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Despite significant advancements in fracture 
surgery, issues such as fracture healing delays 
and nonunions persist.[1] This prompts the testing 
of numerous medical and surgical techniques for 
fracture healing, and ongoing intensive research 
persists.[2,3] 

One of the most important factors which 
negatively affect fracture healing is oxidative 
stress. Oxidative stress causes reactive oxygen 
species (ROS) to form at the fracture site.[4] 

Objectives: The aim of this study was to examine the effect of 
N-acetylcysteine (NAC), which has antioxidant properties, on 
healing in a rat femoral diaphysis fracture model.

Materials and methods: Twenty-four male Wistar-Hannover rats 
were randomly divided into two groups: experimental (n=12) and 
control groups (n=12). An open femur fracture model (osteotomy) 
was applied to the right femora of both groups. Fixation was 
performed with Kirschner wire. While intraperitoneal NAC 
treatment was given to the experimental group for 21 days after 
surgery, an equal volume of intraperitoneal saline injection was 
administered to the control group. At the end of this period, the 
femurs obtained from the sacrificed animals were examined 
histopathologically, radiologically, and biomechanically. Huo 
scoring was used for histopathological examination. The samples 
were examined radiologically according to the Radiographic Union 
Scale in Tibial Fractures (RUST) scoring system. The three-point 
bending test was used for the biomechanical examination.

Results: According to the third-week results, NAC could 
histopathologically contribute positively to fracture healing in rats 
(p=0.003 and p<0.05, respectively). Considering radiological and 
biomechanical parameters, no significant difference was observed 
between the groups in terms of healing (p>0.05). However, 
a positive significant correlation (67.7%) was found between 
histopathological results and radiological findings (p=0.016 and 
p<0.05, respectively).

Conclusion: Our study results indicate that NAC may have a 
histopathologically positive effect on the healing process in rat 
traumatic fractures. Based on these findings, NAC preparations 
may be used as a supportive agent in the treatment of fractures. 
Further clinical studies are needed.
Keywords: Bone healing, N-acetyl cysteine, open fracture, reactive 
oxygen species.
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Post-traumatic, physiological, and environmental 
factors increase the production of ROS, which 
occurs continuously during normal metabolism 
and enzymatic reactions. Consequently, tissue 
proteins, lipids, enzymes, and deoxyribonucleic 
acid (DNA) can be damaged.[5,6] 

It is reported that increased ROS levels 
negatively impact the function of osteoblast and 
osteoclast cells.[7] The ROS binding competitively 
to β-catenin leads to the activation of a family 
of transcription factors known as Forkhead box 
O (FoxO). FoxOs antagonize Wnt/Tcf-mediated 
transcription after activation by ROS. Weakening 
of the Wnt/β-catenin/Tcf pathway, which has 
an important role in bone formation, will lead 
to a decrease in osteogenesis.[8,9] The ROS also 
play a critical role in osteoclast differentiation 
and function. Increased production of nuclear 
factor-Kappa B ligand (RANKL) and activation 
of the ERK/NF-κB/tumor necrosis factor (TNF)/
interleukin (IL)-6 pathways, osteoclast apoptosis is 
prevented, thereby leading to osteoclastogenesis.[10] 
Changes in mitochondrial dynamics, endoplasmic 
reticulum stress pathway, and autophagy are other 
factors contributing to oxidative stress-induced 
bone loss.[11,12]

N-acetylcysteine (NAC) is an agent which is 
usually used in respiratory system disorders and 
to reduce the hepatotoxic effect of acetaminophen 
in overdose. In addition, NAC is an amino acid 
molecule and has antioxidant properties.[13] Its 
chemical structure consists of the sulfhydryl 
functional group (-SH) and the acetyl group 
(–COCH3) bonded to the amino group (NH2). This 
structure is associated with direct and indirect 
antioxidant and mucolytic effects.[14] It shows 
direct antioxidant activity thanks to the free 
thiol group’s ability to interact with reactive 
oxygen and nitrogen.[15] In our previous study 
investigating the effect of NAC on sciatic nerve 
healing, significant differences were found in 
the levels of native thiol, native thiol/total thiol 
and disulfide/total thiol in the blood parameters 
of treated rats compared to the control group 
and we observed that the antioxidant effect in 
blood parameters was stronger in rats receiving 
NAC treatment.[16] Recent in vitro studies have 
demonstrated that NAC decreases ROS in cell 
culture, boosts alkaline phosphatase levels, 
and enhances osteoblast activities by reducing 
cytotoxicity.[17,18] On the other hand, experimental 
animal and clinical studies of NAC are limited in 
the literature.

In the present study, we hypothesized that NAC 
would promote fracture healing. We, therefore, 
aimed to evaluate the effect of NAC on fracture 
healing histopathologically, radiologically, and 
biomechanically.

MATERIALS AND METHODS

In our experimental study, a total of 24 adult 
healthy male rats of Wistar-Hanover breed, 12-to 
14-week-old and weighing 403 g (range, 369 to 455 g) 
were used. The study protocol was approved by the 
İstanbul Bağcılar Training and Research Hospital 
Animal Experiments Local Ethics Committee (date: 
22.10.2021, no: 2021/18). All procedures performed 
with live experimental animals were carried out 
at Experimental Animal Laboratory of İstanbul 
Bağcılar Training and Research Hospital. The rats 
were provided with water and standard pellet feed 
ad libitum and were kept in a room with 50 to 60% 
humidity and a temperature range of 18 to 22°C, 
under a 12-h light/12-h dark cycle. Our study 
was designed according to the ARRIVE guide 
for experimental animal studies.[19] The rats were 
randomly divided into two groups as control and 
experimental groups.

Surgical technique

The surgeon performed all surgical procedures 
in a single session. Following the preparation, 
90 mg/kg of ketamine hydrochloric acid (HCl) 
and 10 mg/kg of xylazine HCl were administered 
intraperitoneally to the animals. A single dose 
of antibiotic prophylaxis was administered with 
8 mg/kg of gentamicin subcutaneously before the 
operation. A 2-cm longitudinal incision was made 
on the lateral thigh. With the help of retractors, 
the femoral shaft was accessed between the biceps 
femoris and vastus lateralis muscles. The periosteum 
was carefully preserved and not detached. Using 
a micro-circular saw with a blade thickness of 
0.6 mm, a transverse osteotomy of 1/3 midline 
was applied to the femoral diaphysis. Antegrade 
intramedullary Kirschner wire (K-wire) was sent 
from the distal osteotomy line. The skin incision 
was shifted to the knee region, allowing the wire 
to exit the knee. After the fracture was properly 
reduced, the wire was sent intramedullary to the 
proximal part in the retrograde direction up to the 
trochanter major. The K-wire was cut. The fascia 
and skin were, then, sutured and closed separately 
(Figure 1).[20] No anesthesia or procedure-related 
complications were observed in any animal during 
and after the surgical procedure.
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Treatment/placebo administration and 
follow-up procedure

The rats in the experimental group were given 
150 mg/kg/day NAC (Asist®, 300 mg/3 mL, Hüsnü 
Arsan İlaçları A.Ş., Istanbul, Türkiye) as a single 
daily intraperitoneal injection for 21 days. The 
dose of NAC applied in the treatment protocol was 
determined as the antioxidant activity of NAC has 
been shown in previous studies.[20,21] For 21 days, the 
rats in the control group received 0.9% NaCl saline 
in the same volume (mL) as a placebo.

During the postoperative follow-up, the 
possibility of complications such as wound site 
problems (infection, wound site deterioration), 
skin changes, limitation of movement, systemic 
problems and death were taken into account. 
Daily nutritional monitoring (water and food) was 
planned at least twice a day. The criteria which led 
to the removal of the animal from the experimental 
protocol were the development of the mentioned 
complications or the approval of the veterinarian.

Euthanasia and obtaining samples

Both groups were euthanized after 21 days of 
follow-up and treatment. The information that 
histopathological examination and biomechanical 
studies planned in the very early period of fracture 
healing may not be performed with sufficient 
reliability and that remodeling may begin in the 
late period and negatively affect the results in 
terms of significance was effective in our study 
plan.[22-24] 

Intraperitoneal injection of high-dose ketamine 
and xylazine was performed. Animals were 
sacrificed by cervical dislocation method after 
the disappearance of grimace reflexes. Surgical 
preparations were made to obtain a femur sample 
from the right thigh of the subgroups which would 
be subjected to histopathological examination. 
Surgical preparations were made to obtain femur 
samples from both the previously broken right femur 
and the healthy left femur of the subgroups which 
would be subjected to biomechanical examination. 
All femurs, compartments and soft tissues were 
removed by gently disarticulating from the hip and 
knee joints without stripping, without damaging 
the callus tissue of the fractured sides. Afterwards, 
intramedullary K-wire extraction was performed 
carefully without interfering with the callus area. 
All the samples obtained were wrapped in saline-
soaked cloths and placed in containers.

All femur samples, as experimental (n=12) 
and control groups (n=12), were first subjected 
to radiological examination. Subsequently, 
the experimental and control groups were 
further divided into two subgroups (n=6) and 
subjected to histopathological and biomechanical 
examinations.[25]

Histopathological evaluation

Samples taken from the experimental and 
control subgroups for histopathological 
examination were preserved in 10% formaldehyde 
solution and sent to Pathology Laboratory of 
İstanbul Bağcılar Training and Research Hospital. 
After the samples were fixed with 10% buffered 
formaldehyde for 24 h, they were decalcified with 
10% hydrochloric acid prepared with distilled 
water. Routine tissue observation was performed 
for 12 h in the Thermo Fisher Scientific™ 
Shandon™ (Thermo Fisher Scientific Inc., Waltham, 
Massachusetts, USA) closed system. Tissues 
were embedded in paraffin blocks. Sections of 
4-µm thickness obtained from paraffin blocks by 
microtome were taken on slides and all sections 

FIGURE 1. Surgical procedure and radiological confirmation.
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were stained with hematoxylin and eosin (H&E) 
after deparaffinization. Histologically, fracture 
maturity was assessed by a single pathologist 
unaware of the groups using an Olympus BX51 
(Olympus, Tokyo, Japan) light microscope. In 
histological evaluation, Huo et al.’s[25] histological 
scoring system, in which 10 stages were determined 
in fracture repair, was used (Table I). In this scoring 
system, at least five areas of each sample were 
examined to evaluate fracture healing. Ten points 
represent the most mature healing and 1 point 
the most immature healing, and each sample was 
assigned a score corresponding to each stage of 
fracture healing with these histological scoring 
parameters.

Radiological evaluation 

All groups were examined radiographically after 
euthanasia. The distance between the samples and 
the device (Toshiba-Rotanode®, Model no: E7869X, 
150kV, Japan) was set to 100 cm. The radiation dose 
to be given to the samples was determined as 52 kV, 
6.4 mA/400 ms. Anteroposterior (AP) and lateral 
radiographic images of all fracture specimens were 
taken. The captured images were transferred to 
digital media using the VXvue® software (Vieworks 
Co., Ltd., Gyeonggi-do, Republic of Korea). Images 
were scored according to the Radiographic Union 
Score for Tibial Fractures (RUST) system by two 

different orthopedists who were blinded to the 
sample codes (Table II). The RUST is a scoring system 
based on the visibility of callus tissue and fracture 
line, in which four cortices are evaluated separately 
on AP and lateral radiographs. Accordingly, a 
fracture with no improvement is scored 4 points 
in total, while a fully healed fracture receives 
12 points in total.[26]

Biomechanical evaluation

The examination was carried out in the 
biomechanics laboratory of Dokuz Eylül University. 
Biomechanical examination of the samples was 
performed by three-point bending method using 
an axial test device (AG-I 10 kN, Shimadzu®, Tokyo, 
Japan). The distance between the support bars was 
set to 15 mm. The distal and proximal ends of 
the femur were placed with the anterior surface 
facing up. Load aligned to center 1/3 of the body 
(Figure 2). Calibration was achieved by taking the 
load gap, until it reached a power of 1 N for each 
sample loaded into the system. The bending load 
was applied with a blunt tip load applicator at 
a constant speed of 5 mm/min, until the sample 
failed. Every 0.001 mm was recorded until callus 
fracture occurred. A decrease in strength of more 
than 20% was determined as the termination 
criterion. With the help of the computer program 
to which the device is connected, the displacement 
curve against the force was recorded instantly and 
the sustainable maximum load (N), displacement 
(mm) and stiffness (N/mm) data were obtained.[27,28]

The intact femurs of the biomechanical 
subgroups were also planned to be included in the 
biomechanical study to compare the biomechanical 
and structural features of both groups. If there was 
a difference, the results could be affected positively 
or negatively.

Statistical analysis

Based on the power analysis conducted in a 
similar studies utilizing a femur fracture model in 

TABLE I
Numerical scoring for histological assessment of fracture 

healing[12]

Score

1 Fibrous tissue

2 Containing a small amount of cartilage, 

predominantly fibrous tissue

3 Equal distribution of fibrous tissue and cartilage 

tissue

4 Small amount of fibrous tissue, predominantly 

cartilage

5 Cartilage

6 Small amount of immature bone, predominantly 

cartilage

7 Equal distribution of cartilage and immature bone

8 Less cartilage, predominantly immature (woven) 

bone

9 Healing of the fracture with immature (woven) 

bone

10 Healing of the fracture with mature

(mature-lamellar) bone

TABLE II
Radiographic union score for tibial fractures scoring[13]

Radiographic criteria

Score/cortex* Callus Fracture line

1 Absent Visible

2 Present Visible

3 Present Invisible

* Anterior, posterior, lateral and medial cortex scores are summed and the 
final score is obtained.
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rats, the subgroup size was calculated to require six 
subjects.[25] 

Statistical analysis was performed using the 
SPSS version 22.0 software (IBM Corp, Armonk, 
NY, USA). The conformity of the parameters to 
the normal distribution was evaluated using 
the Shapiro Wilks test. Descriptive data were 
expressed in mean ± standard deviation (SD), 
median (min-max) or number and frequency, where 
applicable. The Mann-Whitney U test was used 
for the comparison of the parameters that did not 
show normal distribution in the comparison of 
quantitative data between two groups. Spearman 
correlation analysis was used to examine the 
relationships between parameters that did not 
conform to the normal distribution. A p value of 
<0.05 was considered statistically significant.

RESULTS

All animals were observed until the end of the 
protocol in accordance with the parameters 
specified in the exclusion criteria. During the three-
week follow-up, bursitis was observed in the anterior 
of the knee joint in two rats in the experimental 
group and one rat in the control group in the last 
week. Treatment with the aspiration method was 
applied. No death, wound infection, or serious 

complication necessitating exclusion was observed 
in any of the rats.

Histopathological findings

According to the results of the examination of 
the H&E-stained samples made under the light 
microscope, the cartilage structure was found to 
begin to replace the immature bone structure in 
the experimental group. Predominantly fibrous and 
cartilage structure was observed in the control group 
(Figure 3). When the histopathological scores were 
compared, the data of the experimental group were 
found to be statistically significantly higher than 
the control group (p=0.003 and p<0.05, respectively) 
(Table III).

Radiological findings

Callus formation was observed in almost all 
samples. Although cortical continuity was observed 
in some samples, no sample achieved the highest 
score of 12. When the results of the groups were 
analyzed statistically, there was no significant 
difference (p>0.05) (Table IV).

Biomechanical findings 

The maximum load values of the intact left 
femur samples obtained from the experimental 
and control groups were similar to each other. 

(a) (b)

FIGURE 2. Biomechanical evaluation, (a) Axial three-point bending test machine, 
(b) Placement of femur specimen.
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The maximum load values of the intact left femur 
did not show a statistically significant difference 
between the groups (p>0.05). The stiffness values 
of the intact left femur samples obtained from 
the experimental and control groups were similar 
to each other. Intact left femur stiffness values 
did not show a statistically significant difference 

between the groups (p>0.05) When the right femur 
maximum load results of the groups were examined 
statistically, there was no significant difference 
between the two groups (p>0.05). When the right 
femur stiffness results of the groups were examined 
statistically, there was no significant difference 
between the two groups (p>0.05) (Table V).

(a)

(d) (e)

(b) (c)

FIGURE 3. Histopathological findings. (a) Small amount of fibrous tissue, mainly cartilage tissue (H&E, ¥100). (b) Entirely 
cartilage tissue (H&E, ¥200). (c) Small amount of immature bone tissue, predominantly cartilage tissue (H&E, ¥100). (d) Small 
amount of cartilage tissue, predominantly immature (woven) bone tissue (H&E, ¥100). (e) Immature (immature-woven) bone 
tissue (H&E, ¥100).

TABLE III
Evaluation of Huo histopathological scoring parameters between groups

Experimental group (n=6) Control group (n=6)

Mean±SD Median Min-Max Mean±SD Median Min-Max p

Histopathological score 8.33±0.52 8 8-9 4.83±0.98 4.5 4-6 0.003*

SD: Standard deviation; * p<0.05; Mann-Whitney U test. 

TABLE IV
Evaluation of RUST score parameters between groups

Experimental group (n=12) Control group (n=12)

Mean±SD Median Min-Max Mean±SD Median Min-Max p

RUST score 8.5±0.8 8.5 7-10 7.92±1.17 8 6-9 0.271

RUST: Radiographic union scale in tibial fractures; SD: Standard deviation; * p<0.05; Mann-Whitney U test. 
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Correlation analysis

There was a positive, 67.7% and statistically 
significant relationship between RUST 
radiological score and histopathological score 
values in all subgroups in which radiological and 
histopathological examination was performed 
(p=0.016 and p<0.05, respectively). There was no 

statistically significant relationship between RUST 
radiological score and maximum load and stiffness 
values in all subgroups undergoing radiological 
and biomechanical examination (p>0.05) (Table VI, 
Figure 4).

DISCUSSION

In this experimental study, we evaluated the effect 
of NAC on fracture healing histopathologically, 
radiologically, and biomechanically. Our study 
results showed that NAC contributed positively to 
fracture healing histopathologically. In addition, 
radiological signs of healing were similar between 
the groups. Also, biomechanically similar results 
were obtained between the groups. Finally, our 
histopathological and radiological data were 
positively correlated. Based on these findings, 
we concluded that NAC could accelerate fracture 
healing histopathologically.

Considering ethanol and NAC studies of 
Volkmer et al.,[29] chondrocytes with hypertrophic 
and endochondral ossification activity were 
intensely observed in the second week 
histopathological examination of the control 
group that did not receive ethanol and treatment. 
Hypertrophic chondrocytes and endochondral 
ossification area were observed in the second 
week results of the animal group that received 
NAC and ethanol. At Week 4, immature bone 
areas were observed intensively in both the NAC 
and ethanol group and the control group.[30] In the 
study conducted by Safali et al.[27] investigating the 
effect of curcumin, an antioxidant molecule, on 
fractures, Huo scoring was used, but no significant 
results were found between the second and forth 
weeks between the groups.[25]

Furthermore, we found no significant difference 
in radiological results between the two groups in 
our study. In the literature, radiological studies on 
rat femur fracture healing are limited. The RUST 

TABLE V
Evaluation of biomechanical parameters of right and left femur samples between groups

Experimental group (n=6) Control group (n=6)

Mean±SD Median Min-Max Mean±SD Median Min-Max p

Left max load (N) 230.08±48.04 180.9-305.8 223.8 230.17±51.02 179-303.9 221.2 0.873

Left stiffness (N/mm) 311.72±57.8 236.9-380.3 311 313.2±74.7 177.6-372.5 341.2 0.749

Right max load (N) 75.86±16.67 58.6-103.3 75.2 62.83±20.07 39.4-94 57.6 0.262

Right stiffness (N/mm) 46.73±13.6 32-70.3 46.4 35.44±8.57 27-48 33.5 0.078

SD: Standard deviation; * p<0.05; Mann-Whitney U test.

TABLE VI
Evaluation of the correlation between radiological scores 

and biomechanical/histopathological scores

RUST score

r p

Biomechanic values

Right femur maximum load (N) 0.147 0.648

Right femur stiffness (N/mm) –0.162 0.615

Histopathological score 0.677 0.016*

Spearman’s Rho Correlation analysis; * p<0.05.
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FIGURE 4. Correlation of RUST radiological score and 
histopathological score values.
RUST: Radiographic Union Score for Tibial Fractures.
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scale, defined by Kooistra et al.,[26] is a scoring 
system designed primarily for tibia fractures, and 
later studies indicated that it can be used safely in 
long bone fractures such as humerus, radius, ulna, 
and femur, and in animal experiments. The main 
advantage of this scale compared to other scales 
is that it provides the opportunity to evaluate 
each cortex separately and handles the healing 
model of the fracture more accurately.[26,30,31] The 
methodological methods used in these studies also 
differ greatly from each other. In the femur fracture 
study of Safali et al.,[27] animals in the experimental 
group were treated with curcumin, which has 
a potential antioxidant and anti-inflammatory 
effect, and no significant difference was observed 
in the micro-computed tomography (CT) results 
examined at second and forth weeks.

We found no significant difference in 
biomechanical results between the two groups in 
this study. Although they are siblings and animals 
of the same age, we included intact left femurs of 
the same animals in the biomechanical study, with 
the idea that bone sizes may vary and there may 
be possible differences in their structures. Thus, 
we attempted to see the relationship between the 
two groups under standard conditions. In the left 
femur analyses of the experimental and control 
groups, we found that there was no significant 
difference between the maximum load and stiffness 
values in the two groups. This showed us that the 
NAC molecule did not make a significant change 
in the biomechanical structure of the intact bone 
at the third week. In the closed fracture study of 
Volkmer et al.[29] in the first week biomechanical 
values obtained with the four-point bending test, 
significant maximum load and stiffness values 
were found in the ethanol group that received NAC 
treatment. They did not report a significant effect 
particularly in terms of stiffness in the second 
and forth weeks. Again, in the study of curcumin, 
which contains antioxidant properties, by Safali 
et al.,[27] biomechanical measurement could not be 
made in the second week due to soft callus, and no 
significant results were obtained in the forth-week 
maximum load values.

In the current study, we found a significant 
correlat ion between radiological and 
histopathological data. Radiographic and 
histopathological findings were compared in the 
study of femur fracture treated with peperomia 
pellucida extract by Florence et al.[32] The fracture 
line, which was observed to heal radiographically 
in animal groups treated with different doses 

of extract, was also histologically healed with 
compact callus tissue. The aforementioned authors 
confirmed the data obtained by both methods. In 
the cortex evaluations of the samples with excessive 
chondrocyte healing tissue, the fracture line was not 
closed. It is obvious that the samples, in which the 
mineralization increased and the immature bone 
tissue began to condense, began to appear more 
radiodense. As a result of our study, we also obtained 
histopathologically higher scores in samples with 
high radiological union findings and scores. In 
contrast, we found no significant relationship 
between radiological and biomechanical results. 
The fracture strength of healing bone is related 
to the inhomogeneous structural distribution of 
fibrous tissue, cartilage, new bone, and irregular 
cross-sectional area. Due to this complex structure, 
it is difficult to predict the fracture strength in the 
healing bone. Claes et al.,[33] in their study of cortical 
defect in sheep, reported that it took a long time 
for bones to reach full strength, and radiological 
healing may not have fully reflected structural 
restoration or normal strength.

Nonetheless, there are some limitations to this 
study. First, micro-CT analysis could provide more 
quantifiable results regarding callus formation due 
to its capability for three-dimensional imaging. 
Additionally, the collagen structure could be 
assessed using immunohistochemical methods. 
However, these techniques were not applied in the 
current study due to technical limitations. Second, 
due to ethical concerns, the number of rats was 
limited and there was no sham group. Furthermore, 
our planned study investigating NAC’s effects on 
fracture healing does not include an examination 
of its underlying mechanisms of action. Further 
research on this subject is warranted.

In conclusion, NAC may be used safely in the 
experimental fracture model. In this experimental 
study, although we could not demonstrate that 
NAC supports radiological and biomechanical 
healing, we obtained histopathologically improved 
healing findings. Therefore, our study is a rare 
preliminary study showing the effect of NAC 
molecule on fracture healing with these methods 
in an experimental animal fracture model. Further 
prospective, randomized-clinical studies are needed 
to investigate the potential effects and mechanisms 
of NAC in the fracture healing phase.

Data Sharing Statement: The data that support the 
findings of this study are available from the corresponding 
author upon reasonable request.



N-acetylcystein on fracture healing 291

Author Contributions: Idea/concept, design, writing 
the article, references and fundings: B.Y. C.E.; Control/
supervision, analysis and/or interpretation, critical review: 
C.E., N.Y.E., F.E.; Data collection and/or processing, literature 
review: B.Y., H.B., T.B.S.; Materials: B.Y., T.B.S., N.Y.E., F.E.

Conflict of Interest: The authors declared no conflicts of 
interest with respect to the authorship and/or publication of 
this article.

Funding: The authors received no financial support for 
the research and/or authorship of this article.

REFERENCES

1.  Buza JA 3rd, Einhorn T. Bone healing in 2016. Clin 
Cases Miner Bone Metab 2016;13:101-5. doi: 10.11138/
ccmbm/2016.13.2.101. 

2. Jing S, Wang Y, Meng X, Shang X, Zhu H, Sun X. Predictive 
value of bone morphogenetic protein-7, thromboxane A2, 
and osteoprotegerin for prognosis of patients with distal 
radius fractures. Jt Dis Relat Surg 2023;34:279-88. doi: 
10.52312/jdrs.2023.1043.

3. Kafadar İH, Yalçın Y, Çakar B. Vitamin D3 and omega-3 
polyunsaturated fatty acids have beneficial effects on 
fracture union in an experimental rat model. Jt Dis Relat 
Sur 2024;35:121-9. doi: 10.52312/jdrs.2023.1397. 

4. DePhillipo NN, Aman ZS, Kennedy MI, Begley JP, Moatshe 
G, LaPrade RF. Efficacy of vitamin C supplementation on 
collagen synthesis and oxidative stress after musculoskeletal 
injuries: A systematic review. Orthop J Sports Med 
2018;6:2325967118804544. doi: 10.1177/2325967118804544. 

5. Cerqueni G, Scalzone A, Licini C, Gentile P, Mattioli-
Belmonte M. Insights into oxidative stress in bone tissue and 
novel challenges for biomaterials. Mater Sci Eng C Mater 
Biol Appl 2021;130:112433. doi: 10.1016/j.msec.2021.112433.

6. Ertürk C, Çalışkan G, Erel Ö. Preliminary results of 
clinical, biochemical, and radiological investigation into the 
oxidative status in patients with rotator cuff tendinopathy. 
Acta Orthop Traumatol Turc 2024;58:161-6. doi: 10.5152/j.
aott.2024.22030. 

7. Bai XC, Lu D, Bai J, Zheng H, Ke ZY, Li XM, et al. Oxidative 
stress inhibits osteoblastic differentiation of bone cells 
by ERK and NF-kappaB. Biochem Biophys Res Commun 
2004;314:197-207. doi: 10.1016/j.bbrc.2003.12.073. 

8. Katoh M, Katoh M. Human FOX gene family (Review). Int J 
Oncol 2004;25:1495-500. 

9. Manolagas SC, Almeida M. Gone with the Wnts: Beta-
catenin, T-cell factor, forkhead box O, and oxidative stress 
in age-dependent diseases of bone, lipid, and glucose 
metabolism. Mol Endocrinol 2007;21:2605-14. doi: 10.1210/
me.2007-0259. 

10. Almeida M, Han L, Martin-Millan M, Plotkin LI, Stewart 
SA, Roberson PK, et al. Skeletal involution by age-associated 
oxidative stress and its acceleration by loss of sex steroids. J 
Biol Chem 2007;282:27285-97. doi: 10.1074/jbc.M702810200. 

11. Gan X, Huang S, Yu Q, Yu H, Yan SS. Blockade of Drp1 
rescues oxidative stress-induced osteoblast dysfunction. 
Biochem Biophys Res Commun 2015;468:719-25. doi: 
10.1016/j.bbrc.2015.11.022. 

12. Yang YH, Li B, Zheng XF, Chen JW, Chen K, Jiang SD, et 
al. Oxidative damage to osteoblasts can be alleviated by 
early autophagy through the endoplasmic reticulum stress 
pathway--implications for the treatment of osteoporosis. 

Free Radic Biol Med 2014;77:10-20. doi: 10.1016/j.
freeradbiomed.2014.08.028. 

13. Mokra D, Mokry J, Barosova R, Hanusrichterova J. Advances 
in the use of N-acetylcysteine in chronic respiratory 
diseases. Antioxidants (Basel) 2023;12:1713. doi: 10.3390/
antiox12091713.

14. Magdalena Radomska-Leśniewska D, Skopiński P. Review 
paper N-acetylcysteine as an anti-oxidant and anti-
inflammatory drug and its some clinical applications. 
Central European Journal of Immunology. 2012;37(1):57-66.

15. Pei Y, Liu H, Yang Y, Yang Y, Jiao Y, Tay FR, et al. 
Biological activities and potential oral applications of 
N-acetylcysteine: Progress and prospects. Oxid Med Cell 
Longev 2018;2018:2835787. doi: 10.1155/2018/2835787. 

16. Sarıtaş TB, Ertürk C, Büyükdoğan H, Yıldırım B, Gündüz N, 
Selek Ş. Effects of N-acetylcysteine on sciatic nerve healing: 
A histopathological, functional, and biochemical study of 
the rat sciatic nerve. Jt Dis Relat Surg 2024;35:618-27. doi: 
10.52312/jdrs.2024.1784.

17. Yamada M, Ueno T, Minamikawa H, Sato N, Iwasa F, 
Hori N, et al. N-acetyl cysteine alleviates cytotoxicity 
of bone substitute. J Dent Res 2010;89:411-6. doi: 
10.1177/0022034510363243. 

18. Ueno T, Yamada M, Igarashi Y, Ogawa T. N-acetyl cysteine 
protects osteoblastic function from oxidative stress. J 
Biomed Mater Res A 2011;99:523-31. doi: 10.1002/jbm.a.33211. 

19. Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey 
MT, Baker M, et al. The ARRIVE guidelines 2.0: Updated 
guidelines for reporting animal research. PLoS Biol 
2020;18:e3000410. doi: 10.1371/journal.pbio.3000410. 

20. Genç F, Peker EGG. Does short-term and low-dose 
N-acetylcysteine affect oxidative stress and inflammation in 
the liver tissues of diabetic rats? Biol Res Nurs 2021;23:568-
74. doi: 10.1177/10998004211003668. 

21. Sotoudeh A, Takhtfooladi MA, Jahanshahi A, Asl AH, 
Takhtfooladi HA, Khansari M. Effect of N-acetylcysteine 
on lung injury induced by skeletal muscle ischemia-
reperfusion. Histopathlogical study in rat model. Acta Cir 
Bras 2012;27:168-71. doi: 10.1590/s0102-86502012000200012. 

22. Gerstenfeld LC, Alkhiary YM, Krall EA, Nicholls FH, 
Stapleton SN, Fitch JL, et al. Three-dimensional reconstruction 
of fracture callus morphogenesis. J Histochem Cytochem 
2006;54:1215-28. doi: 10.1369/jhc.6A6959.2006. 

23. Phillips AM. Overview of the fracture healing cascade. 
Injury 2005;36 Suppl 3:S5-7. doi: 10.1016/j.injury.2005.07.027. 

24. Histing T, Garcia P, Holstein JH, Klein M, Matthys R, Nuetzi 
R, et al. Small animal bone healing models: Standards, 
tips, and pitfalls results of a consensus meeting. Bone 
2011;49:591-9. doi: 10.1016/j.bone.2011.07.007. 

25. Huo MH, Troiano NW, Pelker RR, Gundberg CM, 
Friedlaender GE. The influence of ibuprofen on fracture 
repair: Biomechanical, biochemical, histologic, and 
histomorphometric parameters in rats. J Orthop Res 
1991;9:383-90. doi: 10.1002/jor.1100090310. 

26. Kooistra BW, Dijkman BG, Busse JW, Sprague S, Schemitsch 
EH, Bhandari M. The radiographic union scale in tibial 
fractures: Reliability and validity. J Orthop Trauma 2010;24 
Suppl 1:S81-6. doi: 10.1097/BOT.0b013e3181ca3fd1. 

27. Safali S, Aydin BK, Nayman A, Ugurluoglu C. Effect of 
curcumin on bone healing: An experimental study in a 
rat model of femur fracture. Injury 2019;50:1915-20. doi: 
10.1016/j.injury.2019.09.002.



Jt Dis Relat Surg292

28. Bissinger O, Kreutzer K, Wolff KD, Wexel G, Hapfelmeier 
A, Pautke C, et al. Does cefuroxime alter fracture healing in 
vivo? A micro-computertomographic, biomechanical, and 
histomorphometric evaluation using a rat fracture model. 
J Biomed Mater Res B Appl Biomater 2017;105:2282-91. doi: 
10.1002/jbm.b.33759.

29. Volkmer DL, Sears B, Lauing KL, Nauer RK, Roper PM, 
Yong S, et al. Antioxidant therapy attenuates deficient 
bone fracture repair associated with binge alcohol 
exposure. J Orthop Trauma 2011;25:516-21. doi: 10.1097/
BOT.0b013e31821f65cc. 

30. Panchoo P, Laubscher M, Held M, Maqungo S, Ferreira 
N, Simpson H, et al. Radiographic Union Score for Tibia 
(RUST) scoring system in adult diaphyseal femoral fractures 
treated with intramedullary nailing: An assessment of 
interobserver and intraobserver reliability. Eur J Orthop 

Surg Traumatol 2022;32:1555-9. doi: 10.1007/s00590-021-
03134-6.

31. Tawonsawatruk T, Hamilton DF, Simpson AH. Validation 
of the use of radiographic fracture-healing scores in a small 
animal model. J Orthop Res 2014;32:1117-9. doi: 10.1002/
jor.22665.

32. Florence NT, Huguette ST, Hubert DJ, Raceline GK, Desire 
DD, Pierre K, et al. Aqueous extract of Peperomia pellucida 
(L.) HBK accelerates fracture healing in Wistar rats. BMC 
Complement Altern Med 2017;17:188. doi: 10.1186/s12906-
017-1686-3. 

33. Claes LE, Wilke HJ, Kiefer H. Osteonal structure better 
predicts tensile strength of healing bone than volume 
fraction. J Biomech 1995;28:1377-90. doi: 10.1016/0021-
9290(95)00006-4.


