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Cystathionine gamma lyase aggravates orthodontic root
resorption in mice
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Background: This study aimed to determine the contribution of cystathionine gamma lyase (CSE) to
physiological and orthodontic root resorption in mice.

Methods: Mice genetically deficient in the CSE (CSE™), the dominant hydrogen sulfide (H,S)—generating
enzyme in osteoclast were used in this study. Physiological and orthodontic root resorption was assessed
with micro computed tomography (micro-CT) and scanning electron microscopy (SEM) in the mice at the
age of 8-, 26-, and 52-week and in 8-week old mice following 1-, 2-, and 3-week orthodontic treatment,
respectively. Hematoxylin and eosin (HE) and tartrate-resistant acid phosphatase (TRAP) staining were used
for further determination of root resorption and the number of osteoclasts. The receptor activator of nuclear
factor kappa-B ligand (RANKL)/osteoprotegerin (OPG) level in surrounding alveolar bone of the maxillary
first molar after 2-week orthodontic treatment was measured by reverse transcription polymerase chain
reaction (RT-PCR).

Results: Root resorption lacunae (RRL) gradually and significantly increased with age in wild type
(WT) and CSE” mice. The CSE” showed less RRL. compared with the WT group. At each time point
of orthodontic treatment, the CSE” group had less RRL and osteoclasts than the WT group. The
orthodontically induced RANKL/OPG mRNA expression in the periodontal tissue in the CSE” group was
lower than that in the WT group.

Conclusions: CSE contributes significantly to physiological and orthodontic root resorption.
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Introduction 90% of orthodontic teeth would suffer from some degree
of tooth resorption (4). It seems that root resorption is an

Orthodontic tooth movement (OTM) is accompanied by unpredictable and unavoidable complication of orthodontic

periodontal tissue remodeling (1), which could improve
masticatory ability and restore aesthetics (2,3). However,
there are many risks associated with this procedure.
Root resorption is one of familiar complications during
orthodontic treatment. Previous studies showed that over
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treatment (5). This undesirable result can reduce tooth
stability, even cause permanent loss of the tooth. Various
cells and cytokines are involved in the complicated process
of orthodontic root resorption. Odontoclast with similar
biological features to osteoclast (6,7) has been considered
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to be responsible for the process of orthodontic root
resorption (8). Antibody against receptor of macrophage
colony-stimulating factor (M-CSF) blocked orthodontically
induced osteoclastogenesis, odontoclastogenesis and
root resorption (9-11). Osteoprotegerin (OPG)/RANK/
receptor activator of nuclear factor kappa-B ligand
(RANKL) signaling pathway is known to play a crucial
role in the differentiation of osteoclasts. OPG prevents
RANK mediated activation of osteoclastic differentiation
by binding to RANKL (12). Excessive orthodontic force
induced bone resorption on the surface of the alveolar
bone and increased OPG-positive cells and production
of RANKL/RANK in osteoclasts and odontoclasts in the
periodontal tissue, indicating OPG/RANK/RANKL might
be involved in the process of root resorption, (13,14).

Cystathionine gamma lyase (CSE) is a synthetase
for hydrogen sulfide (H,S), a gas transmitter produced
by the somatic cell. H,S contributes to a variety of
pathophysiological processes iz vivo (15). In recent years,
many studies have shown that CSE mediates osteoclast
activities (16,17). Whether CSE-H,S modulates the root
resorption by regulating osteoclasts and odontoclasts
remains unclear. The purpose of this study was to
investigate the effect of CSE on root resorption as well as
on OPG/RANKL expression under physiological condition
and during orthodontic treatment in mice. The data might
provide a useful reference for the treatment and prevention
of orthodontic root resorption in clinical practice.

Methods
Animals and OTM

All animal procedures were in accordance with the Animal
Management Regulations of the Ministry of Health of
the People’s Republic of China (Document No. 55, 2001)
and approved by the Animal Use and Care Committee of
Tongji University. CSE knock-out (CSE™) mice were bred
at the Shanghai Biomodel Organisms Center, Inc. 8, 26 and
52 weeks old male wild-type and CSE” mice were used to
evaluate physiological root resorption. Each group has five
animals. The orthodontic animal model was established on
8-week-old male mice. Mice were housed under specific
pathogen-free conditions with controlled temperature
(221 °C), humidity (40-60%) and a 12-h light/dark cycle,
and fed with soft food and water ad libitum.

"To examine the effect of CSE on the orthodontic root
resorption, an OTM mouse model was established as
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described in a previous study (15). Briefly, a nickel-titanium
coiled spring (0.2 mm in thickness, 1 mm in diameter and 10
mm in length, Smart Technology Co, Ltd., Beijing, China)
was placed between maxillary incisor and first molar for 1, 2
and 3 weeks. The force produced was approximately 0.35N (18)
as measured by a dynamometer (HF-2; ALIYIOI). The right

side without appliance was used as control.

Micro-CT scanning

The molars of mice were extracted from the maxillary
bone carefully. The surrounding tissues were removed with
tweezers and needles. The tooth was immersed in 2 percent
sodium hypochlorite for about 20 min. Root resorption
craters were evaluated by micro-CT (SCANCO Medical
AG, Bruttisellen, Switzerland) after the surface of the root
surface was completely clear. The maxillary first molars
were reconstructed by a self-contained 3D analysis software
of micro-CT (SCANCO Medical AG).

Electron microscope scanning

The molars were further examined with a scanning electron
microscopy (SEM) (TM-1000; Hitachi, Tokyo, Japan).
The ratio of the root resorption area was calculated using
Image] software (National Institutes of Health, Bethesda,
Maryland, USA) (19). In addition, we assessed the root
resorption by calculating the proportion of resorbed area
on the pressure side of the distobuccal root of the maxillary
first molar.

Histological analysis

Maxillae from all groups were dissected and prepared
for histological analysis. The specimens were fixed in
4% paraformaldehyde at 4 °C for 24 h, followed with
decalcification (4 °C for 4 weeks) by incubation with 10%
ethylenediaminetetraacetic Acid (pH 7.4). The specimens
were dehydrated in a series of alcohol baths beginning with
50% and progressing to 100%. Thereafter, the samples
were embedded in paraffin and five 4-pm horizontal sections
were obtained at a depth of 100, 140, 180, 220 and 260 pm
from the first molar bifurcation surface. and stained
with hematoxylin and eosin (HE) and titrate-resistant
acid phosphatase (TRAP) staining. We assessed the root
resorption by the proportion of resorbed area on the
pressure side of the distobuccal root of the maxillary first
molar.
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Gene Forward primers (5'-3') Reverse primers (5'-3")
RANKL CAGAAGATGGCACTCACTGCA CACCATCGCTTTCTCTGCTCT
OPG GTGGAATAGATGTCACCCTGTGT TTTGGTCCCAGGCAAACTGT
GAPDH AGCAGTCCCGTACACTGGCAAAC TCTGTGGTGATGTAAATGTCCTCT

PCR, polymerase chain reaction.

RNA extraction and reverse transcription polymerase
chain reaction (RT-PCR)

Total RNA from the alveolar bone surrounding the
region of the first molar was extracted using TRIzol
reagent (Invitrogen, USA) . RT-PCR Kit (Takara Bio,
Inc., Otsu, Japan) was used to obtain complementary
(c) DNA. Relative mRNA levels of OPG and RANKL
were determined using a SYBR Green PCR Master
mix and a LightCycler®96 Instrument (Roche, USA)
following the manufacturer’s protocol. The sequences
for the RT-PCR primers used in this study are as follows:
OPG, 5'-GTGGAATAGATGTCACCCTGTGT-
3', 5'"-TTTGGTCCCAGGCAAACTGT-3";
RANKL, 5'- CAGAAGATGGCACTCACTGCA-3",
5'-CACCATCGCTTTCTCTGCTCT-3"; GAPDH,
5'"-AGCAGTCCCGTACACTGGCAAAC-3",
5'-TCTGTGGTGATGTAAATGTCCTCT-3" (Tuble 1).

Statistical analysis

Data were expressed as mean + standard deviation. The
statistical significance of differences among groups was
calculated by independent 2-tailed Student’s #-tests or one-
way analysis of variance (ANOVA). P<0.05 was considered
significant.

Results

CSE deficiency-reduced physiological root resorption
(Figure 1)

For the purpose of probing the function of CSE on
physiological root resorption, we evaluated the root
resorption in wide type (WT) and CSE” mice under
physiological condition with micro-CT. Thirty (15 WT
and 15 CSE”") mice at the age of 8, 26 and 52 weeks
were used to examine the physiological root resorption
of the maxillary first molar. We found that no root
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resorption occurred in 8 weeks old WT and CSE” mice
(Figure 14,D). Root resorption increased significantly in
26 weeks old mice (Figure 1B), and severe root resorption
appeared at the age of 52 weeks in WT mice (Figure 1C).
Root resorption was observed in 26 weeks old CSE™
mice (Figure 1E), and became more obvious at the age of
52 weeks (Figure 1F). It suggested that the root resorption
increased with age under physiological condition and the
CSE deficiency decreased root resorption in the 26- and
52-week old animals compared with WT group.

CSE deficiency-reduced orthodontic root resorption assessed
with micro-CT (Figure 2)

In order to look into the effect of CSE on the orthodontic
root resorption, we used micro-CT to assess the distobuccal
root of the maxillary first molar of WT and CSE” with
1-, 2- and 3-week orthodontic treatment. We found root
resorption lacunae (RRL) after loading orthodontic force for
1 week (Figure 2B,C). Root resorption became more obvious
after loading for 2 weeks (Figure 2E,F) and was significantly
aggravated at the end of 3 weeks loading (Figure 2H,I).
At the same time point, root resorption in W'T group
was severer than that in CSE” group. It suggested that
the longer the orthodontic time, the more severe the root
resorption is and knockout of the CSE gene can minimize
the orthodontic root resorption.

CSE deficiency reduced orthodontic root resorption
determined by SEM (Figure 3)

We also used the SEM to determine whether CSE deficiency
altered the root resorption for maxillary first molar of the
WT and CSE” mice following 1-, 2- and 3-week force
application. We found that the SEM data showed a similar
trend as the radiographic examinations above (Figure 3A4).
We further evaluated the root resorption index among the
groups and found that the root resorption showed a trend of

Ann Transl Med 2019;7(23):787 | http://dx.doi.org/10.21037/atm.2019.11.03


C:/Program Files (x86)/Youdao/Dict/7.5.0.0/resultui/dict/?keyword=aggravate

Page 4 of 10

Lu et al. CSE alleviates orthodontic root resorption

26W C 52W

Figure 1 Effect of CSE on physiological root resorption. Reconstructed 3D micro-CT image showing root resorption of the maxillary first
molar with age, (A) WT, 8W; (B) WT, 26W; (C) WT, 52W; (D) CSE”, 8W; (E) CSE™, 26W; (F) CSE”, 52W group. Bar =0.5 mm. CSE,

cystathionine gamma lyase; W'T, wild type; W, week.

increase with orthodontic time, and the root resorption in
CSE” mice was less than that in WT animals. The changes
were statistically significant (Figure 3D).

CSE deficiency reduced orthodontic root resorption
confirmed with HE staining (Figure 4)

Five horizontal sections of the maxillary first molars from
each WT and CSE” animal with orthodontic treatment
for 1, 2, and 3 weeks were assessed for the distobuccal
RRL (Figure 44). The root resorption index showed a
trend of enhanced root resorption with the increase of
orthodontic time, and the root resorption in CSE”" mice
was less compared with WT group, which was statistically
significant (Figure 4C).

CSE deficiency decreased orthodontically induced osteoclasts
and mRNA expression of RANKL/OPG (Figure 5)

In this study, TRAP staining was performed to evaluate
the role of CSE in root resorption and osteoclast response

© Annals of Translational Medicine. All rights reserved.

following 2-week orthodontic treatment. It was found CSE
deficiency reduced orthodontic root resorption (Figure 5A)
and osteoclasts. The changes were statistically significant
(Figure 5C). The mRNA expression of RANKL/OPG in
alveolar bone around the maxillary first molar was measured
by RT-PCR (Figure 5D,E,F). The expression in CSE”

group was lower compared with WT mice.

Discussion

Root resorption is a physiological or pathological
phenomenon of cementum and dentin defects (20). The
incidence of orthodontic root resorption is extremely
high. Root resorption can lead to an imbalance in the
ratio of crown and root, reduction in root length, poor
tooth stability in long term, even loss of tooth (21). On
the pressure side of OTM, osteoclasts activated by many
molecules in periodontal tissue cause the resorption of
bone. Odontoclasts in cementum, as part of periodontal
tissue, is also affected. Odontoclasts are very similar to
osteoclasts. Under pressure, odontoclasts are activated
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Figure 2 Effect of CSE on root resorption in orthodontic tooth movement model. Reconstructed 3D micro-CT image showing root

resorption of the mesial surface of the distobuccal root of the maxillary first molar under orthodontic force, (A) control, 1W; (B)W'T, 1W;
(C) CSE”, 1W; (D) control, 2W; (E) WT, 2W; (F) CSE”, 2W; (G) control, 3W; (H) WT, 3W; (I) CSE”, 3W group. CSE, cystathionine

gamma lyase; W, wild type; C, control; W, week.

to cause cementum resorption, which is similar to the
process of alveolar bone resorption caused by osteoclasts.
This phenomenon is considered as the orthodontic root
resorption (22).

In this study, we found that the root resorption of
maxillary first molars in both CSE” and WT mice was
aggravated with age, suggesting that age might be a risk
factor of root resorption. The possible causes include a
decreased periodontal vascularity and inelasticity, thicker
cementum and its firm attachment in the apical third of the
root with increased susceptibility (23), Our data showed that
CSE” mice has less age-related resorption compared with
WT mice. CSE is a key enzyme that controls production
of H,S in the periodontal tissue. Our study indicates that
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CSE H,S might play a substantial role in physiological root
resorption.

This study also demonstrated that the resorption area in
both CSE” mice and WT mice increased with orthodontic
time, indicating that the effects of orthodontics on root
resorption is time-dependent. At each time point, the
resorption area and the number of odontoclasts in CSE™
group was less compared with the WT group, suggesting
that CSE-H,S plays a significant role in orthodontically
induced root resorption caused by odontoclasts.

There are many factors that affect root resorption, such
as sex, age, genetics, systemic factors, tooth type, root shape,
and previous medical history. In addition, orthodontic
treatment duration, applied force size, movement type and
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Figure 3 Effect of CSE on root resorption after orthodontic treatment. (A) Representative scanning electron micrographs of root resorption
of the mesial surface of the distobuccal root of the maxillary first molar under orthodontic force, (a) control, IW, (b) WT, 1W, (c) CSE™, 1W, (d)
control, 2W, (e) WT, 2W, (f) CSE™, 2W, (g) control, 3W, (h) WT, 3W, (i) CSE”, 3W group; (B) arrows represent the direction of the teeth;
bar =500 pm; (C) the pattern diagram shows the absorption region (white) compared to the total root area (white + gray). The resorption
proportion was calculated by dividing the resorbed area by the total root surface area [resorption proportion = white area/(white and grey
area)]; (D) the graph shows the root resorption proportion in all the experimental groups. *, P<0.05 versus the WT group; **, P<0.01 versus
the WT group. CSE, cystathionine gamma lyase; W'T, wild type; M, mesial; D, distal; B, buccal; P, palatal; C, control; W, week.

extraction treatment are associated with orthodontically seems to be inevitable even with light force (25). A previous
induced root resorption (24). In the clinical orthodontic study has found that 35g of orthodontic force can effectively
practice, orthodontists attempt to find an “optimal” force move orthodontic teeth while minimizing tissue damage (26).
to remove the dislocated tooth. However, root resorption However, we found that using 35g of force to move a mouse's
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Figure 4 The morphological observation of root resorption in an orthodontic tooth movement model. (A) Effect of CSE on root resorption

in an orthodontic tooth movement model observed by HE staining on horizontal histologic sections; (a) control, 1W, (b) WT, 1W, (c)
CSE”, 1W, (d) control, 2W, (¢) WT, 2W, (f) CSE”, 2W, (g) control, 3W, (h) WT, 3W, (i) CSE”, 3W group; (B) diagram indicating

the resorbed line of the crater (red) compared with the pressure side of the root (red + blue). The resorption area ratio was calculated by

dividing the resorbed area by the pressure side of the root [resorption area ratio = red/(red + blue)]; (C) graph demonstrating the ratio of

the root resorption line in all experimental groups. *, P<0.05 versus the WT group. E, orthodontic force; R, root; AB, alveolar bone; PDL,

periodontal ligament; CSE, cystathionine gamma lyase; WT, wild type; C, control; W, week.

maxillary first molar for a week resulted in root resorption.
During orthodontic treatment, the mechanical force
causes periodontal ligament cells to secrete RANKL
and OPG, affecting differentiation and activation
of osteoclasts and odontoclasts, and leading to root
resorption (9-11,27). RANKL/OPG is an important
inducer of osteoclastogenesis. Activation of OPG blocks
osteoclastogenesis and accelerates mature osteoclast
apoptosis by inhibiting RANK bing to RANK (28). RANK
and OPG mRNA expression increased in tissue during
heavy force-induced root resorption (29). Our results
showed that CSE deficiency reduced orthodontically
induced osteoclasts, RANKL/OPG mRNA expression
in surrounding alveolar of the maxillary first molar and
root resorption. The number of osteoclasts is correlated

© Annals of Translational Medicine. All rights reserved.

with the degree of root resorption (data not shown). The
data indicate that CSE may mediate root resorption by
affecting odontoclasts. Growth hormone promoted heavy
force-induced root resorption by up-regulating RANKL/
OPG and IGF-1 in PDL cells at the early stage of tooth
movement (14). OPG is osteoprotegerin that competitively
binds to the RANK receptor RANKL site and inhibits the
binding of RANK to RANKL, thereby inhibiting osteoclast
activation (30). We examined the level of RANKL/OPG in
surrounding periodontal tissue of the maxillary first molar
in mice following 2-week orthodontic treatment. It was
found that the number of osteoclast, the RANKL/OPG
mRNA expression and root resorption in CSE” mice was
lower than that in WT mice. Our previous studies have
shown that orthodontic force treated CSE”" mouse had
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Figure 5 Odontoclasts and RANKL/OPG after orthodontic treatment for 2 weeks. (A) TRAP staining on horizontal histologic sections
of the distobuccal root in (a) WT, 1W, (b) CSE™, 1W, (c) WT, 2W, (d) CSE™, 2W; (B) Control groups; (C) the number of odontoclasts in
mice; mRINA expression levels of (D) OPG, (E) RANKL and (F) RANKL/OPG in surrounding tissue of the maxillary first molar. *, P<0.05
versus the WT group; ***, P<0.005 versus the WT group. CSE, cystathionine gamma lyase; W'T, wild type; R, root; AB, alveolar bone;

PDL, periodontal ligament.

less osteoclasts compared with WT group (16). The data
in this study suggested that CSE can promote orthodontic
root resorption by increasing osteoclast differentiation and
regulating RANK/RANKL/OPG (31). Odontoclasts and
osteoclasts resorb tooth and alveolar bone, respectively.
However, the process of bone resorption is similar (32).

© Annals of Translational Medicine. All rights reserved.

Our study demonstrated that TRAP-positive cells existed
not only on the root surface but also in the PDL tissues.
Our results suggested that both osteoclasts and odontoclasts
participated in the root resorption by a common
mechanism, such as RANK/RANKL/OPG pathway or
others (32).
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Conclusions

In conclusion, the results of our study demonstrated
that CSE deficiency reduced formation of osteoclasts
and odontoblasts, which consequently downregulated
physiological and orthodontic root resorption by
disruption of the mechanisms of RANKL/OPG-induced
osteoclastogenesis and odontoclastogenesis, suggesting
careful planning and execution of orthodontic mechanics,
such as considering age at the start of treatment and
duration of treatment.
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