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Highlights

e Phenytoin, like valproate, reduces collagen | protein production by osteoblast-like
cells.

¢ Unlike valproate, phenytoin does not reduce osteonectin protein production but
instead, alters the electrophoretic mobility of osteonectin.

e Perturbation of these important bone proteinsis a possible mechanism to explain bone
loss following long-term treatment with phenytoin.
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Abstract
Phenytoin is an antiepileptic drug used in the management of partial and tonic-clonic
seizures. In previous studies we have shown that vaproate, another antiepileptic drug,

reduced the amount of two key bone proteins, pro-collagen | and osteonectin (SPARC, BM-
40), in both skin fibroblasts and cultured osteoblast-like cells. Here we show that phenytoin
also reduces pro-collagen | production in osteoblast-like cells, but does not appear to cause a
decrease in osteonectin message or protein production. Instead, a 24h exposure to aclinically
relevant concentration of phenytoin resulted in a dose-dependent change in e ectrophoretic
mobility of osteonectin, which was suggestive of a change in post-translational modification
status. The perturbation of these important bone proteins could be one of the mechanisms to

explain the bone loss that has been reported following long-term treatment with phenytoin.

Keywords
Phenytoin, valproate, collagen, osteonectin, SPARC, AEDs, anti-epileptic drugs,

bone.

1. Introduction
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Many of the most commonly used anti-epileptic drugs (AEDs) are associated with
bone disease, as evidenced by biochemical abnormalities, increased fracture risk and
decreased bone mineral density (reviewed by Nakken and Taubgll (2010) and Lee et d.,
2010). AEDs that are implicated in hepatic cytochrome p450 dysregulation leading to vitamin
D deficiency with subsequent bone loss appear to have the strongest association with bone
abnormalities (Valiméki et al., 1994 and Pack 2001). This association does not fully explain
the mechanism(s) of AED-induced bone loss however, since an increase in bone turnover
with AEDs can occur independently of vitamin D deficiency (Vaimaki et al., 1994, and
Weinstein 1984).

Despite the clear body of evidence that describes the effects of AEDs on fracture risk
and bone mass, few studies have investigated the direct effect of AEDs on bone cells. In a
previous study, we examined the effect of the AED, valproate, on an established cell-based
model of long bone-derived osteoblasts (hFOB1.19) and found for the first time that
valproate reduced the amount of two key bone proteins, collagen | and osteonectin
(Humphrey et al., 2013). Collagen | is the main protein component of bone matrix and
osteonectin has amajor role in bone development and mineralisation (Delany et al., 2003), so
reduced levels may contribute to bone loss following long-term treatment with valproate. The
aim of this study was to determine whether other commonly used AEDs a so reduce levels of

these important bone proteins in osteoblast-like cells.

2. Materialsand Methods

2.1 AED compounds
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AEDs were tested at a range of concentrations that were as close as possible to
clinically relevant serum concentration (i.e. phenytoin (5-40 ug/mlL, Gallagher and Sheehy,
2000); topiramate (5- 40 ug/mL, Hu et a., 2013); levetiracetam (5-40 pg/mL, Bobustuc et al.,
2010), lamotrigine (2.5-20pug/mL, Johannessen and Tomson, 2006) and carbamazepine (5-40
ng/mL, Gao and Chuang, 1991) (all from Sigma-Aldrich, UK). AEDs were solubilized in

DM SO and stored as 2000-fold stock solutions.

2.2 Western blotting

Human foetal hFOB1.19 osteoprogenitor cells (hFOBs) were cultured as described
previously (Humphrey et al., 2013). After establishing that parallel differentiated cultures
were producing and mineraising a matrix in culture (Supplementary Figure 1), the hFOBs
were treated with vehicle control (i.e. DMSO) or AEDs. Triplicate cultures of control and
AED-treated hFOBs were harvested by trypsination after 24 hours of treatment and analysed
by western blotting using an antibody against osteonectin (Santa Cruz Biotechnology), as

described previoudly (Fuller et al., 2010).

2.3 Immunofluorescence

hFOBs were grown on coverdlips, as described previously (Humphrey et al., 2013).
For detection of collagen I, the coverdlips were incubated with a pro-collagen | antibody
(developed by McDonald, JA and obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD, The University of lowa, Department of Biology,
lowa City, |1A 52242), as described previously (Fuller et a., 2010). Sequential scans were
performed with a Leica TCS SP5 confocal microscope with a 40x objective. To reduce
operator bias afixed laser intensity was used for al image acquisition and images were only

acquired from fields with even DAPI staining. To reduce edge effects only the inner two-
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thirds of the coverdlip were analysed. Immunofluorescence intensity was quantified using
Image J software and normalised to DAPI intensity to account for variations in cell number.
Statistical analysis was performed using a one-way analysis of variance (ANOVA), followed

by Tukey’s post hoc test.

2.5 Gene expression

hFOBs were cultured and treated with AEDS, as described for western blot anaysis.
RNA was extracted from triplicate pellets of control, valproate-treated and phenytoin-treated
cells after 8 and 24 hours of treatment, using an RNAeasy kit (Qiagen). RNA (0.5ug) was
reverse transcribed using the high capacity cDNA archive kit (Applied Biosystems)
according to the manufacturer’s instructions. Amplification of the osteonectin, collagen I,
ACTB and GAPDH genes was performed using previously validated primers (Supplementary
Table 1) and SYBR green master mix with the ABI 7500 real time PCR machine.
Quantification of data was performed using the comparative CT (AACT) method (Livak and
Schmittgen, 2001), using the mean from the two endogenous reference genes, GAPDH and

ACTB.

3. Results

3.1 Phenytoin treatment of hFOB cells results in a decrease in pro-collagen |
immunor eactivity.

Pre-differentiation hFOB cells were grown with or without AEDs at clinically
relevant doses. After 24 hours treatment with phenytoin, pro-collagen | immunoreactivity

was significantly decreased in a dose-dependent manner, with a maximum of 48% reduction
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with a 20 pg/mL dose (p=0.037) (Figure 1la and 1b). This statistically significant decrease is
identical to the decrease observed after a 24 hour treatment of hFOBs with a clinically-
relevant concentration of valproate (Humphrey et a., 2013). Collagen | gene expression
levels were unaffected, suggesting that phenytoin alters pro-collagen | protein production or
turnover (Figure 1c). We were unable to detect a statistically significant decrease in collagen
| following treatment with topiramate, levetiracetam, lamotrigine or carbamazepine (data not
shown). It was not possible to reliably quantify the effects of AEDs on pro-collagen | levels
in post-differentiation hFOB cultures because the high density of cells obtained after
differentiation prevents reliable quantification by immunofluorescence. However, a similar
trend was evident by qualitative assessment of phenytoin-treated post-differentiation cells

(Supplementary Figure 2).

3.2 Phenytoin treatment of hFOB cells causes a dose-dependent change in the
electrophoretic mobility of osteonectin.

Unlike previous observations with valproate (Humphrey et al., 2013), treatment of
hFOB cells with other commonly used AEDs did not appear to reduce the levels of
osteonectin protein following treatment for 8 or 24 hours (as determined by western blot
analysis) (Figure 2a). After 24 hours of incubation with phenytoin, however, a small but clear
shift in apparent molecular weight of osteonectin was detectable by western blot in treated
hFOB cell extracts (Figure 2b). The approximate 2-3kDa difference in electrophoretic
mobility was evident following treatment with as little as 5 pg/mL of phenytoin and this
change was not apparent following treatment with the other AEDs (Figure 2a). Neither
protein (Figure 2b) nor gene expression levels of osteonectin were altered following

treatment with phenytoin (Figure 2c).
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4. Discussion

In this study we have demonstrated that, like valproate (Humphrey et a., 2013),
phenytoin treatment of osteoblast-like cells with a clinically relevant dose results in a
reduction of pro-collagen | protein. Despite the profound effect of valproate and phenytoin on
pro-collagen | protein production, neither drug appeared to alter the expression levels of the
collagen | gene (Figure 1c). Taken together, these results suggest that phenytoin, like
valproate, appears to have a direct-effect on osteoblast-like cells by causing them to produce
lower amounts of collagen | protein. It seems highly probable that this would have a
detrimental effect on the bone forming ability of these cells since osteogenesis imperfecta, the
“brittle bone disease”, is caused, in most cases, by mutationsin collagen | chains (Rauch and
Glorieux, 2004).

None of the other AED compounds tested appeared to ater pro-collagen | protein
levels. It is important to acknowledge, however, that some AEDs may require conversion to
active metabolites in vivo, and it is not known whether osteoblast-like cells have the
capability to do this.

Unlike vaproate (Humphrey et al., 2013), none of the other AEDSs tested in this study
caused a reduction in osteonectin protein levels in osteoblast-like cells, suggesting that the
mechanism by which this occurs is not common to all AEDs. Interestingly though, treatment
with phenytoin did alter the electrophoretic mobility of osteonectin in SDS-PAGE gels when
compared to control-treated cells. Since protein levels were unaltered, the most likely
explanation for the shift in electrophoretic mobility is a change in the glycosylation of
osteonectin. Osteonectin exists as isoforms of various molecular weights, attributed to
differences in glycosylation patterns (Kelm and Mann, 1991), each with different functions
and varying affinities for collagen binding (Kaufmann et al., 2004). It seems highly likely,

therefore, that alterations in the glycosylation pattern of osteonectin would affect its ability to



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

bind to collagen; thus influencing cellular ability to produce normal bone. This may explain a
mechanism by which long-term phenytoin treatment can lead to bone weakness (reviewed in
detail by Nakken and Taubgll (2010) and Lee et a., 2010), especialy since two unrelated
cases of osteogenesis imperfecta with a severe bone fragility were caused by rare
homozygous mutations affecting the collagen | binding region of osteonectin (Mendoza-
Londono et d., 2015).

In summary, the findings in this study suggest that, as with valproate, perturbation of
the important bone proteins, collagen | and osteonectin, could be one of the mechanisms that
lead to bone loss following long-term treatment with phenytoin. The findings presented here
provide a possible future direction for research focusing on the effects of AEDs on bone

metabolism in-vivo.

Acknowledgements

This work was funded by the RJAH charitable funds. Authors’ roles: Study design:
ELH, MG and HRF; conduct of experiments: ELH; drafting manuscript: ELH, MG and HRF.
HRF takes responsibility for the integrity of the data analysis. The authors are grateful to

Professor Glenn Morrisfor providing access to laboratory facilities.

References

Vélimaki, M.J., Tiithonen, M., Laitinen, K., Tahteld, R., Kérkkédinen, M., Lamberg-Allardt,

C., Mékeld, P., Tunninen, R., 1994. Bone mineral density measured by dual-energy x-ray



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

absorptiometry and novel markers of bone formation and resorption in patients on

antiepileptic drugs. J. Bone. Miner. Res. 9(5), 631-7.

Nakken, K.O., Taubgll, E., 2010. Bone loss associated with use ofantiepileptic drugs. Expert

Opin. Drug Saf. 9, 561—571.

Lee, R.H., Lyles, KW., Colén-Emeric, C., 2010. A review of the effect of anticonvulsant
medications on bone mineral densityand fracture risk. Am. J. Geriatr. Pharmacother. 8, 34—

46.

Pack, A., 2003. The Association Between Antiepileptic Drugs and Bone Disease. Epilepsy

currents. 3(3), 91-95.

Weinstein, R.S., Bryce, G.F., Sappington, L.J., King, D.W., Gallagher, B.B., 1984. Decreased
serum ionized calcium and normal vitamin D metabolite levels with anticonvulsant drug

treatment. J. Clin. Endocrinol. Metab. 58, 1003-1009.

Humphrey, E.L., Morris, G.E., Fuller, H.R., 2013. Valproate reduces collagen and

osteonectin in cultured bone cells. Epilepsy research. 106, 446-50.

Delany, A.M., Kagjzic, |., Bradshaw, A.D., Sage, E.H., Candlis, E.,2003. Osteonectin-null
mutation compromises osteoblast forma-tion, maturation, and survival. Endocrinology 144,

2588—2596.



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

Gallagher, E.P., and Sheehy, K.M., 2000. Effects of phenytoin on glutathionine status and
oxidative stress biomarker gene mRNA levels in cultured precision human liver dlices.

Toxicological sciences. 59, 118-126.

Huh, HJ., Joo, E.Y ., Hong, S.B., Ahn, JH., Seo, D.W., Lee, S.Y., 2013. Factors influencing
serum topiramate concentrations in routine therapeutic drug monitoring in Korean adult

patients with epilepsy. Ther Drug Monit. 35(2), 177-82.

Bobustuc, G.C., Baker, C.H., Limaye, A., Jenkins, W.D., Pearl, G., Avgeropoulos,
N.G.,Konduri, S.D., 2010. Levetiracetam enhances p53-mediated MGMT inhibition and

sensitizes glioblastoma cells to temozolomide. Neuro-oncology. 12(9), 917-27.

Johannessen, S.1., and Tomson, T., 2006. Pharmacokinetic variability of newer antiepileptic

drugs: when is monitoring needed? Clin Pharmacokinet. 45(11), 1061-75.

Gao, X.M., and Chuang, D., 1991. Carbamazepine-induced neurotoxicity and its prevention

by NMDA in cultured cerebellar granule cells. Neuroscience Letters. 135, 159-62.

Fuller, H.R., Man, N.T., Lam, le.T., Shamanin, V.A., Androphy, E.J., Morris, G.E., 2010.

Vaproate and bone loss: iTRAQ proteomics show that valproate reduces collagens and

osteonectin in SMA cdlls. J. Proteome. Res. 9, 4228-23.

Livak, K.J., and Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-

time quantitative PCR and the 2(-Delta Delta Ct method. Methods. 25(4), 402-408.

10



248  Rauch, F., Glorieux, F.H., 2004. Osteogenesis imperfecta. Lancet 363, 1377—1385.

249

250 Kem, R.J, and Mann, K.G., 1991. The collagen binding specificity of bone and platelet
251  osteonectinisrelated to differences in glycosylation. J Biol Chem. 266(15), 9632-9.

252

253 Kaufmann, B., Muller, S., Hanisch, F.G., Hartmann, U., Paulsson, M., Maurer, P., Zaucke,
254  F., 2004. Structura variability of BM-40/SPARC/osteonectin glycosylation: implications for
255  collagen affinity. Glycobiology. 14(7), 609-19.

256

257 Mendoza-Londono, R., Fahiminiya, S., Maewski, J., Tétreault, M., Nadaf, J., Kannu, P.,
258  Sochett, E., Howard, A., Stimec, J., Dupuis, L., Roschger, P., Klaushofer, K., Pdlomo, T.,
259 Oudlet, J, Al-Jdlad, H., Mort, J.S., Moffat, P., Boudko, S., Bachinger, H.P., Rauch, F.,
260 2015. Recessive osteogenesi s imperfecta caused by missense mutationsin SPARC. Am J
261  Hum Genet. 96(6), 979-85.

262

263

264

265

266

267

268

269

270

271

272

11



273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

Figure Legends

Figure 1. Pro-collagen | protein, but not gene expression levels, is reduced in osteoblast-like
cells after treatment with phenytoin. Acetone/methanol fixed cells were incubated with the
anti-pro-collagen | monoclonal antibody (M-38) and visualised using a goat anti-mouse
ALEXA 488. Bar = 100um. Ten fields of view were chosen at random from each slide using
DAPI view to avoid bias and include at least 200 cells over 10 images. The integrated density
for each confocal microscope image was measured using ImageJ software and normalised to
DAPI staining for each image. A representative image (A) and quantitative measurements
from the dose response of phenytoin (PHT) on collagen protein (B) are shown. Collagen |
gene expression was measured in cellstreated with valproate (VPA) or PHT for 8 or 24hrs.

No significant change in gene expression could be detected with either AED (C).

Figure 2. Of the AEDs tested, only valproate reduced the levels of osteonectin protein in
osteoblast-like cells. Protein extracts from differentiated osteoblast-like cells treated with
carbamazepine (CBX), lamotrigine (LAM), with levetiracetam (LEV), topiramate (TOP) and
valproate (VPA) were subjected to SDS-PAGE and transferred to nitrocellulose by
electroblotting. The blots were probed with antibodies against osteonectin (SPARC, BM-40).
Total protein staining with Ponceau S was used as aloading control. After visualization using
a chemiluminescent system, the integrated density of the bands for osteonectin and ponceau S

were measured using Image] software (A). A dose-dependent change in the electrophoretic

12
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mobility of osteonectin was evident, following treatment when treated with PHT (B). Neither

VPA nor PHT had any effect on the gene expression levels of osteonectin (C).
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Figure 2
Click here to download high resolution image

A

cBX LAM LEV TOP VPA
U : u T u i u T u i

W0%  100%  100% 100%  100%  100%  100%  100%  100% BO%

s B e e e e

Ponceau S

Ponceau S

112

:

s ' ns _
g 1.1 I

E" 1.06 % I
o | !
¢ .

g 104 "|

e A

E 1.02 i l] 1

g | o

3



