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Abstract This study was conducted to determine the

effectiveness of three forms of vitamin E supplements

following nicotine treatment on bone histomorphometric

parameters in an adult male rat model. Rats were divided

into seven groups: baseline (B, killed without treatment),

control (C, normal saline for 4 months), nicotine (N, nic-

otine for 2 months), nicotine cessation (NC), tocotrienol-

enhanced fraction (TEF), gamma-tocotrienol (GTT), and

alpha-tocopherol (ATF). Treatments for the NC, TEF,

GTT, and ATF groups were performed in two phases. For

the first 2 months they were given nicotine (7 mg/kg), and

for the following 2 months nicotine administration was

stopped and treatments with respective vitamin E prepa-

rations (60 mg/kg) were commenced except for the NC

group, which was allowed to recover without treatment.

Rats in the N and NC groups had lower trabecular bone

volume, mineral appositional rate (MAR), and bone for-

mation rate (BFR/BS) and higher single labeled surface

and osteoclast surface compared to the C group. Vitamin E

treatment reversed these nicotine effects. Both the TEF and

GTT groups, but not the ATF group, had a significantly

higher trabecular thickness but lower eroded surface

(ES/BS) than the C group. The tocotrienol-treated groups

had lower ES/BS than the ATF group. The GTT group

showed a significantly higher MAR and BFR/BS than the

TEF and ATF groups. In conclusion, nicotine induced

significant bone loss, while vitamin E supplements not only

reversed the effects but also stimulated bone formation

significantly above baseline values. Tocotrienol was shown

to be slightly superior compared to tocopherol. Thus,

vitamin E, especially GTT, may have therapeutic potential

to repair bone damage caused by chronic smoking.
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Cigarette smoke contains high concentrations of oxidants

and free radicals in both gas and particulate phases that

may be important in the pathogenesis of smoking-related

diseases [1, 2]. These oxygen free radicals may overwhelm

antioxidant defenses in the body, resulting in a condition of

oxidative stress [3, 4]. Oxygen-derived free radicals are

involved in the bone remodeling process by inducing

osteoclastogenesis [5, 6] and inhibiting osteoblastic

differentiation [7].

Nicotine is the major toxic component of the tar phase of

cigarette smoke [8]. Some researchers suggest that nicotine

might have a direct action on bone metabolism by influ-

encing the bone remodeling process. Nicotine inhibited

collagen synthesis and alkaline phosphatase activity in

osteoblast-like cells derived from embryonic chick calvar-

iae [9] and suppressed cellular proliferation in UMR 106-01

rat osteoblastic osteosarcoma cells [10]. In contrast, nico-

tine appears to stimulate osteoclast resorption in a porcine

marrow cell model [11], increase serum interleukin-1 levels
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[12], and reduce left femoral calcium content in male rats

[13].

Animal studies have shown that nicotine exposure leads

to oxidative stress. Increased free radical production, as

evidenced by changes in intracellular oxidative stress

parameters (glutathione [GSH] and malondialdehyde

[MDA]) in pancreatic tissue of rats incubated with nicotine

levels [14], and increased lipid peroxidation levels in tis-

sues of intraperitoneal nicotine–administered rats have

been reported [15]. In addition, nicotine exposure (25–

100 lM) to cat ventricular myocytes resulted in free radi-

cal–induced DNA damage and an increase in DNA

degradation [16]. Previous reports have shown depletion on

antioxidants and enhancement of lipid peroxidation by

subcutaneous injection of nicotine (2.5 mg/kg) during lung

toxicity [17].

Vitamin E is a lipid-soluble natural antioxidant which

exists in two forms: tocopherol and tocotrienol. Both forms

can be further subdivided into alpha, beta, gamma, and

delta subunits. Our own studies have found that a tocotri-

enol mixture was more potent than tocopherol in

preventing the rise of serum interleukin-1 and the delete-

rious effects of free radicals on trabecular bone structure

[18, 19]. Palm vitamin E was found to improve bone

metabolism and survival rate in thyrotoxic rats [20]. It has

also been found to prevent osteoporosis in orchidectomized

growing male rats [21], ovariectomized female rats [22],

and dexamethasone-treated rats [23]. In addition, vitamin E

deficiency impaired bone calcification in ovariectomized

and intact female rats [24], impaired vitamin D metabolism

and bone calcium homeostasis in female rats [25], and

reduced lumbar bone calcium content in female rats [26].

Based on our previous studies, vitamin E (60 mg/kg)

given orally produced significant positive effects on bone

metabolism in rats [18–20, 22, 25]. The laboratory animal

has a higher metabolic rate due to the larger ratio of surface

area to body weight than humans. The dosage comparable

to 1 mg/kg in humans, after adjustment for differences in

surface area, would be about 10 mg/kg for rodents such as

rats and mice [27]. Thus, the vitamin E dose of 60 mg/kg in

rats is equivalent to 6 mg/kg in humans or about 420 mg in

a human with 70 kg body weight. Oral vitamin E supple-

mentation even at 800 mg/day appears to be safe without

producing any signs of toxicity in healthy older adults [28].

The purpose of this study was to determine the effects of

nicotine administration through intraperitoneal injection

for 2 months, followed by supplementation with three

types of vitamin E (tocotrienol-enhanced fraction [TEF],

gamma-tocotrienol [GTT], or alpha-tocopherol [ATF]) for

2 months on bone histomorphometric parameters in Spra-

gue-Dawley male rats. The ability of TEF, GTT, and ATF

to reverse the effects of nicotine was compared. We hope

this study will provide a better understanding of the neg-

ative impact of smoking on bone health and offer evidence

for the therapeutic potential of vitamin E in osteoporotic

patients following cessation of smoking to improve bone

health.

Materials and Methods

Animals and Treatment

Forty-nine young adult (3 months old) male Sprague-

Dawley rats weighing 250–300 g (weight range is not

significantly different) at the start of the experiment were

obtained from the Laboratory Animal Resource Unit,

Faculty of Medicine, Universiti Kebangsaan Malaysia.

Rats were randomly assigned to seven groups with seven

rats in each group (Table 1). Group 1 was the baseline (B),

which was killed at the commencement of the study.

Groups 2 and 3 were the control (C) and nicotine (N)

groups. The C group was treated with normal saline for

4 months, and the N group was treated with nicotine

(7 mg/kg) for 2 months. The other four groups were nic-

otine cessation (NC), TEF, GTT, and ATF. Treatments for

the NC, TEF, GTT, and ATF groups were performed in

two phases. For the first 2 months they were given nicotine

(7 mg/kg), and for the following 2 months nicotine

administration was stopped and treatments with respective

Table 1 Animal groupings and treatment

Groups Treatment phases

First 2 months Following 2 months

Baseline (B, n = 7) Killed at the commencement of the study

Control (C, n = 7) Normal saline (?olive oil) Normal saline (?olive oil)

Nicotine (N, n = 7) Nicotine 7 mg/kg (?olive oil) Killed

Nicotine cessation (NC, n = 7) Nicotine 7 mg/kg (?olive oil) Normal saline (?olive oil)

Tocotrienol-enhanced fraction (TEF, n = 7) Nicotine 7 mg/kg (?olive oil) TEF 60 mg/kg (?normal saline)

Gamma-tocotrienol (GTT, n = 7) Nicotine 7 mg/kg (?olive oil) GTT 60 mg/kg (?normal saline)

Alpha-tocopherol group (ATF, n = 7) Nicotine 7 mg/kg (?olive oil) ATF 60 mg/kg (?normal saline)
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vitamin E preparations (60 mg/kg) were commenced

except for the NC group, which was allowed to recover

without treatment.

Nicotine and normal saline solutions were injected

intraperitoneally, while vitamin E and olive oil were given

by oral gavage. Rats were kept two to three per cage under

12-hour natural light–dark cycles and given tap water ad

libitum. Rats were injected intraperitoneally with 20 mg/kg

body weight calcein (Sigma, St. Louis, MO) at 9 days and

2 days before they were killed. After 4 months of treatment

(except for B group, which was killed at the commence-

ment of the study, and N group, which was killed after

2 months), rats were anesthetized with diethyl ether and

killed by cervical dislocation. The left femora were

removed and the distal parts fixed in 70% ethanol. This

study was approved by the Universiti Kebangsaan Malay-

sia Animals Ethics Committee (UKMAEC: FAR/2002/

IMA/23-JULY/076).

Diet, Nicotine, and Vitamin E

All rats received normal rat chow obtained from Gold Coin

(Port Klang, Malaysia). The nicotine used was nicotine

hydrogen tartrate salt, which was purchased from Sigma.

Nicotine (7 mg/kg) was prepared by mixing 0.07 g of

nicotine in 10 mL normal saline. A total of 0.1 mL/100 g

body weight of the preparation was given intraperitoneally

6 days a week according to the respective treatment dura-

tion. Vitamin E (3 g) was dissolved in 50 mL olive oil

(Bertolli, Lucca, Italy) to obtain a solution suitable for

injection at 60 mg/kg rat weight. TEF (alpha-tocotrienol

43%, gamma-tocotrienol 31%, delta-tocotrienol 14%, and

other oils 12%) was a gift from the Malaysian Palm Oil

Board (Bandar Baru Bangi, Selangor, Malaysia), GTT 90%

was supplied by Carotech (Ipoh, Malaysia), and ATF was

purchased from Sigma.

Bone Histomorphometry

For structural parameter measurements, which included

trabecular bone volume (BV/TV, bone volume over tissue

volume), trabecular thickness (Tb.Th), and trabecular

number (Tb.N), undecalcified bone samples were embed-

ded in polymer methyl methacrylate (BDH, Poole, UK)

according to Difford [29]. Bones were sectioned at 9 lm

thickness using a microtome (Leica RM2155, Wetzlar,

Germany), stained using a modification of von Kossa’s

method [30] and analyzed using an image analyzer (Leica

DMRXA2) with the VideoTest-Master software (Video-

Test, St.-Petersburg, Russia).

For cellular parameter measurements, which include

osteoclast surface (Oc.S/BS, osteoclast surface over bone

surface) and eroded surface (ES/BS, eroded surface over

bone surface), bone samples were decalcified with ethylene

diamine tetraacetic acid (EDTA) for 2 months and

embedded in paraffin wax. Paraffin blocks were sectioned

at 5 lm thickness with a microtome (Leica RM2135) and

stained with hematoxylin and eosin.

Dynamic parameter measurements were determined by

using the technique of double fluorescent labeling with

calcein at day 9 and day 2 before the rats were killed.

Single labeled surface (sLS/BS, single labeled surface over

bone surface), mineral appositional rate (MAR), and bone

formation rate (BFR/BS, bone formation rate over bone

surface) parameters were analyzed from undecalcified

samples using a fluorescence microscope (Nikon, Tokyo,

Japan). Both cellular and dynamic parameters were mea-

sured using the image analyzer (ECLIPSE 80i, Nikon) with

software Pro-Plus 5.0 (Media Cybernetics, Silver Spring,

MD) and the Weibel et al. technique [31, 32].

All histomorphometric parameter measurements were

performed at the metaphyseal region, which was located

3–7 mm from the lowest point of the growth plate and

1 mm from the lateral cortex, excluding the endocortical

region (Fig. 1) [33]. The selected area is the secondary

Fig. 1 Longitudinal section of distal femur showing margin for

sampling in the metaphyseal region. The metaphyseal region was

located 3–7 mm from the lowest point of growth plate and 1 mm

from the lateral cortex, excluding the endocortical region
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spongiosa area, which is rich in trabecular bone. All

parameters were measured according to the American

Society of Bone Mineral Research Histomorphometry

Nomenclature Committee 1987 [34].

Statistical Analysis

Results were expressed as mean ± standard error of the

mean (SEM). Data analysis was performed using Statistical

Package for Social Sciences (12.0.1; SPSS, Inc., Chicago,

IL) software. Data were tested for normality of distribution

using the Kolmogorov test. For normally distributed data,

the statistical test used was analysis of variance, followed

by Tukey’s honestly significant difference test.

Results

Bone Histomorphometry

The C group showed no significant changes in all param-

eters compared to the B group (Figs. 2a, b and 3a, b,

Table 2). Rats in the N and NC groups had lower BV/TV,

MAR, and BFR/BS and higher Oc.S/BS, sLS/BS, and ES/

BS compared to those in the C group (Figs. 2a–d and 3a–d,

Table 2).

In contrast, vitamin E treatment reversed the nicotine

effects by improving trabecular bone histomorphometric

parameters. All vitamin E–treated groups (TEF, GTT,

ATF) showed a significant increase in BV/TV, MAR, and

BFR/BS but reduction in sLS/BS and Oc.S/BS compared

to the C, N, and NC groups (Figs. 2b–g and 3b–g,

Table 2). Both tocotrienol-treated groups (TEF, GTT) had

significantly higher Tb.Th and Ob.S/BS but lower ES/BS

than the C group. These changes were not observed in the

ATF group (Fig. 2b, e–g, Table 2). Both tocotrienol-trea-

ted groups also had significantly reduced ES/BS to a

greater extent than the ATF group. The ATF and GTT

groups, but not the TEF group, showed significantly higher

Tb.N compared to the NC group (Fig. 2d–g, Table 2).

Furthermore, the GTT group showed a significantly higher
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Fig. 2 Photomicrographs of trabecular bone. Undecalcified section

(1009 magnification) shows trabecular bone (black) with white

background stain using the von Kossa method in seven groups. Note

that the vitamin E–treated groups (TEF, GTT, ATF) showed higher

trabecular volume (BV/TV) and trabecular thickness (Tb.Th) relative

to the other groups. B, baseline (killed without treatment); C, control

(no treatment, 4 months); N, nicotine (7 mg/kg nicotine, 2 months);

NC, nicotine cessation (7 mg/kg nicotine, 2 months, ? no treatment,

2 months); TEF, tocotrienol-enhanced fraction (7 mg/kg nicotine,

2 months, ? TEF 60 mg/kg, 2 months); GTT, gamma-tocotrienol

(7 mg/kg nicotine, 2 months, ? GTT 60 mg/kg, 2 months); ATF,

alpha-tocopherol (7 mg/kg nicotine, 2 months, ? ATF 60 mg/kg,

2 months)

c
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MAR and BFR/BS than both the TEF and ATF groups

(Fig. 3e–g, Table 2).

Discussion

The purpose of the study was to evaluate the effects of

nicotine administration and vitamin E supplementation on

bone histomorphometric parameters in the male rat model.

The rat has become a widely accepted model of human

bone disease because of the similar mechanism control

gain and loss of bone mass in young and aged rats as in

humans. An increase in bone mass is observed with lon-

gitudinal bone growth and modeling drifts with bone loss

related to bone remodeling. Furthermore, the response to

mechanical influences, hormones, drugs, and other agents

is similar in rats and humans [35]. Boran et al. [36] also

demonstrated that rats possess remodeling activity similar

to higher mammals in caudal vertebrae cancellous bone,

which was confirmed by Erben [37].

The C group showed no significant changes in all

parameters compared to the B group. These results were

consistent with those of Wronski et al. [38], which showed

that cancellous bone volume remained constant at 25–30%

until 12 months of age and then decreased to 10% at

21 months of age in untreated rats.

The results of the bone histomorphometric analysis

showed that nicotine (7 mg/kg) for 2 months in both the N

and NC groups increased osteoclastic bone resorption and

decreased bone formation as indicated by significant

reduction in BV/TV, MAR, and BFR/BS values, while

Oc.S/BS, ES/BS, and sLS/BS were increased compared to

the C group. Normal bone remodeling, or bone turnover, is

an ongoing process that results from the continuous

resorption of mineralized matrix coupled with the sub-

sequent replacement of lost bone. Thus, these results

showed an imbalance in bone remodeling in the N and NC

groups, while cessation of nicotine treatment for 2 months

prior to death in the NC group did not improve the bone

histomorphometric parameters to control levels.

There is little information on animal studies regarding

the effects of nicotine cessation on bone. Wing et al. [39]

reported that, based on biomechanical and histological

analyses, there were no significant differences on the

effects of autogenous iliac crest bone graft on lumbar

vertebrae bone fusion in rabbits between a group exposed

to chronic nicotine for 8 weeks and another group which

discontinued nicotine exposure for 1 week before surgery.

In addition, human studies have reported that the risk of hip

fracture in men only reduced after 5 years’ cessation of

smoking [40] and that bone mineral density (BMD) in

former smokers was lower compared with never smokers

but similar to that of current smokers [41]. Szulc et al. [41]

suggested that former smokers do not lose or regain BMD

after cessation of smoking. Recently, Krall et al. [42]

suggested that the risk of tooth loss decreases upon

smoking cessation, but it may take at least 9–12 years of

abstinence for the risk to return to the level of never

smokers. Therefore, cessation of nicotine may present a

positive impact on bone if the cessation period is

prolonged.

The nicotine dose (7 mg/kg) chosen in this study was

the optimum dose which affected the bone based on our

preliminary studies. Treatment with nicotine 7 mg/kg body

weight for 4 weeks was found to increase bone resorption

by induction of the bone-resorbing cytokines interleukin-1

and interleukin-6 [12]. Serum calcium levels and normal

body growth were impaired in the group given nicotine

7 mg/kg for 2 months, but no significant differences were

observed at lower doses of 3 and 5 mg/kg body weight

[13]. In addition, the 7 mg/kg dose used in this study is

similar to that of humans who smoked moderately 10–20

cigarettes per day [43].

Although previous animal studies had shown that nico-

tine is a risk factor for osteoporosis [44–46], several animal

studies also reported that nicotine did not cause any

adverse effects on bone healing, mass, strength, and turn-

over rate [47–49]. This may be due to differences in

species, dosage, treatment period, and method of nicotine

administration. In studies done by Syversen et al. [47],

Fung et al. [48], and Iwaniec et al. [49], female rats were

given nicotine via implanted osmotic minipumps or inha-

lation. Based on a study by Riesenfeld [50], Fisher and

Buffalo female rats tolerated nicotine better than male rats.

Therefore, a study on male rats may give results faster than

a study on female rats. The effects of nicotine on bones of

female rats may only be observed if the treatment period is

prolonged.

In addition, other researchers observed that cessation of

smoking may reverse tobacco’s harmful effects on bone

[51–53]. Studies done by Cesar-Neto et al. [51, 52], which

measured the radiographic and histometric parameters of

the tibial and mandibular bone of male Wistar rats,

Fig. 3 Photomicrograph shows calcein labels along trabecular bone,

demonstrated using fluorescence microscopy in an undecalcified

section without staining in seven groups (magnification 9200). Note

that N and NC groups showed thin mineral appositional rate (MAR,

interlabeled distance) compared to the other groups, while the vitamin

E-treated group differed. The vitamin E-treated groups (TEF, GTT,

ATF) also have lower single labeled surface (sLS) relative to the other

control groups. B, baseline (killed without treatment); C, control (no

treatment, 4 months); N, nicotine (7 mg/kg nicotine, 2 months); NC,

nicotine cessation (7 mg/kg nicotine, 2 months, ? no treatment,

2 months); TEF, tocotrienol-enhanced fraction (7 mg/kg nicotine,

2 months, ? TEF 60 mg/kg, 2 months); GTT, gamma-tocotrienol

(7 mg/kg nicotine, 2 months, ? GTT 60 mg/kg, 2 months); ATF,

alpha-tocopherol (7 mg/kg nicotine, 2 months, ? ATF 60 mg/kg,

2 months)

b
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demonstrated that continuous exposure to cigarette smoke

inhalation presented a reduced BMD and a decreased

proportion of mineralized tissue compared to control and

cessation groups and that cigarette smoke inhalation ces-

sation results in a return toward the level of the control

group. In 2006, Oncken et al. [53] reported that cessation of

smoking for 1 year improved BMD at the femoral tro-

chanter and total hip in postmenopausal women but that

changes in BMD at the femoral neck, radius, spine, and

total body did not significantly differ between quitters and

those who continued smoking. We did not observe rever-

sion of nicotine’s harmful effects in the NC group upon

cessation of nicotine administration. This may be attributed

to the differences in the mode of cigarette exposure, per-

centage of nicotine absorbed, genetics, types of bone

studied, age, or measurement indices.

In the present study, the negative effects of nicotine on

bone were found to be reversed in the vitamin E–treated

groups. All vitamin E–treated groups showed a significant

increase in BV/TV, MAR, and BFR/BS (indicators of bone

formation) and a decrease in sLS/BS and Oc.S/BS (indica-

tors of bone resorption) compared to the C, N, and NC

groups. These results showed that vitamin E supplementa-

tion for only 2 months improved not only the damage

caused by nicotine on bone but also trabecular bone

parameters compared to the C group, which received normal

saline for 4 months. It also showed that recovery after

vitamin E supplementation was much better than unsup-

plemented recovery after cessation of nicotine treatment as

observed in the NC group. Therefore, these findings suggest

that vitamin E might act on bone via its antioxidant effects.

Since previous studies showed that nicotine induced oxi-

dative stress [14–17], which in turn led to bone loss [43–46],

it is postulated that vitamin E reversed the effects of nicotine

by means of its antioxidant activities. The above finding also

suggested the possibility of anabolic effects of vitamin E.

However, no studies have shown that vitamin E possesses

this effect, and further studies might be needed.

Recently, Pasco et al. [54] suggested that vitamin E or C

supplements may suppress bone resorption in nonsmoking

posmenopausal women. Nafeeza et al. [55] found that daily

supplementation with 200 mg of vitamin E for 8 weeks

decreased oxidative stress in smokers. Vitamin E has been

shown to increase MAR and BFR and maintain normal

bone growth in young growing chicks [56] and to prevent

osteoporosis in orchidectomized growing male rats [21]

and in ovariectomized female rats [22]. Vitamin E sup-

plementation was also shown to have positive effects on

bone strength and bone metabolism in animal models [57,

58]. These studies on humans and other animals contribute

to the growing evidence that vitamin E may play a role in

preventing osteoporosis by increasing bone formation and

suppressing bone resorption.

In the literature, previous animal studies have shown

that vitamin E produces positive effects on bone metabo-

lism [18–22, 56–58]; however, the anabolic effects of

vitamin E on bone have not yet been clarified. It is well

established that parathyroid hormone (PTH) induced ana-

bolic effects on bone [59–63]. PTH given intermittently

stimulated bone growth and differentiation of osteopro-

genitor cells in bone marrow [59] and increased cancellous

bone formation in rats [60]. Jiang et al. [61] and Neer et al.

[62] have provided evidence that treatment with human

PTH significantly increased cancellous bone volume and

connectivity, improved trabecular morphology, increased

cortical bone thickness [61], increased total-body BMD,

and decreased the risk of nonvertebral (femur) and verte-

bral fractures [62, 63] in postmenopausal women with

osteoporosis. At present, PTH is the only known clinical

agent which is capable of increasing trabecular bone for-

mation while reducing fracture incidence in osteoporostic

humans [61–63]. Based on our results, it seems that vita-

min E might have similar effects as PTH on bone

metabolism. Thus, PTH therapy in combination with vita-

min E might be an alternative therapeutic option for the

osteoporotic patient. However, future studies, especially on

humans, are needed to strengthen and validate these find-

ings in human bone.

Comparison between vitamin E–treated groups showed

that GTT improved the trabecular bone histomorphometric

parameters better than TEF and ATF after nicotine

administration by increasing MAR and BFR/BS. In addi-

tion, both tocotrienol groups (TEF, GTT), but not ATF, had

higher Tb.Th but lower ES/BS than the C group. TEF and

GTT also reduced ES/BS better than ATF. This finding was

consistent with our previous studies on both biochemical

and histomorphometric analyses, which found that a palm

oil tocotrienol mixture was more potent than ATF at pro-

tecting the bone from the deleterious effects of free radicals

on BV/TV and Tb.Th and preventing the rise of the bone-

resorbing cytokine interleukin-1 [18, 19, 64]. Supplemen-

tation with GTT 60 mg/kg rat weight, but not ATF 60 mg/

kg rat weight or a mixture of alpha-tocopherol and tocot-

rienols, was found to preserve vitamin D metabolism and

maintain calcium homeostasis [25]. Recently, Norazlina

et al. [65] found that a palm vitamin E mixture 60 mg/kg

was better than alpha-tocopherol 60 mg/kg at reversing the

effects of nicotine on bone-resorbing cytokines (IL-1 and

IL-6).

In conclusion, treatment with nicotine 7 mg/kg for

2 months was found to adversely affect bone histomor-

phometric parameters and cessation of nicotine for

2 months did not return the histomorphometric parameters

to control levels. On the other hand, treatment with vitamin

E 60 mg/kg for 2 months reversed the adverse effects of

nicotine by improving the structure and cellular properties
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of the trabecular bone. Vitamin E–treated groups also had

better trabecular bone properties than the control group.

Tocotrienols were shown to be slightly superior compared

to tocopherol. Therefore, vitamin E, especially GTT, may

have some therapeutic potential in patients following

cessation of smoking to further improve bone health.
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