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The effects of mechanical unloading after anterior cruciate ligament (ACL) reconstruction on
bone and marrow adipose tissue (MAT) are unclear. We investigated weight bearing effects
on bone and MAT after ACL reconstruction. Rats underwent unilateral knee ACL transection
and reconstruction, followed by hindlimb unloading (non-weight bearing), no intervention
(low-weight bearing, the hindlimb standing time ratio (STR; operated/contralateral) during
treadmill locomotion ranging from 0.55 to 0.91), or sustained morphine administration
(moderate-weight bearing, STR ranging from 0.80 to 0.95). Untreated rats were used as
controls. At 7 or 14 days after surgery, changes in trabecular bone and MAT in the proximal
tibial were assessed histologically. Histological assessments at 7 or 14 days after surgery
showed that ACL reconstruction without post-operative intervention did not significantly
change trabecular bone and MAT areas. Hindlimb unloading after ACL reconstruction
induced MAT accumulation with adipocyte hyperplasia and hypertrophy within 14 days, but
did not significantly affect trabecular bone area. Increased weight bearing through morphine
administration did not affect trabecular bone and MAT parameters. Our results suggest that
early weight bearing after ACL reconstruction is important in reducing MAT accumulation,
and that reduction in weight bearing alone is not sufficient to induce bone loss early after
ACL reconstruction.
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I. Introduction

Bones have multiple functions, such as providing
structural support for the body and serving as the environ-
ment for hematopoiesis within the marrow [6]. Bone mar-
row consists of two types of tissue: hematopoietic tissue
and marrow adipose tissue (MAT). Traditionally, MAT has
been considered as a filler of marrow cavities when
hematopoietic tissue and/or bone are decreased [9]. How-
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ever, recent studies have revealed that MAT plays various
roles in bone and cartilage metabolism, as well as in sys-
temic metabolism and hematopoiesis [1, 9, 20, 27, 32, 38].
For example, MAT can contribute to age-related bone loss
through its repressive effect on osteoblasts and favorable
effect on osteoclasts [1]. Furthermore, the presence of high
amounts of fat in the femoral heads of hip osteoarthritis
patients indicates that MAT may play a role in osteoarthritis
by inducing inflammation [31, 38].

Mechanical loading is believed to play a crucial role in
the regulation of bone and MAT mass. Unloading caused
by microgravity, bedridden conditions, or hindlimb unload-
ing in rodent models generally results in bone loss and
MAT accumulation [4, 32], while increased mechanical

© 2024 The Japan Society of Histochemistry and Cytochemistry



16 Kaneguchi ef al.

loading through exercise can lead to a decrease in MAT
volume associated with increased bone formation [7]. How-
ever, the effects of mechanical loading on bone and MAT
may differ between the intact limb and the injured and/or
operated limb. In rodent models without joint injury or
surgery, reduced mechanical loading due to hindlimb
unloading induced bone loss and MAT accumulation in the
tibia [2, 5, 29]. In contrast, a previous study reported that
hindlimb unloading after anterior cruciate ligament (ACL)
injury attenuated bone loss in the distal femur in mice [10],
although another study reported opposite results (i.e.,
hindlimb unloading after ACL injury accelerated bone loss
in the distal femur in mice) [3]. Regarding exercise, tread-
mill exercise in intact rats increased bone formation and
decreased MAT [7], while treadmill exercise in ACL recon-
structed rats did not affect trabecular bone and MAT mass
in the proximal tibia [18].

ACL injury is the most common knee injury and can
result in bone loss around the knee in human patients [25].
In a rat ACL transection model, bone loss in the proximal
tibial epiphysis was accompanied by MAT accumulation
[16]. The most common treatment for ACL injury is liga-
ment reconstruction surgery. A previous study reported that
immediate ligament reconstruction after ACL transection
inhibited trabecular bone loss but could not block MAT
accumulation in the proximal tibial epiphysis in rats [16].
Another study reported decreased bone mineral density in
the proximal tibia after ACL reconstruction in human
patients [23]. These inconsistent results may be attributed
to differences in rehabilitation protocols, animal species
used, and timing of surgery.

Rehabilitation protocols for patients with ACL recon-
struction are generally divided into traditional and acceler-
ated rehabilitation [8]. Traditional rehabilitation involves
non-weight bearing and joint immobilization in the early
post-surgery period to protect the graft [8]. In contrast,
accelerated rehabilitation allows for immediate weight
bearing and joint motion to avoid the adverse effects of dis-
use due to non-weight bearing and immobilization [8]. A
previous study reported that joint immobilization after ACL
reconstruction induced trabecular bone loss and MAT accu-
mulation in the rat proximal tibia, in which rats could move
in the cage so that their immobilized limbs were at least
partially weight-loaded [18]. Nonetheless, no studies have
examined the effects of differences in the amount of weight
bearing after ACL reconstruction on bone and MAT.

This study aimed to examine the effects of differences
in the amount of weight bearing after ACL reconstruction
on trabecular bone and MAT in the rat proximal tibia. We
hypothesized that reduced weight bearing due to hindlimb
unloading would decrease trabecular bone mass and pro-
mote MAT accumulation, while increased weight bearing
due to pain relief would mitigate or attenuate the reduction
in trabecular bone mass and MAT accumulation.

II. Materials and Methods

Experimental animals

Fifty-two 8-week-old male Wistar rats (Japan SLC,
Shizuoka, Japan) were used, all of which were also used in
our previous study [19]. Rats were randomly divided into
four groups: untreated control (n = 8), ACL reconstruction
(ACLR; n = 15, low-weight bearing), ACL reconstruction
plus hindlimb unloading (ACLR + HU; n = 15, non-weight
bearing), and ACL reconstruction plus morphine adminis-
tration (ACLR + M; n = 14, moderate-weight bearing)
groups (Fig. 1). In the ACLR group, the mean of the one-
hindlimb standing time ratio (operated/contralateral) during
treadmill locomotion, an index of weight bearing (a lower
one-hindlimb standing time ratio indicates reduced weight
bearing), was 0.58, 0.55, 0.76, and 0.91 at 1, 3, 7, and 14
days after ACL reconstruction, respectively [19]. These
results indicate that weight bearing was instantly decreased
just after ACL reconstruction and gradually recovered dur-
ing the 14 days post-surgery period. We confirmed that the
reduction in weight bearing after ACL reconstruction was
partially counteracted by morphine administration, and the
mean of the one-hindlimb standing time ratio in the ACLR
+ M group was 0.80, 0.84, 0.91, and 0.95 at 1, 3, 7, and 14
days after ACL reconstruction, respectively [19]. Rats were
sacrificed at day 7 or 14 after starting the experiment (n = 4
at each time point in the control group, and n = 7 or 8 at
each time point in the other groups). In the control group,
data from the right and left knees of eight rats were ana-
lyzed separately, so eight knees of four rats were used for
analyses at each time point. Rats were housed in a
temperature-controlled room (20-25°C) with a 12-hour
light/dark cycle. Standard rodent food and water were pro-
vided ad libitum. This study was approved by the animal
experimentation committee of Hiroshima International Uni-
versity (permission number: AE20-014) and was performed
in accordance with standard ethical guidelines for the care
and use of laboratory animals.

ACL reconstruction surgery

Rats in the ACLR, ACLR + HU, and ACLR + M
groups underwent ACL reconstruction surgery on their
right knees. The surgery was performed using previously
described methods [14, 15, 19]. Briefly, rats were anes-
thetized with intraperitoneal injection of ketamine and
xylazine (80 mg/kg and 10 mg/kg, respectively), and a
quadruple-bundle autograft was prepared using the tail ten-
dons. The knee was opened through the medial parapatellar
approach, and the ACL was transected using a surgical
knife. Bone tunnels were then drilled from the anteromedial
side of the proximal tibia to the lateral side of the distal
femur using a Kirschner wire (0.8 mm diameter), and the
autograft was passed through the tunnels. The proximal end
was fixed to the femur with a stainless-steel interference
screw (0.8 mm diameter and 2.0 mm length, TE-00001;
Matsumoto, Chiba, Japan). Subsequently, the autograft was
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with a stainless-steel interference screw. Finally, the joint
capsule and skin were sutured with silk sutures.

Hindlimb unloading

Hindlimb unloading was performed on rats in the
ACLR + HU group using previously described methods
[19]. Immediately after ACL reconstruction, a Kirschner
wire was inserted into the proximal region of the tail of an
anesthetized rat, and both ends were bent to form rings.
One end of the stainless-steel wire was attached to the rings
of the Kirschner wire, and the other end was attached to the
top of a cylindrical cage (height 36 cm, diameter 32 cm)
using a clip. The length of the stainless-steel wire was
adjusted to prevent contact between the hindlimbs and the
floor. The forelimbs were in contact with the floor, and the
rats were able to move freely in the cage using their fore-
limbs.

Morphine administration

To increase weight bearing through pain relief, mor-
phine was administered to rats in the ACLR + M group,
following the methods described in a previous study [19].
An ALZET osmotic mini-pump (model 2ML2; Durect Cor-
poration, Cupertino, CA, USA) was filled with morphine
hydrochloride (Daiichi-Sankyo Co. Ltd, Tokyo, Japan) and
implanted subcutaneously immediately after ACL recon-
struction. Morphine hydrochloride was continuously
administered at a rate of 4.8 mg/day throughout the experi-
mental period.

At the end of the experimental period, rats were anes-
thetized and sacrificed by exsanguination. Knees were
immersion-fixed in 0.1 M phosphate-buffered 4%
paraformaldehyde (pH 7.4) for two days. Samples were
decalcified with 17.7% ethylenediaminetetraacetic acid (pH
7.2, Osteosoft; Merck Millipore, Darmstadt, Germany) and
embedded in paraffin. Sagittal sections (4 um thick) were
cut at the medial midcondylar level using a microtome and
stained with Safranin-O Fast Green. Parameters of trabecu-
lar bone and MAT in the proximal tibial epiphysis were
assessed using previously described methods [16, 18]. Six
fields of view located between the articular cartilage and
the growth plate were photographed at 20x magnification
using a light microscope (BX51; Olympus, Tokyo, Japan)
equipped with a digital microscope camera (WRAYCAM-
NOA2000; WRAYMER, Tokyo, Japan). The trabecular
bone area was measured manually and expressed as a per-
centage of the total tissue area. Additionally, the numbers
of total and empty lacunae in the trabecular bone were
counted, and the empty lacuna ratio was calculated by
dividing the number of empty lacunae by the number of
total lacunae [37].

Adipocytes were identified morphologically as
described in a previous study [21]. The number of
adipocytes was counted manually. If the entire cell border
was not included in the field, the number of adipocytes was
counted as 0.5. The number of adipocytes was expressed as
cells per mm? of tissue area. Cross-sectional areas were
measured in adipocytes and summed. Mean adipocyte size



18 Kaneguchi ef al.

was calculated by dividing the sum of the cross-sectional
areas by the number of adipocytes. MAT area was calcu-
lated by dividing the sum of cross-sectional areas by the
total tissue area. Image] software (National Institutes of
Health, Bethesda, MD, USA) was used to measure
adipocyte and trabecular bone areas and count bone lacu-
nae.

Immunohistochemistry for caspase-3

Immunohistochemistry for caspase-3 was performed
to detect apoptotic osteocytes. Deparaffinized sections of
the knee were incubated with methanol containing 3%
H,0, for 30 min, followed by incubation with 1% normal
horse serum in 0.01 M phosphate-buffered saline (pH 7.4)
for 30 min. After sections were incubated with an anti-
caspase-3 antibody (No. GTX110543, 1:4000 dilution;
GeneTex, California, LA, USA) overnight at 4°C, a sec-
ondary antibody (horse biotinylated anti-mouse/rabbit IgG,
1:250 dilution; BA-1400, Vector Laboratories, Burlingame,
CA, USA) was applied for 30 min at room temperature.
The negative control was incubated with vehicle (1%
bovine serum albumin), instead of an anti-caspase-3 anti-
body. The sections were then incubated with a streptavidin-
biotin complex (1:50 dilution; Elite ABC, Vector
Laboratories, Burlingame, CA, USA) for 30 min, and the
immunoreaction was visualized using Dako EnVision +
kit/HRP (DAB) (Dako Japan, Tokyo, Japan). Finally, coun-
terstaining with hematoxylin was performed to stain nuclei.
Six fields of view located between the articular cartilage
and the growth plate (similar regions to those used to assess
marrow adiposity and trabecular bone area) were pho-
tographed at 40x magnification. Total and caspase-3 posi-
tive osteocytes were counted, and the percentage of
caspase-3 positive osteocytes was calculated.

TRAP staining

To visualize osteoclasts, tartrate-resistant acid phos-
phatase (TRAP) staining was performed using the
TRAP/ALP stain kit (294-67001; FUJIFILM Wako, Tokyo,
Japan). Six fields of view located between the articular car-
tilage and the growth plate (similar regions to those used to
assess marrow adiposity and trabecular bone area) were
photographed at 20x magnification. Osteoclast surface
length was manually measured using ImageJ software, cal-
culated as the length of the TRAP-positive bone surface
divided by the total bone surface [11].

Statistical analysis

Data were expressed as mean =+ standard deviation.
Statistical analyses were performed using Dr. SPSS 1I for
Windows (SPSS Japan, Tokyo, Japan). Two-way analyses
of variance (ANOVAs) were employed to identify signifi-
cant main effects and interactions. When significant main
effects, but not interactions, were detected, Bonferroni tests
were used for post hoc comparisons between levels. When
significant interactions were detected, Bonferroni tests

were used to identify simple main effects. In addition, Pear-
son’s correlation coefficient (when normality could be
assumed based on the Shapiro-Wilk test) or Spearman’s
correlation coefficient (when normality could not be
assumed based on the Shapiro-Wilk test) was calculated
between empty lacuna ratio and caspase-3 positive cell
ratio, empty lacuna ratio and osteoclast surface length, tra-
becular bone area and empty lacuna ratio, and trabecular
bone area and MAT area. A p-value of < 0.05 was consid-
ered to indicate statistical significance.

III. Results

Trabecular bone area

Figure 2 shows representative images of sections
stained with Safranin-O Fast Green. In the trabecular bone
area, neither the interaction (P = 0.242) nor the main effects
of time (P = 0.513) and intervention (P = 0.232) were found
to be statistically significant (Fig. 3A).

Empty lacuna ratio

Two-way ANOVA revealed a significant main effect
for intervention in the empty lacuna ratio (Fig. 3B, P =
0.001). The empty lacuna ratio was significantly higher in
all ACL reconstructed groups (Fig. 2F—H and N-P) than in
the control group (Fig. 2E and M, Fig. 3B, P < 0.012).
There were no differences in the empty lacuna ratio
between the ACL reconstructed groups (P = 1.000 in all
comparisons). The interaction (P = 0.474) and the main
effect of time (P = 0.214) were not significant.

Caspase-3 positive cell ratio

Figure 4 shows representative images of caspase-3-
immunostained sections. In the negative control, osteocytes
were not stained (data not shown). Two-way ANOVA
revealed a significant main effect for intervention in the
caspase-3 positive cell ratio (Fig. 3C, P = 0.002). The cas-
pase-3 positive cell ratio was significantly higher in all
ACL reconstructed groups (Fig. 4B—D and F-H) than in the
control group (Fig. 3C, Fig. 4A and E, P < 0.041). There
were no differences in the caspase-3 positive cell ratio
between the ACL reconstructed groups (P = 1.000 in all
comparisons). The interaction (P = 0.442) and the main
effect of time (P = 0.529) were not significant.

Osteoclast surface length

Figure 5 shows representative images of TRAP-
stained sections. Two-way ANOVA revealed a significant
main effect for intervention in the osteoclast surface length
(Fig. 3D, P =0.001). The osteoclast surface length was sig-
nificantly longer in all ACL reconstructed groups (Fig. SB—
D and F-H) than in the control group (Fig. 3D, Fig. SA and
E, P < 0.009). There were no differences in the osteoclast
surface length between the ACL reconstructed groups (P =
1.000 in all comparisons). The interaction (P = 0.132) and
the main effect of time (P = 0.263) were not significant.
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Fig. 2. Histological features in the epiphysis of the proximal tibia. Representative images of Safranin-O Fast Green-stained sections are presented for the
control (A, E, I, M), ACLR (B, F, J, N), ACLR + HU (C, G, K, O), and ACLR + M (D, H, L, P) groups. Images in panels (A-H) and (I-P) represent 7
and 14 days post-surgery, respectively. Images in panels (E-H) and (M-P) show high magnification views of the boxes in images (A-D) and (I-L),
respectively. Arrowheads indicate empty lacunae. Circular cavities with absence of cytoplasmic staining are adipocytes. Bars = 200 pm and 100 pm in
low magnification images (A—D and I-L) and high magnification images (E-H and M-P), respectively.
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Fig. 4. Expression of caspase-3. Representative images of caspase-3-immunostained sections are presented for the control (A, E), ACLR (B, F), ACLR +
HU (C, G), and ACLR + M (D, H) groups. Images in panels (A-D) and (E-H) represent 7 and 14 days post-surgery, respectively. Arrowheads indicate

caspase-3-positive cells. Bars = 100 um.
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Fig. 5. TRAP staining. Representative images of TRAP-stained sections are presented for the control (A, E), ACLR (B, F), ACLR + HU (C, G), and
ACLR + M (D, H) groups. Images in panels (A-D) and (E-H) represent 7 and 14 days post-surgery, respectively. Osteoclasts are stained in purple. Bars
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Adipocyte number

Two-way ANOVA revealed a significant interaction
between time and intervention (P = 0.038), and main
effects of both time (P = 0.003) and intervention (P <
0.001) on adipocyte number (Fig. 6A). At seven days post-
surgery, the number of adipocytes in the ACLR + HU
group (Fig. 2C) was significantly higher than that in the
ACLR + M group (Fig. 2D, Fig. 6A, P =0.014). At 14 days
post-surgery, the number of adipocytes in the ACLR + HU
group further increased compared to seven days post-
surgery (Fig. 2K, Fig. 6A, P <0.001), and was significantly
higher than those in the control, ACLR, and ACLR + M
groups (Fig. 21, J, and L, Fig. 6A, P <0.001 in all compar-
isons).

Adipocyte size

Two-way ANOVA revealed significant main effects
for time (P < 0.001) and intervention (P < 0.001) on
adipocyte size (Fig. 6B). Adipocyte size was significantly
larger at 14 days compared to 7 days post-surgery. Among

the groups, adipocyte size in the ACLR + HU group (Fig.
2C and K) was significantly larger than in the control,
ACLR, and ACLR + M groups (Fig. 2A, B, D, I, J,and L,
Fig. 6B, P < 0.003). Interaction was not significant (P =
0.082).

MAT area

Two-way ANOVA revealed a significant interaction
between time and intervention (P = 0.002) and significant
main effects of both time (P < 0.001) and intervention (P <
0.001) on MAT area (Fig. 6C). At seven days post-surgery,
the MAT area in the ACLR + HU group (Fig. 2C) was sig-
nificantly larger than in the ACLR + M group (Fig. 2D,
Fig. 6C, P = 0.004). At 14 days post-surgery, the MAT area
in the ACLR + HU group further increased compared to
that at seven days post-surgery (Fig. 2K, Fig. 6C, P <
0.001) and was significantly larger than in the control,
ACLR, and ACLR + M groups (Fig. 21, J, and L, Fig. 6C, P
< 0.001 in all comparisons). In the ACLR group, the MAT
area at 14 days post-surgery was significantly larger than at
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seven days post-surgery (Fig. 2B and J, Fig. 6C, P =0.018),
but was not significantly different from that in the control
group (Fig. 21, Fig. 6C, P = 0.372).

Correlation analysis

At seven days post-surgery, a strong positive correla-
tion was found between empty lacuna ratio and caspase-3
positive cell ratio (Fig. 7A, rs = 0.713, P < 0.001). Simi-
larly, at 14 days post-surgery, a strong positive correlation
was found between empty lacuna ratio and caspase-3 posi-

tive cell ratio (Fig. 7B, ry = 0.729, P < 0.001)

A moderate positive correlation was observed between
empty lacuna ratio and osteoclast surface length at 14 days
post-surgery (Fig. 7D, rs = 0.651, P < 0.001), while the cor-
relation at seven days post-surgery was not significant (Fig.
7C, 1s=0.136, P = 0.482).

There were no significant correlations between trabec-
ular bone area and empty lacuna ratio at both seven (Fig.
7E, 1y = 0.327, P = 0.083) and 14 days post-surgery (Fig.
7F, r,=10.327, P = 0.072).

At 14 days post-surgery, a weak but significant nega-
tive correlation was observed between trabecular bone area
and MAT area (Fig. 7H, ry = —0.392, P = 0.029), but not at
seven days post-surgery (Fig. 7G, r = —0.345, P = 0.067).

IV. Discussion

We aimed to examine the effects of weight bearing
after ACL reconstruction on the trabecular bone and MAT
in the rat proximal tibia. Differences in weight bearing did
not significantly affect any parameters of trabecular bone.
Regarding the MAT, parameters in the ACLR and ACLR +
M groups were comparable to the control group, whereas
MAT accumulation was detected in the ACLR + HU group.

In this study, trabecular bone and MAT areas in the
ACLR group were comparable to those of the control
group, although a previous study reported MAT accumula-
tion in the rat proximal tibial epiphysis at 4 and 12 weeks
after ACL reconstruction [16]. Another study reported that
trabecular bone and MAT areas in the proximal tibial epi-
physis did not change significantly after two and four
weeks of ACL reconstruction in rats [18]. Our experimental
periods (within 14 days) may have been too short to detect
significant changes in trabecular bone and MAT mass.
After ACL reconstruction, however, a qualitative change in
trabecular bone was detected; the empty lacuna ratio was
significantly increased. The increase in the empty lacuna
ratio can be induced by apoptosis of osteocytes [13]. We
confirmed that the caspase-3 positive cell ratio was signifi-
cantly higher in the ACLR group than in the control group.
Furthermore, a strong positive correlation was found
between the empty lacuna ratio and caspase-3 positive cell
ratio. These results suggest that ACL reconstruction
induced a reduction in osteocytes (increase in empty lacuna
ratio) through apoptosis. It is generally believed that apop-
tosis of osteocytes can induce bone loss via the induction of
osteoclasts [34]. In our study, the osteoclast surface length
significantly increased after ACL reconstruction, and a sig-
nificant positive correlation between empty lacuna ratio
and osteoclast surface length was observed at 14 days post-
surgery. However, in this experimental condition, trabecu-
lar bone area was not reduced by ACL reconstruction.
Osteocyte viability contributes to bone strength indepen-
dently of bone mass [12, 30]. Therefore, ACL
reconstruction-induced apoptosis of osteocytes might
induce a reduction in bone strength. Although we did not
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Fig. 7. Correlations between empty lacuna ratio and caspase-3 positive cell ratio (A, B), empty lacuna ratio and osteoclast surface length (C, D),
trabecular bone area and empty lacuna ratio (E, F), and trabecular bone area and marrow adipose tissue area (G, H). (A), (C), (E), and (G) represent 7

days post-surgery, and (B), (D), (F), and (H) represent 14 days post-surgery.

evaluate bone strength, several cases of tibial plateau frac-
tures after ACL reconstruction have been reported [22, 28].

Hindlimb unloading after ACL reconstruction signifi-
cantly increased MAT area at 14 days post-surgery. Theo-
retically, an increase in MAT area can be induced by an
increase in adipocyte hyperplasia, adipocyte hypertrophy,
or a combination of these [33]. Because hindlimb unload-

ing increased both adipocyte number and adipocyte size,
the increased MAT area in the ACLR + HU group would be
due to a combination of adipocyte hyperplasia and
adipocyte hypertrophy. In general, MAT accumulation is
thought to have negative effects on bone mass through
osteoclastogenesis induced by the receptor activator of NF-
kB ligand derived from MAT [26]. MAT accumulation
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observed in aging, post-menopausal osteoporosis, and
anorexia nervosa is associated with bone loss [24]. How-
ever, in our study, increased MAT due to hindlimb unload-
ing was not accompanied by an increase in osteoclast
surface length and a reduction in trabecular bone area.
Because bone metabolism is relatively slow, our experi-
mental periods (within 14 days) might be too short to detect
the effects of hindlimb unloading on trabecular bone
parameters. A significant negative correlation was found
between trabecular bone area and MAT area at 14 days
post-surgery. Thus, we cannot exclude the possibility that
increased MAT by hindlimb unloading may lead to bone
degeneration in the longer term. A recent review suggested
that MAT plays a role in osteoarthritis [38]. We previously
reported that cartilage degeneration after ACL reconstruc-
tion was accelerated by hindlimb unloading [19], and
increased MAT might contribute to this adverse effect of
hindlimb unloading on cartilage degeneration. In addition,
MAT plays an endocrine role in producing leptin,
adiponectin, and cytokines that target distant skeletal mus-
cle [9]. The accumulation of MAT may also contribute to
the exacerbation of muscle atrophy during hindlimb
unloading after ACL reconstruction [17].

Increased weight bearing by morphine administration
did not affect all the examined parameters of trabecular
bone and MAT. The main reason for this may be that ACL
reconstruction alone did not change the trabecular bone
area and MAT parameters within 14 days. Separately,
increased weight bearing by morphine administration could
not attenuate ACL reconstruction-induced osteocyte apop-
tosis. It is believed that the relationship between osteocyte
apoptosis and mechanical loading is U-shaped (i.e., both
hypo- and hyper-mechanical loading can induce osteocyte
apoptosis) [12]. However, in our study, differences in
weight bearing did not affect the empty lacunae ratio and
caspase-3 positive cell ratio, suggesting that factors other
than mechanical loading affect osteocyte apoptosis after
ACL reconstruction. Several factors, including inflamma-
tion, can also induce osteocyte apoptosis [34]. Further stud-
ies are needed to elucidate the mechanisms of osteocyte
apoptosis induced by ACL reconstruction.

This study has limitations. The follow-up periods in
this study were short (up to 14 days), potentially explaining
why differences in the amount of weight bearing did not
significantly affect any parameter of trabecular bone.
Longer-term follow-up might be better to detect the effects
of differences in weight bearing on trabecular bone parame-
ters. Clinically, if non-weight bearing is employed after
ACL reconstruction, the period is often within 14 days [35,
36]. Thus, we designed the experimental periods to align
with this clinical timeframe. We did not examine changes
in trabecular bone and MAT due to reloading after the
hindlimb unloading period, even though patients typically
return to relatively normal levels of physical activity after a
period of post-operative non-weight bearing. A previous
study reported that increased MAT in the tibia due to

hindlimb unloading was reversed by reloading in rats [5].
Whether the adverse effects of non-weight bearing after
ACL reconstruction on MAT can be reversed by reloading,
as observed in the intact limb, remains an open question.

In conclusion, hindlimb unloading after ACL recon-
struction increased MAT area through adipocyte hyperpla-
sia and hypertrophy. Therefore, early weight bearing after
ACL reconstruction will be important in reducing MAT
accumulation. However, an increase in weight bearing did
not affect trabecular bone parameters such as trabecular
bone area, osteocyte apoptosis, and osteoclastogenesis.

V. Conflicts of Interest

The authors declare that there are no conflicts of
interest.

VI. Funding

This study was supported by JSPS KAKENHI Grant
Number 22K17625.

VII. Acknowledgments

We acknowledge technical assistance from Atsuhiro
Shimoe, Akira Takahashi, and Momoka Hayakawa.

VIII. References

1. Aaron, N., Costa, S., Rosen, C. J. and Qiang, L. (2022) The
Implications of Bone Marrow Adipose Tissue on Inflammaging.
Front. Endocrinol. (Lausanne). 13; 853765.

2. Ahdjoudj, S., Lasmoles, F., Holy, X., Zerath, E. and Marie, P. J.
(2002) Transforming growth factor beta2 inhibits adipocyte
differentiation induced by skeletal unloading in rat bone marrow
stroma. J. Bone. Miner. Res. 17; 668—677.

3. Anderson, M. J., Diko, S., Baehr, L. M., Baar, K., Bodine, S. C.
and Christiansen, B. A. (2016) Contribution of mechanical
unloading to trabecular bone loss following non-invasive knee
injury in mice. Journal of Orthopaedic Research: official
publication of the Orthopaedic Research Society. 34; 1680—1687.

4. Baran, R., Wehland, M., Schulz, H., Heer, M., Infanger, M. and
Grimm, D. (2022) Microgravity-Related Changes in Bone
Density and Treatment Options: A Systematic Review. Int. J.
Mol. Sci. 23; 8650.

5. Booker, C. N., Haga, C. L., Boregowda, S. V., Strivelli, J. and
Phinney, D. G. (2021) Transcriptional responses of skeletal stem/
progenitor cells to hindlimb unloading and recovery correlate
with localized but not systemic multi-systems impacts. NP.J
Microgravity T; 49.

6. Clarke, B. (2008) Normal bone anatomy and physiology. Clin. J.
Am. Soc. Nephrol. 3 Suppl 3; S131-139.

7. David, V., Martin, A., Lafage-Proust, M. H., Malaval, L.,
Peyroche, S., Jones, D. B., et al. (2007) Mechanical loading
down-regulates peroxisome proliferator-activated  receptor
gamma in bone marrow stromal cells and favors
osteoblastogenesis at the expense of adipogenesis.
Endocrinology 148; 2553-2562.

8. De Carlo, M. S. and McDivitt, R. (2006) Rehabilitation of
Patients Following Autogenic Bone-Patellar Tendon-Bone ACL



24

11.

16.

17.

18.

19.

20.

21.

22.

23.

Kaneguchi et al.

Reconstruction: A 20-Year Perspective. N. Am. J. Sports Phys.
Ther. 1;108-123.

de Paula, F. J. A. and Rosen, C. J. (2020) Marrow Adipocytes:
Origin, Structure, and Function. Annual Review of Physiology
82; 461-484.

Hsia, A. W,, Jbeily, E. H., Mendez, M. E., Cunningham, H. C,,
Biris, K. K., Bang, H., et al. (2021) Post-traumatic osteoarthritis
progression is diminished by early mechanical unloading and
anti-inflammatory treatment in mice. Osteoarthritis Cartilage.
29;1709-1719.

Inoue, S., Hatakeyama, J., Aoki, H., Kuroki, H., Niikura, T., Oe,
K., et al. (2021) Effects of ultrasound, radial extracorporeal
shock waves, and electrical stimulation on rat bone defect
healing. Ann. N Y Acad. Sci. 1497; 3—14.

. Jilka, R. L., Weinstein, R. S., Parfitt, A. M. and Manolagas, S. C.

(2007) Quantifying osteoblast and osteocyte apoptosis:
challenges and rewards. J. Bone. Miner. Res. 22; 1492—-1501.

. Jilka, R. L., Noble, B. and Weinstein, R. S. (2013) Osteocyte

apoptosis. Bone. 54;264-271.

Kaneguchi, A., Ozawa, J., Minamimoto, K. and Yamaoka, K.
(2021) A rat model of arthrofibrosis developed after anterior
cruciate  ligament reconstruction  without rigid joint
immobilization. Connect. Tissue. Res. 62; 263-276.

. Kaneguchi, A., Ozawa, J., Minamimoto, K. and Yamaoka, K.

(2021) Formation process of joint contracture after anterior
cruciate ligament reconstruction in rats. Journal of Orthopaedic
Research: official publication of the Orthopaedic Research
Society 39; 1082-1092.

Kaneguchi, A., Ozawa, J., Umehara, T. and Yamaoka, K. (2022)
Marrow adipose tissue accumulation and dysgenesis of the
trabecular bone after anterior cruciate ligament transection and
reconstruction in the rat proximal tibial epiphysis. Acta
Histochemica. 124; 151891.

Kaneguchi, A., Shimoe, A., Hayakawa, M., Takahashi, A.,
Yamaoka, K. and Ozawa, J. (2023) The effects of weight bearing
on muscle atrophy early after ACL reconstruction in rats. Tissue.
Cell. 83; 102148.

Kaneguchi, A., Yamaoka, K. and Ozawa, J. (2023) Effects of
joint immobilization and treadmill exercise on marrow adipose
tissue and trabecular bone after anterior cruciate ligament
reconstruction in the rat proximal tibial epiphysis. Acta
Histochemica. 125; 152012.

Kaneguchi, A., Yamaoka, K. and Ozawa, J. (2023) The effects of
the amount of weight bearing on articular cartilage early after
ACL reconstruction in rats. Connect. Tissue. Res. 62; 186-204.
Li, J., Chen, X., Lu, L. and Yu, X. (2020) The relationship
between bone marrow adipose tissue and bone metabolism in
postmenopausal osteoporosis. Cytokine. Growth. Factor. Rev. 52;
88-98.

Menagh, P. J., Turner, R. T., Jump, D. B., Wong, C. P., Lowry, M.
B., Yakar, S., et al. (2010) Growth hormone regulates the balance
between bone formation and bone marrow adiposity. J. Bone.
Miner. Res. 25; 757-768.

Mithofer, K., Gill, T. J. and Vrahas, M. S. (2004) Tibial plateau
fracture following anterior cruciate ligament reconstruction.
Knee. Surg. Sports Traumatol. Arthrosc. 12; 325-328.
Mundermann, A., Payer, N., Felmet, G. and Riehle, H. (2015)
Comparison of volumetric bone mineral density in the operated
and contralateral knee after anterior cruciate ligament and
reconstruction: A 1-year follow-up study using peripheral
quantitative computed tomography. Journal of Orthopaedic
Research: official publication of the Orthopaedic Research

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

Society. 33; 1804-1810.

Nandy, A. and Rendina-Ruedy, E. (2021) Bone marrow
adipocytes - Good, bad, or just different? Best. Pract. Res. Clin.
Endocrinol. Metab. 35; 101550.

Nyland, J., Fisher, B., Brand, E., Krupp, R. and Caborn, D. N.
(2010) Osseous deficits after anterior cruciate ligament injury
and reconstruction: a systematic literature review with
suggestions to improve osseous homeostasis. Arthroscopy 26;
1248-1257.

Onji, M., Werschler, N. and Penninger, J. (2021) A critical
relationship between bone and fat: the role of bone marrow
adipose-derived RANKL in bone metabolism. EMBO Rep. 22;
€52986.

Pagnotti, G. M. and Styner, M. (2016) Exercise Regulation of
Marrow Adipose Tissue. Front. Endocrinol. (Lausanne). 7; 94.
Palazzolo, A., Rosso, F., Bonasia, D. E., Saccia, F., Rossi, R. and
Knee Committee, S. (2018) Uncommon Complications after
Anterior Cruciate Ligament Reconstruction. Joints. 6; 188-203.
Perrien, D. S., Akel, N. S., Dupont-Versteegden, E. E., Skinner,
R. A, Siegel, E. R., Suva, L. J., et al. (2007) Aging alters the
skeletal response to disuse in the rat. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 292; R988-996.

Plotkin, L. I., Gortazar, A. R., Davis, H. M., Condon, K. W.,
Gabilondo, H., Maycas, M., et al. (2015) Inhibition of osteocyte
apoptosis prevents the increase in osteocytic receptor activator of
nuclear factor kappaB ligand (RANKL) but does not stop bone
resorption or the loss of bone induced by unloading. J. Biol.
Chem. 290; 18934-18942.

Plumb, M. S. and Aspden, R. M. (2004) High levels of fat and
(n-6) fatty acids in cancellous bone in osteoarthritis. Lipids.
Health. Dis. 3; 12.

Rendina-Ruedy, E. and Rosen, C. J. (2017) Bone-Fat Interaction.
Endocrinol. Metab. Clin. North. Am. 46; 41-50.

Rozman, C., Reverter, J. C., Feliu, E., Berga, L., Rozman, M.
and Climent, C. (1990) Variations of fat tissue fraction in
abnormal human bone marrow depend both on size and number
of adipocytes: a stereologic study. Blood. 76; 892—895.

Ru, J. Y. and Wang, Y. F. (2020) Osteocyte apoptosis: the roles
and key molecular mechanisms in resorption-related bone
diseases. Cell Death. Dis. 11; 846.

Tajima, T., Yamaguchi, N., Nagasawa, M., Morita, Y.,
Nakamura, Y. and Chosa, E. (2019) Early weight-bearing after
anterior cruciate ligament reconstruction with hamstring grafts
induce femoral bone tunnel enlargement: a prospective clinical
and radiographic study. BMC Musculoskelet. Disord. 20; 274.
Tyler, T. F., McHugh, M. P., Gleim, G. W. and Nicholas, S. J.
(1998) The effect of immediate weightbearing after anterior
cruciate ligament reconstruction. Clin. Orthop. Relat. Res. (357);
141-148.

Xu, M., Du, J., Cui, J., Zhang, S., Zhang, S., Deng, M., et al.
(2022) Cell-Free Fat Extract Prevents Tail Suspension-Induced
Bone Loss by Inhibiting Osteocyte Apoptosis. Front. Bioeng.
Biotechnol. 10; 818572.

Zapata-Linares, N., Eymard, F., Berenbaum, F. and Houard, X.
(2021) Role of adipose tissues in osteoarthritis. Curr. Opin.
Rheumatol. 33; 84-93.

This is an open access article distributed under the Creative Commons
Attribution-NonCommercial 4.0 International License (CC-BY-NC), which
permits use, distribution and reproduction of the articles in any medium
provided that the original work is properly cited and is not used for commercial
purposes.




