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Abstract 23 

 24 

Methylglyoxal (MGO) is a highly reactive metabolite of glucose, which is known to cause 25 

damage and induce apoptosis in endothelial cells. Endothelial cell damage is implicated in the 26 

progression of diabetes-associated complications and atherosclerosis. Nuts are high in 27 

vitamin E. Consumption of nuts has been recommended for the prevention of cardiovascular 28 

disease. However, different nuts contain different forms of vitamin E, which can have 29 

different effects on endothelial cells. In this work, we investigated the protective effect of 30 

different isoforms of vitamin E on MGO-induced apoptosis in human umbilical vein 31 

endothelial cells (HUVECs). Among all forms of vitamin E, δ-tocopherol showed the highest 32 

effect on apoptosis of HUVECs. We also compared the anti-apoptotic activity of δ-tocopherol 33 

to that of α-tocopherol in MGO-treated HUVECs. Pretreatment with α- or δ-tocopherol 34 

significantly inhibited MGO-induced changes in cell morphology, cell death, and production 35 

of intracellular reactive oxygen species. δ-Tocopherol prevented MGO-induced apoptosis in 36 

HUVECs by increasing Bcl-2 expression and decreasing Bax expression. Interestingly, α-37 

tocopherol also inhibited these factors but to a lesser extent than δ-tocopherol. MGO was 38 

found to activate mitogen-activated protein kinases (MAPKs). Compared to pretreatment 39 

with α-tocopherol, pretreatment with δ-tocopherol more strongly inhibited the activation of 40 

MAPKs, such as JNK and ERK1/2. These findings suggest that δ-tocopherol may be a more 41 

effective regulator of MGO-induced apoptosis than α-tocopherol. 42 

 43 

Keywords : Advanced glycation end products, Methylglyoxal, HUVECs, Tocopherol, 44 

Reactive oxidative species, Apoptosis  45 
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1. Introduction 46 

 47 

Advanced glycation end-products (AGEs) are automatically generated by a non-48 

enzymatic reaction between the reducing sugars and free amine groups of proteins. 49 

The formation and accumulation of AGEs has been known to occur at an accelerated 50 

rate in diabetes patients, and their role in endothelial dysfunction is now well-known 1. 51 

In endothelial cells, AGEs cause mitochondrial dysfunction, cellular dysfunction and, 52 

ultimately, cell death 
2
. AGEs also increase the production of pro-inflammatory 53 

mediators and the generation of reactive oxygen species (ROS) 3. AGEs have been 54 

reported to activate mitogen-activated protein kinase (MAPK) pathways such as c-Jun 55 

N terminal kinase (JNK) and p38 4.  56 

 Methylglyoxal (MGO) is a highly reactive metabolite of glucose and a precursor to 57 

AGEs. It is formed by the non-enzymatic fragmentation of triose phosphates or 58 

products of the Amadori rearrangement 5. Increased MGO levels have been observed 59 

in vascular endothelial cells that were cultured in media with a high glucose content 6. 60 

MGO levels are particularly high in patients with either type 1 or type 2 diabetes 7. 61 

MGO mediates the inflammation and apoptosis of vascular endothelial cells, the 62 

generation of ROS and impairs endothelial function 
8, 9

. MGO has also been reported 63 

to induce phosphorylation of JNK, p38 MAPKs and extracellular signal-regulated 64 

kinase (ERK1/2) 10. 65 

 For the past few years, there has been an increased focus on the role of vitamin E in 66 

preventing chronic damage to endothelial cells–a widely known cause of 67 

cardiovascular disease 
11

. It has also been reported that the consumption of nuts that 68 

are rich in vitamin E may prevent cardiovascular disease 12. Nuts contain various 69 
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forms of vitamin E and their relative proportions depend on the types of nuts. For 70 

example, almonds and hazelnuts contain large amounts of α-tocopherol whereas 71 

pistachios and walnuts contain a greater proportion of γ- and δ-tocopherols 
13

. 72 

 Vitamin E is a potent antioxidant and has eight different forms: α-, β-, γ-, and δ-73 

tocopherols and α-, β-, γ-, and δ-tocotrienols. It has been reported that vitamin E 74 

prevents protein glycation in vitro by inhibiting the formation of the lipid peroxidation 75 

product malondialdehyde and that its antioxidant nature reduces AGE-mediated 76 

apoptosis 
14, 15

. Furthermore, recent studies showed that α-tocopherol reduced MGO-77 

induced oxidative stress in human umbilical vein endothelial cells (HUVECs) and that 78 

γ-tocopherol prevented serum MGO increases in patients with diabetes 16, 17. MGO and 79 

AGEs are known to be reduced by α- or γ-vitamin E form; however the effect of δ-80 

tocopherol on MGO has yet to be reported. This study may be vital in proving it to be 81 

an effective and potent limiter of MGO and AGEs. 82 

 Although δ-tocopherol is not the predominant form of vitamin E, its important roles 83 

in cell function are widely known. Recently, the antioxidant and anti-inflammatory 84 

activities of γ- and δ-tocopherols are superior to those of α-tocopherol 18. δ-Tocopherol 85 

is found in various plant seeds and mushrooms such as Canavalia gladiata and 86 

Cordyceps militaris 
19, 20

. Cordyceps militaris is itself recognized as the most common 87 

edible, medically beneficial mushroom. Chu H-L et al. reported that Cordyceps 88 

militaris has a protective effect on oxidative stress induced by increased glucose in 89 

HUVECs 21. δ-Tocopherol is the only form of vitamin E detected in Cordyceps 90 

militaris 20. δ-Tocopherol is a potent antioxidant with anti-inflammatory activity 22. 91 

Onshima Y et al. reported that low level of δ-tocopherol is associated with deep white 92 
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matter lesions in women 23 and that δ-tocopherol quenches peroxyl radicals more 93 

efficiently than α-tocopherol 24. 94 

Based on these observations, we hypothesized that δ-tocopherol may be more active than 95 

α-tocopherol in reducing MGO-induced apoptosis in HUVECs. In this study, we investigated 96 

the anti-apoptotic effects of δ-tocopherol on HUVECs, compared its inhibitory activity with 97 

that of α-tocopherol and related this to its effects on the MAPK signaling pathways. 98 

 99 

2. Materials and Methods 100 

 101 

2.1. Materials 102 

MGO, RRR-α-tocopherol, rac-β-tocopherol, (+)-δ-tocopherol, tubulin, and 2′,7′-103 

dichlorofluorescein diacetate (DCF-DA) were purchased from Sigma (St. Louis, MO, USA). 104 

(+)-γ-Tocopherol was perchased from Acros Organics (Morris Plains, NJ, USA). EGM-2 105 

medium was obtained from Lonza (Walkersville, MD, USA). p38, phospho-p38 (P-p38), 106 

ERK1/2, phospho-ERK1/2 (P-ERK1/2), JNK and phospho-JNK (P-JNK) were obtained from 107 

Cell Signaling Technology (Danvers, Ma, USA). Bcl-2 and Bax were purchased from Santa 108 

Cruz Biotechnology (Santa Cruz, CA, USA). Walnuts were purchased from Agriculture, 109 

Forestry and Farming Association Gapyeong (Gapyeong, Korea), pistachios were purchased 110 

from NUTSVILLE (Seoul, Korea), hazelnuts were purchased from garunara (Seoul, Korea) 111 

and almonds were purchased from raonorganic (Gimpo, Korea). 112 

 113 

2.2. Preparation of tocopherols standards and nut extracts 114 

The standard stock solutions of tocopherols were prepared by dissolving 1 mg of each 115 

compound in 1 ml acetone and stored at −20 °C. Walnuts, pistachios, hazelnuts and almonds 116 
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were extracted at 50 g in 100 ml acetone and then treated in an ultrasonic bath for 2 h. 117 

Afterwards the extract was filtered and evaporated. The extract was dissolved in acetone at a 118 

concentration of 10 mg/ml.  119 

 120 

2.3. Cell culture 121 

HUVECs were purchased from the American Type Culture Collection (Lot # 60319874, 122 

ATCC, VA, USA). HUVECs were cultured in EGM-2 supplemented with 2% FBS. Cells 123 

were maintained at 37 °C in a humidified incubator containing 5% CO2. The passage number 124 

of all the cells used was between 5 and 8. 125 

 126 

2.4. Cell viability analysis and morphological examination 127 

Cell viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 128 

bromide (MTT) assay. Briefly, HUVECs were seeded at 1 × 10
5
 cells/well in 24-well plates 129 

and incubated for 24 h at 37 °C. The cells were then pretreated with testing materials 130 

including tocopherols and nut extracts for 1 h, followed by MGO treatment for 24 h. MTT 131 

solution was added with a final concentration of 0.1 mg/ml. This was followed by a 2-h 132 

incubation in the CO2 incubator at 37 °C. The medium was gently removed and the reduced 133 

MTT was dissolved in 200 µl/well dimethyl sulfoxide. The absorbance at 570 nm was 134 

determined using a microplate reader (Molecular Devices, CA, USA). The morphological 135 

changes in the HUVECs were observed with an IncuCyte ZOOM imaging system (Essen 136 

Bioscience, MI, USA). 137 

 138 

2.5. Western blotting 139 

Changes in the levels of proteins related to MAPKs and apoptosis in the HUVECs were 140 
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evaluated with Western blotting experiments. After harvesting, cells were homogenized and 141 

lysed in a radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors. They 142 

were then centrifuged at 12,000 rpm for 20 min at 4 °C. The supernatant was collected and 143 

assayed for protein concentration using the Bradford assay. Equal amounts of proteins were 144 

resolved on SDS-PAGE and transferred to a nitrocellulose membrane. The blots were 145 

blocked with an aqueous solution of skimmed milk powder for 1 h at room temperature and 146 

then probed with the primary antibodies against tubulin, p38, P-p38, ERK1/2, P-ERK1/2, 147 

JNK, P-JNK, Bcl-2 and Bax overnight at 4 °C. Proteins were detected using a ChemiDoc 148 

XRS+ imaging system (Bio-Rad, CA, USA). 149 

 150 

2.6. Cell apoptosis assay 151 

To determine the effect of δ-tocopherol on MGO-induced apoptosis in HUVECs, an 152 

annexin V apoptosis detection kit (Santa Cruz Biotechnology, CA, USA) was used. Briefly, 153 

3.0 × 105 cells were seeded in a 6-well plate and incubated overnight at 37 °C. The cells were 154 

then treated with MGO and α- or δ- tocopherol for 24 h. Afterwards, cells were washed with 155 

PBS and resuspended in binding buffer with annexin V-FITC and propidium iodide (PI) at 156 

room temperature for 15 min and then analyzed by flow cytometry (FACSCalibur flow 157 

cytometer; Becton Dickinson, San Jose, CA). 158 

 159 

2.7. Detection of intracellular ROS 160 

Cells were seeded in a 12-well plate and incubated overnight at 37 °C. After 24 h, cells 161 

were pretreated with α- or δ- tocopherol for 30 min, followed by MGO treatment for 60 min. 162 

Cells were washed with PBS and EGM-2 media after which 20 µM DCF-DA was added. The 163 

cells were then incubated for 30 min at 37 °C before being washed with PBS. Cells were 164 
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photographed using a JuLI live-cell imaging system (NanoEnTek, Seoul, Korea). 165 

 166 

2.8. HPLC analysis 167 

Analysis was carried out on a Waters system (Waters Corp., Milford, MA, USA), 168 

consisting of separation module (e2695) with a photodiode array detector (2998). UV 169 

absorbance was monitored from 200 to 400 nm. Qualitative analysis was carried out by 292 170 

nm and Column temperature was maintained at 30 °C. Separation was carried out using an 171 

INNO column (150×4.6 mm; particle size, 5 µm; Young Jin Biochrom, Seongnam, korea) 172 

with methanol/water (92/8, v/v) as the mobile phase. The flow rate was 1 ml/min. 173 

 174 

2.9. Statistical analysis 175 

Values are given as mean ± S.D. Statistical analysis of results was performed using one-176 

way ANOVA followed by Bonferroni’s test. A p-value＜0.05 was considered statistically 177 

significant.  178 

 179 

3. Results 180 

 181 

3.1. Effects of tocopherols on MGO-induced reduction of cell viability in HUVECs 182 

The structures of tocopherols are shown in Fig. 1A. Although α-tocopherol was shown 183 

to reduce MGO-induced oxidative stress in HUVECs16. The effect of δ-tocopherol on 184 

MGO-induced oxidative stress and cell death has yet to be reported. Therefore, we 185 

first investigated the morphological changes that took place in HUVECs after 186 

treatment with tocopherols and MGO. As shown in Fig. 1B, MGO treatment led to an 187 

apparent reduction in cell density, a loss of confluence and an increase in the number 188 
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of floating cell fragments; treatment with tocopherols reduced these morphological 189 

changes. The effect of tocopherols on the cell viability of HUVECs was investigated 190 

using an MTT assay. HUVECs were pretreated with 50 µM α-, β-, γ- and δ-191 

tocopherols for 1 h and then exposed to 500 µM MGO for 24 h. The cell viability of 192 

HUVECs was reduced markedly after MGO treatment although this effect was 193 

ameliorated by pretreatment with α- and δ-tocopherols (Fig. 1C). Moreover, 194 

pretreatment with α- or δ-tocopherol (10–100 µM) increased cell viability in a dose-195 

dependent manner (Fig. 1D).   196 

 197 

3.2. Effects of δ-tocopherol on MGO-induced apoptosis in HUVECs 198 

To examine whether MGO-induced cell death is related to apoptosis, we used a FACS 199 

analysis based on annexin V-FITC and PI double staining. As shown in Fig. 2, treatment of 200 

the HUVECs with MGO led to an increase in the number of early apoptotic and late apoptotic 201 

cells. However, this increase in early apoptotic and late apoptotic activity induced by MGO 202 

was decreased by pretreatment of HUVECs with α-tocopherol. The anti-apoptotic effect of δ-203 

tocopherol was similar to that of α-tocopherol.  204 

 205 

3.3. Effects of δ-tocopherol on the levels of Bax and Bcl-2 206 

We used western blotting to investigate whether MGO could affect the level of Bcl-2 and 207 

Bax proteins in HUVECs. As shown in Fig. 3, cells treated with MGO showed lower Bcl-2 208 

protein level and higher Bax protein level than did the control cells. Treatment with α- and δ-209 

tocopherols had a reverse effect: the level of Bax decreased, whereas that of Bcl-2 increased. 210 

 211 

3.4. Effects of δ-tocopherol on MGO-induced ROS generation 212 
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It is known that an increased level of intracellular ROS may induce apoptosis. With this in 213 

mind, we examined whether an increased formation of ROS is associated with MGO-induced 214 

apoptosis in HUVECs after DCF-DA staining and observation using a JuLI live-cell imaging 215 

system. We also assessed the antioxidative effect of α- and δ-tocopherols in MGO-induced 216 

apoptosis. As shown in Fig. 4, MGO treatment for 1 h significantly increased the level of 217 

intracellular ROS in HUVECs and pretreatment with α- or δ-tocopherol for 30 min 218 

significantly decreased ROS generation. 219 

 220 

3.5. Effects of δ-tocopherol on MAPK activation 221 

Phosphorylation-induced activation of MAPK is a vital step in the process of MGO-222 

induced apoptosis. As shown in Fig. 5, the phosphorylation of JNK, ERK1/2 and p38 in 223 

MGO-treated HUVECs was observed by western blot analysis using antibodies against JNK, 224 

P-JNK, ERK1/2, P-ERK1/2, p38, P-p38, and tubulin as an internal control. Treatment of 225 

HUVECs with MGO caused an increase in the phosphorylation of p38, ERK1/2 and JNK. 226 

Pretreatment with α- and δ-tocopherols blocked the phosphorylation of ERK1/2 and JNK. 227 

However, α- and δ-tocopherols made no significant difference in the extent of the 228 

phosphorylation of p38 protein. 229 

 230 

3.6. Contents of tocopherols in different forms of nuts 231 

Using the RP-HPLC, we confirmed that nuts contained tocopherols. RP-HPLC methods 232 

are generally not considered to separate β- and γ-tocopherols 39. Therefore, the content of β- 233 

and γ-tocopherols was totally calculated. Fig. 6A shows a chromatogram obtained for a 234 

standard mixture of tocopherols. The linearity of each tocopherol was calculated based on the 235 

concentrations in three peaks: a-c. The tocopherol content in different forms of nuts is shown 236 
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in Table 1. This result shows that α-tocopherol is the main form in almonds and hazelnuts, 237 

whereas β- and γ-tocopherols are the main forms in pistachios. δ-tocopherol is mainly found 238 

in walnuts at the highest concentration compared to other types of nuts.  239 

 240 

3.7. Effect of different forms of nuts on MGO-induced cell death 241 

The effect of nuts on the cell viability of HUVECs was investigated using an MTT assay. 242 

HUVECs were pretreated with 50 µg/mL nut extracts for 1 h and then exposed to 500 µM 243 

MGO for 24 h. The cell viability of HUVECs was increased markedly by pretreatment with 244 

all nut extracts (Fig. 7). This result shows that walnuts extract is the most effective on MGO-245 

induced cell death, compared to the extracts from other forms of nuts. 246 

 247 

4. Discussion 248 

MGO is known to be a highly reactive metabolite of glucose, and it induces cellular injury 249 

and apoptosis in endothelial cells. In this study, we confirmed that δ-tocopherol, one of the 250 

vitamin E forms, could protect against MGO-induced apoptosis and oxidative damage. To 251 

compare the antiapoptotic effect of α-, β-, γ- and δ-tocopherols, we pretreated cells with each 252 

tocopherol at the concentration of 50 µM for 1 h. We found that, out of all the forms, δ-253 

tocopherol had the highest effect on MGO-induced morphological changes and cell death 254 

(Fig. 1B, C). We carried out the experiments using different concentrations of tocopherols 255 

and MGO in the same experimental methods (Fig 1D, S1). And we also compared the 256 

potency of δ-tocopherol and α-tocopherol on cells pretreated with MGO for 1 h (Fig S2). As 257 

expected, these results also showed that δ-tocopherol was more effective than α-tocopherol 258 

even at lower concentrations and reduced MGO-induced cell death to a statistically 259 

significant extent (Fig. 1D). Tocopherols and MGO Cotreatment reduced MGO-induced 260 
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apoptosis, came up similar results. However, post-treatment of tocopherols in MGO-treated 261 

HUVEC cells did not show any effect on their survival (Fig S2). Since serum free media was 262 

used for the experiments, cell survival lasted around 24hrs. Since then, cell death was 263 

induced. So, cell survival data could not be obtained after treatment longer than 24 hours 264 

(data not shown). 265 

 Difference between the potential of α-tocopherol and δ-tocopherol at 50uM concentration 266 

on cell viability is clear in the Fig. 1D and S1 where statistical analysis shows that for α-267 

tocopherol, p>0.01 whereas for δ-tocopherol p>0.001. This finding was supported by the data 268 

shown in the Fig. 5 where western blot analysis for MAPK indicates δ-tocopherol as more 269 

potent protective molecule against MGO induced damage.  270 

Annexin V-FITC/PI double staining indicated that MGO treatment increased 271 

apoptosis in HUVECs and that α- and δ-tocopherols protected MGO-induced 272 

apoptotic cells (Fig. 2). We observed that δ-tocopherol is more effective in early 273 

apoptosis than α-tocopherol. Although tocopherols are related to both the early and 274 

late stages of apoptosis, it seems that δ-tocopherol plays a crucial role in the early 275 

stages of apoptosis. 276 

Bcl-2 and Bax proteins have been shown to play an important role in the modulation 277 

of cell apoptosis 
25

. Pretreatment with α- or δ-tocopherol inhibited MGO-induced 278 

apoptosis by decreasing the level of Bax and by increasing the level of Bcl-2, 279 

respectively (Fig. 3B, C). δ-tocopherol showed higher activity than α-tocopherol in 280 

modulating the level of Bcl-2 and Bax. These data support the fact that δ-tocopherol is 281 

more potent than α-tocopherol in HUVECs. 282 

Several studies have reported that MGO can increase the expression of ROS 283 

generation, and ROS generation may play a role in AGE-RAGE formation 26, 27. To 284 
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investigate this further, we endeavored to find out whether δ-tocopherol reduces 285 

MGO-induced ROS generation. Using DCF-DA, we detected an increase in the 286 

generation of intracellular ROS in MGO-treated cells. This data is in agreement with 287 

previous studies showing increased ROS generation concurrent with MGO-induced 288 

apoptosis 8, 9, 28. In our results, ROS generation was reduced by treating the cells with 289 

α- or δ-tocopherol (Fig. 4). We therefore propose that pretreatment of δ-tocopherol 290 

could inhibit ROS generation in MGO-treated HUVECs. Inhibition of ROS generation 291 

in MGO-treated HUVECs by δ-tocopherol is superior to that achieved by α-tocopherol. 292 

Structurally, α-tocopherol contains three methyl groups on position 5, 7 and 8, 293 

whereas δ-tocopherol contains only one methyl group on position 8. The superiority of 294 

δ-form might be due to two substituents on ortho-positions of the chromanol nucleus 295 

as the reaction rate and oxidation mechanism are considered to depend on the number 296 

of methyl groups on the nucleus 
29, 30

. However, this discussion may not be definitive 297 

and call for more research.  298 

MAPKs play a major role in cell differentiation and cell apoptosis 31, 32. ERK1/2, JNK 299 

and p38 are major proteins in MAPK group. Although ERK1/2 is related to proliferation and 300 

cell progression in certain cell systems 33, JNK and p38, as well as ERK1/2 are also 301 

implicated in apoptosis 
34-36

. In this study, we observed that, among all MGO-activated 302 

MAPKs, pretreatment with α- or δ-tocopherol most dramatically inhibited the activation of 303 

JNK and ERK1/2 (Fig. 5B, C). The inhibition of apoptosis by δ-tocopherol was accompanied 304 

by the inhibition of MAPK activation suggesting that δ-tocopherol could modulate the 305 

MAPK signaling pathways in MGO-treated HUVECs. The MAPKs can be activated 306 

independently and they are involved in apoptosis. Several studies in recent years have also 307 

suggested that MGO-induced cytotoxicity is associated with the activation of members of the 308 
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MAPK family, including JNK, p38, and ERK1/2 37. The results of the present study found 309 

that, in HUVECs, δ-tocopherol significantly decreased the activation of JNK and ERK1/2, 310 

but not that of p38. Moreover, δ-tocopherol was more effective in inhibiting the activation of 311 

JNK and ERK1/2 than α-tocopherol. These data thus support the fact that δ-tocopherol is 312 

more potent than α-tocopherol in HUVECs. 313 

In recent studies vitamin E have been reported to regulate many processes including 314 

inflammation, carcinogenesis, and the antioxidant pathways 38. In addition, numerous studies 315 

have demonstrated that tocopherols can be either antiapoptotic or proapoptotic, depending 316 

upon cell types. Dimethyl and monomethyl tocopherols might be a pro-apoptotic 39-41. 317 

Susan et al. reported that γ-tocotrienol upregulated the expression of anti-apoptotic genes to 318 

promote intestinal cell survival 42. Our data also showed that HUVECs treated for 24 h with 319 

α- and δ-tocopherols alone did not cause cell death (Fig. S1). However, pretreatment with α- 320 

and δ-tocopherols prevents MGO-induced apoptosis by inhibiting apoptotic signaling 321 

cascades (Figs. 3 and 5). 322 

Elisia et al. showed that δ-tocopherol induced inflammation by modulating NF-κB 323 

and Nrf2, an oxidative stress response in FHs 74 Int cell line 43. However, Li et al. 324 

demonstrated that δ-tocopherol showed antioxidant and anti-inflammatory activities44. 325 

In the present study, it was observed that δ-tocopherol reduced oxidative stress in 326 

HUVECs (Fig. 4). The results suggest that δ-tocopherol might function as antioxidant 327 

at least in certain cell types. 328 

Although the concentrations of tocopherols are, considering the concentrations of 329 

cultured cells, much higher than physiological conditions. In our research, the protective 330 

effects of the vitamin E on the MGO-toxicity were investigated at various concentrations. A 331 

high concentration of MGO was used to induce cellular injury and cytoxicity, including 332 
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apoptosis in HUVECs screening models. The screening system we used involved high 333 

concentration of MGO therefore a higher concentration of sample is needed for recovery of 334 

cells. As a result, our results indicated that only a highly concentration of vitamin E 335 

significantly protects cell toxicity in HUVECs. Therefore, it would seem that higher 336 

concentration of vitamin E is needed for recovery of cells by MGO-induced toxicity. In 337 

addition, some similar previous studies reported that vitamin E played a role in cell protection 338 

particularly with high concentration 45, 46, 47. Again our study is to confirm that Vitamin E is 339 

not a drug candidate rather it is a nutrient found in food material and being consumed for 340 

long times therefore optimal time period and frequency of its treatment to the cells. 341 

Of the eight forms of vitamin E, only α-tocopherol is used clinically as a human dietary 342 

supplement alongside the other dietary antioxidants found in fruits, vegetables, and nuts 48. 343 

Cardiovascular disease can be prevented by consuming nuts. And it is thought that nuts are 344 

used as resources as bioavailable antioxidants such as tocopherols, directly gives 345 

cardioprotective effect 49. Since increased vitamin E intake is related to a reduced risk of 346 

heart disease and hypertension 50, it seems prudent for the population to increase their 347 

consumption of foods rich in vitamin E. In the present study, we confirmed that different 348 

forms of nuts have different amounts of vitamin E. Although walnuts contains high ratio of β- 349 

and γ-tocopherols among tocopherol types (Table 1) but our cell viability assay data suggest 350 

that the most effective component of the walnuts may be δ-tocopherol because cell viability is 351 

the highest in δ-tocopherol-treated group (Fig. 1). There’s also the possibility that tocopherols 352 

can coexist as the optimum ratio in walnuts. Under our present data, we are forced to propose 353 

that positive effect of walnuts in cell survival may be due to δ-tocopherol. 354 

Li et al. reported that δ-Tocopherol is a powerful antioxidant and more active than α-, γ- 355 

tocopherol in in vivo models 51. Our results indicate that δ-tocopherol is the most beneficial 356 
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form of vitamin E. It can be surmised that increased consumption of walnuts would be an 357 

effective means of preventing cardiovascular diseases. Sesso et al. has reported that vitamin E 358 

might have no effect on the prevention of cardiovascular disease in aged men 
52

. Also, α-359 

tocopherol may be implicated in the reduction in the levels of other forms of vitamin E, 360 

especially γ-and δ-tocopherols, in serum 53. When all these facts are considered, we can 361 

expect that in the future the use of walnut as a dietary resource for δ-tocopherol will be 362 

increased. More research is needed, however, to determine the protective effects of crude 363 

extract of walnuts on MGO-induced apoptosis in HUVEC cells. 364 

 365 

5. Conclusion 366 

 367 

δ-Tocopherol plays a protective role in HUVECs by reducing MGO-induced apoptosis. We 368 

also observed that δ-tocopherol could prevent MGO-induced apoptosis in HUVECs by 369 

reducing ROS generation and the downstream apoptotic signaling cascades associated with 370 

ROS generation. Interestingly, δ-tocopherol was found to be more active than α-tocopherol in 371 

preventing MGO-induced apoptosis in HUVECs. Although this data is promising, in vivo 372 

investigations are also required. 373 
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Table 1. Contents of tocopherols in different nuts 481 

Nuts 

Concentration (mg/g) 

Total 

tocopherol 
α-tocopherol 

β- and γ-

tocopherol 
δ-tocopherol 

Almonds 1.188 1.153 ± 0.018 0.035 ± 0.001 - 

Hazelnuts 2.688 2.117 ± 0.032 0.570 ± 0.003 0.001 ± 0.000 

Pistachios 1.104 0.217 ± 0.001 0.886 ± 0.003 0.001 ± 0.000 

Walnuts 1.485 0.234 ± 0.002 0.738 ± 0.004 0.513 ± 0.002 

  482 

Page 23 of 37 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



24 

 

Figure legends   483 

 484 

Fig. 1. Effects of tocopherols on MGO-induced reduction of cell viability in HUVECs. A 485 

Chemical structures of tocopherols. B Photomicrographs of MGO-treated HUVECs without 486 

(-) or with (+) α-, β, γ- and δ-tocopherols. a control; b 500 µM MGO; c MGO + α-tocopherol 487 

(50 µM); d MGO + β-tocopherol (50 µM); e MGO + γ-tocopherol (50 µM); f MGO + δ-488 

tocopherol (50 µM). C Viability of HUVECs treated with MGO and α-, β, γ-, or δ-489 

tocopherols and analyzed by MTT assay. D Viability of HUVECs treated with MGO and 490 

various concentrations of α- or δ-tocopherols and analyzed by MTT assay. The percent cell 491 

viabilities are presented as mean ± SD of eight independent experiments. (***p < 0.001 vs. 492 

control, ## p < 0.01 and ### p < 0.001 vs. 500 µM MGO treatment only and $ p < 0.05 vs. α-493 

tocopherol) 494 

 495 

Fig. 2. The effect of α- and δ-tocopherols on MGO-induced apoptosis in HUVECs. A 496 

Representative cytograms of annexin V-FITC and PI staining of MGO-stimulated HUVECs. 497 

Cells were pretreated with α- or δ-tocopherol for 1 h followed by 500 µM MGO treatment. 498 

After 24 h, cells were harvested and analyzed by flow cytometry. a control; b 500 µM MGO; 499 

c MGO + α-tocopherol (50 µM); d MGO + δ-tocopherol (50 µM). B Percentage of early and 500 

late apoptotic cells as analyzed by flow cytometry. (**p < 0.01 vs. control, # p < 0.05 and 501 

### p < 0.001 vs. 500 µM MGO treatment only) 502 

 503 

Fig. 3. Effects of α- and δ-tocopherols on Bax and Bcl-2 protein expression in MGO-treated 504 

HUVECs. Cells were pretreated without (-) or with (+) α- or δ-tocopherols for 1 h followed 505 

by 500 µM MGO treatment for 24 h. A Representative western blot of Bcl-2, Bax, and 506 
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tubulin as an internal control. B Relative band intensity of Bcl-2. C Relative band intensity of 507 

Bax. Bar values are presented as mean ±SD of three independent experiments. (***p < 0.001 508 

vs. control, # p < 0.05, ## p < 0.01 and ### p < 0.001 vs. 500 µM MGO treatment only) 509 

 510 

Fig. 4. Effect of tocopherols on MGO-induced ROS generation. HUVECs were pretreated 511 

with α- or δ-tocopherols for 30 min followed by 500 µM MGO treatment for 60 min. ROS 512 

generation was detected by staining with the fluorescent dye DCF-DA A control; B 500 µM 513 

MGO ; C MGO + α-tocopherol; D MGO + δ-tocopherol. 514 

 515 

Fig. 5. Effects of δ-tocopherols on MAPK signaling pathways in HUVECs. Western blots of 516 

total and phosphorylated forms of MAPKs. Cells were pretreated without (-) or with (+) α- or 517 

δ-tocopherol for 1 h followed by 500 µM MGO treatment for 1 h. A Representative western 518 

blot of MAPKs. B Relative band intensity of P-JNK. C Relative band intensity of P-ERK1/2. 519 

D Relative band intensity of P-p38. Bar values are presented as mean ±SD of three 520 

independent experiments. (*p < 0.05 vs. control and # p < 0.05 vs. 500 µM MGO treatment 521 

only). 522 

 523 

Fig. 6. HPLC chromatogram for the determination of tocopherols in different nuts. (1) δ-524 

tocopherol, (2) β- and γ-tocopherol, (3) α-tocopherol with a mobile phase methanol/water 525 

(92/8, v/v) A. Chromatogram of standard tocopherols B. Chromatogram of almonds C. 526 

Chromatogram of hazelnuts, D. Chromatogram of pistachios, E. Chromatogram of walnuts.  527 

 528 

Fig. 7. Effects of nuts on MGO-induced cell death in HUVECs. HUVECs were pretreated 529 

with various types of nut extracts for 1 h and then treated with 500 µM MGO for 24 h. The 530 
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cell viability was analyzed by MTT assay. The percent cell viabilities are presented as mean 531 

±SD of five independent experiments. (***p < 0.001 vs. control, # p < 0.05 and ### p < 532 

0.001 vs. 500 µM MGO treatment only). 533 
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Fig. 1 535 

 536 
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Fig. 2. 537 
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Fig. 3. 539 
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Fig. 4.  541 
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Fig. 5. 543 
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Fig. 6. 545 

546 
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Fig. 7. 548 

 549 
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Supplemental data 

 

Fig. S1. The dose-dependent effects of tocopherols on MGO-induced cell death in HUVECs. 

Cells were pretreated without (-) or with (+) α- or δ-tocopherols for 1 h followed by 500 µM 

MGO treatment for 24 h. A Viability of HUVECs treated without (-) or with (+) MGO and 

various concentrations of α-tocopherol and analyzed by MTT assay. B Viability of HUVECs 

treated without (-) or with (+) MGO and various concentrations of δ-tocopherol and analyzed 

by MTT assay. The percent cell viabilities are presented as mean ± SD of three independent 

experiments. (***p < 0.001 vs. control, ## p < 0.01 and ### p < 0.001 vs. 500 µM MGO 

treatment only). 

 

Fig. S2. The effects of tocopherol/MGO pretreatment on MGO-induced cell death in 

HUVECs. A Viability of HUVECs cotreated with MGO and α- or δ-tocopherols and analyzed 

by MTT assay. B Viability of HUVECs pretreated with MGO for 1 h and then exposed to α- 

or δ-tocopherol for 24 h and analyzed by MTT assay. The percent cell viabilities are 

presented as mean ± SD of three independent experiments. (***p < 0.001 vs. control and ### 

p < 0.001 vs. 500 µM MGO treatment only). 
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