
Send Orders for Reprints to reprints@benthamscience.net 

14 Infectious Disorders – Drug Targets, 2014, 14, 14-22  

Antioxidant Response of Osteoblasts to Doxycycline in an Inflammatory 
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Abstract: Objectives: Investigation of osteoblastic responses to oxidative stress, induced by C-reactive protein (CRP) and 
IL-6 and ameliorating effects of doxycycline (Dox); using assays for 5-alpha dihydrotestosterone (DHT) as an antioxidant 
marker of healing. IL-6 and CRP are risk markers of periodontitis and prevalent comorbidities in periodontitis subjects. 
Methods: Confluent monolayer cultures of osteoblasts were incubated with radiolabelled testosterone (14C-T) as sub-
strate, in the presence or absence (Control) of pre-determined optimal concentrations of CRP, IL-6, Dox; alone and in 
combination (n=8) for 24h in MEM. The eluent was solvent-extracted for steroid metabolites. They were separated using 
TLC in a benzene/ acetone solvent system 4:1 v/v; and quantified using radioisotope scanning. The identity of formed me-
tabolites was confirmed using the mobility of cold standards added to the samples and disclosed in iodine. Further confir-
mation of the authenticity of DHT was carried out by combined gas chromatrography-mass spectrometry, after derivatiza-
tion to pentafluorobenzyloxime trimethyl silyl ether. Results: The yields of DHT from 14C-testosterone showed 2-fold 
and 1.8-fold- inhibition in response to IL-6 and CRP respectively and 28% stimulation in response to Dox, via the 5-alpha 
reductase pathway. The combination of IL-6 + CRP showed a 2-fold reduction in the yields of DHT, elevated to control 
values when combined with Dox (n=8; p<0.001). Yields of 4-androstenedione showed an inverse relationship to those of 
DHT, in response to the agents tested, in keeping with the 17-beta hydroxysteroid dehydrogenase pathway. Conclusions: 
Inhibition of DHT synthesis in osteoblasts by IL-6 and CRP was overcome by doxycycline. Oxidative actions of IL-6 and 
CRP; and antioxidant actions of Dox are reinforced by the metabolic yields of DHT in response to agents tested. Using a 
novel metabolically active model allows closer extrapolation to in vivo conditions; in the context of adjunctive therapeutic 
applications for periodontitis and prevalent comorbidities. 

Keywords: Antioxidant responses, CRP, doxycycline, IL-6, DHT and AR, osteoblasts, periodontitis and systemic comorbid-
ities, redox healing, risk markers.  

1. INTRODUCTION 

 This study aims to elucidate responses of osteoblasts to 
oxidative stress, induced by C-reactive protein (CRP) and 
interleukin-6 (IL-6); and the effects of doxycycline, using 
5α-dihydrotestosterone (DHT) as a metabolically active 
steroid marker of redox status. Antioxidant and pro-anabolic 
effects of doxycycline are investigated in our osteoblastic 
cell culture model, relevant to their effects on periodontal 
diseases and their management as adjunctive agents. The 
importance of controlling periodontal disease for prevention 
of tooth loss may have wider implications in diabetes and 
cardiovascular disease as a result of systemic inflammatory 
loading, associated with the risk markers investigated. Back-
ground relevant to the agents tested and justification for the 
study are addressed here.  

1.1. Implications of IL-6 and CRP on Periodontitis and 
Systemic Inflammatory Diseases 

 The rationale for using IL-6 and CRP in our study in-
cludes demonstrable links between progressive periodontitis 
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and high levels of CRP and IL-6; and elevated hazard ratios 
for cardiovascular incidents compared with low responders. 
It is relevant that there is significant reduction in IL-6, CRP 
and other cardiovascular risk markers following periodontal 
therapy, thus reducing cardiovascular risk in refractory hy-
pertensive patients [1]. IL-6 could also have a modulatory 
effect on host responses in type 1 diabetes mellitus (DM) 
subjects [2]. Key pathogenic mechanisms associated with 
progression of insulin resistance (IR) are impaired metabo-
lism of free fatty acids, plasminogen activator inhibitor 1 
(PAI-1); and markers of inflammation IL-6 and CRP, which 
play a role. Amongst diabetic and non-diabetic subjects with 
myocardial infarction (MI), CRP and IL-6 levels are ele-
vated, particularly amongst diabetics with MI [3]. These 
strong correlations between free fatty acids and IL-6 demon-
strate the significance of non-specific inflammation in the 
development of IR in MI subjects; inflammatory cytokines 
could be the cause of IR in MI; with implications for links 
with the progression of periodontitis fuelled by these agents.  

 In addition to being an important risk marker for cardio-
vascular disease, CRP contributes to the development of 
atherosclerosis. 17β-Oestradiol (E2) reduces in vitro expres-
sion of pro-inflammatory molecules in endothelial cells. E2 
attenuates CRP-mediated inflammatory responses by modu-
lating endogenous production of CRP in endothelial cells. E2 
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also reduces the most potent agonist of CRP production, IL-6 
[4]. These findings demonstrate attenuation of pro-
inflammatory effects of CRP by E2, via a rapid non-genomic 
pathway, of importance for vascular repair. It is relevant that 
5α-dihydrotestosterone (DHT) acting via the androgen re-
ceptor has similar anti-inflammatory actions; used as a 
marker in our study. DHT decreases the expression of cy-
clooxygenase-2 in vascular smooth muscle cells during cy-
tokine or hypoxic stimulation. Typically DHT is a pure AR 
agonist; however it can be metabolized to 5α-androstane-3β, 
17β-diol (3β-diol), a selective oestrogen receptor (ERβ) 
agonist [5]. DHT attenuates IL-1β-induced increases in 
COX-2; some of these actions could be mediated via AR and 
ERβ, reinforcing an anti-inflammatory role for DHT.  
 Study of RNA extracted from CRP-stimulated pulmonary 
arterial endothelial cells indicates genes related to NFkB-
mediated signal transduction. It is relevant that CRP-induced 
expression of ICAM-1on the endothelial cell surface is im-
paired by an inhibitor of the NFkB pathway; it also inhibits 
the secretion of IL-6 by CRP-stimulated endothelial cells [6]. 
These findings suggest an involvement of the NFkB pathway 
in mediating different effects of CRP in these cells.  
 IL-6 directly regulates inflammation, implicated in sev-
eral chronic diseases, including periodontitis. A common 
non-synonymous variant in the IL-6 receptor gene is a risk 
marker of several common diseases; the 358Ala allele con-
fers protection from coronary heart disease, rheumatoid ar-
thritis and other related conditions. The effect of the variant 
on IL-6 signalling is not entirely clear. Although 358Ala 
increases transcription of the soluble IL-6R isoform and not 
the membrane-bound isoform, it reduces surface expression 
of IL-6R on CD4+ T cells and monocytes [7]. Reduced ex-
pression of membrane-bound IL-6R results in impaired IL-6 
responsiveness. These findings which clarify the regulation 
of IL-6 by IL-6 receptor, causally linked to several complex 
diseases identify new means of targeting the IL-6/IL-6R axis 
which could result in diverse responses based on the IL-6R 
variant. Polymorphism of genes for cytokines IL-6, TNF-α 
and IL-10 were studied in Type 2 DM subjects and controls. 
Analysis of genotypic, allelic and carriage rate frequency 
distribution in subjects and controls, demonstrate that indi-
viduals with haplotype combinations of AA, GG and CA for 
IL-6, TNF-α and IL-10 gene polymorphisms, show a greater 
susceptibility and risk of developing type 2 DM [8].  
 Elevated circulating levels of IL-6 are associated with 
increased risk of coronary heart disease. IL-6R blockage 
with the monoclonal antibody tocilixumab reduces systemic 
and articular inflammation in rheumatoid arthritis subjects. 
Applying the mendelian randomization principle, single nu-
cleotide polymorphisms (SNPs) in the IL-6R gene were 
evaluated to define the efficacy of IL-6R inhibition for the 
primary prevention of coronary heart disease, for comparison 
with the effects of monoclonal antibody inhibition in RA 
subjects [9]. Based on genetic evidence in humans, IL-6R 
signalling appears to have a causal role in CHD. IL6R 
blockade could provide a novel therapeutic approach for the 
prevention of CHD. Large-scale genetic biomarker data con-
firm a causal relationship between IL-6-related pathways and 
coronary heart disease [10].  

 These concepts are reinforced by findings that correlate 
elevated levels of hs-CRP in periodontitis with low-grade 
systemic inflammation; periodontitis being a potential source 
of biomarkers, of relevance to metabolic syndrome and asso-
ciated diseases. An inflammatory phenotype could link sus-
ceptibility to periodontitis with CHD, DM and rheumatoid 
arthritis (RA). Our in vitro investigative model is designed to 
study redox reactions of relevance to these concepts, using 
appropriate markers.  

1.2. Androgen Receptor (AR)-mediated Anti-
inflammatory and Matrix Stimulatory Pathways  

 ARs play a key role in maintaining tissue matrices. The 
AR of mature osteoblasts is essential for the maintenance of 
trabecular bone mass [11] demonstrated in mouse osteocytes 
when compared with mutants [12]. Altered gene expression 
for androgen responsiveness in osteoblasts due to androgen 
deprivation is overcome with replacement [13]; resulting in 
upregulation of osteoblast genes and enhanced matrix syn-
thesis. The study also identified genes involved in metabo-
lism (adiponectin and Dpp4) and growth (Tgfb, Tgfb2, 
Wnt4) as targets for AR in mineralizing osteoblasts. These 
findings are significant in reinforcing the relevance of AR-
mediated actions of DHT as a marker of healing in a redox 
environment, utilized in our study.  

 The androgen receptor (AR) is a member of the nuclear 
receptor superfamily of ligand-inducible nuclear transcrip-
tion factors. Ski-interacting protein (SKIP; SNW1, 
NCOA62) is one of the cofactors known to interact with sev-
eral NRs. Interaction with key accessory cofactors deter-
mines cell- and gene-specific regulation of the AR. SKIP is 
considered to link mRNA splicing with transcription, as part 
of the spliceosome. It is relevant that SKIP enhanced DHT-
induced N-terminal/C-terminal AR interaction significantly. 
On DHT-stimulation, a rapid translocation of AR from cyto-
plasm to the nucleus was demonstrated [14], indicating the 
relevance of cofactors for AR activation. Similarly, agents 
with antioxidant and proanabolic actions such as doxycy-
cline could also be proactive via AR, using DHT as a 
marker, in our investigation.  

 Metabolism of the androgen substrate 14C-testosterone 
via the 5α-reductase pathway results in the formation of 
DHT; it is an effective marker of oxidative stress and heal-
ing, via its antioxidant and matrix stimulatory effects. An-
drogen receptor (AR) proteins are directly activated by DHT. 
They play a significant role as redox regulators via direct 
actions on glutathione S-transferase [15]. H2O2 decreases the 
level of DHT, cell cycle regulatory proteins and cell viability 
in mouse stem cells, as a result of its apoptotic effects. These 
effects are prevented by pre-treatment with DHT which in-
creases levels of the antioxidant enzyme catalase; and re-
versed by the androgen receptor inhibitor flutamide, a non-
steroidal androgen antagonist which competes for the same 
receptors as T and DHT due to its structural similarity [16] 
Androgen receptor (AR) proteins directly activated by DHT 
play an important role as redox regulators via direct actions 
on glutathione S-transferase. DHT as an effective marker of 
oxidative stress [17], is suitable for this application in our in 
vitro cell culture model.  
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1.3. Matrix-stimulatory Actions of Doxycycline 

 Tetracyclines have excellent non-antimicrobial pro-
anabolic and anti-catabolic actions which are effective in the 
adjunctive management of periodontitis and associated sys-
temic disorders [18]. Unique actions of tetracyclines in an 
over-exuberant inflammatory environment make them effec-
tive therapeutic adjuncts in the management of chronic in-
flammatory disorders. Their beneficial actions are effective 
in the adjunctive management of periodontitis subjects pre-
senting with commonly prevalent comorbidities addressed 
here. Novel applications of subantimicrobial doxycycline 
dosing (SDD) in attenuating periodontal and systemic bone 
loss have been reviewed in this context. SDD is effective in 
enzyme inhibitory and anti-inflammatory actions. Its effects 
on oxidative stress have been evaluated in ligature-induced 
periodontitis in rats; alveolar bone loss was significantly 
greater in periodontits rats when compared with those sup-
plemented with SDD [19]. Gingival tissue levels of lipid 
peroxidation enzymes were significantly reduced by SDD, 
with increased total antioxidant capacity, reduced oxidative 
stress and oxidant status. It is evident that SDD is effective 
in attenuating periodontal destruction by reducing local and 
systemic oxidative stress. In a similar periodontitis model in 
diabetic rats, it was demonstrated that a combination of SDD 
and biphosphonate clodronate resulted in a significant reduc-
tion in the expression of MMP-9 and IL-1β in rat gingivae 
[20]; these expression levels are significantly elevated in 
periodontitis rats prior to treatment.  
 Doxycycline is an effective inhibitor of MMPs; these 
anti-protease effects counteract tissue destruction in perio-
dontitis. It is an effective free radical scavenger and anti-
inflammatory agent [21]. Systemic SDD as an adjunct to 
periodontal treatment results in a significant reduction in 
serum biomarkers of inflammation [22] including CRP [23]. 
In view of the significance of IL-6 and CRP in chronic in-
flammatory diseases and the anti-inflammatory role of doxy-
cycline, it is relevant to study the effects of these agents 
alone and in combination in a cell culture model of human 
osteoblasts, using DHT as a marker of inflammation and 
oxidative stress; using a novel metabolically active system 
which would be closer to in vivo conditions.  

2. MATERIALS AND METHODS 

 Authentic steroids were supplied by Sigma Chemicals Co 
(Poole, Dorset, UK). Steroids were solubilised and redistilled 
in ethanol (supplied by Merk Chemicals Ltd; Dagenham, 
Essex, UK) at suitable concentrations and stored. The radioi-
sotope 14C-testosterone (specific activity 58µCi/µmol) was 
purchased from Amersham International (Amersham, Bucks, 
UK). The organic solvents used for thin layer chromatogra-
phy were benzene and acetone, ethyl acetate for solvent ex-
traction of metabolites and chloroform to dissolve the dried 
bulk of extracts; these reagents were obtained from BDH 
Chemicals (Merck) (Dagenham, Essex, UK). The thin layer 
chromatography (TLC) plates were purchased from BDH 
Chemicals Ltd (Merck); their specifications are: pre-coated 
silicagel kiesegel 60 (20 x 20cm), Dagenham, Essex, UK. 
IL-6, C-reactive protein and doxycycline were obtained from 
Sigma Chemicals Ltd., Fancy Road, Poole Dorset. Compo-
nents used for the preparation of cell culture media were, 

Eagle’s Minimum Essential Medium (MEM), with 10% foe-
tal bovine serum (FBS), L-glutamine (200mM), penicillin 
(5000 IU/ml) and streptomycin (5mg/ml); media components 
and cell culture plastics were purchased from Invitrogen Ltd; 
Scotland.  

2.1. Cell-Cultures 

 Human osteoblasts were derived from a permanent cell 
line isolated from human osteosarcoma, called MG-63 [24]. 
They were provided by the UCL Eastman Dental Institute, 
London, UK.  

2.2. Experimental Design 

 The contents of a fully confluent 25cm2 flask (2.2x106 
cells) were distributed amongst 24 wells of a multiwell dish 
in Eagle’s MEM for each incubation of osteoblasts; the cells 
were fully confluent before setting up experiments. Incuba-
tions were performed with 14C-testosterone and monolayer 
cultures of confluent cells, in the presence or absence of each 
testing agent; androgen metabolites were analysed for each 
incubation, for comparison with controls, in the absence of 
testing agents. 

2.3. Establishing Optimal Concentrations of C-reactive 
Protein (CRP), IL-6 and Doxycycline (Dox) on the Meta-
bolic Conversion of 14C-testosterone by Cultured Os-
teoblasts 

 In order to investigate the effects of agents tested, opti-
mal effective concentrations were established, to be used in 
further experiments. 
 Three 24-well plates were prepared with serial concentra-
tions of CRP: 1, 2, 5, 10 and 20 µg/ml; IL-6: 0.1, 0.5, 1, 5 
and 10 ng/ml; doxycycline (Dox): 1, 5, 10, 15 and 20 µg/ml; 
and control incubations which did not contain testing agents. 
4 replicates were used for each agent with individual con-
trols for each of the three agents tested. 

2.4. Effects of Optimal Concentrations of CRP, IL-6 and 
Doxycycline (Dox), Alone and in Combinations of CRP+ 
IL-6 and CRP+IL-6+Dox on the Metabolism of 14C-T by 
Cultured Osteoblasts 

 For each incubation eight replicates were done, using  
two 24-well plates with the optimal concentrations of CRP 
(10 µg/ml), IL-6 (1ng/ml) and doxycycline (10µg/ml) previ-
ously determined, alone and in combinations of CRP+IL-6 
and CRP+IL-6+Dox; this was compared with controls which 
did not contain testing agents.  

2.5. Detection and Quantification of Radioactive Steroid 
Metabolites 

 The 24-well multiwell plates were incubated for 24 hours 
in a CO2 humidified cell-culture incubator at 37ºC. This was 
established previously as the optimum incubation period 
(unpublished observations), as demonstrated here to estab-
lish the trends shown. Ethyl acetate was used for solvent 
extraction of the medium. The solvent extracts were evapo-
rated until dry in a vortex evaporator (Gyrovap; Philip Harris 
House, London, UK). The formed metabolites were sepa-
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rated by thin layer chromatography (TLC). The TLC plates 
were run in a solvent system comprising benzene/acetone 
(4:1 v/v). The separated metabolites on the TLC plates were 
scanned and quantified using a radioisotope scanner linked 
to a computer.  
 The mobility of cold standards added to the samples, was 
used to confirm the identity of formed metabolites; by dis-
closing the TLC plates in iodine. The authenticity of DHT 
was further confirmed by combined gas chromatography-
mass spectrometry (g.c-m.s; courtesy of Prof. A.I. Mallet, St. 
Thomas’ Hospital, London, UK), after derivatisation to pen-
tafluorobenzyloxime trimethyl silyl ether (PFBO/TMS). The 
mass spectral fragmentation pattern of authentic PFBO/TMS 
ether of 5α-DHT was replicated in the derivatized biological 
material which had a molecular ion (557), but at lower lev-
els, due to smaller amounts of steroid. There were character-
istic ions noted, for example at m/z values of 542 [M-15]+ 
due to loss of a methyl group; 467 [M-90]+ due to loss of 
TMS ether; 452 [M-90-15]+ due to loss of TMS ether and a 
methyl group and at an m/z value of 360, due to loss of the 
pentafluorobenzyloxime group. Mechanisms involved in the 
staged ionic fragmentation pattern have been published pre-
viously, with the fragmentation pattern of ions represented in 
graphic form [25].  

2.6. Statistical Analysis 

 Duplicate incubations of 4 or 8 sets of human osteoblasts 
were used, to obtain mean values for each of the metabolites 
isolated (n=4; n=8). Individual incubations were set up and 
analysed for each experimental replicate; there was no pool-
ing of cells. For each experimental set-up, the control incu-
bation which contained no testing agents served as the com-
parison for test incubations containing different agents. 
Standard deviations from the mean values are shown in the 
figures. One-way ANOVA was used for significance testing. 
It is used for testing differences between groups of data. It 
compares the means between groups of data and determines 
whether the means are significantly different from each 
other. It is considered to be a robust test against the normality 
assumption, particularly when p values are low. However, 
individual t rests between controls and agents/combinations 
tested were done as post hoc tests to validate significance of 
results tested. The observed variance in a particular variable 
is partitioned into components attributable to different 
sources of variation, in the context of a range of concentra-
tions used, for comparison with controls (C); and for com-
parison of C with incubations of optimal concentrations of 
CRP, IL-6, Dox and their combinations.  

3. RESULTS 

3.1. Establishing Effective Concentrations of CRP; Yields 
of DHT (pmol) in Response to Serial Concentrations of 
C-reactive Protein (µg/ml), using 14C-testosterone as 
Substrate (Fig. 1) 

 When serial concentrations of C-reactive protein at 1, 2, 
5, 10 and 20 µg/ml were incubated with 14C-T, it was me-
tabolised to DHT, 4-androstenedione and diol. Yields of 
DHT are shown here as the main biologically active metabo-
lite. Yields of diol and 4-A showed a direct or inverse rela-

tionship with that of DHT in keeping with enzymic pathways 
for their metabolism. There was progressive reduction in the 
yields of DHT, in response to the serial concentrations of 
CRP tested, from 1.4- fold to 3-fold (n=4; p<0.01). An opti-
mal concentration of 10 µg/ml was established and used for 
subsequent experiments. 
 

  

Fig. (1). Establishing effective concentrations of CRP; Yields of 
DHT in response to serial concentrations of C-reactive protein 
(µg/ml), using 14C-testosterone as substrate. Yields of DHT (per 
well; 2.2x106 cells / 24 well- multiwell plate) isolated from mono-
layer cultures of osteoblasts in MEM are shown in response to se-
rial concentrations of C-reactive protein (CRP) of 1, 2, 5, 10 and 
20µg/ml, in order to determine its optimal concentration. C: Con-
trol; n=4, p<0.01. Standard deviations of means are shown for all 
figures and one-way ANOVA for significance testing. Yields of 
DHT / 4-A are per well in all figures.   

3.2. Establishing Effective Concentrations of IL-6; Yield 
of DHT (pmol) in Response to Serial Concentrations of 
IL-6 (ng/ml), Using 14C-testosterone as Substrate (Fig. 2) 

  When serial concentrations of IL-6 at 0.1, 0.5, 1, 5 and 
10 ng/ml were incubated with 14C-T, it was metabolised to 
DHT, 4-A and diol. Yields of DHT are shown here as the 
main biologically active metabolite; the latter showed in-
verse and direct correlations respectively with the yield of 
DHT, in keeping with enzymic pathways. There was pro-
gressive reduction of 1.6-1.7-fold in the yields of DHT, 
compared with controls (duplicates of n=4; p<0.01), in re-
sponse to IL-6. A concentration of IL-6 at 1ng/ml was estab-
lished as the optimum concentration, which was used for 
subsequent experiments. 

3.3. Establishing Effective Concentrations of Doxycycline 
(Dox); Yields of DHT (pmol) in Response to Serial Con-
centrations of Doxycycline (µg/ml), Using 14C-
testosterone as Substrate (Fig. 3)  

 When serial concentrations of doxycycline (Dox) at 1, 5, 
10, 15 and 20 µg/ml were incubated with 14C-T, it was me-
tabolised to DHT, 4-A and diol. Yields of DHT are shown 
here; 4-A and diol showed inverse and direct correlations 
with yields of DHT, in keeping with 17β-hydroxysteroid 
dehydrogenase and 5α-reductase pathways respectively. 
There was a progressive increase in the yields of DHT in 
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response to Dox from 1.2-fold to 1.8-fold (duplicates of n=4; 
p<0.01). An effective concentration of 10µg/ml was demon-
strated to yield optimal amounts of DHT. This concentration 
was used for subsequent experiments.  
 

 
 
Fig. (2). Establishing effective concentrations of IL-6; Yield of 
DHT (pmol) in response to serial concentrations of IL-6 
(ng/ml), using 14C-testosterone as substrate. Yields of DHT are 
shown in response to serial concentrations of IL-6 of 0.1, 0.5, 1, 5 
and 10 ng/ml, in order to determine its optimal concentration. C: 
Control; n=4, p<0.01. 
 

 
 
Fig. (3). Establishing effective concentrations of doxycycline 
(Dox); Yields of DHT (pmol) in response to serial concentra-
tions of doxycycline (µg/ml), using 14C-testosterone as sub-
strate. Yields of DHT are shown in response to serial concentra-
tions of doxycycline (Dox) of 1, 5, 10, 15 and 20µg/ml, in order to 
determine its optimal concentration. C: Control; n=4, p<0.01. 
 

3.4. Effects of CRP (10 µg/ml), IL-6 (1ng/ml) and Dox (10 
µg/ml) Alone and in Combination on Yields of DHT 
(pmol) from 14C-testosterone as Substrate (Fig. 4)  

 Using 14C-testosterone as substrate, the effects of opti-
mal concentrations of CRP, IL-6 and Dox as established 
above, were used alone and in combination to determine 
yields of the oxidative stress marker DHT. There were 1.8-
fold and 2-fold decreases in yields of DHT, in response to 
CRP and IL-6 respectively and 28% stimulation in response 
to Dox, over control incubations. The combination of IL-6 + 
CRP showed a 2-fold reduction in the yields of DHT which 
was elevated to control values when combined with Dox, in 
the combined incubation of CRP+IL6+Dox (comparisons 
were significant, n=8; p<0.001; one way ANOVA). Yields 
of diol (not shown) showed similar trends in keeping with 

the 5α-reductase pathway, while those of 4-androstenedione 
are discussed below.  
 

 
 
Fig. (4). Effects of CRP (10µg/ml), IL-6 (1ng/ml) and Dox (10 
µg/ml) alone and in combination on yields of DHT (pmol) from 
14C-testosterone as substrate. Yields of DHT are shown in re-
sponse to optimal concentrations of CRP (10µg/ml), IL-6 (1ng/ml) 
and doxycycline (Dox 10µg/ml) established above, alone and in 
combinations of CRP+IL-6, CRP+IL-6 and CRP+IL-6+Dox. C: 
Control; n=8, p<0.001. 
 

3.5. Effects of CRP (10 µg/ml), IL-6 (1ng/ml) and Dox (10 
µg/ml) Alone and in Combination on Yields of 4-
androstenedione (Fig. 5) 

 In the above incubation the metabolite 4-androstenedione 
was also isolated and quantified in response to the agents 
tested, alone and in combination. 4-A is formed from 14C-
testosterone as substrate, via the 17β-hydroxysteroid dehy-
drogenase pathway (HSD), resulting in yields that are in-
versely related to those of DHT which is formed via the 5α-
reductase enzyme system. In keeping with the 17β-HSD 
pathway, it is relevant that the yields of 4-A were increased 
over control values in response to CRP, IL-6 and their com-
binations; and significantly reduced in response to doxycy-
cline (n=8; p<0.001).  
 

  
Fig. (5). Effects of CRP (10µg/ml), IL-6 (1ng/ml) and Dox (10 
µg/ml) alone and in combination on yields of 4-androstenedione 
(pmol) from 14C-testosterone as substrate. Yields of another 
metabolite 4-androstenedione (4-A) are shown in response to opti-
mal concentrations of CRP, IL-6 and doxycycline (Dox) alone and 
in combinations of CRP+IL-6, CRP+IL-6 and CRP+IL-6+Dox. C: 
Control; n=8, p<0.001. 
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4. SUMMARY OF RESULTS 

 IL-6 and CRP showed significant inhibitory effects on 
the synthesis of DHT. Concurrent incubation with doxycy-
cline overcame these effects, reverting to control values. 
Yields of the weaker androgen 4-androstenedione showed 
inverse correlations with those of DHT, in keeping with en-
zymic pathways.  

5. DISCUSSION 

 When human MG63 osteoblasts were incubated with 
14C-testosterone, it was metabolised mainly to DHT, 4-
androstenedione and diol. Yields of 4-androstenedione bore 
an inverse relationship to those of DHT, in keeping with the 
17β-HSD pathway from the substrate 14C-testosterone; 
while it is converted to DHT via the 5α-reductase pathway. 
The formed DHT acts as substrate for subsequent conversion 
to diol. IL-6 and CRP had significant inhibitory effects on 
the synthesis of DHT, an effective marker of inflammation 
[5] and oxidative stress [15-17]. Concurrent incubation with 
doxycycline, which has anti-inflammatory and pro-anabolic 
actions, overcame these effects to a significantly greater ex-
tent than incubation with doxycycline alone; demonstrating 
effective applications for adjunctive doxycycline in an in-
flammatory milieu. The significance of these findings in the 
context of markers and agents used, is discussed with regard 
to implications for systemic inflammatory diseases with IL-6 
and CRP as risk markers [2, 3, 8, 10], as seen in periodonti-
tis; and responses to doxycycline, using DHT as an effective 
marker of oxidative stress and its anti-inflammatory actions 
[5].  
 The role of DHT as a marker of inflammation has been 
shown by other workers, in reducing levels of nitric oxide 
(NO) and TNF-α, in a dose-dependent manner [26]. In the 
same study, the anti-inflammatory actions of DHT were sig-
nificantly reduced in APOE4 targeted replacement mice 
when compared with APOE3 mice, due to androgen-
regulated innate immune signalling pathways being altered 
in APOE4 microglia. These findings highlight the impor-
tance of genetic susceptibility on the outcome of inflamma-
tion. DHT could play an important role as a marker in this 
context. In our study, DHT was an effective marker of the 
antioxidant effects of doxycycline which overcame the oxi-
dative effects of IL-6 and CRP as demonstrated by reduced 
yields of DHT in response to these agents, overcome by 
doxycycline. These actions are mediated via AR [11-13]. 
Agents tested are of significance in the progression of perio-
dontitis, also relevant to cardiometabolic disorders [2, 3, 8, 
10]; and serve as a useful tool in the context of our study, 
relevant to disease progression and response to treatment.  
 A 46% reduction in hs-CRP levels and a 32% reduction 
in IL-6 levels have been demonstrated in subjects, at six 
months of treatment with sub-antimicrobial doxycycline 
(SDD) [27]. The potential of a therapeutic agent with the 
ability to reduce CRP, IL-6 and MMPs has important clinical 
implications; considering that over 80% were also on sim-
vastatin which has anti-inflammatory effects. In our in vitro 
study, validation of the inhibitory effects of IL-6 and CRP on 
yields of DHT, overcome and enhanced by doxycycline [17] 
is significant, considering the antioxidant and proanabolic 
actions of DHT [14]; SKIP, an interactive protein cofactor 

enhances DHT-induced AR activity. Similarly doxycycline 
could act as a cofactor via AR, relevant to the adjunctive 
management of periodontitis, with beneficial implications on 
prevalent comorbidities. These applications are bourne out in 
the 2-fold reduction in yields of DHT in response to a com-
bination of IL-6 and CRP, increasing to control values when 
doxycycline was added to the incubation, effectively demon-
strating a two-fold increase in response to doxycycline in the 
combined incubation, in our study. SDD as an adjunct to 
conventional periodontal treatment significantly improves 
HbA1c levels in diabetic subjects on stable medication, 
when compared with periodontal treatment alone [28]. This 
is a relevant finding in a population using prescribed medica-
tion for DM; thus SDD further improves oxidative stress via 
host-modulatory mechanisms [22, 23].  
 We have demonstrated the efficacy of doxycycline in 
overcoming oxidative stress induced by IL-6 and CRP using 
the metabolic marker DHT [29] with anabolic potential  
[11-13] acting via androgen receptor, in an in vitro culture of 
osteoblasts. A Cochrane review confirmed the effects of 
doxycycline in slowing down cartilage degeneration relevant 
to its actions as a disease modifying agent for the treatment 
of osteoarthritis [30]. We have used a suitable marker DHT 
in our study to validate anabolic and antioxidant actions of 
doxycycline, relevant to the above systemic disorders pre-
senting as comorbidities of periodontitis. These actions of 
DHT against cytokines and inflammatory stimuli exerted via 
androgen receptor make it a valuable marker in our experi-
mental inflammatory model comprising IL-6 and CRP. The 
yields of 4-androstenedione, a weaker androgen were in-
versely related to those of DHT in response to the above 
oxidants and the antioxidant effects of doxycycline. This 
mimics the in vivo 17β-hydroxysteroid dehydrogenase en-
zymic pathway, a reversible pathway between testosterone 
and 4-androstenedione. Distinct actions of 5α-reductase and 
17β-hydroxysteroid dehydrogenase enzyme systems are re-
produced, with implications on metabolic processes reported. 
The novel metabolically active in vitro model used is effec-
tive in reinforcing potential in vivo actions which may be 
cautiously interpreted from the pattern of metabolic yields in 
response to agents tested; and their implications that are ad-
dressed here.  
 These inflammatory markers are significantly reduced 
following periodontal treatment, reducing risk of cardiovas-
cular incidents in subjects with refractory hypertension [1], 
and has implications on the host response in DM [2]. Multi-
faceted susceptibility profiles and epigenetic effects make it 
difficult to apply generalizations universally. In our in vitro 
model, oxidative effects of IL-6 and CRP were overcome by 
the antioxidant effects of doxycycline, using DHT as a 
marker of oxidative stress. Some of these actions could be 
applied to in vivo clinical presentations of metabolic syn-
drome and DM as comorbidities in periodontitis subjects; 
and responses to adjunctive treatment with doxycycline. In 
the context of inflammatory diseases mediated by cytokines 
and acute phase reactions [31], clinically successful perio-
dontal therapy impacts on improved outcome for systemic 
comorbidities by reducing serum levels of cytokines and 
systemic inflammation. This has been demonstrated with 
regard to circulating levels of hs-CRP, fibrinogen, interleu-
kins-4, 6, 8, 10 and TNF-α associated with metabolic control 
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in Type 2 DM patients with periodontitis [32]. These reports 
confirm the importance of risk markers such as IL-6 and 
CRP, utilised in this context in our experimental model; 
demonstrating 2- and 1.8 -fold reductions in the yields of 
DHT in response to IL-6 and CRP respectively.  
 The above markers are also common to other chronic 
inflammatory diseases such as RA [33] which prevails in 
periodontitis subjects. In synovial cells that over-express 
AR, DHT also inhibits the effects of TNF-α [34] , implying 
that an optimally functional level of AR is required for this 
inhibition to occur. The actions of DHT in inhibiting IL-1α 
mRNA expression induced by TNF-α are overcome by the 
AR antagonist hydroxyflutamide, indicating a mechanism 
via AR; NF-kappaB-activation induced by TNF-α is inhib-
ited by DHT via AR [35]. These findings validate the rele-
vance of DHT as an effective marker of inflammatory net-
works operating in cells, also demonstrated in our study; 
which may be cautiously extrapolated to the in vivo mecha-
nisms involved in periodontitis and associated co-
morbidities, pivotal to their progression.  
 Oxidative stress and impaired antioxidant defences are 
characteristic features of chronic inflammatory diseases. 
CRP and IL-6, agents used in our experimental model im-
posed oxidative stress; demonstrating reduced yields of DHT 
alone and in combination, while co-incubation with doxycy-
cline, resulted in improved yields, overcoming the dimin-
ished response to CRP and IL-6; reinforcing its capacity as 
an antioxidant and proanabolic agent. The efficacy of doxy-
cycline as an anti-inflammatory agent is bourne out in our 
investigation. Our findings have applications in the adjunc-
tive management of periodontitis, also relevant to curtailing 
chronic inflammatory loading, associated with IL-6 and CRP 
[36]; further substantiated in the restoration of free and total 
protein thiol levels in experimental diabetes, following com-
bined treatment with doxycycline [37]. These actions sub-
stantiate the suitability of doxycycline in the context of our 
experimental model, with potential in vivo applications. 
 Doxycycline decreases MMP activity and oxidative 
stress induced by hypertension, with improved NO levels in 
aortic endothelial cells [38, 39]; with potential therapeutic 
applications. In this context, it is relevant that DHT enhances 
endothelial NO, due to due to rapid recruitment of extracel-
lular signal-related kinase and the phosphotidylinositol 3-OH 
kinase / Akt cascades leading to phosphorylation of endothe-
lial nitric oxide synthase [40]. Doxycycline and related non-
antibiotic chemically modified tetracyclines such as CMT-3, 
are effective in reducing the production of cytokines and 
other inflammatory agents, in response to stimulants relevant 
to the pathogenesis of periodontitis and atherosclerotic car-
diovascular disease [41]. The mechanism is partly due to 
suppression of phosphorylation/activation of the NFkB cell 
signalling pathway. SDD dramatically reduces hsCRP, IL-6 
and MMP-9 levels in plasma of this patient population. It 
also causes significant elevation of serum levels of HDL 
cholesterol and its core molecule apolipoprotein A-1 which 
are cardioprotective, in periodontitis subjects susceptible to 
CHD. Tetracyclines including doxycycline are very effective 
in inhibiting chemiluminescence from an oxygen generating 
system [42], indicating their direct actions in influencing 
redox chemistry in aprotic media. Considering these actions, 

responses to doxycycline in our in vitro study provide scope 
for extrapolation to periodontitis and associated comorbid-
ities such as DM, CHD, and arthritis in periodontitis sub-
jects, addressed here. Actions of agents used in our investi-
gation with DHT as a robust marker of inflammation and 
oxidative stress, provide some insight into the possible 
mechanisms involved.  
 The results of our study confirm these concepts using 
DHT as a marker of oxidative stress in our in vitro model, 
further substantiated by other workers. Our in vitro investi-
gative model may be extrapolated to redox interactions in the 
context of periodontal and systemic co-morbidities, in the in 
vivo environment, with an adjunctive therapeutic role for 
doxycycline as discussed above.  

6. CONCLUSION  

• A novel in vitro metabolically active model is used to 
reinforce potential for extrapolation to in vivo mecha-
nisms associated with oxidant / antioxidant mechanisms 
relevant to periodontitis and associated systemic comor-
bidities. In view of current in vitro and in vivo documen-
tation of oxidative stress-inducing mechanisms in re-
sponse to IL-6 and CRP; and significant anti-
inflammatory and proanabolic actions of doxycycline, 
this is a pertinent experimental model. 

• The study addresses the mechanism of action of doxy-
cycline in an osteoblastic culture, using DHT as a 
marker of oxidative stress, inflammation and healing, in 
response to IL-6 and CRP, in the above context.  

• In this in vitro model, redox mechanisms exerted via AR 
in response to agents tested, using DHT as a marker of 
redox status and healing, may be cautiously extrapolated 
to the redox status in periodontitis, also relevant to sys-
temic inflammatory diseases.  

• Adjunctive doxycycline plays a significant role in im-
proving redox gradients in periodontal treatment. This 
could be extrapolated as a modifying factor for systemic 
diseases, considering common risk markers studied; pa-
tient susceptibility profiles and epigenetics make gener-
alizations difficult to apply universally, although there 
are plausible mechanisms involved.  
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