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Development of Medication Related Osteonecrosis of the Jaw
(MRONJ) after extraction of teeth with experimental periapical
disease
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Abstract

Objectives: Medication related osteonecrosis of the jaw (MRONJ) is a rare, but severe side
effect of antiresorptive medications. Most animal models utilize tooth extraction as an instigating
local factor to induce MRONJ, with varied results. However, these teeth are healthy, absent of
dental disease, a rare finding that does not reflect clinical practices. We hypothesize that extraction
of teeth with periapical inflammation leads to MRONJ in rats treated with high-dose
bisphosphonates.

Materials and Methods: Rats were pre-treated with zoledronic acid (ZA) for 1-week. Pulp
Exposure (PE) was established by exposing the pulpal chamber of the first and second molars.
Experimental Periapical Disease (EPD) was induced by pulp exposure and bacterial inoculation
into pulp chambers of the first and second mandibular molars. The mandibular molars were
extracted 4-weeks following PE or EPD, and animals euthanized 4-weeks after tooth extraction.
Extraction sockets were assessed clinically, radiographically, and histologically.

Results: Clinically, radiographically and histologically, socket healing was observed in all \eh
animals, and in ZA animals after extraction of healthy teeth or teeth with PE. In contrast, bone
exposure, lack of socket healing and osteonecrosis were present in the majority of the ZA animals
after extraction of teeth with EPD. Bacterial presence was noted in areas of osteonecrotic alveolar
bone.
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Conclusion: Our data support a synergistic contribution of severe dental disease and tooth
extraction for MRONJ pathogenesis. Importantly, this model is amenable to manipulation of
methodological conditions for the dissection of parameters involved in MRONJ pathogenesis.

INTRODUCTION

Anti-resorptive medications, such as bisphosphonates and denosumab, prescribed for
management of bone malignancy or osteoporosis [1, 2], have rare, but serious side effects,
including medication related osteonecrosis of the jaw (MRONJ). MRONJ is characterized by
exposed bone in the maxillofacial region for at least 8 weeks, without a history of head and
neck radiation [3]. The most common local risk factor for MRONJ development is tooth
extraction [4], which in the majority of adult patients is caused by periodontal or periapical
disease [5]. While prevalence is low, MRONJ decreases quality of life and can lead to
serious complications [6, 7].

Even though MRONJ has been studied extensively, its pathophysiology remains elusive [6,
8]. A variety of mechanisms have been proposed, including osteoclast dysfunction, bone
turnover suppression and altered wound healing [9-12]. Animal models that reproduce
some, but not all, aspects of human MRONJ have been developed, utilizing two main
approaches: tooth extraction or development of periapical or periodontal disease [13, 14].

In the first approach, animals treated with antiresorptives undergo tooth extraction. However,
unlike in humans, the extracted teeth in these models are healthy and void of periapical or
periodontal disease. This is a rare occurrence in the clinical management of adult patients, as
teeth are often extracted due to severe periodontal or periapical disease. Interestingly, several
studies utilizing extraction of healthy teeth in animals under high dose antiresorptive
treatment report defective osseous, but normal mucosal healing [13, 15-19]. Mucosal
defects are more consistently observed in animals on antiresorptives also treated with
adjunctive therapies, such as steroids or chemotherapy, or during vitamin D deficiency or
diabetes [17-20]. These adjuvant treatments likely compromise soft and hard tissue healing,
and have a significant contribution to MRONJ development. On the other hand, others have
reported defective mucosal healing in animals treated only with antiresorptive treatment
[21-23]. However, there are technical differences in these studies that likely account for the
disparate observations.

In the second approach toward development of MRONJ animal models, periapical or
periodontal disease is induced in animals treated with antiresorptives, but no tooth extraction
is performed [10, 11, 24, 25]. Such models report clinical, radiographic and histologic
observations that resemble features of MRONJ. As MRONJ largely occurs following tooth
extraction, the insight provided by these models is limited only to cases of spontaneous
MRONJ around teeth with periodontal or periapical disease. Despite the limitations, these
models provide insight into disease pathogenesis.

Here, we propose that combining the two approaches would more closely capture the
clinical reality of MRONJ pathogenesis. We hypothesize that extraction of teeth with
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periapical inflammation, but not of healthy teeth, leads to MRONJ in rats treated with high-
dose BPs.

MATERIALS AND METHODS

Animal care

Eight-week old, healthy, male Wistar-Han rats (Charles River Laboratories, Raleigh, NC)
were randomly assigned to receive intraperitoneal (IP) injections of endotoxin-free saline
(vehicle) or 200ug/kg zoledronic acid (ZA) (LKT Laboratories, St Paul, MN) twice weekly,
in morning hours (219-261g, 2369 average). Vehicle (Veh) or ZA treatment was continued
throughout the duration of the experiments. Throughout the experiment, rats were housed in
pathogen-free conditions (2 per cage) with a 12-hour light/dark cycle, fed a standard diet
(NIH-31 Modified Open Formula, ENVIGO, Madison, WI) and given water ad /ibitum. Rats
with retained root fragments or fractured cortical plates were excluded from analysis. All
applicable institutional and/or national guidelines for the care and use of animals were
followed.

Experiment 1: Extraction of teeth with Pulp Exposure (PE)

Following 1 week of pre-treatment, 24 rats (12 Veh, 12 ZA) had the crowns of their right
first (M1) and second (M2) mandibular molars drilled using a 1/2 round carbide burr to
create pulpal exposure. 4 weeks after pulpal exposure, the right M1 and M2 were extracted.
Animals were euthanized 4 weeks following tooth extraction. 2 Veh and 2 ZA animals were
excluded from analysis due to retained root fragments/fractured cortical plates.

Experiment 2: Effects of bacterial inoculation on periapical disease

After 1 week of pre-treatment, 40 rats (20 Veh, 20 ZA) had the right M1 and M2 drilled to
create pulpal exposure, as described. In 10 ZA and 10 Veh treated animals, the pulpal
chambers were inoculated with a solution of periapical pathogens containing 10° of each
Porphyromonas gingivalis, Streptococcus gordonii, Aggregatibacter
actinomycetemcomitans, and Fusobacterium nucleatum to induce experimental periapical
disease (EPD). The pulpal chamber was covered with Cavit (3M ESPE, St. Paul, MN). 8
weeks after EPD, animals were euthanized.

Experiment 3: Extraction of teeth with Experimental Periapical Disease (EPD)

After 1 week of pre-treatment, EPD, described above, was induced in the right M1 and M2
of 24 Veh and 36 ZA treated animals. 24 Veh and 22 ZA treated animals, serving as controls,
did not undergo any manipulation prior to extraction. 4 weeks following induction of EPD,
all animals had M1 and M2 extracted. Animals were euthanized 4 weeks following tooth
extraction. 4 Veh and 5 ZA animals with extraction of healthy teeth, and 8 Veh and 12 ZA
animals with EPD were excluded from analysis due to retained root fragments.

Ex-vivo UCT specimen scanning & Imaging

Mandibles were harvested, then imaged using a digital microscope at 40x magnification
(Keyonce VHX-1000, Osaka, Japan). Following fixation in 4% paraformaldehyde for 48
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hours, Mandibles were imaged by ex-vivo UCT using SkyScan 1172 at 20 um resolution
(SkyScan, Kontich, Belgium), as described [14]. Volumetric data were converted to DICOM
format and imported to generate reconstructed images. Linear and volumetric measurements
of periapical bone loss, and bone volume fractionation (BV/TV) were made, as described
[10]. Healing of extraction sockets was rated as complete (greater than 75% of the socket),
partial (healing of 25— 75% of the socket) or absent (less than 25% of the socket), and
quantified, as described [26].

Histology, TRAP staining, gram staining

Statistics

RESULTS

Mandibles were decalcified in 15% EDTA and sectioned in a buccal-lingual fashion, in the
area of bone exposure. Samples were paraffin embedded and 5um sections were made and
stained with H&E [27]. Analysis was performed using Aperio Image Scope software
(Aperio Technologies, Inc., Vista, CA). The region of interest (ROI) was defined as the area
of the alveolar crest to the inferior border of the mandible in the area of M1 and M2. The
epithelium to alveolar crest distance, total number of osteocytic lacunae, number of empty
lacunae, and osteonecrotic area were quantified [27]. Empty lacunae were those with empty
or karolytic osteocytic lacunae. Osteonecrosis were identified as an area of 5 or more
confluent empty lacunae. The epithelium to alveolar crest distance is the distance from the
inferior part of the epithelium to the alveolar crest.

Histology, slide scanning, digital imaging and Gram staining was performed at the
Translational Pathology Core Laboratory (TPCL) at the David Geffen School of Medicine at
UCLA. Gram staining was performed to identify bacteria. Bacterial quantification was
measured in the ROl and normalized to the bone surface area. For osteoclast enumeration,
tartrate-resistant acid phosphatase (TRAP) staining was performed utilizing the leukocyte
acid phosphatase kit (387A-IKT Sigma, St. Louis, MO) and normalized to the bone surface
area [14].

Raw data were analyzed using GraphPad Prism (GraphPad Software, Inc. La Jolla, CA).
Descriptive statistics were used to calculate the mean and the standard error of the mean
(SEM). Data were analyzed by one and two-way ANOVA and post-hoc Tukey’s test for
multiple comparisons, with statistical significance of 0.05. Socket healing was analyzed
using the Fischer’s exact test.

Experiment 1: Extraction of teeth with pulp exposure (PE)

First, we examined the effects of PE on MRONJ development. Most \eh (10/10) and ZA
(9/10) treated animals displayed no clinical bone exposure (Fig. 1A, B). Radiographically,
Veh animals showed healing with indistinct extraction socket borders (Fig. 1C-C1). ZA
animals also showed osseous healing. However, the original extraction socket borders were
easily discernible (Fig. 1D-D1). Furthermore, ZA treatment increased the Bone Volume over
Tissue Volume (BV/TV) ratio in the area of the edentulous alveolar ridge (Fig. 1G).
Histologic investigation of \eh animals showed normal epithelium, submucosa and healed
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sockets (Fig. 1E, F). ZA treated also animals displayed soft tissue healing. However, the
extraction socket showed osteonecrosis, as indicated by confluent empty osteocytic lacunae.
A statistically significant increase (p<0.0001) in percent osteonecrosis was observed (Fig.
1H).

Experiment 2: Effects of bacterial inoculation on periapical disease

Because extraction of teeth with PE did not lead to MRONJ lesions clinically, we inoculated
the pulpal chambers with periapical pathogens creating experimental periapical disease
(EPD), and examined its effects on the periodontium prior to tooth extraction. Radiographic
examination of molars with PE revealed bone loss confined to the periapical region in \Veh
treated animals (Fig. 2A-Al). In Veh treated animals with EPD, large, widespread
radiolucencies were visualized extending to near the inferior border of the mandible (Fig.
2B-B1). In ZA treated animals with PE, minimal alveolar bone loss was noted (Fig. 2C-C1).
In ZA animals with EPD, the radiographic appearance was similar, with only slight
widening of the apical periodontal ligament space (Fig. 2D-D1). Quantification of the root-
alveolar bone distance demonstrated a loss of apical bone in \eh animals with PE; this bone
loss was significantly enhanced with EPD. The presence of EPD had no effect on the
periapical bone loss in ZA treated animals (Fig. 2E). However, ZA treatment attenuated
periapical bone loss. Histologic assessment paralleled radiographic findings. Veh treated
animals with PE demonstrated periapical bone loss and inflammatory infiltrate around the
apical area (Fig. 2F). In Veh animals with EPD, more extensive bone loss and prominent
inflammatory infiltrate was noted (Fig. 2G). ZA treated animals with PE displayed minimal
bone loss, with inflammatory infiltrate concentrated to the periapical region (Fig. 2H). While
ZA treated animals with EPD displayed similar bone loss, a prominent inflammatory
infiltrate extended beyond the periapical bone, into the surrounding alveolar bone (Fig. 2,
blue arrow).

Experiment 3: Extraction of teeth with EPD

We then tested soft tissue and osseous healing after extraction of healthy or EPD teeth.
Visual examination revealed mucosal defects in 5% (1/20) of Veh animals with extraction of
healthy teeth, 0% (0/16) of Veh animals with extraction of molars with EPD, and 12% (2/17)
of ZA animals with extraction of healthy teeth (Fig. 3A, B, C, white arrows and Fig. 3E). In
contrast, 62.5% (15/24) of ZA treated animals with extraction of teeth with EPD showed
mucosal defects and clinical bone exposure (Fig. 3D, red arrow and Fig. 3E).

Radiographic assessment of the extraction sockets of Veh treated animals showed complete
healing with remodeling of the socket outline (Fig. 4A-Al, B-B1, blue arrows). Most ZA
treated animals with extraction of healthy teeth also showed socket with dense, woven bone,
and a clear demarcation of the socket outline (Fig. 4C-C1, yellow arrows). In contrast, ZA
treated animals with extraction of teeth with EPD presented partial or complete absence of
osseous socket healing (Fig. 4D-D1, red arrows) and periosteal bone formation along the
lingual or buccal cortices (Fig. 4D1, white arrow). Qualitative assessment showed complete
osseous socket healing in the majority of \eh treated animals, regardless of treatment, as
well as ZA treated animals with extraction of healthy teeth (Fig. 4E). In contrast, 50% of the
ZA treated animals with extraction of teeth with EPD showed absence of osseous healing,
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while 20% of animals demonstrated partial healing (Fig. 4E). Quantification of bone
formation in the sockets showed statistically significant decrease in BV/TV in the ZA-EPD
animals compared to all other groups (Fig. 4F).

Histologic assessment of extraction sockets from Veh treated animals with extraction of
healthy or diseased teeth showed mucosal healing with normal keratinized epithelium and
submucosa, and absence of inflammatory infiltrate. The extraction sockets were filled with
woven bone with reversal lines (Fig. 5A, B, white arrows); osteonecrosis was not seen. ZA
treated animals with extraction of healthy teeth also showed normal epithelial and
submucosal lining over the extraction sockets (Fig. 5C). Sockets healed with woven bone
and reversal lines, but limited remodeling of the socket outlines (Fig. 5C, white arrows), and
areas of osteonecrosis were present (Fig. 5C1, blue arrows). In contrast, ZA treated animals
with extraction of teeth with EPD demonstrated mucosal healing defects, with debris
accumulation and epithelial migration extending to the underlying bone. Incomplete socket
healing and remodeling, presence of osteonecrosis and sequestration of necrotic bone were
also present (Fig. 5D-D1).

Quantification of histologic findings confirmed the qualitative assessment. ZA treated
animals demonstrated a higher incidence of empty osteocytic lacunae and area of
osteonecrosis compared to the Veh treated animals. Moreover, in ZA treated animals,
extraction of teeth with EPD resulted in higher levels of empty osteocytic lacunae and
osteonecrotic area (Fig. 5E, F). ZA treated animals with extraction of teeth with EPD
demonstrated decreased distance between the basal layer of the epithelium and the alveolar
crest compared both to Veh treated animals, and ZA treated animals with extraction of
healthy teeth (Fig. 5G). Finally, ZA treatment decreased the number of osteoclasts compared
to the Veh treated animals (Fig. 5H).

Gram staining revealed general absence of bacteria within the submucosa or alveolar bone in
Veh animals and ZA animals with extraction of healthy teeth (Fig. 6A-Al, B-B1, C-C1). In
contrast, in ZA treated animals with extraction of teeth with EPD, bacteria were present
around osteonecrotic areas and deeper within the alveolar bone (Fig. 6D-D2). Quantification
demonstrated a significantly higher bacterial number in the ZA-EPD rats compared to all
other groups (Fig. 6E).

DISCUSSION

Animal models, reported by us and others, have demonstrated an association between
infectious dental disease and MRONJ [10, 14, 24, 26, 28, 29]. These models utilize
experimental periapical/periodontal disease or spontaneously occurring peri-radicular
disease combined with antiresorptives to characterize MRONJ lesions around affected teeth.
Other investigators have followed a different approach to induce MRONJ lesions, by
extracting healthy molars in animals treated with antiresorptives [19, 30, 31]. Here, we
combined the two, and utilized extraction of teeth with experimental periapical disease to
observe the occurrence of MRONJ lesions in rats treated with high-dose ZA. We observed
that extraction of teeth with EPD resulted in clinical, radiographic and histologic features of

J Oral Maxillofac Surg. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hadaya et al.

Page 7

MRONJ; extraction of healthy or teeth with PE in ZA treated animals or in any Veh treated
animals did not result in MRONJ lesions.

We made similar observations with spontaneous peri-radicular disease, reporting that only
extraction of diseased teeth caused MRONJ lesions in mice treated with high-dose ZA [26].
Our current studies in rats, however, offer several advantages, compared to our prior mouse
study. First, EPD is amenable to experimental manipulation in relation to ZA treatment and
disease duration; the existence and timing of spontaneous peri-radicular cannot be
controlled. Furthermore, periapical disease is a well-established model that has been
extensively used to investigate various facets of apical periodontitis, including microbial
infection, immune responses, and host modulation of disease [32—34]. In contrast, it is
unclear if spontaneous peri-radicular disease, despite its pathologic radiographic and
histologic features, parallels human disease. Finally, a larger animal model, with a more
accessible oral cavity, makes intervention less technically challenging, allowing for more
consistent and controlled disease development. In preliminary studies, extraction of teeth
with drilled crowns in mice resulted in frequent tooth fractures and retained root fragments
due to the compromised crown integrity (unpublished data). Using rats instead of mice
decreased the occurrence of such procedural difficulties. Furthermore, we excluded animals
with retained root fragments from analysis, as they compromise socket healing.

Interestingly, we also reported defective socket healing after extraction of teeth with
experimental periodontal disease in rats treated with ZA [27]. While we observed poorly
formed collagen fibers, increased levels of alpha-SMA, MMP-9, and MMP-13, all indicative
of impaired healing, a great majority of animals presented without mucosal defects.
Similarly, following extraction of teeth with pulp exposure in mice under antiresorptive
treatment, no clinical bone exposure is noted despite the presence of osteonecrotic areas
[29]. Here, we made similar observations, after crown drilling and subsequent pulp exposure
to the oral environment. However, we were only able to consistently induce clinical bone
exposure after extraction of teeth with EPD, which were inoculated with species involved in
periapical pathogenesis [35-37].

These observations place great importance on the degree of inflammation in MRONJ
pathogenesis. Indeed, pCT and histologic analysis confirmed this, reflected by an increase in
bone loss and prominent inflammatory presence into the periodontal tissues in inoculated
animals. Interestingly, ZA similarly inhibited periapical bone loss in the absence or presence
of bacterial inoculation. However, when inoculated, inflammatory infiltrate within the
marrow spaces of the periapical bone was noted. Subsequent extraction of inoculated teeth
led to development of MRONJ lesions with soft tissue defects. In other studies, these
mucosal defects are rare, and increase in prevalence with systemic therapy, such as
immunosuppression [31]. Similarly, the presence of MRONJ lesions following tooth
extraction in ZA treated mice is infrequent, and becomes apparent only when animals are
treated with a chemotherapeutic agent [38].

Here, only animals with extraction of teeth with EPD displayed clinical bone exposure.
Importantly, bacterial presence was seen around osteonecrotic areas of unhealed extraction
sockets. Bacteria were noted not only on the exposed surface, but within the necrotic bone.
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Our observations parallel human findings that report the existence of bone infection
(osteomyelitis) prior to tooth extraction in the majority of patients on nitrogen-containing
bisphosphonates that subsequently developed MRONJ [39], as well as colonization of
necrotic exposed bone by a variety of bacterial morphotypes [35, 40-42]. Indeed, others
have also used bacteria to induce MRONJ lesions in mice. However, in these experiments,
healthy teeth were extracted, and bacteria were added in the sockets after extraction [43].
Our data, combined with such studies, demonstrate the significance of bacterial infection
and associated inflammation in MRONJ pathogenesis.

Despite the resemblance to human disease, limitations of this model should be addressed.
The young age of animals used in this study may affect wound healing following tooth
extraction, as MRONLJ largely presents in a more elderly population [44]. Here, we utilized
200 pg/kg ZA twice weekly through the experiment, to induce MRONJ lesions. Indeed, this
is a higher dose than clinically prescribed for malignancies; however, this increases disease
prevalence, allowing for a smaller sample size to investigate disease development. Finally,
rodents, although a powerful tool, have variances in bone remodeling, when compared to
humans [45].

In summary, we present a model that captures the human MRONJ clinical scenario, and
provides an experimental design that can be manipulated and modified in detail to allow the
dissection of parameters involved in the process of MRONJ pathogenesis. The bacterial load
and types, time and dose of antiresorptives, time of experimental periapical disease, potential
antibiotic treatment, endodontic treatment, and time of extraction are variables that can be
easily adjusted to explore clinical outcomes. Supported by studies showing minimal MRONJ
lesions in a healthy oral environment, we can begin to develop targeted therapies to prevent
and treat this condition.
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Fig. 1. Socket healing following extraction of teeth with pulpal exposure
Clinical images of socket healing following extraction of teeth with pulpal exposure in Veh

(a) and ZA (b) treated animals. Saggital and axial 4 CT images of Veh (c, c1) and ZA (d, d1)
treated animals with extraction of teeth with pulpal exposure. Representative H&E sections
of extraction sockets in Veh (e) and ZA (f) treated animals with extraction of teeth with
pulpal exposure. (g) Quantification of BV/TV percentage. (h) Quantification of percent
osteonecrosis. Data represents mean value £ SEM. **** statistical significance, p<0.0001
(n=10 per group).
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Fig. 2. Radiographic and histologic analysis of pulp exposure & EPD prior to extraction
UCT assessment of vehicle treated animals in the absence (a, al) and presence (b, bl) of

bacterial inoculation (EPD), and of ZA treated animals in the absence (c, c1) and presence
(d, d1) of bacterial inoculation (EPD). (e) Quantification of periapical bone loss. Data
represents mean value £ SEM. **** statistical significance, p<0.0001, *** statistical
significance, p<0.001, (n=10 per group). Histologic assessment of periapical disease in the
absence (f, h) and presence (g, i) of bacterial inoculation (EPD) in vehicle and ZA treated
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animals, respectively. Blue arrows point to the extent of periapical bone loss. Yellow arrows
point to areas of inflammatory infiltrate.
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Fig. 3. Clinical assessment of socket healing following extraction of teeth with EPD
Clinical images of extraction socket healing in vehicle treated animals with the extraction of

healthy teeth (a) or teeth with EPD (b), and ZA treated animals with the extraction of
healthy teeth (c) and teeth with EPD (d). White arrows (a, b, ) point to healed extraction
sockets. Red arrow points to an unhealed extraction socket with bone exposure (d). (e)
Quantification of the percentage of animals with exposed bone or full healing. ****
statistical significance, p<0.0001 (n=16-24 per group).
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Fig. 4. Radiographic examination of extraction sockets
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Sagittal and axial cross sections of UCT scans of vehicle treated animals with extraction of
healthy teeth (a, al) and EPD (b, b1). The blue arrows denote woven bone formation.
Sagittal and axial cross sections of ZA treated animals with extraction of healthy teeth (c,
cl) and EPD (d, d1). Yellow arrows point to areas of woven bone formation, demarcated
from the outline of the extraction sockets. Red arrows point to empty extractions sockets.
White arrow points to periosteal bone formation on the lingual cortex. (e) Quantification of
radiographic healing. (f) Quantification of bone volume/tissue volume (BV/TV). Data
represents mean value £ SEM. **** statistical significance, p<0.0001 (n=16-24 per group),
*** statistical significance, p<0.001.
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Fig. 5. Histologic evaluation of extraction sockets following extraction
Representative H&E sections of extraction sockets in vehicle treated animals with extraction

of healthy teeth (a, al) and teeth with EPD (b, b1). White arrows point to areas of woven
bone formation. H&E sections of extraction sockets in ZA treated animals with extraction of
healthy teeth (c, c1) and teeth with EPD (d, d1). Blue arrows point to areas of osteonecrosis.
Cyan arrow points to mucosal defect, debris and bone exposure. Quantification of (e)
percent empty osteocytic lacunae, (f) percent osteonecrosis, (g) epithelium to crest distance,
and (h) osteoclasts/length. Data represents mean value £ SEM. **** statistical significance,
p<0.0001 (n=15 per group).
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Fig. 6. Gram staining of extraction sockets
Representative gram staining of extraction sockets in vehicle treated animals with extraction

of healthy teeth (a, al) and teeth with EPD (b, b1). Representative sections of extraction

sockets in ZA treated animals with extraction of healthy (c, c1) and EPD teeth (d, d1). (d2)
100x magnification of the boxed area shows visible bacteria, denoted by the yellow arrows,
seen around an osteonecrotic area. () Quantification of bacterial colonies per length. Data
represents mean value £ SEM. **** statistical significance, p<0.0001 (n=8-10 per group).
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