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Abstract Diabetes mellitus (DM) has been associated with

increased bone fracture rates, impaired bone regeneration,

delayed bone healing, and depressed osteogenesis. How-

ever, the plausible pathogenic mechanisms remain incom-

pletely understood. The aim of the present systematic

review was to investigate whether oxidative stress (OS)

plays a role in altered characteristics of diabetic bone under

in vivo conditions. An electronic search of the MEDLINE

(via PubMed) and Embase databases was performed.

In vivo animal studies involving DM and providing

information regarding assessment of OS markers combined

with analyses of bone histology/histomorphometry

parameters were selected. A descriptive analysis of selec-

ted articles was performed. Ten studies were included in

the present review. Both bone formation and bone resorp-

tion parameters were significantly decreased in the diabetic

groups of animals compared to the healthy groups. This

finding was consistent regardless of different animal/bone

models employed or different evaluation periods. A sta-

tistically significant increase in systemic and/or local OS

status was also emphasised in the diabetic groups in

comparison to the healthy ones. Markers of OS were

associated with histological and/or histomorphometric

parameters, including decreased trabecular bone and

osteoid volumes, suppressed bone formation, defective

bone mineralisation, and reduced osteoclastic activity, in

diabetic animals. Additionally, insulin and antioxidative

treatment proved to be efficient in reversing the deleterious

effects of high glucose and associated OS. The present

findings support the hypotheses that OS in the diabetic

condition contributes at least partially to defective bone

features, and that antioxidative supplementation can be a

valuable adjunctive strategy in treating diabetic bone dis-

ease, accelerating bone healing, and improving

osteointegration.
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Background

DM is one of the most prevalent diseases worldwide,

defined as a group of metabolic disorders characterised by

prolonged hyperglycaemia. The underlying pathophysio-

logical mechanisms include impaired insulin secretion and/

or action. The chronic hyperglycaemia of DM is associated

with long-term damage, dysfunction, and failure of various

organs and blood vessels, resulting in such well-known

diabetic complications as microvascular (diabetic neu-

ropathy, nephropathy, and retinopathy) and macrovascular
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(coronary artery disease, peripheral artery disease, and

stroke) [1, 2]. However, in recent years, more and more

attention has been drawn to a series of complications

involving the skeletal system. Generally, diabetic bone has

been associated with altered bone mineral density (BMD)

and increased bone fracture rates [3–5]. Moreover, dimin-

ished bone formation and impaired bone regeneration

potential, delayed healing of diabetic bone, and depressed

osteogenesis have been reported [4, 6–9].

Nevertheless, the molecular and cellular mechanisms

underlying the diabetic bone physiopathology remain

incompletely understood. Diabetes-induced augmentation

of OS has been suggested to play an important role in the

development of diabetic complications including diabetic

bone disorder [10, 11]. Increased formation of chemically

reactive molecules containing oxygen or nitrogen (reactive

oxygen species, ROS; reactive nitrogen species, RNS),

together referred to as RONS [12], and the absence of the

counterbalancing effects of endogenous antioxidants are

known to induce cellular dysfunction in a wide variety of

cell types, including osteoprogenitor and angioprogenitor

cells [13, 14]. RONS can cause severe damage to cell

structures such as proteins, lipids, and DNA, consequently

leading to cell cycle arrest, reduction of cell proliferation,

modulation of differentiation, and even apoptosis [15–17].

According to several in vitro studies, diabetic serum has

led to excessive RONS production, both in mitochondria

and cytoplasm [18, 19]. As a consequence, RONS support

bone loss not only by directly promoting osteoclastogene-

sis, but also by inducing apoptosis, as well as decreased

differentiation and activities of osteoblasts [20]. Therefore,

it can be hypothesised that diabetes-induced RONS over-

production may play a critical role in the biological per-

formance of diabetic bone. Since biomarkers of OS are

commonly assessed under in vitro conditions, there is

limited evidence regarding a correlation of OS status with

the in vivo features of diabetic bone disease. Although

in vitro findings alone may provide relevant information,

there is a need to visualise the impact of these cellular and

molecular malfunctions in in vivo models.

The overall objective of this systematic review was to

critically evaluate the relationship between OS parameters

and bone features in diabetic bone disease/remodelling

under in vivo conditions. Moreover, the effect of systemic

administration of insulin or antioxidants on bone parame-

ters in the diabetic condition was assessed.

Materials and Methods

Focus Question(s)

The systematic review was performed according to

PRISMA guidelines [21], and the focus questions were as

follows:

• Is OS status associated with diabetic bone features

under in vivo conditions?

• Does insulin or antioxidant treatment improve the

diabetic bone features of DM subjects?

Search Strategy

An electronic search of the literature was performed using

the following databases: PubMed/MEDLINE and Embase

from their respective inception until June 1, 2016. No

restrictions were imposed on the language or the date of

publication. A detailed search strategy, as shown below,

was developed for PubMed and then revised appropriately

for each database used. The search terms included:

Population: ‘‘diabetes’’ OR ‘‘diabetic’’ OR ‘‘hyper-

glycemia’’ OR ‘‘advanced glycation end products’’ OR

‘‘AGE*’’

Intervention: ‘‘diabetic bone disease’’ OR ‘‘DBD’’ OR

‘‘bone healing’’ OR ‘‘bone defect*’’ OR ‘‘bone fracture*’’

OR ‘‘bone remodel*’’ OR ‘‘bone regenerat*’’ OR ‘‘bone

formation’’ OR ‘‘bone repair*’’ OR ‘‘bone augment*’’ OR

‘‘bone reconstruct*’’ OR ‘‘bone engineering’’ OR ‘‘bone

graft*’’ OR ‘‘osteogenesis’’ OR ‘‘osseointegration’’ OR

‘‘osteointegration’’

Control: not applicable

Outcome: ‘‘oxidative stress’’ OR ‘‘endoplasmic reticu-

lum stress’’ OR ‘‘mitochondrial stress’’ OR ‘‘reactive

oxygen species’’ OR ‘‘ROS’’ OR ‘‘oxygen free radical*’’

OR ‘‘free radical*’’ OR ‘‘oxidation product*’’

The electronic search was followed by a manual search

of the reference lists of all potentially eligible studies

obtained as full reports to identify any further studies not

retrieved by the electronic search. A grey literature search

was not performed. The titles, abstracts, and full texts of all

articles identified by the electronic and manual searches

were screened independently by two reviewers and the

level of agreement between the reviewers was calculated

using kappa scores; in cases of disagreement, the inclusion

or exclusion of a relevant article was determined through

discussion and the assistance of a third reviewer.

The selection of the literature was set to include at least

histological or histomorphometric bone analyses and their

relation to OS exposure; thus, only those studies that met
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this specific requirement were assessed using a systematic

approach.

Inclusion Criteria

• In vivo animal studies

• Studies involving DM (either type 1 or type 2)

• A healthy control group

• A bone model

• Bone histology/histomorphometry analyses

• Analyses of any OS parameter

Exclusion Criteria

• In vitro studies

• Literature reviews

• Pilot studies

• Preliminary reports

• Letters to the editor

• Short communications

Data Extraction

All selected papers were read carefully to identify the

following data:

• Author(s) and year of publication

• Study design

• Type of DM

• Animals species

• Animal characteristics (number, gender, age/months,

and weight/kg)

• Number and characteristics of groups

• Animal experimental model

• Bone experimental model

• Length of observation period

• Type and characteristics of analyses performed on bone

samples

• Type and characteristics of OS measurements

• Results of analyses

Independent data extraction by two authors was per-

formed and the data were registered in tables. When some

information was not reported, the box was filled in with

N/P (Not Provided).

Assessment of Study Quality

Each article was rated on its quality independently by two

reviewers using the criteria outlined in the SYRCLE’s

(SYstematic Review Centre for Laboratory animal Exper-

imentation) RoB (Risk of Bias) tool. The tool contains 10

entries that are related to selection bias, performance bias,

detection bias, attrition bias, reporting bias, and other

biases [22].

Statistical Analysis

Each group comparison extracted from the selected articles

that proved to be statistically significant was associated

with a P value\ 0.05. When available, P values were

transcribed directly from the articles; otherwise they were

calculated from data provided in tables and figures using

the appropriate statistical test (Student’s t test or the Chi-

squared test) whenever possible. Results were significant at

the 5% critical level (P\ 0.05). To combine several (say

N) independent studies testing the same null hypothesis, the

latter was rejected if at least K of them were ‘‘positive’’

(that is, had a P value\ 0.05). The value of K was derived

from the two-tailed ‘‘sign test’’. For instance, for N = 6

studies, K should be equal to 6. Since no K-values are

available for N B 5, it was not possible to conclude in such

situations. The degree of agreement between two readers

was assessed by Cohen’s kappa coefficient.

Results

Search and Selection

The initial search yielded 606 potentially eligible articles.

Following duplicate elimination, 439 articles were

screened in a subsequent procedure. A total of 361 articles

were excluded based on the screening of titles and

abstracts. The remaining 78 articles were qualified for a

full-text proofreading. Following this stage, 67 articles

were excluded and only 11 articles met the defined inclu-

sion criteria (inter-reviewer agreement, j = 0.81). One

additional article was excluded after quality assessment,

leaving the final number of included articles at 10. The

search strategy and retrieved publications are summarised

in Fig. 1 and Table 1, respectively. The rejected articles

are displayed in Appendix I.

Characteristics of the Selected Publications

Rats were used in 5 out of 10 included studies; 3 studies

were conducted on mice, 1 on rabbits, and 1 on sheep.

Bone experimental models included diabetic bone disease

(7 studies), bone defect healing (1 study), and osteointe-

gration (2 studies) (Table 2; column I). Spontaneously

diabetic Torii (SDT) rats were used in 3 studies, while 7

studies reported use of a chemically induced model of DM

by means of streptozotocin (STZ) in 6 studies and alloxan

(ALX) in 1 study. All selected studies had at least 1 control

(healthy) and 1 DM group. Four studies considered DM
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combined with insulin treatment and 7 articles investigated

the effects of several types of antioxidative agents.

Regarding animal gender and age, all studies that reported

this information used males with skeletal maturity. To

confirm diabetes, serum glucose levels (GLs) and hae-

moglobin A1c were used in 7 and 3 studies, respectively.

Animals with GLs of over 200 or 300 mg/dL were con-

sidered diabetic. Most studies recorded animal weight

weekly. Analyses were performed after an observation

period ranging from 10 days to 16 weeks (Table 1). Con-

sidering the heterogeneity of the data, a meta-analysis

could not be performed. Study results presented in Tables 2

and 3 were analysed using the sign test as described above.

Diabetic Bone Features

Histology/Histomorphometry

Regarding bone formation, 7 articles reported data on the

bone formation rate per bone surface (BFR/BS) and the

mineral apposition rate (MAR) of diabetic bone (Table 2;

columns II and III). Histomorphometric analyses in all 7

studies emphasised a significant reduction (P\ 0.05) of

both parameters in the diabetic groups compared to the

control groups, reflecting the decrease in the number and/or

function of osteoblasts in diabetic animals; hence,

according to the sign test, it can be considered as statisti-

cally significant regardless of the experimental model.

Further, bone formation parameters, such as osteoid

volume per bone volume (OV/BV), osteoblast surface per

bone surface (Ob.S/BS), osteoid thickness (O.Th), mineral
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Fig. 1 Flowchart of literature

search and study selection. Ten

studies were included in the

present systematic review
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Table 1 General characteristics of the selected studies

Study Species Diabetes model Bone model Groups (no. of

animals)
Type Induction

1 Portal-Núñez

(2016)

Mouse (CD-1) I Streptozotocin Diabetic bone

disease

G1 (6): C (young)

G2 (6): C (old)

G3 (6): DM (old)

2 Liang (2011) Rat (Sprague-Dawley) I Streptozotocin Diabetic bone

disease

G1 (10): C

G2 (10): C ? AO3-1

G3 (10): C ? AO3-2

G4 (10): C ? AO3-3

G5 (10): DM

G6 (10): DM ? AO3-1

G7 (10): DM ? AO3-2

G8 (10): DM ? AO3-3

3 Fujii (2008) Rat (spontaneously diabetic Torii; Sprague-

Dawley)

II / Diabetic bone

disease

G1 (17): C

G2 (18): DM

G3 (18): DM ? INS

4 Goto (2011) Rat (spontaneously diabetic Torii) II / Diabetic bone

disease

G1 (6): C

G2 (8): DM

G3 (7): DM ? INS

G4 (10): DM ? AO1

G5 (8): DM ? AO2

5 Hamada (2007) Mouse (C57BL/6) I Streptozotocin Diabetic bone

disease

G1 (8): C

G2 (8): DM

G3 (8): DM ? INS

6 Hamada (2009) Mouse (C57BL/6) TRX-Tg (trx)/wild type (wt) I Streptozotocin Diabetic bone

disease

G1 (8): C (wt)

G2 (8): C (trx)

G3 (8): DM (wt)

G4 (8): DM (trx)

7 Goto (2015) Rat (spontaneously diabetic Torii; Sprague-

Dawley)

II / Diabetic bone

disease

G1 (5): C

G2 (8): DM

G3 (8): DM ? INS

G4 (8): DM ? OCT

8 Li (2015) Sheep I Streptozotocin Osteointegration G1 (3): DM (TI)

G2 (3): DM (CTI)

G3 (3): DM ? AO1

(TI)

9 Feng (2013) Rabbit (New Zealand) I Alloxan Osteointegration G1 (5): C

G2 (5): DM

G3 (5): DM ? AO1

10 Yildirimturk

(2016)

Rat (Sprague-Dawley) I Streptozotocin Bone defect healing G1 (14): C

G2 (14): C ? MEL

G3 (14): C ? ETN

G4 (15): DM

G5 (15): DM ? MEL

G6 (14): DM ? ETN

C control, DM diabetes mellitus, INS insulin, wt wild type, trx thioredoxin (intracellular antioxidant), AO1 antioxidant (n-acetyl-cysteine), AO2

antioxidant (carvedilol), AO3 antioxidant (quercetin; 1/2/3 = 5/30/50 mg/kg), OCT 22-oxacalcitriol (vitamin D receptor activator), MEL

melatonin, ETN ethanol, TI titanium alloy implant, CTI chitosan-coated titanium alloy implant
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surface per bone surface (MS/BS), and bone volume per

total volume (BV/TV) were analysed in some studies. Even

though all the studies displayed significantly better bone

formation parameters in healthy animals compared to

diabetic animals, no formal improvement could be evi-

denced because of the limited number of studies (N B 4)

evaluating these parameters (Table 2; columns IV and V).

Noteworthy, the eroded surface per bone surface (ES/

BS) was the most common parameter to evaluate bone

resorption in the selected studies (N = 6). ES/BS was

found to be lower (P\ 0.05) in the DM groups than in the

control groups for all 6 studies, regardless of the type of

DM (Table 2; column VI). This finding was therefore

considered statistically significant.

X-ray/micro-CT

All 6 studies reporting results on bone mineral density

(BMD), based on x-ray absorptiometry, showed signifi-

cantly lower BMD in diabetic animals compared to healthy

ones, and severe osteopenia was described in 4 studies

(Table 2; column VII). Based on 4 studies that employed

micro-CT, bone volume fraction (BV/TV) or new bone

formation (BV/PV) was also significantly reduced in dia-

betic compared to non-diabetic bones (Table 2; column

VIII).

Molecular Analyses: OS Markers

All selected studies evaluated OS status in diabetic versus

healthy tissues. Most of the studies (6 out of 10) investi-

gated systemic levels of OS using ELISA to determine the

Table 2 Results of bone feature analyses in the selected studies

A significantly higher values (P\0.05) compared to the DM/DM (wt)/DM (TI) group, B significantly lower values (P\0.05) compared to the

control group, C significantly lower values (P\0.05) compared to the DM?INS group, D significantly higher values (P\0.05) compared to the

DM ? AO1 group, DBD diabetic bone disease, DM diabetic mellitus, INS insulin, AO1 antioxidant (n-acetyl-cysteine), AO2 antioxidant

(carvedilol), AO3 antioxidant (quercetin), OCT-22 oxacalcitriol, MEL melatonin, TI titanium alloy implant, CTI chitosan-coated titanium alloy

implant, wt wild type, trx thioredoxin
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urinary excretion of 8-hydroxydeoxyguanosine (8-OHdG),

a sensitive indicator of oxidative DNA damage, and all of

them showed significantly higher rates of urinary 8-OHdG

in the diabetic animals compared to the healthy ones

(Table 3; column I). A similar finding was reported for the

plasma levels of advanced oxidation protein products

(AOPP) and a lipid peroxidation marker, malondialdehyde

(MDA), in 1 study (Table 3; columns III and IV).

Furthermore, in 4 studies, significantly higher local

levels of OS (8-OHdG-positive staining of bone cells) were

found in the diabetic bone compared to the control bone

samples (Table 3; column II).

Additionally, 2 studies analysed markers of OS in

osteoblasts cultured in diabetic serum acquired from dia-

betic animals in comparison to the normal serum, reporting

a significantly higher intracellular ROS production,

including elevated MDA (TBARS) and H2O2 levels under

diabetic condition (Table 3; columns III, V, and VI).

Considering antioxidative defence mechanisms, total

serum antioxidant capacity (TAC) was measured in 1 study

showing significantly lower values in diabetic versus non-

diabetic rats. Additionally, the levels of several antiox-

idative enzymes, superoxide dismutase (SOD), glutathione

peroxidase (GPx), xanthine oxidase (XO), and catalase

(CAT), were considered in some studies (Table 3; columns

VII, VIII, IX, X, and XI). The levels of SOD, also

including protein expression of manganese superoxide

dismutase (MnSOD), and GPx levels were significantly

decreased in diabetes. In contrast, 1 study that compared

diabetic with non-diabetic ageing mice showed a slight

increase in XO that occurred in the diabetic mice, while the

levels of SOD and CAT were not significantly different

between the groups. Given the small number of studies, no

formal general conclusions could be drawn from the

observations above.

Table 3 Results of OS analyses in the selected studies

A significantly higher values (P\0.05) compared to the DM/DM (wt)/DM (TI) group, B significantly lower values (P\0.05) compared to the

control group, C significantly lower values (P\ 0.05) compared to the DM?INS group, 8-OHdG 8-hydroxydeoxyguanosine, MDA malondi-

aldehyde, AOPP advanced oxidation protein products, ROS reactive oxygen species, GST glutathione, GPx glutathione peroxidase, SOD

superoxide dismutase, CAT catalase, XO xanthine oxidase, DBD diabetic bone disease, DM diabetic mellitus, INS insulin, AO1 antioxidant (n-

acetyl-cysteine), AO2 antioxidant (carvedilol), AO3 antioxidant (quercetin), OCT-22 oxacalcitriol, MEL melatonin, TI titanium alloy implant,

CTI chitosan-coated titanium alloy implant, wt wild type, trx thioredoxin
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Role of Insulin and Antioxidants

Impaired bone features observed in diabetic groups were

ameliorated by insulin in all 4 studies that examined its

therapeutic effects, regardless of the animal and bone

experimental models or the type of DM. The bone for-

mation and resorption parameters (BFR/BS, MAR, OV/

BV, and ES/BS), BMD, as well as the trabecular number

and trabecular/cortical thickness were found to be signifi-

cantly higher in insulin-treated diabetic groups compared

to the untreated animals (Table 2).

Five studies assessed the effects of antioxidant (AO)

treatment on bone features in diabetic animals. All of them

showed better bone formation, enhanced trabecular bone

volumes, as well as increased new bone formation in

osteointegration models, in diabetic animals treated with

antioxidative agents such as N-acetyl-cysteine (AO1), car-

vedilol (AO2), quercetin at 30 and 50 mg/kg (AO3), and

22-oxacalcitriol (a vitamin D receptor activator) compared

to the untreated diabetic animals (Table 2). Based on a

single study, the administration of melatonin seemed also

to exhibit similar antioxidative properties as shown to be

able to emphasise new mineralised tissue formation.

Finally, insulin and AO treatment also significantly

reduced systemic and local OS caused by DM (Table 3).

Discussion

Correlation Between OS and Diabetic Bone Features

To the best of our knowledge, this is the first systematic

review linking diabetic bone features and OS. Despite the

limited number of included studies and their heterogeneity,

all displayed a high association between histological and/or

morphometric diabetic bone features and local and/or

systemic biomarkers of OS.

The studies showed a significant difference in both

qualitative and quantitative bone characteristics between

diabetic bone and the healthy control. Histological and

histomorphometric analyses demonstrated decreased tra-

becular bone and osteoid volumes, suppressed bone for-

mation, defective bone mineralisation, and reduced

osteoclastic activity in diabetic animals. These findings

were consistent regardless of various animal models or

different evaluation periods and are in accordance with a

recent review [23]. In all models, the impaired bone fea-

tures were associated with local and systemic marker levels

of OS. These observations are consistent with the conclu-

sions of Hamada et al. reporting on the role of OS in dia-

betic bone disorder [10].

Intracellular ROS regulate several cellular signalling

pathways affecting various processes, including cell

metabolism, proliferation, differentiation, and survival, as

well as antioxidant, anti-inflammatory, and DNA damage

response [24]. In terms of the sources of augmented gen-

eration of OS under diabetic condition, multiple non-en-

zymatic, enzymatic, and mitochondrial pathways have

been described [25]. Besides the findings that ROS over-

production in the hyperglycaemic condition of diabetes

could lead to impaired bone formation through inhibition

of bone marrow stromal cell differentiation into osteo-

blasts, as well as osteoblast proliferation and function

[17, 26–29], several in vitro studies have shown that OS

may even provoke osteoblast insults and apoptosis [30, 31].

Specifically, it has been previously demonstrated that ROS

overproduction could antagonise cell survival-related sig-

nalling and promote pro-apoptotic action in a ROS-de-

pendent manner [32]. Weinberg et al. have shown that the

bone marrow of hyperglycaemic rats contained fewer

osteoprogenitor cells when compared to the healthy con-

trols [33]. Furthermore, ROS seem to stimulate osteoclast

bone resorption and osteoclast differentiation [34, 35].

Mody et al. reported that ROS released by osteoclasts may

be involved in degrading the bone matrix, resulting in the

promotion of bone resorption [14]. However, the number of

osteoclasts in several studies in this review appeared to be

lower in diabetic than in control animals, which could have

resulted in low bone turnover. Fujii and colleagues [36]

suggested that osteoblast function was more inhibited than

osteoclast function, which in turn led to diabetic osteope-

nia, even though, clinically, low bone turnover has been

linked to increased bone mass. Indeed, while the results of

human studies evaluating the effects of diabetes on markers

of bone resorption have been mixed, the consistent data

regarding impaired osteoblast differentiation and function

suggests that osteoblasts are the main culprits underlying

bone fragility in diabetes [37]. Besides OS, a number of

other cellular and molecular mechanisms have been pos-

tulated to mediate defects in osteoblast activity. Sclerostin,

the negative regulator of Wnt signalling pathway essential

for osteoblast differentiation, secreted by osteocytes, has

been suggested to have a role in shaping bone quality in

diabetes [37]. In DM type 1, several genetic players, such

as runt domain factor-2 (Runx-2) gene which encodes

proteins associated with osteoblast differentiation, have

also been identified. Additionally, DM is associated with

increased systemic inflammation, especially during disease

onset, and several inflammatory factors are known to

effectively suppress anabolic functions, including osteo-

blast maturation and bone formation [38, 39]. It is also

worth noting that 7 of the 10 included studies represented

type 1 DM, and the remaining 3 studies used an SDT rat

model, which is a model of non-obese type 2 DM. While

type 1 diabetes has been regularly associated with

decreased BMD, the effect of type 2 DM on BMD in
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humans remains controversial [40]. In this review,

decreased BMD was a consistently reported finding in both

type 1 and non-obese type 2 diabetic animals. Indeed,

animal models are limited in their ability to recapitulate all

of the features of diabetic bone disease in humans [41]. The

similarity in physiologic and pathophysiologic responses

between the human and rodent skeleton have made it a

valuable model in bone-related research. However, several

differences have been noted; for instance, rodents continue

to model their skeleton throughout their life cycle and

growth plates remain open throughout adulthood, but there

is a lack of Haversian remodelling [42]. Moreover, the

impact of diabetes on bone depends on the age of onset—

before or after the animals reach skeletal maturity—af-

fecting bone mass acquisition and development or skeletal

maintenance activities [41]. Animals with skeletal maturity

were used in the selected studies included in this review.

Both excessive ROS production and inadequate antiox-

idant defence mechanisms operating in cells can cause the

disturbance of oxidative balance. Although several studies

in the present review assessed antioxidant capacity under

diabetic conditions, the data were too limited to draw

general conclusions. However, the antioxidant enzymes

were found to be decreased in diabetes, except in 1 study

where an additional ageing condition may have contributed

to a different result. On the other hand, clinical studies have

revealed inconsistent findings, with both reduction [43, 44]

and increase [45] in endogenous antioxidant enzyme

activity in DM patients compared to healthy subjects being

reported.

Benefits of Antioxidant and Insulin Therapy

Scavenging ROS with exogenous antioxidant therapies was

shown to significantly decrease the levels of OS parameters

and reversed the deleterious effects of high glucose.

Therefore, OS appears to be a potential therapeutic target

according to several studies included in this review. Feng

et al. have demonstrated that scavenging ROS with N-

acetyl-cysteine markedly attenuated cell apoptosis and

osteoblast dysfunction and improved bone ingrowth within

titanium scaffolds.

In addition, the use of insulin to control diabetes was

also considered in some of the selected articles. Severe

uncontrolled DM has been shown to exert a direct influence

on bone healing by inhibiting bone remodelling and min-

eralisation [46] as well as impairing osteogenesis within

laminar titanium implants [47]. Insulin treatment restored

reduced BMD and improved bone turnover in diabetic

groups. Fuji et al. have shown that insulin improved the

number and function of both osteoblasts and osteoclasts

and recovered BMD in animals with type 2 DM [36].

However, only 1 article included in the present review

considered local treatment of OS; chitosan, which has been

shown to exhibit antioxidant activity, was used as surface

coating for titanium implants in an osteointegration model

under diabetic conditions [48]. Chitosan coating exerted

supportive function on osteoblastic biological behaviour,

ameliorating osteoblast morphology, adhesion, prolifera-

tion, and differentiation, while alleviating apoptosis. This

was associated with markedly suppressed diabetes-medi-

ated ROS overproduction in osteoblasts, which ultimately

led to improved osteointegration. Other authors have

tempted to treat OS locally in order to improve bone

healing and regeneration outcomes in diabetes. Koerdt

et al. showed that, in diabetic animals, a combination of

autogenous bone and deproteinised bovine bone graft

covered by a membrane, in a guided bone regeneration

model, led to less bone resorption, higher osteoblast

activity, osteoclast inhibition, and less RONS expression in

comparison to autogenous bone alone. The authors con-

sidered the RONS reduction as a determinant for the sta-

bility of autogenous bone grafts [49]. Pradeep et al.

demonstrated that locally delivered antioxidant (simvas-

tatin) as an adjunct to standard dental therapy for the

treatment of intrabony periodontal defect in type 2 DM

patients improved defect healing [50]. This finding sup-

ports recent reports that statins may have significant

antioxidant properties [51] and consequently could pro-

mote bone formation. Hence, adjunctive therapeutic

strategies to reduce OS locally may be beneficial in treating

diabetic bone disorder and further investigations leading to

more targeted OS control under diabetic conditions on both

systemic and local levels are needed. Despite clear corre-

lation evidence between OS and diabetic bone features, the

present systematic review suffers from some limitations.

The data gathered in this review did not allow a meta-

analysis because of the great heterogeneity of the study

designs. Different animal species and experimental models

were combined together in the review, which did not allow

us to draw quantitatively strong conclusions, and this needs

to be taken into account when interpreting the results.

Moreover, the quality of data reporting differed among the

studies, and we failed to extract some additional numerical

data. In addition, the risk of bias is possibly present due to

the fact that 6 studies included in the present review were

conducted by almost the same group of authors. This may

also compromise the assumption of independence of

observations inherent to the sign test. Thus, the present

findings need to be interpreted cautiously.
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Conclusions

The present systematic review, within its limits, supports the

hypothesis that markers of OS are associated with the histo-

morphometric and morphologic parameters of diabetic bone.

The findings indicate that OS in diabetic condition may

contribute at least partially to defective bone features and that

antioxidative treatments and insulin therapy may present a

valuable adjunctive strategy in treating diabetic bone disease

and accelerating bone healing and osteointegration.
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