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 23 

Abstract 24 

Rice is a staple food in the Asian region and one of the world's major energy sources. Testosterone is 25 

a steroid hormone that maintains physical, sexual, and cognitive ability and its decline causes health 26 

problems like late-onset hypogonadism. Evaluation of various grain extracts showed rice bran to 27 

stimulate testosterone secretion from Leydig model cell. α-Tocotrienol was found as a bioactive 28 

compound in rice bran, and mechanistic analysis showed the stimulation of steroid hormone 29 

synthesis through enhanced gene expression of steroidogenic acute regulatory protein as well as 30 

inducing mitochondrial localization of the protein. Preliminary study showed increasing trend in 31 

serum testosterone levels in mice by oral intake of α-tocotrienol. These results suggest that 32 

α-tocotrienol intake may be effective in preventing symptoms caused by low testosterone levels. 33 

 34 
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 38 

Introduction 39 

Androgens are steroid hormone essential for male reproductive function and provide the 40 

body with anabolic effects. In men, stress and aging cause a decrease in serum testosterone levels, 41 

resulting in symptoms in the body, medically termed late-onset hypogonadism (LOH) (Rodrigues et 42 

al. 2021). The main symptoms of LOH include sexual dysfunction, muscle weakness, obesity, 43 

osteoporosis, insomnia, fatigue, poor concentration, and depression (Huhtaniemi et al. 2011). 44 

Androgen levels are also associated with the risk of cardiovascular disease (Kloner et al. 2016), type 45 

2 diabetes mellitus (Gianatti et al. 2020), and cognitive functions (Matousek et al. 2010), indicating 46 

the importance of levels. 47 

Medically, a decrease in testosterone, the primary androgen, is compensated for by 48 

exogenous testosterone, called testosterone therapy. Testosterone therapy improves symptoms caused 49 

by low testosterone level but is associated with adverse effects such as increased red blood cell 50 

counts, male infertility, testicular atrophy and gynecomastia (Habito et al. 2000). Other therapies 51 

include human chorionic gonadotropin and aromatase inhibitors, which indirectly increase 52 

testosterone. 53 

As an alternative to the medication, foods can affect androgen levels and will be an 54 

efficient way to regulate androgen levels (Terrier et al. 2016). Rice is a staple food in the Asian 55 

region and one of the world's major energy sources. In modern Japanese society, Oryza sativa seeds 56 

are milled to remove the bran, and the remaining carbohydrate-based endosperm is cooked and 57 

consumed. Although rice bran is removed during the milling process, it contains a variety of 58 

nutrients that are believed to be useful in maintaining human health (Henderson et al. 2012). 59 

Tocotrienol is a vitamin E characteristically found in rice bran. The structural difference 60 

from tocopherol, a commonly known vitamin E, is the presence of a double bond in the side chain. 61 
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This structural difference is what makes tocotrienols and tocopherols different in health benefits. 62 

Tocotrienols have been reported to have stronger antioxidant and anticancer effects than tocopherols,  63 

as well as cardioprotective, antidiabetic, and antiosteoporotic effect (Wong et al. 2012). 64 

Here, we report the bioactivity of rice bran in increasing androgen secretion from a Leydig 65 

cell model, a cell type of the testis that produces androgen hormone, and present tocotrienol as one 66 

of its bioactive components. 67 

 68 

Materials & methods 69 

Grains and chemicals 70 

Grains were obtained from the commercial markets in Sapporo, Japan. Grains were powdered, 71 

immersed in 50% aq. methanol for 24 hr, filtered, and dried to prepare the extract. Commercially 72 

available chemicals were purchased from the following companies: erlotinib, H-89, MDL-12,330A, 73 

U0126, tocotrienols, and testosterone ELISA kit from Cayman Chemical; Geranylgeraniol from 74 

Sigma-Aldrich; Rice bran extract and α-tocotrienol used for the in vivo experiments from Phytochem 75 

Products Inc. (Sendai, Japan); All others from Fujifilm Wako Pure Chemical Co. (Osaka, Japan). 76 

 77 

Cell culture 78 

I-10 cells (JCRB9097) were obtained from the Japanese Collection of Research Bioresources Cell 79 

Bank (Osaka, Japan). The cells were cultured at 37°C in a 10% CO2 atmosphere in growth medium 80 

[Ham’s F-10 medium (Sigma-Aldrich Co. or ThermoFisher Scientific Inc.) supplemented with 10% 81 

fetal bovine serum and antibiotics (100 units/mL penicillin, 100 µg/mL streptomycin, and 50 µg/mL 82 

gentamicin)]. 83 

 84 

Testosterone secretion activity assay 85 
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I-10 cells were seeded in 48-well plates (2×104 cells/well). One day after seeding, the medium was 86 

replaced to the sample solution diluted in the growth medium and stimulated for 24 h. The medium 87 

was then recovered, and testosterone concentrations were measured with the Testosterone ELISA kit. 88 

When inhibitors were used, the cells were pre-treated with an inhibitor for 1 h and then stimulated 89 

with the sample in the presence of an inhibitor. Samples and inhibitors were dissolved in water or 90 

dimethyl sulfoxide and diluted in growth medium to prepare the sample solution. Dimethyl sulfoxide 91 

concentrations in the medium were <0.1%, and the same amount of dimethyl sulfoxide was added to 92 

the control cells. Geranylgeraniol (30 µM) was used as the positive control (Ho et al. 2016, 2018). 93 

 94 

Cytotoxicity assay  95 

I-10 cells (1.0×104 cells/well) were seeded in 96 well plate and α-tocotrienol (α-T3, 50 μM) was 96 

added. After 24 h, cytotoxicity was evaluated by Cytotoxicity LDH Assay Kit-WST (Dojindo 97 

Laboratories, Kumamoto, Japan) following the manufacturer’s instruction. 98 

 99 

Intracellular cAMP content 100 

I-10 cells (2.0×105 cells/well) were seeded in 6 well plate and α-tocotrienol (α-T3, 50 μM) was 101 

added. After 90 min, intracellular cAMP content was evaluated by Cyclic AMP ELISA Kit (Cayman 102 

Chemical) following the manufacturer’s instruction. 103 

 104 

Gene expression analysis 105 

I-10 cells were seeded and treated with the samples. After 3 h of treatment, cells were washed with 106 

phosphate-buffered saline, and total RNA was extracted using the FastGene RNA Premium Kit 107 

(Nippon Genetics Co., Ltd, Tokyo, Japan). Complementary DNA was synthesized from the total 108 

RNA using ReverTra Ace® qPCR RT Master Mix (Toyobo Co., Ltd., Osaka, Japan). Gene expression 109 
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analysis by real-time quantitative polymerase chain reaction was performed with the KAPA SYBR 110 

FAST qPCR mix (KAPA Biosystems, Inc.) following general instructions. The primer pairs are listed 111 

in Table 1. Actb was selected as a reference gene from a preliminary experiment. 112 

 113 

Western blotting analysis of mitochondria proteins 114 

Mitochondria was isolated from I-10 cells treated with the samples using Mitochondria Isolation Kit 115 

for Cultured Cells (ThermoFisher Scientific Inc.). The isolated mitochondria were lysed by sodium 116 

dodecyl sulfate sample buffer and heated at 95°C for 5 min. The samples were separated by 117 

SDS-PAGE and transferred to a PVDF membrane. The membrane was blocked by 5% non-fat dry 118 

milk in Tris-buffered saline containing 0.1% tween-20 for 1 h at room temperature. The following 119 

antibodies were used to detect proteins: StAR (Cell Signaling Technology, 1:1000), VDAC (Cell 120 

Signaling Technology, 1:2000), anti-rabbit immunoglobulin G horseradish peroxidase-linked 121 

antibody (Cell Signalling Technology, 1:2000). Immunostar Zeta (Fujifilm Wako Pure Chemical 122 

Co.) was used as the detection reagent. The value of StAR/VDAC was estimated by Image-J 123 

software (Schneider, Rasband and Eliceiri 2012). 124 

 125 

Animal experiments 126 

The experiment was performed with approval (No. 19-0163) from the Institutional Animal Care and 127 

Use Committee, Hokkaido University by following National University Corporation Hokkaido 128 

University Regulations on Animal Experimentation. Six months old C57BL/6J male mice (n=12) 129 

were housed in an air-conditioned room at 23°C±2°C with a light period from 8:00 am to 8:00 pm. 130 

The mice had free access to their diet and water. The mice were grouped to control and sample 131 

treating group (1st trial: rice bran extract; 2nd trial α-tocotrienol) and fed with MF diet (Oriental Yeast 132 

Co., ltd., Tokyo, Japan) or MF diet supplemented with 5% of rice bran extract (6.6% α-tocotrienol, 133 
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16.6% γ-tocotrienol and 25.2% tocopherols) or 0.1% α-tocotrienol (70.8% purity, contains 0.9% 134 

tocopherols) for two weeks. The mice were anesthetized by isoflurane, sacrificed and the blood and 135 

testes were collected. Blood was placed for 30 min, centrifuged for 10 min at 1500g, and the serum 136 

was recovered. The testosterone in the serum was measured with the Testosterone ELISA kit. The 137 

testes were washed with phosphate buffered saline and immersed in Ham’s F-10 medium. After 2 h, 138 

the medium was collected, and testosterone concentration was evaluated. 139 

 140 

Statistical analysis 141 

Experiments were repeated at least twice, and representative data are expressed as mean ± standard 142 

deviation (SD). Data were analyzed by GraphPad Prism software (ver.10) with the statistical 143 

methods indicated in the figure legends. 144 

 145 

Results 146 

Extract of unpolished rice increases testosterone secretion from Leydig cells 147 

Since preliminary experiment showed that extract of unpolished rice increased testosterone 148 

secretion from I-10 cells, a Leydig cell model, we evaluated the activity of various grain extracts. 149 

Geranylgeraniol (GG) was used as positive control in the experiment (Ho et al. 2016, 2018). Extracts 150 

of unpolished white rice (Koshihikari) increased testosterone secretion 2.3-fold, while polished rice 151 

had no effect (Figure 1A). Among the other tested rice varieties, red rice showed a slight increase, 152 

while green rice (Akunemochi) showed the highest value with a 2.8-fold increase. Extracts of other 153 

grains also showed activity to increase the testosterone secretion from I-10 cells, and the same trend 154 

was observed that the activity decreased when the bran part was removed (Figure 1B). Therefore, we 155 

focused on the components contained in rice bran.  156 

 157 
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Tocotrienol enhances testosterone secretion from Leydig cells 158 

 Components in rice bran were selected (Figure 2a) (Henderson et al. 2012), and evaluated 159 

for their activity in stimulating testosterone secretion from I-10 cells (Figure 2b). α-Tocotrienol 160 

(α-T3) was the only active component, showing concentration dependent activity between 10-50 μM 161 

(Figure 2c). α-T3 was not cytotoxic to I-10 cells at 50 μM (Figure S1). The isomers of T3 were also 162 

tested and γ-T3 exhibited the activity, and β-T3 and δ-T3 had no activity (Figure 2d). The T3 content 163 

in the unpolished white rice extract was analyzed, but sufficient levels of T3 to stimulate I-10 cells 164 

were not detected (Figure S2), however, we focused on α-T3 since it is the characteristic vitamin E 165 

in the rice bran. 166 

 167 

Steroidogenic acute regulatory protein is responsible for the activity of α-T3 168 

To explore the molecular mechanism of α-T3 to enhance testosterone secretion from I-10 169 

cells, change in gene expression related to the testosterone biosynthesis was analyzed. Gene 170 

expression of steroidogenic acute regulatory protein (StAR) was 2.4 times upregulated following the 171 

stimulation by α-T3 and no significant difference was observed for other genes (Figure 3a). 172 

StAR is a protein responsible for transporting cholesterol from the outer to the inner 173 

mitochondrial membrane. This step is a rate limiting step for the biosynthesis of steroid hormones 174 

and thus the enhanced expression of Star is expected to contribute to the activity of α-T3.  175 

Expression of Star is regulated through cyclic AMP/protein kinase A (PKA) pathway 176 

(Manna et al. 2009). To evaluate if this pathway is involved in the mechanism of α-T3, PKA 177 

inhibitor H-89 or adenylyl cyclase inhibitor MDL10,330A were co-incubated with α-T3. These two 178 

inhibitors decreased the testosterone secretion stimulated by α-T3 (Figure 3b,c). Intracellular cAMP 179 

level after α-T3 stimulation also showed a significant increase (Figure 3d), indicating the 180 

involvement of cAMP/PKA pathway in the activity of α-T3.  181 
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In addition to the upregulation of Star expression, PKA also rapidly enhances testosterone 182 

synthesis through epidermal growth factor receptor (EGFR) and MAPK mediated translocation of 183 

StAR to the mitochondria (Evaul et al. 2008). After co-incubation of α-T3 with EGFR inhibitor 184 

erlotinib or MAPK inhibitor U0126, progesterone released in the medium was evaluated. To avoid 185 

the influence of elevated Star expression, short term effect of α-T3 on this pathway was evaluated. 186 

Progesterone was selected since it was released from the cell at the higher level than testosterone and 187 

was easier to detect the change in short term trial. Addition of erlotinib or U0126 completely 188 

diminished the activity of α-T3 (Figure 3e,f), but these two inhibitors also reduced the basal level of 189 

steroid hormone release from I-10 cells, suggesting the importance of this pathway and remaining a 190 

question if α-T3 activates this pathway. Thus, translocation of StAR to the mitochondria was also 191 

evaluated. Mitochondria was isolated from the α-T3 stimulated I-10 cells and the amount of StAR 192 

was compared with control by western blotting (Figure 3g and Figure S3). α-T3 stimulated I-10 cells 193 

showed significant increase in mitochondria localized StAR suggesting that α-T3 not only enhance 194 

the gene expression of Star but also induced its translocation to enhance steroid hormone synthesis. 195 

 196 

Preliminary results of the effects of rice bran extract on mice 197 

 To evaluate the in vivo effects of rice bran extract, mice were fed a diet supplemented with 198 

5% rice bran extract for 2 weeks and serum testosterone levels as well as testosterone secretion from 199 

isolated testes were evaluated. Result showed no difference between control mice and mice fed rice 200 

bran diet (Figure 4a). The rice bran extract employed in this experiment contained 23.2% of T3 201 

(α:6.6%, γ: 16.6%) and 25.2% of tocopherol. Thus, diet supplemented with 0.1% of α-T3, containing 202 

less than 1% tocopherol, was fed to mice and serum testosterone level were examined. The result 203 

showed a trend to increase the serum testosterone level in α-T3 fed mice (Figure 4b). No significant 204 

difference in food intake (control 3.6±0.5; α-T3 3.9±0.5 g/day/mouse) and body weight change 205 
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(control +0.42; α-T3 −0.38 g) was observed. 206 

 207 

Discussion 208 

Decreased testosterone levels are caused by stress and aging, and supporting these levels 209 

with food will be an alternative to medication. We have shown that various grains have the ability to 210 

stimulate steroid hormone secretion from Leydig cells, but this effect was reduced when the bran 211 

portion was removed (Figure 1b). Although the result is at the cellular level, it gives a suggestion 212 

that consuming unpolished grains may protect from the testosterone deficiency. 213 

Among the rice bran components, T3 was found as a bioactive component that enhances 214 

testosterone secretion from Leydig cells, with α-T3 showing the highest activity (Figure 2d). Wheat 215 

(Babura et al. 2017; Lachman et al. 2018), barley (Babura et al. 2017; Lachman et al. 2018), adlay 216 

(Babura et al. 2017), and millet (Ji et al. 2019) also contain T3 suggesting their contribution in the 217 

activity. However, the T3 content in each grain varies, indicating the presence of other bioactive 218 

components. 219 

T3 shows multiple bioactivities, but the current activity is differentially selective for the 220 

T3 family (α, β, γ, δ). Antioxidant activity is not affected by the position or number of methyl groups 221 

(Müller et al. 2010), anti-cancer activity favors γ-T3 and δ-T3 over α-T3 (Wu et al. 2010), and 222 

suppression of HMG-CoA reductase, which is associated with cardioprotective effects, is more 223 

potent for γ-T3 than with α-T3 (Parker et al. 1993). These differences suggested a unique 224 

mechanism for α-T3 to enhance testosterone secretion. Note that we did not evaluate the uptake of 225 

T3 family by I-10 cells, or their stability in the medium. Thus, differences in uptake and stability 226 

may contribute to differences in activity of T3 family, just as in the case of vitamin K1 and 227 

menaquinone-4, which differences in cellular uptake have been implicated in their ability to promote 228 

testosterone production in I-10 cells (Ito et al. 2011). 229 
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The above suggestion is clearly shown from the mechanistic analysis, that α-T3 enhance 230 

steroid hormone synthesis through StAR, which gene expression and activation is regulated by PKA 231 

(Manna et al. 2009). α-T3 likely use PKA pathway, supported by the fact that adenylyl cyclase 232 

inhibitor and PKA inhibitor diminishes the activity of α-T3 (Figure 3bc). The anticancer activity of 233 

γ-T3 is due to the suppression of NF-κB through PI3K/AKT pathway (Alawin et al. 2016). This 234 

pathway contributes to the anti-inflammatory properties of γ-T3 and may be related to its 235 

cardioprotective effects. Thus, the mechanism of testosterone secretion enhancement by α-T3 differ 236 

from other reported bioactivities. One concern is that although activation of the PKA pathway by 237 

cAMP agonists induces expression of Cyp11a1, Cyp17a1 and Hsd3b, no increase was observed by 238 

α-T3 (Figure 3a) (Kempná et al. 2010; King 2012). One explanation for this is that the response of 239 

those genes to cAMP is slower than Star (Lejeune et al. 1998; King 2012), and thus no upregulation 240 

was observed in our experiment. 241 

We were unable to identify a direct target protein of α-T3, but two possibilities can be 242 

raised. The analysis of γ-T3 on HER2-positive human breast cancer cells showed an accumulation of 243 

γ-T3 in lipid rafts and disruption of microdomains (Alawin et al. 2016). Disruption of lipid 244 

microdomain has been reported to causes an increase in Gs signaling (Allen et al. 2009). Since 245 

signaling of Gs leads to the activation of PKA, this mechanism is one possible explanation for the 246 

enhancement of testosterone secretion by α-T3. Another possibility is an estrogen receptor signaling. 247 

T3 can bind to estrogen receptor β (Nakaso et al. 2014). Intracellular estrogen receptors are not 248 

involved in the regulation of testosterone synthesis, suggested from the co-incubation of antagonist 249 

with α-T3 (data not shown). However, G-protein coupled estrogen receptor 1 (GPER1) located at the 250 

plasma membrane regulates steroid hormone secretion from Leydig cell (Gorowska-Wojtowicz et al. 251 

2018), and may function as the targets of α-T3.  252 

Preliminary test with C57BL6/J mice showed an increasing trend with purified α-T3 intake, 253 
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but not with rice bran extract. Several studies showing beneficial effects of T3 have used highly 254 

purified T3 (Tsuduki et al. 2013; Wong et al. 2017). When crude extracts were used, they contained 255 

more than twice as much T3 as tocopherol (Yamada et al. 2008). It has been reported that the 256 

presence of α-tocopherol in the diet together with α-T3 decreases α-T3 concentrations in the plasma 257 

and tissues of rats fed the diet (Ikeda et al. 2003). Thus, it is presumed that the mice fed rice bran 258 

extract did not reach sufficient T3 levels to show an effect because of the presence of approximately 259 

equal amounts of T3 and tocopherol in the diet. 260 

We conducted only preliminary in vivo studies because our goal was to use rice bran as a 261 

food for support and prevention of LOH patients, and the result suggested that simple consumption 262 

of rice bran might be ineffective. However, perhaps due to the influence of social dominance 263 

(Machida et al. 1981), the testosterone levels of the mice in the two experiments employing rice bran 264 

extract or α-T3 were largely different. Therefore, further studies are needed to assess the 265 

effectiveness of rice bran and α-T3. 266 

 267 

Conclusions 268 

α-T3 is a characteristic vitamin E found in rice bran with variety of health benefits. The 269 

finding that α-T3 enhances the testosterone secretion from Leydig cells through activation and 270 

enhanced gene expression of StAR adds another benefit of T3. Preliminary in vivo experiments 271 

suggests that consumption of purified α-T3 may be effective in increasing testosterone content in the 272 

body. However, it has also been suggested that the presence of tocopherol may interfere with this 273 

effect. Given that rice bran contains both tocopherols and T3 (Sookwong et al. 2007), selecting a 274 

strain of rice with a higher ratio of T3 to tocopherol may be effective approach to achieve the goal. 275 

 276 
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 369 
Figure 1. Extract of various grains enhance testosterone secretion from I-10 cells. Extracts of each 370 

grain (1 mg/mL) were added to the medium of I-10 cells, incubated for 24 h, and the testosterone 371 

secreted into the medium was quantified by ELISA. a) Differences in rice varieties. b) Differences in 372 

grain varieties. Geranylgeraniol (GG, 30 μM) was used as positive control. ***p<0.001 vs control, 373 

###p<0.001 between the indicated bars (n=3, Tukey’s test). 374 
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 375 
Figure 2. Testosterone secretion of I-10 cells after stimulation by the components of rice bran. a) 376 

structures of tested components. b) I-10 cells are stimulated by 50 μM of components for 24 h and 377 

the testosterone concentration in the medium was quantified by ELISA. c) Concentration 378 

dependency of α-T3 to stimulate testosterone secretion. d) Isomers of T3 were tested at 50 μM for 379 

testosterone secretion. Geranylgeraniol (GG, 30 μM) was used as a positive control. ***p<0.001, 380 

*p<0.05 vs control (n=3, Tukey’s test). 381 
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 382 

Figure 3. Pathway analysis of the α-T3 stimulated testosterone secretion in I-10 cells. a) Analysis of 383 

testosterone biosynthesis genes. b,c) Co-incubation of α-T3 (50 μM) with H-89 (PKA inhibitor, 10 384 

μM), and MDL12,330A (adenylyl cyclase inhibitor, 10 μM). ****p<0.0001, ***p<0.001 (n=3, 385 

Tukey’s test). d) Intracellular cAMP level after stimulation by α-T3 (n=4, t-test). e,f) Co-incubation 386 

of α-T3 (50 μM) with Erlotinib (EGFR inhibitor, 5 μM), and U0126 (MAPK inhibitor, 20 μM). 387 

****p<0.0001, **p<0.01, *p<0.05 (n=3, Tukey’s test). g) Western blotting analysis of mitochondrial 388 

StAR protein. *p<0.05 (n=3, t-test). 389 
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 390 
Figure 4. Serum testosterone level and testosterone level secreted from the isolated testis in mouse 391 

fed a) rice bran extract (BE) or b) α-tocotrienol (α-T3) for 2 weeks. (n=4, t-test). 392 

 393 

394 
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 395 

Table 1. Primer pairs used for qPCR analysis 396 
Target gene Forward Reverse 

Star TGGAAAAGACACGGTCATCA CTCCGGCATCTCCCCAAAAT 

Cyp11a1 CGTGACCAGAAAAGACAACA AGGATGAAGGAGAGGAGAGC 

Cyp17a1 TGGGCACTGCATCACGATAA GCTCCGAAGGGCAAATAACT 

Hsd3b1 AGTGATGGAAAAAGGGCAGGT GCAAGTTTGTGAGTGGGTTAG 

Hsd17b3 AACGCAACATCAGCAACAGA CAGCCCCACCTCACCCTACC 

Actb CTAAGGCCAACCGTGAAAAG ACCAGAGGCATACAGGGACA 

 397 
398 
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Graphical Abstract Caption 399 
Tocotrienol, a constituent of rice bran, was discovered as a bioactive compound that promotes 400 
steroidogenesis in Leydig cells. 401 

 402 


