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The cave of Altamira, Spain...
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First discovery from prehistory that palaeolitic people were capable of creating art works
such as painting (Marcelino Sanz de Sautuola)






Take home message 1

The musculoskeletal system in male differs
evolutionary from females

NOVEMBER1,2023 | 13 MIN READ Scientific American
e G athorers The Theory That Men Evolved to Hunt and
Archacobogeal and Bty Theos Women Evolved to Gather Is Wrong

The influential idea that in the past men were hunters and women were not
isn’t supported by the available evidence

PLOS ONE

RESEARCH ARTICLE

The Myth of Man the Hunter: Women's
contribution to the hunt across ethnographic
contexts

Abigail Anderson', Sophia Chilczuk', Kaylie Nelson', Roxanne Ruther', Cara Wall-
Schefflery'2*

1 Department of Biology, Seattle Pacific University, Seattle, Washington, United States of America,
2 Department of Anthropology, University of Washington, Seattle, Washington, United States of America

* cwallsch @spu.edu




Could sex hormones be a major driver In
musculoskeletal system?



The universe of single cell RNA
sequencing
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Expression of sex hormone receptors in
human muscle

ESRa (oestrogeen receptor alpha) PGRMCz (progesterone signaling) AR (androgeen receptor)
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Expression of sex hormone receptors in
human synovium (AMP consortium)

ESR1 (oestrogeen receptor alpha) PGRMCz (progesterone signaling) AR (androgeen receptor)
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Take home message 2

Broad expression within muscle

Tissue resident cells (fibroblasts & mural cells)
express sex hormone receptors

Endothelial cells selectively express progesterone receptors

Myeloid cells express estrogen and progesteron receptor
but not androgen receptor

Overall surprisingly cellular selectivity of
sex hormone receptors within synovium
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A positive control tissue



Normal bone remodeling process and its
regulations

Haematopoietic Mesenchymal
precursor precursor

Manolagas SC, et al. Nature Reviews Endocrinology volume g, pages 699—712 (2013)



https://www.nature.com/nrendo

Physiological and molecular sex
differences in human skeletal muscle in
response to exercise training



Phenotypic sex differences at baseline

Endurance-related phenotypes at baseline

J Type 1fibres % 1t

b= Fat oxidation —
1 VOzmax ‘

Strength/power-related phenotypes at baseline

1 Muscular strength d

1 Neuromuscular activation ‘

1 Fibre cross sectional area ‘

endurance- & strength/power-related factors

Landen S et al. J Physiol 601.3 (2023) pp 419—434



Sex-specific molecular
mechanisms at rest

Sex Chromosomes

modulates genes related to
metabolism

Sex Hormones

Testosterone concentration

Progesterone concentration

- = ¢

v‘ Oestrogen concentration

Transcriptome

1468 male biased ? 2866 DE genes (autosomes and X
chromosome)

1398 female biased

1401 male biased 1 2687 DE genes (autosomes only)

f
? 1286 female biased
4

f eQTL involved in muscle
differentiation

DNA methylation

‘ Genome-wide methylation f

Enrichment of substrate metabolism
pathways

Landen S et al. J Physiol 601.3 (2023) pp 419-434



What happens in menopause?




Musculoskeletal syndrome of
menopause: processes and signs

Process Signs

Inflammation Arthralgia, joint pain, joint discomfort, frozen
shoulder

Sarcopenia Poor balance, falls, decreased muscle mass, loss
of stamina, walking slowly

Decreased satellite cell Decreased muscle mass, inability to gain muscle

proliferation

Osteoporosis Loss of height, back pain, stooped posture,
low-impact fracture

Arthritis Arthralgia, joint pain, joint stiffness

WrightVJ et al., Climacteric, 27:5, 466-472, DOI: 10.1080/13697137.2024.2380363



Bone

Types of Bone Fractures

T

Transverse
Greenshck Comminuted Compound




Impact of oestrogen deficiency & menopause on
bone mineral density & bone turnover

Menopause /
Oestrogen Deficiency

/ \

Osteoclasts Osteoblasts

{ Apoptosis T Apoptosis
T RANKL differentiation | Osteoprotegrin

T net bone ! net bone
resorption formation

Osteocytes

T Apoptosis
T Activation of bone
remodelling

Stokes G, et al. Clinical Endocrinology, 2025; 102:389—402



Annual lumbar spine BMD change with
adjuvant endocrine breast cancer therapy

Annual rate of BMD loss (%)

10

N

m

0 Within 5 years Post Als in Tamoxifen in GNRH agonist Chemotherapy GNRH agonist GNRH agonist
of menopause menopause post menopausal pre- menopausal + tamoxifen induced in pre-menopausal +Alin
women women in pre-menopausal ovarian women pre-menopausal
women failure women

Stokes G, et al. Clinical Endocrinology, 2025; 102:389—402



Overview of bone health across the
lifespan in women

- Calcium intake - Vitamin D status - Protein - Physical exercise -

PUBERTY &

PREMENOPAUSE

PREGNANCY &
BREASTFEEDING

POI & EARLY
MENOPAUSE

EARLY POST
MENOPAUSE (<60)

LATE POST
MENOPAUSE

FRAIL & OLDER
WOMEN

Calcium intake
Vitamin D status
Physical exercise

Assess for secondary
causes of low BMD and
gonadal / hormone
status

e Pregnancy planning

* Measure BMD prior
to pregnancy if
previous fragility
fracture or
secondary cause of
low BMD

e Optimise calcium
intake

» Oestrogen (+/- LOW/MODERATE
progesterone) FRACTURE RISK
horrnone therapy o MHT
until average age )
of menopause (751 * Bisphosphonates
years) « SERMs

(if no contraindications)
HIGH/VERY HIGH
FRACTURE RISK o

X o
e Osteoanabolics .

o Romosozumab
o Abaloparatide
o Teriparatide o

e Antiresorptives °

o |V bisphosphonates

o Avoid denosumab unless
clear plan about
managing discontinuation

LOW/MODERATE
FRACTURE RISK

¢ Bisphosphonates

HIGH/VERY HIGH
FRACTURE RISK

e Osteoanabolics

Romosozumab
Abaloparatide
Teriparatide

¢ Antiresorptives

IV bisphosphonates
Denosumab

Consider falls risk and
prevention

Supervised exercise
programs

Consider
polypharmacy and
falls-risk increasing
drugs

Consider use of
antiresorptive +/-
osteoanabolic agents
as appropriate

Stokes G, et al. Clinical Endocrinology, 2025; 102:389—402



Muscle homeostasis and function




Impact of oestrogen deficiency & menopause on
muscle homeostasis

Model Delay of/timing since estrogen replace-  Outcome measure Effect of delay or timing since estrogen
ment replacement on outcome measure
Rat [17] 2 weeks post-OVX Satellite cell number Significant increases in satellite cell num-

11 weeks post-OVX

Human [49]  Acute replacement in EPM
Acute replacement in LPM

Human [4] Acute replacement in EPM

Acute replacement in LPM

Human [43] Therapy ceased 10.6 + 8.9 years prior to

study start

Insulin sensitivity

Cytosolic protein breakdown markers

MVC
RTD

Muscle quality (MVC per unit muscle
size)

ber following eccentric exercise

Reduced increases in satellite cell number
following eccentric exercise

Improved insulin sensitivity

Reduced expression of insulin sensitivity
markers

Decreased FOXO3 activation

Decreased MuRF1 protein expression

Increased FOXO3 activation

Increased MuRF]1 protein expression

Significantly higher MVC measures than
participants with no prior HRT use

HRT-associated attenuation of RTD
decline due to age

History of RT use positively associated
with reducing expected menopausal
drop in muscle quality

HRT hormone replacement therapy, OVX ovariectomy, EPM early menopausal females (<6 years past menopause), LPM late menopausal
females (> 10 years past menopause), MVC maximum voluntary contraction, RTD rate of torque development

Pellegrino A, et al. Sports Medicine (2022) 52:2853-2869



The description of postmenopausal
sarcopenia

Bone density

( Aging >
. Postmenopausal sarcopenia
Inactivity
Dehydroepiandrosterone
(DHEA) and estrogen
levels
<Vitamin D deﬁciencD

< Undernutrition >
Estrogen deficiency
Chronic
inflammation 1

Muscle
function

Muscle mass

Muscle
strength

ah o 4 O
@O O O W

Zhang Cet al., Frontiers in Endrocinology 212 November 2024 DOl 10.3389/fendo.2024.1494972



Expecting
the Unexpected

Effect of Sex Hormones on Joint
Ligament Properties?



Effect of the menstrual cycle on
knee laxity

Luteal phase 14737210 (5.29)

1
I
16949187 (3.44) 0 -
16470385 (5.91) -—
16821077 (4.96) 0
18728055 (8.67) B}
19174550 (8.88) il
Effect Size =-0.076 [95%CI: -0.361, -.209], p = 0.600 "-.__'
Menstrual phase 16558557 (3.43) s
1658557 (3.43) ! -
16821077 (4.94) -
Effect Size = 0.003 [95%ClI: -0.555, 0.562], p =0.990 —_—
Ovulatory Phase 1473720 (5.29) 1
16470385 (5.92) L
16821077 (5.92) =0
18728055 (8.64) ! -.
19174550 (8.82) . B
24568229 (8.30) ! -
34663291 (5.01) - i
36767641 (4.21) +—
Effect Size = 0.009 [95%ClI: -0.437, 0.454] —
Overall Effect Size = 0.001 [95%Cl : -0.212, 0.214] i
!
-3 -2 -1 0 1 2

Knee laxity is lowerin the follicular ~ Knee laxity is greaterin the
phase of the menstrualcycle  follicular phase of the menstrual
relative to other phases. cycle relative to other phases.

B = Study effect size (size = % weight == = 95% C| ‘ = Overall Effect Size
in meta-analysis)

GilmerG, et al. The American Journal of Sports Medicine 2025;53(11):2738-2748



Fibroblasts are gatekeepers of

tendon & ligament homeostasis

Electron microscopy:
Mouse Achilles tendon, 2000x

Tenocyte
precursor

Macrophage?

Fibril Collagen

Tmpoct.)lla(_)enT
(monomer)

Endotenon Tenocytes

Nerve fibre

L ) Collagen fibrils Proteoglycan-
Fascicle .
water matrix
Tenocyte Collagen
(Tendon fibre
fibroblast)
[
Eric Gracey Guillaume Planckaert

Gracey et al., Nature Reviews Rheumatology 2020



The impact of the 173-estradiol type |
procollagen production in ACL fibroblasts

Dose of 17B-estradiol (ng/ml) ~ EBMID ‘%WEi htin analysia

T an) 0627740 (10.96
1 (11.4¢

Effect Size = 1.280 [95%CI: -1.90¢ ) < 0.001
0.25 9302481 (9.89) i B
10627740 (10.36)

11210964 (11.17)
Effect Size = -1.648 [95%CI: -2.256, -1.039], p < 0.001
2.5 9302481 (8.70)

N B— -
==
=
10627740 (9.22) __.'__
L
D .l
e

Effect Size =-2.745[95%CI: -3.534, -1.941], p < 0.001
25 9302481 (8.60)
10627740 (9.34)

Effect Size = -2.728 [95%Cl: -3.516, -1.941], p < 0.001

Overall Effect Size = -1.932 [95%Cl : -2.412, -1.453]

) USRS RIS RSO G ) B

5 -4 3 2 3 r

Type | procollagen productionis Type | procollagen production is
higherin 17B-estradiol exposed (owerin17B-estradiol exposed
ACL fibroblasts. ACL fibroblasts.

Bl = Study effect size (size = % weight — = 95% C| ’ = Qverall Effect Size
in meta-analysis)

GilmerG, et al. The American Journal of Sports Medicine 2025;53(11):2738-2748



The impact of the 17B-estradiol type Il
procollagen production in ACL fibroblasts

Dose of 17B-estradiol (ng/ml) PMID (% weight in analysis

(10.17)

V.ULO

0.25 9302481 (16;03)! S ———

10627740 (10.33) =
11210964 (10.63) L
Effect Size =-1.220 [95%Cl: -2.643, 0.203], p = 0.093 _________,_.
2.5 9302481 (9.57) '
10627740 (9.67) e :
Effect Size =-2.841 [95%ClI: -3.643, -2.039], p < 0.001 R i
25 9302481 (9.53) - i
10627740 (9.54) - i
Effect Size = -2.976 [95%Cl: -3.797, -2.155], p < 0.001 Pe—— |
Overall Effect Size = -1.831 [95%CI : -2.640, -1.023] ———— i
]
-4 -2 0 2
Type lll procollagen productionis  Type Ill procollagen production is
lowerin 17p-estradiol exposed  higher in 17B-estradiol exposed
ACL fibroblasts.  ACL fibroblasts.
Bl = Study effect size (size = % weight — = 95% C| ’ = Qverall Effect Size

in meta-analysis)

GilmerG, et al. The American Journal of Sports Medicine 2025;53(11):2738-2748



Arthritis and menopause?

MENOPAUSE AND

Fighting Mengpause And Winning Series

~ ARTHRITIS:
MENB\]{})@USE . / /& REALITYORFICTION?

| ( REALITY
| OR

FICTION?




Rheumatoid arthritis incidence in post-
menopausal versus premenopausal women

Study %
D ES (95% Cl) Weight
Neda Ghamarzad Shishavan 3 ——— 2.97 (1.98, 4.46) 528
Mitra Pikwer %—O— 242 (1.32, 4.45) 357
Yeonghee Eun = 0.96(0.79,1.17)  24.83
Camilla Bengtsson } —_— 2:79(1.76, 3.81) 7.08
Linda A. Merlino e m i 0:80 (0.51, 1.25) 19.88
Szoeke -—-‘-— 1.88 (1.33, 2.66) 12.40
Jingjing Zhut, - : 1:05 (0.98, 1.11) 26.95
Overall (I-squared = 81.1%, p = 0.000) O 1:35(1.04, 1.67) 100.00
NOTE: Weights are from random effects analysis

T

T
446 0 446

Namavari N, Jokar M, Ghodsian A, Jahromi HK, RahmanianV. Menopausal state and rheumatoid
arthritis: a systematic review and meta-analysis. BMC Rheumatol. 2024 Sep 30;8(1):48. doi:
10.1186/541927-024-00418-2. PMID: 39350181; PMCID: PMC11441135.



Erosive hand osteoarthritis (OA):
a prevalent and distinct disease

a severe form of hand OA
Occurs mostly in postmenopausal women

radiological hallmark of EHOA is central
erosion of the joint

characterized by the presence of signs of
inflammation, which correlates with
symptoms & appearance of bone erosions.

High clinical burden & unmet need

Aim: To study the effect and tolerability of denosumab,

@ ﬂ a RANKL-inhibitor in erosive hand OA
y.

Ruth Wittoek & Gust Verbruggen Wittoek R, Verbruggen G, Vanhaverbeke T, Colman R, Elewaut D. Nat Med. 2024 Feb 1t



Methods: study design

_o ‘.-!
Sg ;
UV © (@]
Qo | B
29| &
2% 2 R Rmnsmmnnng
§§_ S Denosumab 6omg (q 12 weeks)*, S.C. &\Q\x\\k\\&;&mm
52| S M
Screen BL Wkiz2 ~ Wk24 Wk36  Wks48 Wk 72 Wkg6
Primary
endpoint:
\ GUSS |\ Y |
Placebo-controlled phase Open-Label extension

* Supplemented with daily intake of calcium (1000mg) and vitamin D, (880lU)



Results: primary endpoint

Mean change GUSS™ at week 24

Placebo-controlled phase Open label extension
A" =157
p=0.03

A*=9.0 I |
p=0.17

< A=143
Tﬂ p=0.003 —

g _I =3 Denosumab
{3 N = Placebo

g-' \ Placebo with switch to
s \ denosumab
7] N

E 10.1 138 7.6 18.8 17.0

=

7.9
T | T
48 72 96
Week

* Change compared to week 48



Results: secondary endpoint

=1}
|

L]
|

(=1

New erosive joints at week 48

Placebo-controlled phase

Odds ratio =
0.37
p=0.01

B

23

Odds ratio =

0.23

p < 0.001

Percentage of New Erosive Joints (%)
-
1

24

48

0.2 -

Week

Open label extension

72

= Denosumab
= Placebo

Placebo with switch to

=
denosumab




Results: exploratory endpoints

Placebo-controlled phase Open label extension
a7 4.8 p=0.028
£ 4.2 4.2
g 4 3.5
w
z
g 2.4
D -
22
=3 Denosumab
0
4'3 9,'5 = Placebo
159 p = 0.025 . .
12.9 =S Placebo with switch to
11.8 denosumab
10.4 10.3 10.8

< 104
o] 8.5
I
T
c
[}
D
S 5+

0 1 1

T
0 43 96






Conclusion

First proof of concept of succesfull structure modification in
erosive hand OA by denosumab, a RANKL inhibitor

Osteoclast inhibition is a suitable strategy to target erosive
progression in hand OA

Wittoek R, Verbruggen G, Vanhaverbeke T, Colman R, Elewaut D. Nat Med. 2024 Feb 15



Ostearthritis burden

or disease activity

Menopause may act as
a second hit in roadmap to hand OA

Menopause ;,'
3{;.. b ,;,;& -
° 9
e . '
(Genetic predisposition ‘

Atrisk individual “Preclinical” “Subclinical”
OA OA

Adapted from:
Scher JU, et al. Nat Rev Rheumatol. 2019;15:153-66;;Scher JU, et al. Nat Rev Rheumatol. 2020;16:282-92
Dheodar A and Elewaut D, Harrisson’s Principle of Internal Medicine 2025



Take home messages part 3

Sex hormones have a profound and pleiotropic
effect on the musculoskeletal system

Estrogen loss linked to a myriad of symptoms in
joints, muscle and ligaments

Menopause may act as “second hit” in at risk
individuals to trigger some rheumatic diseases
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