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ジェンダード・イノベーション

性差に関する分析が新たな知⾒を産み出し、
全ての⼈に適したイノベーションを創出することが可能になる

• ⼥性（男性）に対する安全性や有効性を保証できない
→ 後から“⼥性（男性）だけに出やすい副作⽤”などが⾒つかるケースもある

• 性差を無視した研究は科学的にもったいない
→ ⽣物学の半分しか反映しない？

どちらか⼀⽅の性のデータに⽴脚したデータが積み上がる
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single-sex studies remained the norm, and stud-

ies of both males and females increased only

marginally (10% vs. 14%, p=0.35), while the

number of female only research studies

increased, corresponding to a female to male

subject ratio of 1.6:1 in 2009 to 3.6:1 in 2019.

Behavior remained the most inclusive biological

discipline with 70% and 81% of studies reporting

the use of both sexes in 2009 and 2019, respec-

tively, largely driven by sex-inclusive field stud-

ies. Pharmacology was the only field to trend

downward with 29% of articles reporting the use

of both sexes in 2019 compared to 33% in 2009

(p=0.607). Likewise, there was an increase in the

male to female subject ratio from 5:1 in 2009 to

5.8:1 in 2019.

Sex based analyses by discipline
For articles that reported the inclusion of both

sexes in 2019, data were collected on whether

or not the authors conducted sex-based analy-

ses. Out of 356 of the journal articles which used

both sexes in 2019, only 42% analyzed data by

sex, compared to 50% in 2009 (n = 117, p=0.3;

Figure 1B). Pharmacology was the only biologi-

cal discipline to demonstrate a significant

Figure 1. Comparison of studies by field, sex, and sex-based analyses in 2009 and 2019. (A). The proportion of articles surveyed in 2009 and 2019

which utilized male subjects, female subjects, both male and female subjects, or those that did not specify the sex of the subjects. Data are presented

by individual biological discipline as well as by the sum of all nine disciplines. (B). The percentage of articles surveyed in 2009 and 2019 which utilized

both male and female subjects and conducted sex-based analyses, either by including sex as a covariate or by subgroup analyses. Data are presented

by individual biological discipline as well as by the sum of all nine disciplines. The source data for this figure are in Supplementary file 1.
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islets and MIN6 b-cells showed that GluOC stimulated Ins1 and Ins2
gene expression [14], and functioned as a potent insulin secreta-
gogue [15]. Inactivation of G protein-coupled receptor family class
C group 6 subtype A (GPRC6A), a putative receptor for GluOC,
specifically in b-cells caused glucose intolerance due to a marked
decrease in b-cell mass, b-cell proliferation, and insulin produc-
tion; this phenotype was observed as early as embryonic day
17.5 (E17.5), which corresponds to the point in development when
serum GluOC becomes detectable [16]. These results indicate that
GluOC directly activates GPRC6A in islets, thereby triggering b-cell
proliferation and insulin production not only in adulthood but also
during development.

In addition to its direct effect on pancreatic b-cells, we showed
that GluOC indirectly promoted insulin secretion by stimulating
glucagon-like peptide-1 (GLP-1) secretion from the small intestine
[17]. We confirmed that GPRC6A is expressed in enteroendocrine
STC-1 cells and in the epithelial cells of small intestine of mice.
GLP-1 secretion was stimulated by GluOC in STC-1 cells in vitro,
and serum GLP-1 levels in mice were increased by intraperitoneal
or oral administration of GluOC, followed by an increase in serum
insulin levels. These effects were potentiated by an inhibitor of
dipeptidyl pepitidase-4, a GLP-1 cleaving enzyme, but blocked by
exendin-(9–39), a GLP-1 receptor antagonist, which suggests that

the stimulatory effect of GluOC on insulin secretion is largely
mediated by GLP-1 [17]. We would like to propose this sequential
hormonal network, which is initiated by GluOC and then mediated
by GLP-1, to be called a BGM (bone-gut-metabolism) flow.

2.2. A feed forward regulatory loop between bone and pancreas

Previous studies have shown that functional insulin receptors
are expressed in osteoblasts, and that insulin signaling in osteo-
blasts stimulates their differentiation and bone matrix synthesis
[18,19]. Indeed, conditional deletion of the insulin receptor in
osteoblasts (Ob-IR!/!) led to reduced bone accumulation due to a
reduction in osteoblast number and bone formation activity [7].

The hypothesis that insulin signaling in osteoblasts increases
circulating GluOC levels was presented by two independent
groups, based on data collected from independently generated
Ob-IR!/! mice. Both Ob-IR!/! lines displayed impaired glucose tol-
erance, insulin sensitivity, and insulin secretion, accompanied by
reduced serum GluOC concentration [6,7]. Moreover, 2-week infu-
sion of GluOC improved insulin sensitivity in Ob-IR!/! mice [7].
Further experiments revealed that insulin signaling in osteoblasts
increases bone formation by suppressing expression of Twist2, a
known inhibitor of Runt-related transcription factor 2 (Runx2).

Fig. 2. Regulation of glucose homeostasis by bone. GluOC affects b-cell function directly, by binding its receptor, GPRC6A; or indirectly, by stimulating glucagon-like peptide-
1 (GLP-1) secretion from the small intestine. GluOC improves insulin sensitivity by decreasing fat accumulation in steatotic liver and increasing adiponectin expression in
white adipose tissue. Conversely, testosterone production stimulated by GluOC suppresses adiponectin secretion. GluOC also improves energy expenditure in skeletal muscle
by regulating mitochondrial biogenesis, glucose and fatty acid uptake, and expression of genes implicated in energy consumption.

A. Mizokami et al. / Biochemical Pharmacology 132 (2017) 1–8 3

Mizokami et al. Biochem Pharmacol 2017;132:1–8より

オステオカルシンのホルモン作⽤
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ヒト オステオカルシン（49アミノ酸、分子量約5,900）
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Yasutake et al., Am J Physiol Endocrinol Metab 310:E662–E675, 2016.より



オステオカルシンはテストステロンの産⽣を促す
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GPRC6A: オステオカルシン/ テストステロン受容体

GPRC6A
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厚⽣労働省 認知症になっても希望を持って暮らせる社会へ「都市部における認知症有病率と認知症の⽣活機能障害への対応」 (2013年5⽉報告) より作成
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モデルマウスでもメスの⽅が
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アミロイドβ

⼥性のアルツハイマー病患者数は男性の約２倍



テストステロンには
アルツハイマー病発症を
抑える作⽤がある?

テストステロン値が低いとアルツハイマー病リスクが⾼い
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Marriott et al., Alzheimer’s & Dementia 18:1907–1918, 2022.より



異常タンパク質の除去 異常活性化 →神経炎症

アルツハイマー病発症

ミクログリアの特性の性差が
アルツハイマー病の性差の⼀因？

炎症性
サイトカイン



オートファジーによるアミロイドβの除去
アミロイドβ

Autophagosome

Phagocytosis

Autolysosome → 分解

ミクログリア

Lysosome



アミロイドβはオートファジーの機構によって処理される
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テストステロンはアミロイドβの蓄積を抑制する
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テストステロンはmTORシグナル伝達経路を抑制し
オートファジー経路を増強する
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テストステロン

オートファジーによるアミロイドβ分解

• テストステロンがミクログリアの
オートファジーを活性化

• その結果アミロイドβの分解が促進

• 男性のアルツハイマー病リスクを低
く抑えている

テストステロンはミクログリアのオートファジーを促進して
アルツハイマー病発症を抑制する



ジェンダード・イノベーション

性差に関する分析が新たな知⾒を産み出し、
全ての⼈に適したイノベーションを創出することが可能になる

• 性差の視点を組み込むことで
今まで⾒えてこなかった新しいメカニズムが⾒えてくる

• 性差を考慮することは
研究の精度を⾼め、臨床応⽤における安全性と有効性を⾼める
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