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Abstract: A limited number of experimental animal stud-
ies and in vitro data confirm that nicotine impairs bone heal-
ing, diminishes osteoblast function, causes autogenous bone
graft morbidity, and decreases graft biomechanical proper-
ties. Therefore, our long-term goal is to develop an effective
therapy to reverse the adverse impact of nicotine from to-
bacco products. However, before accomplishing this goal,
we had to develop an animal model. Our hypotheses were
nicotine administration preceding and following autog-
enous bone grafting adversely affected autograft incorpora-
tion and depressed donor site healing in a characterized
animal wound model. Hypothesis testing was accomplished
in bilateral, 4-mm diameter parietal bone defects prepared in
60 Long–Evans rats (male, 35-day-old). A 4-mm diameter
disk of donor bone was removed from the left parietal bone
and placed in the contralateral defect. The donor site served
as a spontaneously healing bone wound. The rats were

partitioned equally among three doses of nicotine adminis-
tered orally in the drinking water (12.5, 25, and 50 mg/L).
For each dose, the duration and sequence of nicotine treat-
ment followed four courses, including no nicotine and des-
ignated combinations of nicotine administration and abate-
ment prior to and following osseous surgery. Experimental
sites were recovered on 14 and 28 days postsurgery, re-
sponses quantitated, and data analyzed by analysis of vari-
ance and post hoc statistics (p # 0.05). We developed a con-
venient and effective osseous model, and the results vali-
dated our hypothesis that nicotine negatively impacts on
bone healing. © 1999 John Wiley & Sons, Inc. J Biomed Mater
Res, 45, 294–301, 1999.
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INTRODUCTION

Autografts are the preeminent choice to correct os-
seous craniomaxillary and mandibular defects be-
cause of the relatively high predictability for a success-
ful outcome.1 However, for patients who use tobacco
and receive autogenous bone grafts, the success rates
plummet.2–4 A 15 patient clinical study revealed that
80% of the individuals with impaired osseous healing
were smokers.5 In another clinical study of more than
400 patients, localized alveolitis delayed osseous heal-
ing of dental extraction sites at a level 4–5 times
greater for smokers than nonsmokers.6 Furthermore,
after spine fusion with bone autografts, pseudoarthro-
sis was 4 times more prevalent in patients who
smoked than those who did not smoke.2,3,7 Hadley
and Reddy8 reviewed 12 separate clinical studies con-
firming similarly alarming statistics.

Nicotine in tobacco products causes peripheral va-

soconstriction9 and tissue ischemia (reviewed by Jones
and Triplett5) and decreases oxygen tension.10 More-
over, nicotine depresses osteoblast activity.3,4,11–14

Therefore, we and others reason that nicotine is the
main pathophysiological factor in tobacco products
that causes bone graft morbidity and impaired osse-
ous healing.13,14

These observations, as well as clinical reports, have
prompted clinicians to inform patients receiving bone
grafts to refrain from tobacco products prior to and
following surgery. The period of time preceding and
succeeding grafting is often arbitrary. Moreover, the
noncompliant patient who uses tobacco products and
is to receive a bone graft presents a daunting clinical
challenge.

Our long-term goal is to develop an effective
therapy to reverse the adverse impact of nicotine-
induced peripheral vasoconstriction from tobacco
products. To accomplish this goal, we first had to de-
velop a convenient, economical, and reliable animal
wound model. A bilateral model in parietal bones was
developed that included a spontaneously healing
wound and a recipient site for an autograft. Therefore,
within the same animal, responses to nicotine dosing
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and timing could be determined at a bone-healing do-
nor site and at the autograft recipient bed. Using es-
tablished morphological quantitative methodology,
we determined nicotine administration deters osseous
regeneration within a spontaneously healing wound.

MATERIALS AND METHODS

Experimental design

Bilateral, 4-mm diameter parietal bone defects were pre-
pared in 60 35-day-old male Long–Evans rats. The rats were

partitioned equally to receive one of three doses (12.5, 25,
and 50 mg/L) of nicotine (Sigma Chemical Company, St.
Louis, MO) administered in the drinking water as previ-
ously described.12,15 The time line for administration of nico-
tine is presented in Figure 1. Each group had six rats. The
determination of this sample size among treatments and
across times was accomplished through power analysis (at
0.90).16,17

Surgery

Rats were placed in an anesthesia box with 3% isoflurane
until a surgical plane of anesthesia was obtained. The sur-

Figure 1. Table indicating the dosing and timing for nicotine administration.

Figure 2. Schematic with donor and recipient parietal bone defects and progression of events including tissue retrieval,
processing, and graft–host interface observation.
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gical site was prepared for aseptic surgery and Lacri-lubet
(Allergan Pharmaceuticals, Allergan Inc., Irvine, CA) oph-
thalmic ointment was placed gently onto the conjunctiva of
each eye.

A linear incision was made from the posterior occipital
protuberance to the nasal bone, the periosteum was el-
evated, and a 4-mm diameter craniotomy was prepared in
each parietal bone between the temporal line and the mid-
sagittal suture. The procedure was accomplished with a sur-
gical trephine, Bell hand piece, and physiological saline ir-
rigation as previously described.18

The left craniotomy provided donor material that was in-
verted (i.e., dural side cephalic) and implanted into the right
craniotomy. The left donor site was the spontaneously heal-
ing bone wound, while the right side contained the healing
recipient autogenous graft (Fig. 2).

Soft tissues were closed with absorbable 4-0 Biosyn
(USSC, New Haven, CT) sutures. Each rat was monitored
closely postoperatively and received a veterinary analgesic
for routine postoperative pain control.

Animal experimentation was conducted in accordance
with guidelines for animal care and use promulgated by the
National Institutes of Health (publication 85-23, revision
1985), as well as the institutional animal care and use com-
mittee at Oregon Health Sciences University (Portland, OR).

Radiomorphometry

Following necropsy at the designated times, experimental
sites (i.e., specimens) were recovered and placed in 70%
ethanol. After 24 h, specimens were radiographed in a stan-
dard manner using a Minishot X-ray cabinet (Associated
X-ray Co., East Haven, CT) with a constant object to film
distance and ultrahigh contrast mammography film (X-
OMATL, Kodak, Eastman Kodak, Rochester, NY). X-ray
films of the specimens were assessed in a standardized fash-
ion with gray level densities using an image analysis system
(Leica Instruments Ltd., Cambridge, UK) as previously re-
ported.19–21 Radiopacity at the spontaneously healing
wound and the autograft recipient site was expressed as a
mean percentage and 1 standard deviation.

Histology and histomorphometry

Experimental sites were recovered en bloc and placed im-
mediately in 70% ethanol, taken to 100% ethanol, and em-
bedded in poly(methylmethacrylate). Following curing, em-
bedded samples were cut to 4.5–5 mm thick sections using a
microprocessor controlled Polycut E microtome (Leica In-
struments Ltd., Cambridge, UK). Sections were mounted
onto glass slides with 100% ethanol, pressed, and warmed
overnight at 60°C for staining with a modification of the
Goldner–Masson trichrome stain and von Kossa stain.

Goldner–Masson trichome-stained sections were exam-
ined with bright field light microscopy for cell type, mor-
phology, and stromal detail with a Zeiss Axiophot Micro-
scope (Zeiss Instruments Co., Inc., New York). Von Kossa

stained specimens were quantitated for new bone within the
spontaneously healing donor site with an image analysis
system and Zeiss Axiophot microscope and reported in
square millimeters as previously described.19–21 The new
bone in the autograft recipient site was measured in a simi-
lar manner at the interface between the host bone and the
autograft (Fig. 2). The resultant value for each treatment
group reported was expressed as the mean in square milli-
meters and 1 standard deviation.

The data for the percent radiopacity and square millime-
ters of bone formation were analyzed by an analysis of vari-
ance (ANOVA) and Fisher’s protected least significant dif-
ference test to detect differences between times and among
treatments. The level of significance was established at p <
0.05.

RESULTS

The postoperative course of healing was unremark-
able. There were no adverse occurrences at either do-
nor or recipient parietal bone sites.

Radiography and radiomorphometry

At 14 days, the percent radiopacity at the donor
craniotomies in group 1 was significantly greater than

Figure 3. Histogram of radiomorphometric data at 14 days
(mean + 1 standard deviation).
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donor defects in group 3 receiving 50 mg/L nicotine
and in group 4 receiving 12.5 and 50.0 mg/L nicotine
(Fig. 3). There were no dose-dependent responses in
the donor defects among the nicotine-treated groups.
For the autograft sites, the amount of radiopacity was
not dose dependent on nicotine (Fig. 3).

At 28 days the donor defects in rats given nicotine
throughout the study exhibited a time-dependent de-
crease in radiopacity from 14 to 28 days. There was
significantly less radiopacity in group 4, who were
administered 50.0 mg/L, compared to other groups
(Figs. 4, 5). For the autograft sites, the amount of ra-
diopacity was not dose-dependent on nicotine for
groups 1–3; however, data from group 4 cohorts (12.5
and 50.0 mg/L) suggested less new bone than group 1
(Fig. 4).

Histological and histomorphometry

At 14 days there was neither a difference in the
histological appearance nor in the quantity of bone
formation within the spontaneously healing donor
sites (Figs. 6, 7). Minimal osteoblastic activity, limited
new trabeculae, and fibrotic connective tissue were

apparent. Osseous integration between the autograft
and host bone at recipient sites was not evident; how-
ever, some new bone deposition could be observed
with the lower nicotine doses. By 28 days the donor
sites in group 1 had more new bone than group 2 (50.0
mg/L nicotine), group 3 (all nicotine doses), and
group 4 (12.5 and 25.0 mg/L nicotine; Figs. 8, 9). Fur-
thermore, some of the spontaneously healing donor
sites for the 0 mg nicotine revealed osseous bridging
(Fig. 8). Moreover, this same treatment group also had
substantial osseous formation between the autograft
and recipient bone (Figs. 8, 10). However, histomor-
phometric data did not indicate significant differences
among treatments for the autografts, whereas dosing
and timing differences did promote different bone
healing responses in the spontaneously healing de-
fects (Fig. 9). Specifically, the 0 dose of nicotine and
the lowest duration of administration time supported
the greatest amount of new bone formation.

DISCUSSION

We proved our hypothesis that in a characterized
osseous wound model nicotine administration will
hinder bone regeneration. Moreover, the timing and

Figure 4. Histogram of radiomorphometric data at 28 days
(mean + 1 standard deviation).

Figure 5. Typical radiographic response from either 0 or 50
mg/L of nicotine at 14 and 28 days. The spontaneously heal-
ing defects are to the reader’s left and the radiopaque graft
and recipient beds are to the reader’s right. The white arrow
indicates centripetally advancing new bone formation.
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sequence of nicotine administration adversely influ-
enced bone healing. Furthermore, the negative impact
from nicotine decreased bone healing more severely at
28 days than at 14 days. These findings underscore the
importance for abstaining from nicotine-containing
products prior to and following osseous procedures.

The data reported suggest early (14 days) osseous
healing is affected less by nicotine than later healing
(28 days). It is possible at the healing bone wound
during the early phase that sufficient endogenous cells
and signaling factors promote the healing cascade
whether nicotine is present or absent. Review of the
literature verifies the inherent capacity for bone to re-
generate due to local cells and signaling molecules.22

When osseous healing exhausts the localized supply
of cells and signaling molecules, renewal is contingent

upon vascularity and operational activity of endog-
enous cells activated during the early phase of bone
repair. However, these events become subdued as a
consequence of nicotine administration, which causes
peripheral vasoconstriction at donor and recipient
beds13 and decreases osteoblast activity.23–25 We fur-
ther reason that peripheral vasoconstriction at the
graft recipient bed reduces a potential osteoblast pro-
genitor cell pool (i.e., the pericytes26–28) and produces
an inhospitable environment jeopardizing bone repair
potential and graft survival.

In the animal wound model we described, we were
neither able to prove that different doses of nicotine
had an effect on the healing process nor that nicotine
deterred autograft incorporation. Possible reasons for
these observations are variability in delivered nicotine
doses from drinking water and the low bioavailability
of swallowed nicotine (in the drinking water).29 Orally
administered nicotine undergoes a significant first-
pass effect from hepatic metabolism (approximately
85–90%); whereas nicotine administration from other
routes (e.g., from smoking) circumvents first-pass me-
tabolism.29 Therefore, to achieve nicotine plasma lev-
els consistent with those likely from cigarettes (10–70
ng/mL10,30), our current experimentation with nico-
tine administration is being accomplished by nasal
spray supplemented with a transdermal patch.31,32

Figure 6. Representative coronal sections at 14 days of
(A,C) donor and (B,D) recipient bone healing sites for 50 and
0 mg/L nicotine. Fibrous tissue prevails in donor defects
and minimal new bone formation is apparent at autograft–
host margins. Dashed lines indicate the wound edges. Au-
tografts were inserted dural surface cephalically to preclude
an exact fit; original magnification ×1.25; Goldner trichrome
stain.

Figure 7. Histogram of histomorphometric data at 14 days
(mean + 1 standard deviation).
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These routes will also ensure a more reliable dosing
regimen than nicotine in drinking water. Two contin-
gencies can be considered if nasal and transdermal
routes become unsuitable: either subcutaneous infu-
sion by a miniosmotic pump (Alzett, Palo Alto, CA)
or smoking chambers where “research cigarette
smoke” will be pumped into the chamber. The latter
method is less favorable than the former due to the
multiple agents in “smoke” versus a single agent (i.e.,
nicotine).

Another reason we could not detect differences in
autograft incorporation among treatment groups
could be related to the bone regenerating properties of
the autogenous graft.33 Moreover, the amount of in-
terface area between the autograft and the host bone
could have been sufficiently small to offset the nega-
tive impact that nicotine had on the healing wound. In
contrast, a donor site with significantly less bone than
the autograft recipient site could be more severely

handicapped in the healing response during nicotine
administration, despite the possibility of variable nico-
tine serum levels.

Studies in progress involve transdermal and nasal
nicotine administration to prove the hypotheses that
effects of nicotine on bone repair are dose dependent
and that nicotine adversely impacts autograft incorpo-
ration. Furthermore, we are perfecting a rabbit model.
The rabbit calvaria has an inner and outer table of
Haversian and lamellar bone with intervening diploe,
in contrast to the rat calvaria, which is predominantly
thin cortical lamellar plates. Therefore, measuring au-
tograft incorporation in the rabbit calvaria in response
to nicotine will have more clinical relevance to hu-
mans than the described rat model.

Temporal sequencing of individual cellular and mo-
lecular events in the osseous wound sites were not
determined in this study, although reports and re-
views describe these phenomena in fracture re-

Figure 8. Representative coronal sections at 28 days of (A,C) donor and (B,D) recipient bone healing sites for 50 and 0 mg/L
nicotine. (A) Fibrous tissue prevails in the 50 mg/L defect whereas (C) new bone formation (curved arrow) spans the 0 mg/L
site. (B) The autograft appears to be undergoing degenerative changes. Irregularities at the graft–host interface and minimal
bone formation reflect the negative impact of nicotine (insert). (D) In contrast, the autograft from the 0 mg/L dosing presents
evidence of new bone proliferation at the graft–host interface (arrows). Dashed lines indicate the wound edges. Autografts
were inserted dural surface cephalically to preclude an exact fit; original magnification ×1.25; Goldner trichrome stain.

299IMPACT OF NICOTINE ON BONE HEALING



pair.22,34,35 We speculate a nicotine-induced decre-
ment in signaling molecules and cells would be con-
sistent with impaired bone healing. A rational
therapeutic could be developed to offset this effect, as
well as to promote peripheral vascularity. We offer
this logic as the foundation to define and perfect a

convenient bone wound model that could be exploited
to develop clinical therapies.

In conclusion, we quantitated nicotine’s impairment
to bone repair. To the best of our knowledge, this is
the first report on a clear and unambiguous method to
measure bone formation at a spontaneously healing
wound and an autograft recipient site to study the
effects of nicotine. The lessons learned from this expe-
rience will enable our laboratory, as well as others, to
improve the model, thus leading to the development
of clinical remedies to reverse detrimental effects from
tobacco products in patients who will require osseous
procedures.
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