30 0.08 0.584 

Zygoma Zygomatic width 23.66 0.21 23.10 0.19 0.942 
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국문초록 

 

4-Hexylresorcinol 의  

히스톤 탈아세틸화 효소 활성 억제가  

흰 쥐의 하악골 발육에 미치는 영향 
 

이 인 송 

서울대학교 대학원 치의과학과 치과교정학 전공 

(지도교수: 김태우) 

 

 

1. 목 적 

히스톤 탈아세틸화 효소는 후생유전적 변화의 주요 기전인 히스톤 

변형에 관여하며, 히스톤 단백질뿐 아니라 전사요소와 같은 비히스톤 

단백질에서도 탈아세틸화를 일으켜 골 형성의 분화 및 개조에 관여한다고 

알려져 있다. 따라서 히스톤 탈아세틸화 효소 억제제를 이용하여 골 관련 

질환을 치료해보고자 하는 시도들이 있어왔다. 4-Hexylresorcinol(4HR)은 

과일과 해물의 갈변을 방지하는 식품 첨가물로 오랜 기간 연구되면서 항균, 

항염 효과를 비롯한 다양한 효과가 보고되고 있다. 최근 연구에서 4HR이 

히스톤 탈아세틸화 효소 억제제의 역할을 할 수 있는 가능성이 밝혀졌다. 

따라서, 본 연구의 목적은 (1) 4HR이 Saos-2 세포에서 히스톤 탈아세틸화 

효소를 억제하는 작용이 있는지 알아보고, (2) 4HR의 투여가 흰 쥐의 

악골의 발육에 미치는 영향을 평가하는 것이었다.  
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2. 방 법 

생체 외 실험을 위하여 Saos-2 세포를 배양 후, 실험군에는 4HR (1, 

10, 100 µM) 을 처리하고 대조군은 용매로 처리하였다. 각 2, 8, 24 시간 후. 

배양된 세포들을 단백질 용해 버퍼액으로 처리한 후에 HDAC1, HDAC3, 

HDAC4, HDAC5, Ac-lys, H3 및 Ac-H3 에 대해 western blot을 시행하여 

단백질 발현 정도를 평가하였다. 이외에 시판 키트를 이용하여 4HR 투여에 

따른 Class I HDAC의 활성도 변화와 ATP, MMP, 산소소비량(oxygen 

consumption)의 발현 수준의 변화를 계측하였다. 

생체 내 실험을 위하여 생후 4주의 암컷 15마리, 수컷 15마리 총 

30마리의 흰 쥐(Sprague-Dawley)를 4개의 군으로 분류하였다. 암컷 

대조군(n=5)과 수컷 대조군(n=5)에는 용매를, 암컷 실험군(n=10)과 수컷 

실험군(n=10)에는 12.8 mg/kg의 4HR을 설하부위(sublingual area)에 

매주 피하주사 하였다. 체중 변화도 매주 측정하였다. 12주가 경과된 

상태에서 안락사한 다음, 혈액과 머리를 채취하였다. 실험군과 대조군의 

혈장을 이용하여 성장 관련 호르몬과 골분화 과정에 연관된 단백질의 

면역침강 액체크로마토그래프(immunoprecipitation high-performance 

liquid chromatograph: IP-HPLC)를 시행하여 발현수준을 측정하였다. 

실험군과 대조군의 머리를 마이크로 CT 영상을 이용하여 악골의 길이 측정을 

시행한 후 암컷과 수컷의 각 실험군과 대조군에서 통계적으로 유의성 있는 

차이가 있는지 독립표본 t검정을 이용하여 평가하였다. 

 

3. 결 과 
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1) 4HR을 처리한 Saos-2 세포에서 Class I HDAC와 Class IIa HDAC 

(HDAC4, 5)의 활성이 유의하게 억제되었다(p < 0.05). 

2) 동물실험에서 발육중인 흰 쥐에 4HR을 투여한 결과 암컷과 수컷 

간에 상이한 결과가 나타났는데, 수컷 실험군은 수컷 대조군에 비해 혈중 

테스토스테론 농도와 체중이 유의하게 감소되었으며(p < 0.05), 하악골의 

크기도 통계적으로 유의하게 작게 나타났다(p < 0.05). 반면, 암컷 

실험군과 대조군은 체중의 차이가 없었고 오히려 실험군에서 하악골의 

길이가 증가되었다(p < 0.05). 

 

4. 결 론 

4HR은 Saos-2 세포에서 히스톤 탈아세틸화효소 활동을 감소시키는 

억제제 역할을 하는 것이 관찰되었으며, 실험군에서 성별에 따라 하악골 

성장에 상이한 영향을 주는 것으로 나타났다. 이번 연구 결과는 4HR이 

교정 영역에서 하악골 성장 조절에 이용될 수 있는 가능성을 제시하였으나, 

4HR이 HDACi로서 하악골 발육에 어떻게 관여하는지에 관한 상세한 

기전은 향후 연구되어야 할 필요가 있다. 

 

주요어: 4-Hexylresorcinol, 히스톤 탈아세틸화 효소, 하악골, 테스토스테론 

학  번: 2010-31202 
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