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Objectives 

• Review lesser-known elements of puberty
• Understand the role of mitochondria and ovarian function – 

menarche to menopause
• Itemize the important health manifestations of perimenopause 

and menopause and their functional medicine correlates
• Develop an integrative and functional medicine therapeutic 

approach to healthy ovarian function, perimenopause, and 
menopause

5

How Can We View These              
Myriad Stage of Life: 

Menarche/Perimenopause/Menopause

Through the Lense of Life Itself -                   
By Acknowledging the

Prime Directive of Life

6
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It’s all about the 
process of making 
and raising babies!

Prime Directive of Life:
Reproduction and Survival

 
and then to repeat the 

process …
And for new life –                        

it all begins while in the uterus 
and proceeds with puberty

7

REPRODUCTION & SURVIVAL 
REQUIRES HORMONES!

WOMEN’S OPTIMAL HEALTH = 
OPTIMIZED HORMONES

MAKING HORMONES                        
REQUIRES A LOT OF ENERGY!

8
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Optimal Hormone Production and Function                         
Requires Lots of Energy - for Puberty

• Relationship between puberty and mitochondria - two-way street: mitochondria 
provide essential energy for rapid growth and hormonal changes of adolescence 
&  onset of puberty triggers significant shifts in their function in different tissues

• Puberty triggers major mitochondrial maturation - changes in number, structure, 
and activity (specifically in oxidative phosphorylation) - supports rapid growth 
and reproductive development - Estrogen boosts mitochondrial biogenesis 

• Dysfunction in mitochondria - early puberty or impaired growth

Abreu AP, Kaiser UB. Pubertal development and regulation. Lancet Diabetes Endocrinol. 2016 
Mar;4(3):254-264. doi: 10.1016/S2213-8587(15)00418-0. Epub 2016 Feb 4.

9

• Mitochondria: rod-shaped, double-
membrane organelles

• The “powerhouse of cells”

• Parts:                                                   
Outer membrane                          
Highly folded inner mitochondrial 
membrane (cristae) 
Intermembrane space                        
Internal gel-like matrix

• These components are crucial for 
aerobic respiration and ATP 
production 

We Can Think of a Female Life as a Journey 
Through Energy Challenges and Changes

10
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Take a Step Back: Introducing Mitochondria:
Normal & Abnormal Mitochondria 

Gałęska E, Kowalczyk A, Wrzecińska M, García MC, Czerniawska-Piątkowska E, Gwoździewicz S, Witkiewicz W, Dobrzański Z. The Importance of 
Mitochondrial Processes in the Maturation and Acquisition of Competences of Oocytes and Embryo Culture. Int J Mol Sci. 2025 Apr 25;26(9):4098.

11

Mitochondrial Basics

• Energy metabolism
• Aging process – the cell cycle
• Regulation of homeostasis
• Associated with neurodegenerative 

disease
• Genetic Syndromes
• Oxidative phosphorylation
• Beta oxidation
• Heme biosynthesis
• Calcium buffering
• Steroidogenesis
• Apoptosis signaling 

>40% of mitochondrial 
proteins are linked to human 
diseases, underscoring the 

centrality of mitochondria to 
human health

Anu Suomalainen, Jodi Nunnari,Mitochondria at the crossroads of health and disease, Cell, 
Volume 187, Issue 11, 2024, Pages 2601-2627, ISSN 0092-8674

12
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Puberty Begins

• Hypothalamic-pituitary-gonadal axis controls puberty & 
reproduction - tightly regulated by complex network of 
excitatory & inhibitory factors 

• Axis active in embryonic & early postnatal stages of life - 
subsequently restrained during childhood - reactivation 
culminates in puberty initiation

• Mechanisms underlying reactivation not completely 
known

• Age of puberty onset varies between individuals &  
timing of puberty initiation associated with several 
health outcomes in adult life

Puberty marks end of childhood & beginning of physiological & 
psychological changes to achieve sexual maturation & fertility

Abreu AP, Kaiser UB. Pubertal development and regulation. Lancet Diabetes Endocrinol. 
2016 Mar;4(3):254-264. doi: 10.1016/S2213-8587(15)00418-0. Epub 2016 Feb 4.

13

• Period of activity of hypothalamic-pituitary-gonadal axis 
in early stages of life called minipuberty - groundwork 
for pituitary LH and FSH responses to GnRH during later 
reproductive phase of life

• At 3–4 years in girls - active inhibition of GnRH secretion, 
persists throughout childhood

• Puberty initiated with sustained increase in pulsatile 
release of GnRH from hypothalamus after quiescent 
period - results in maturation of ovarian follicles and 
increase in estradiol concentrations – Requires Energy!

Prenatal & Postnatal Activation of                                                 
Hypothalamic-Pituitary-Gonadal Axis

Abreu AP, Kaiser UB. Pubertal development and regulation. Lancet Diabetes Endocrinol. 
2016 Mar;4(3):254-264. doi: 10.1016/S2213-8587(15)00418-0. Epub 2016 Feb 4.

14
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Regulation of Estrogen Synthesis in Human Ovary

Adapted by Carr, BR. Diseases of the ovary and Reproductive Tract. In Wilson JD, Foster DW, Kronenberg HM, 
Larsen PR, eds. Williams Textbook of Endocrinology 9th edition. WB Saunders, Philadelphia, p.751-817.

15

Carr BR, Wilson JD. Disorders of the ovary and female reproductive tract. In: Braunwald E, Isselbacher KJ, Petersdorf 
RG, et al, eds. Harrison's Principles of Internal Medicine. 11th ed. New York: McGraw-Hill, 1987: 1818-1837.

Hormonal, ovarian, 
endometrial, and basal 

body temperature 
changes and relations 
throughout the normal 

menstrual cycle

16
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Pubarche (Adrenarche) Begins
• Development axillary and pubic hair - process termed pubarche - not be used as 

marker of onset of puberty

• Pubarche dependent on increase in adrenal androgen production - physiological 
event termed adrenarche

• Serum concentration of dehydroepiandrosterone sulphate (DHEAS) is best marker 
for presence of adrenarche - begins about age 6 years - several years before 
activation of  hypothalamic-pituitary-gonadal axis (gonadarche)

• Although development of axillary and pubic hair requires adrenarchal 
concentrations of androgen, clinically evident pubarche does not usually appear 
until shortly after physical evidence of gonadarche - breast development in girls

17

Abbreviations- mtDNA: Mitochondrial DNA ROS: Reactive oxygen species; TAC: Total antioxidant capacity

BPA-Induced Oxidative Stress Leading to Mitochondrial DNA 
Mutations and its Subsequent Implications on the Ovary 

18
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Review:
Key elements that 

regulate mitochondria 
number and function 

to influence cell 
processes and fate

Siemers KM, Klein AK, Baack ML. Mitochondrial Dysfunction in PCOS: Insights into Reproductive Organ 
Pathophysiology. Int J Mol Sci. 2023 Aug 23;24(17):13123.

19

Mitochondria important for: 
• Metabolism, growth, & 

differentiation of GCs 
• Play crucial role in follicular 

development and maturation 
& in  pathogenesis of the 
disease
• Androgen (e.g. DHT)  

important factor affecting  
physiological function of GCs

 c-Jun ATK pathway, c-Jun amino-terminal kinase pathway; DHT, dihydrotestosterone; GC, granulosa cell; ROS-RP1, reactive oxygen species regulatory protein 1

Mitochondrial 
Dysfunction and 
Granulosa Cells 

Sun C, Zhao S, Pan Z, Li J, Wang Y, Kuang H. The Role Played by Mitochondria in 
Polycystic Ovary Syndrome. DNA and Cell Biology. 2024;43(4):158-174.

20
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Mitochondrial Aging:
Negatively impacted by aging (Hormone Deficiency)

mtDNA, mitochondrial ultrastructure & integrity, metabolism, mitochondrial dynamic

21

Mitochondrial Impacts on Many Female Reproductive 
Conditions

22



NMI Summit 2026 9-10 October 2026

12

Mitochondrial Impacts on Many Female Reproductive 
Conditions

23

Mitochondrial Impacts on Many Female 
Reproductive Conditions

24
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Estradiol – Reproduction – Metabolism
& Circadian Rhythm

Royston et al. Endocrinology. 2014;155(7):2613-23
Urlep et al. Front. Endocrinol. 2013. 00111

26
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Rhythm of Insulin 
Sensitivity 

DAWN

BEDTIME

NOONMIDNIGHT

CORTISOL peak

Adiponectin peak

Optimal

Poorest

Suboptimal

Insulin sensitivity  

Optimal 
mitochondrial 
function

Sunil and Kavur, Int J Endocrinol (2010)

27

Impact of 8 Days of Circadian Disruption 

Eating and sleeping 12 hours earlier 
or later than habitual times

• “Flipped” daily cortisol rhythm
• Decreased leptin (-17%)
• Increased insulin (+22%)
• Reduced sleep efficiency (-20%)

Scheer et al., PNAS 2009;106(11):4453-8

28
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Gut Microbiome Clock

Programmed to anticipate 
food in the daytime only  

Bacteria express circadian 
patterns of swarming & 

motility

Marquie et al. Occup Environ Med. 2015;72(4):258-64
Castanon-Cervantes et al. 2010. J of Immunol; 185(10)5796-5805

Liang et al. 2015; Proceedings of Nat Acad of Sciences of the USA:112(33);10479-10484
Bechtold et al. 2010; Trends in Phar Scie, 31(5):191-8

29

Targeted Supplements

Vitamin D

Prenatal 
Vitamin

Magnesium Probiotic Omega 3

Chastetree Myo-inositol NAC Berberine

Ubiquinol Zinc NMN/NR Oil of Evening 
Primrose

30
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35

Wallace DC. Bioenergetic origins of complexity and disease. Cold Spring Harb Symp Quant Biol. 2011;76:1-16. doi: 
10.1101/sqb.2011.76.010462.

Back to Mitochondria:
A Mitochondrial Etiology of Complex Disease    

36
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Menopause is not 

just the loss of 

fertility and 

periods...

It is the beginning           

of a major metabolic 

shift in mitochondrial 

function

37

Immune Health

Cardiovascular Health 

Sexual/Genito-Urinary Health

Skin Health

Bone Health

Brain Health

Menopause Affects All Organ Systems  
Including:

38
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Estrogen receptors are 

everywhere and play vital 

roles in regulating 

countless physiologic 

functions: 

all involve mitochondria

• Cardiovascular Health
• Obesity & Increased Visceral Fat

• Metabolic Syndrome & Diabetes
• Musculoskeletal effects,                                           

Osteoporosis & Osteoarthritis
• Alzheimer’s Disease & Neuro-inflammation

• Cancer (breast, colon)
• Autoimmune disease 

• Fatty Liver (fatty other organs)
• GI Disorders: GERD,                                      

Malabsorption & Motility

The Many Health Consequences of Menopause 

Adapted from Exper Rev Endocrinol Metab® 2011 Expert Reviews Ltd

39

Estrogen Basics:                                        
Estrogens are a Family of Hormones –

 Always use Estradiol

ESTRIOLESTRONE

ESTRADIOL

ESTETROL

40
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Menopausal Hormones: Transition and Thereafter                      

Davis, S., Lambrinoudaki, I., Lumsden, M. et al. Menopause. Nat Rev Dis Primers 1, 15004 (2015). 

41

Modulated by Estradiol:

Vasodilation and vasoconstriction
- Endothelial NO synthase
- Prostacyclin cyclooxygenase
- Prostacyclin synthase
- Renin and angiotensin
- Endothelin-1

Lipid Metabolism
- Lipoprotein lipase
- Apo-lipoproteins
- Leptin
- PON 1
- LDL receptors  
- HMG-CoAR activity

Immune activity
- Vascular-cell adhesion molecule
- Cytokines (IL1, IL6, TNFα)
- Cytokine receptors
- Superoxide Dismutase

Coagulation
- Fibrinogen
- Coagulation factors, Protein S

Angiogenesis
- Matrix metalloproteinase
- Vascular endothelial growth factor

Non-Genomic Effects
- Fast-acting actions such as NO facilitated vasodilation
                               

Saltiki, K and Alevizaki M.. Hormones. 2007; 6(1): 9-24

42
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Cameron RB, Beeson CC, Schnellmann RG. Development of Therapeutics That Induce Mitochondrial Biogenesis for the Treatment of Acute and 
Chronic Degenerative Diseases. J Med Chem. 2016 Dec 8;59(23):10411-10434.

Multiple Insults Harm 
Mitochondria

What about Loss of E2 and 
P4 causing Mitochondrial 

Harm? 

43

Ovary/Uterus

Gastrointestinal Tract

Skin
Bladder

Endothelium

Liver

Lungs

Heart

Central and Peripheral Nervous 
system

Bone/Joints/Muscle/
Immune Cells

Mitochondria

Estrogen Receptors 
Located in All Organs

Paterni et al. Receptors Alpha and Beta: Subtype Selective Ligands and Clinical 
Potential, Steroids, 2014; 0:13-29

44
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https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full
Front. Aging Neurosci., Sec. Cellular and Molecular Mechanisms of Brain-aging. 2018 Volume 10 - 2018

Aging associated with electron 
transport chain (ETC) impairments:

• Decreased ATP levels, basal respiration & 
mitochondrial membrane potential (MMP)

• Decreased  antioxidant defenses

• Increased ROS production by complex I & 
complex III

• Increased mitochondrial DNA (mtDNA) oxidative 
damage 

• E2 increases ETC activity, stabilizes MMP, 
prevents ROS production, ameliorates basal 
respiration & production of ATP levels

• Sirtuin 3 (SIRT3) + E2 - common pathway to 
rescue mitochondrial activity in aging by 
increasing antioxidant defense activity

• E2 & SIRT3 rescue age-related impairments 

Modulation of Mitochondrial 
Function in Aging by Estradiol

↓: age-related decrease, ↑: age-related increase

45

Estradiol – Master of Metabolic Homeostasis

Rettberg et al. Front Neuroendocrinol. 2014

46

https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full
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Estradiol  
E2 directly interacts with mitochondria – a crucial regulator

E2 enhances cellular energy 
production (ATP synthesis)

E2 improves efficiency of electron 
transport chain

E2 promotes mitochondrial 
biogenesis
E2 reduces oxidative stress (ROS)

E2 maintains mitochondrial 
structure and dynamics 
(fusion/fission) 

Klinge CM. Estrogenic control of mitochondrial function. Redox Biol. 2020 Apr;31:101435.

https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full

47

Detrimental 
Effects of 
Estradiol 

Deficiency on 
Metabolism

Endocr Rev. The role of estrogens in control of energy balance and glucose homeostasis.2013; 34 (3): 309-338

48

https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full
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Higher Estrogen levels:
Optimal Health Lower Estrogen Levels: 

Chronic Disease

20’s        30’s          40’s           50’s          60’s             70’s    Age

Age Dependent Shift in E2 Levels –                                         
Reduced Mitochondrial Functioning Involving Adipose Tissue

Adapted from Exper Rev Endocrinol Metab ® 2011 Expert 

49

Mitochondrial 
Dysfunction in 

Adipocytes

50
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• Estrogen Receptor alpha 
protects against obesity

• Controls metabolism in 
white & brown adipocytes

• Influences mitochondrial 
remodeling

51

Retention of damaged mitochondria increased ROS production, inflammation, and 
insulin resistance in skeletal muscle 

Critical role for ERα in maintenance of muscle mitochondrial & 
metabolic health

52
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E2 initiated cellular  & 
mitochondrial ER/GPER 
genomic & non-genomic                 

actions modulate 
mitochondrial respiration, 

ATP production, &            
ROS formation

Front. Endocrinol., 14 May 2019
Sec. Molecular and Structural Endocrinology

Volume 10 - 2019

E2, 17β-estradiol; ER, estrogen receptor alpha and beta ERE, estrogen response element; TF, transcription factor; 
P, phosphorylation; GPER, G-protein-coupled estrogen receptor; Ca2+, calcium, PTP, permeability transition pore; 

MAPK, mitogen-activated protein kinases; PI3K/AKT, phosphoinositide 3-kinase-serin/threonine-specific kinase B; 
eNOS: endothelial nitric oxide synthase

E2 induced ER alpha, beta, and G-protein-coupled Estrogen Receptor Signaling: 
Impacts on Mitochondrial Functioning

53

• Boosts:                                                                
Cellular respiration

     Energy (ATP) production
     Membrane potential

• Offers protection against oxidative stress and 
cell death (apoptosis) - brain and reproductive 
tissues

• Nuclear receptor-dependent and independent 
mechanisms + specific mitochondrial 
progesterone receptors (PR-M) identified in 
humans and primates for energy regulation

Progesterone Also Enhances Mitochondrial Function

54

https://www.google.com/search?q=Progesterone+enhances+mitochondrial+function&rlz=1C1ONGR_enUS1173US1186&oq=articles+on+progesterone+and+mitochondria&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRifBTIHCAQQIRifBTIHCAUQIRiPAtIBCjE4MjQ1ajBqMTWoAgCwAgA&sourceid=chrome&ie=UTF-8&mstk=AUtExfD0HIGKZ-jwmyz0uOm9rQDzeWEKP8RgiReKPtnHZCyeKN8v85xLnurZh8yHuvxszQOesfkrBRZzL0kykgDOBscQxt84vSM3Hk-kHZ8eYOtiUi1ePL5JCZxB3XdCkWvD-CnO5FiELoakSeDyCicqRGNwaJKfWwLTeozhKMrNNWD0e70&csui=3&ved=2ahUKEwii0uLPiJaSAxXlMUQIHcxmCikQgK4QegQIARAE
https://www.google.com/search?q=Progesterone+enhances+mitochondrial+function&rlz=1C1ONGR_enUS1173US1186&oq=articles+on+progesterone+and+mitochondria&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRifBTIHCAQQIRifBTIHCAUQIRiPAtIBCjE4MjQ1ajBqMTWoAgCwAgA&sourceid=chrome&ie=UTF-8&mstk=AUtExfD0HIGKZ-jwmyz0uOm9rQDzeWEKP8RgiReKPtnHZCyeKN8v85xLnurZh8yHuvxszQOesfkrBRZzL0kykgDOBscQxt84vSM3Hk-kHZ8eYOtiUi1ePL5JCZxB3XdCkWvD-CnO5FiELoakSeDyCicqRGNwaJKfWwLTeozhKMrNNWD0e70&csui=3&ved=2ahUKEwii0uLPiJaSAxXlMUQIHcxmCikQgK4QegQIARAE
https://www.google.com/search?q=Progesterone+enhances+mitochondrial+function&rlz=1C1ONGR_enUS1173US1186&oq=articles+on+progesterone+and+mitochondria&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRifBTIHCAQQIRifBTIHCAUQIRiPAtIBCjE4MjQ1ajBqMTWoAgCwAgA&sourceid=chrome&ie=UTF-8&mstk=AUtExfD0HIGKZ-jwmyz0uOm9rQDzeWEKP8RgiReKPtnHZCyeKN8v85xLnurZh8yHuvxszQOesfkrBRZzL0kykgDOBscQxt84vSM3Hk-kHZ8eYOtiUi1ePL5JCZxB3XdCkWvD-CnO5FiELoakSeDyCicqRGNwaJKfWwLTeozhKMrNNWD0e70&csui=3&ved=2ahUKEwii0uLPiJaSAxXlMUQIHcxmCikQgK4QegQIARAE
https://www.google.com/search?q=Progesterone+enhances+mitochondrial+function&rlz=1C1ONGR_enUS1173US1186&oq=articles+on+progesterone+and+mitochondria&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRifBTIHCAQQIRifBTIHCAUQIRiPAtIBCjE4MjQ1ajBqMTWoAgCwAgA&sourceid=chrome&ie=UTF-8&mstk=AUtExfD0HIGKZ-jwmyz0uOm9rQDzeWEKP8RgiReKPtnHZCyeKN8v85xLnurZh8yHuvxszQOesfkrBRZzL0kykgDOBscQxt84vSM3Hk-kHZ8eYOtiUi1ePL5JCZxB3XdCkWvD-CnO5FiELoakSeDyCicqRGNwaJKfWwLTeozhKMrNNWD0e70&csui=3&ved=2ahUKEwii0uLPiJaSAxXlMUQIHcxmCikQgK4QegQIARAE
https://www.google.com/search?q=Progesterone+enhances+mitochondrial+function&rlz=1C1ONGR_enUS1173US1186&oq=articles+on+progesterone+and+mitochondria&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRifBTIHCAQQIRifBTIHCAUQIRiPAtIBCjE4MjQ1ajBqMTWoAgCwAgA&sourceid=chrome&ie=UTF-8&mstk=AUtExfD0HIGKZ-jwmyz0uOm9rQDzeWEKP8RgiReKPtnHZCyeKN8v85xLnurZh8yHuvxszQOesfkrBRZzL0kykgDOBscQxt84vSM3Hk-kHZ8eYOtiUi1ePL5JCZxB3XdCkWvD-CnO5FiELoakSeDyCicqRGNwaJKfWwLTeozhKMrNNWD0e70&csui=3&ved=2ahUKEwii0uLPiJaSAxXlMUQIHcxmCikQgK4QegQIARAE


NMI Summit 2026 9-10 October 2026

28

Rettberg et al. Front Neuroendocrinol. 2014; 35(1):8-30

Estradiol and Mitochondrial Function

55

PGC-1α – at center of complex 
network of signals affected by 
metabolic, nutritional and 
environmental factors that modulate 
(through transcriptional and post-
translational modifications)

 PGC-1α activity:
Mitochondrial Biogenesis and 

More

PGC-1α Activity & Mitochondrial Biogenesis

López-Lluch G, Irusta PM, Navas P, de Cabo R. Mitochondrial biogenesis and healthy aging. Exp Gerontol. 2008 Sep;43(9):813-9.

56
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Finck BN, Kelly DP. PGC-1 coactivators: inducible regulators of energy metabolism in 
health and disease. J Clin Invest. 2006 Mar;116(3):615-22. doi: 10.1172/JCI27794.

The Function and PGC-1α

PGC-1α (Peroxisome proliferator activated 
receptor gamma coactivator 1alpha): a 
transcriptional coactivator – boosts activity 
of transcription factors that control gene 
expression

PGC-1α: master regulator of mitochondrial 
biogenesis & cellular energy metabolism, 
promotes oxidative metabolism, & controls 
how tissues like heart & skeletal muscle 
use energy & plays crucial role in adaptive 
thermogenesis

PGC-1α Activity & Mitochondrial Biogenesis

57

Healthy ovaries - critical for 
maintaining functional mitochondria

Functional mitochondria - essential for 
maintaining healthy ovaries:                                
oocyte quality, maturation,                                    

embryo development

Ma S et al. Mitochondrial dysfunction in ovarian aging. Chin Med J. 2025;138(23):3069-3082.

58
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Mitochondrial Inflammation: Triggers Ovarian Aging 

  

• Mitochondrial dysfunction leads to 
release of mitochondrial damage-
associated molecular patterns 
(mtDAMPs) - activate innate immune 
pathways: cGAS, NLRP3, TLR4 

• Chronic inflammatory response 
occurs: local tissue damage & 
functional decline within ovary + early 
trigger signal in onset & amplification 
of ovarian aging

Ju W, Yan B, Li D, Lian F, Xiang S. Mitochondria-driven inflammation: a new frontier in           
ovarian ageing. J Transl Med. 2025 Sep 24;23(1):1005. doi: 10.1186/s12967-025-06966-6.

Mechanisms of mitochondria-driven inflammation:                           
Ovarian aging via immune activation

59

• Mitochondrial metabolism undergoes reprogramming - 
enhanced glycolysis, reduced efficiency of TCA cycle and fatty 
acid β-oxidation, accumulation of metabolic intermediates - 
resulting in impaired energy production

• Lipid peroxidation and metabolic dysregulation further 
aggravate inflammatory responses, establishing vicious cycle 
of metabolic—inflammatory feedback -

Ju W, Yan B, Li D, Lian F, Xiang S. Mitochondria-driven inflammation: a new frontier in           
ovarian ageing. J Transl Med. 2025 Sep 24;23(1):1005. doi: 10.1186/s12967-025-06966-6.

Mitochondria -                           
Pivotal Players in Ovarian Aging 

Mitochondria shift from centers of metabolic 
homeostasis to pro-inflammatory metabolic hubs & 

drivers of ovarian functional decline                         
& the acceleration of aging

60
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Reduced Estrogen & Mitochondrial Function during Aging:                                                              
P

Huang, X., Pan, CH., Yin, F. et al. The Role of Estrogen in Mitochondrial Disease. Cell Mol Neurobiol45, 68 (2025).

• Reduced E2 affects 
mitochondrial respiratory chain 
complexes - reducing basal 
respiration, ATP production, 
and membrane potential - while 
increasing ROS generation

• Reduced E2 alters estrogen 
receptor interaction and mtDNA 
levels, leading to mitochondrial 
dysfunction, metabolic 
disorders, and cell damage

61

Members of steroid hormone superfamily – 
Regulate expression of genes for energy metabolism, mitochondrial 

biogenesis, fatty acid oxidation, oxidative phosphorylation

ERRα and γ – share target genes in myocardium
  ERRβ – maintains proper oxygen consumption 

              rates in myocardium

Estrogen Related Receptor (ERR) Isoforms:                                            
Expressed in Myocardium 

Cunningham et al. Estrogen-Related Receptor α (ERRα) is required for adaptive increases in PGC-1 isoform expression during 
electrically stimulated contraction of adult cardiomyocytes in sustained hypoxic conditions. Am J Cardiovasc Dis. 2016;6(2):46-54

62
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E2 Maintains NAD+ Levels : 
Activates SIRT 1 to Reduce Inflammation 

Yuk et al. Immunity. 2015:43(1):80-91

63

E2 increases:
• ATP production
• Mitochondria 

respiratory rate  
• Electron transport

Estradiol Increases                                       
Energy Production in The Brain

Yao et al. 2012

64
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Action of BDNF & SIRT3 converges on 
mitochondria-regulates expression of PGC-1α                                                         

Mitochondrial biogenesis -                               
necessary for synaptic plasticity

E2, BDNF, & SIRT3 + Mitochondria in the Brain

https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full

Estrogen (E2) induces expression of BDNF and SIRT3 

BDNF, brain derived neurotrophic factor, PGC-1α, proliferator-
activated receptor gamma coactivator 1-alpha, SIRT3, sirtuin 3

E2 enhances mitochondrial quality control - 
regulates genes associated with 

mitochondrial autophagy: PINK1 & Parkin - 
ensure cells maintain normal mitochondrial 

function in response to stress and injury 

65

E2 designates where estradiol may interact with BDNF & 
SIRT3 pathways

https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full
Front. Aging Neurosci., Sec. Cellular and Molecular Mechanisms of Brain-aging. 2018 Volume 10 - 2018

Interactions Between 
Estradiol, BDNF & 

SIRT3
In Neurons

 BDNF: brain derived neurotrophic factor, CRE, cAMP response elements, PGC-1α, 
proliferator-activated receptor gamma coactivator 1-alpha, SIRT3, sirtuin 3

66

https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full
https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full
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https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full

Mitochondria, Estrogen and Female Brain Aging

67

Normal Conditions: Nitric Oxide & Estradiol: 
E2 Supports Production of Antioxidant NO

Iorga et al. Biol Sex Differ. 2017; 8: 33.

68

https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full
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• BH4 - an essential co-factor for all 
three NOS isoforms

• BH4 regulates NOS at multiple levels
• When BH4 reduced, molecular 

uncoupling occurs - generation of 
superoxide (O2) rather than NO

 

Results in increased ROS & 
endothelial dysfunction 

Uncoupling of Nitric Oxide

Moens et al. Arteroscler Thromb Vasc Biol 2006;26:2439-44
Ketonen et al. Heart Vessels 2008; 23:420-9

Zhao Z et al. Am J Physiol Heart Circ Physiol. 2013; 306: H628-H640

69

Oxidative stress

eNOS

Normal Nitric Oxide

Super oxides (O-
2) Damage

Estradiol

Superoxide 
dismutase (SOD)

Healthy endothelium

NADPH 
oxidases

Estradiol: Anti-inflammatory Properties to Support Nitric 
Oxide Production + Function

Chakrabarti S, et al. Estrogen is a modulator of vascular inflammation. IUBMB Life. 
June 2008;  606(6): 376-382

70



NMI Summit 2026 9-10 October 2026

36

Hinton et al. Mitochondrial Structure and Function in Human Heart Failure. Circulation Research. 2024;135(2). 

Mitochondria and Diastolic Heart Failure

71

Interplay Between Mitochondria and Gut Microbiome:
Communication between Mitochondria & Gut Microbiome

Mitochondrial function 
dependent on:

Hormones
Environmental factors                                           
(diet, lifestyle & stress)

Genetics

Zachos KA, Gamboa JA, Dewji AS, Lee J, Brijbassi S, Andreazza AC. The interplay between mitochondria, the gut microbiome and metabolites 
and their therapeutic potential in primary mitochondrial disease. Front Pharmacol. 2024 Jul 25;15:1428242. doi: 10.3389/fphar.2024.
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Mitochondria and the  Autonomic Nervous System (ANS)
Mitochondria - Essential energy providers for ANS

Energy Dependent Regulation
ANS requires high energy to maintain 

homeostasis                                                   
(ie: Digestion, Cardiac Function)                            

Impairments cause fatigue, dizziness, 
vertigo, orthostatic intolerance

Mitochondrial dysfunction severely 
impacts ANS regulation – 
can lead to orthostatic intolerance, 

gastrointestinal issues, reduced stress tolerance

73
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Circadian rhythms are ubiquitous in 
nature and regulate most, if not all, of 
our physiological functions, 

including autonomic activity

,
Chapter 28 - Circadian rhythms and autonomic functionDiego A. Golombék, Daniel E. Vigo,

Editor(s): Italo Biaggioni, Kirsteen Browning, Gregory Fink, Jens Jordan, Phillip A. Low, Julian F.R. PatonPrimer on the Autonomic Nervous System (Fourth Edition),
Academic Press,2023, Pages 161-164

,
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Bruno A Aguilar-López et al.  Front Cell Dev Biol 2020

Mitochondria and circadian rhythms tightly linked - roughly              
38% mitochondrial proteins exhibit 24-hour oscillations - 
allowing energy metabolism (ATP production, fusion,                       
and fission) to sync with daily feeding-fasting cycles

Circadian clock regulates mitochondrial function &                    
metabolic products, specifically NAD+ & reactive oxygen 
species (ROS) - feedback signals to molecular clock

75

‡These statements have not been evaluated by the Food & Drug Administration. This product is not intended to diagnose, treat, cure or prevent any disease.

1. FEED THE GUT +                                             
TARGETED SUPPLEMENTS

2. EAT TO THE BEAT
3. STEP INTO THE LIGHT
4. GET ADEQUATE AND                                

RESTORATIVE SLEEP
5. EXERCISE ANY TIME POSSIBLE
6. LIVE CLEAN AND PURE

7. PERSONALIZE THE PLAN

Optimization:                                                           
Mitochondrial Function & Metabolic Health

76

https://pubmed.ncbi.nlm.nih.gov/?term=%22Aguilar-L%C3%B3pez%20BA%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Aguilar-L%C3%B3pez%20BA%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Aguilar-L%C3%B3pez%20BA%22%5BAuthor%5D
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Sodium Butyrate - Key Regulator of Mitochondrial Function

77

Fatty liver, Oxidative Stress, & 
Mitochondrial Dysfunction

Key Pathophysiological Features 
of Insulin Resistance & Obesity

Butyrate, produced by fermentation in large intestine by 
gut microbiota + its synthetic derivative, N-(1-carbamoyl-2-
phenyl-ethyl) butyramide, FBA, demonstrated protective 
against insulin resistance & fatty liver 

Hepatic mitochondria identified as main target of beneficial 
effect of  butyrate-based compounds in reverting insulin 
resistance & fat accumulation in diet-induced obese mice

Butyrate & FBA improved respiratory capacity & fatty acid 
oxidation, activated AMPK-acetyl-CoA carboxylase 
pathway. Both treatments increased utilization of 
substrates, especially fatty acids, leading to reduction of 
intracellular lipid accumulation & oxidative stress

Shift of mitochondrial dynamic toward fusion by butyrate & 
FBA resulted in improvement of mitochondrial cell energy 
metabolism & glucose homeostasis 

Butyrate modulates mitochondrial function, efficiency, and dynamics -                
New therapeutic strategy to counteract obesity & insulin resistance
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Circadian Rhythm + Time Restricted Eating for Metabolic Health

Current Nutrition Reports, Curr Nutr Rep. 2014

79

Milan M, Troyano-Rodriguez E, Ihuoma J, Negri S, Rudraboina R, Kosmider A, Awasthi S, Balasubramanian P, Conley S, 
Yabluchanskiy A, Csiszar A, Ungvari Z, de Cabo R, Tarantini S. Fasting as Medicine: Mitochondrial and Endothelial Rejuvenation in 

Vascular Aging. Aging Cell. 2026 Feb;25(2):e70372.

Mitochondrial Rejuvenation: Fasting/Caloric Restriction    
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Mitochondrial Rejuvenation Approaches:
Vagus Nerve Stimulation

81

Mitochondrial Rejuvenation Approaches:
Vagus Nerve Stimulation

Vagus Nerve Stimulator
Laughter yoga
Guided meditation & 
biofeedback - heartrate 
variability
Meditation
Breathwork
Singing and chanting
Gargling

Cold plunges
Acupuncture
Massage
Essential oils
Gut Microbiome support:                                         
Probiotics & Prebiotics
Support Circadian Rhythm
Adrenal adaptogens
Exercise
Socializing
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Beneficial Effects of Different Substances on 
Mitochondrial Functions

Gałęska E, Kowalczyk A, Wrzecińska M, García MC, Czerniawska-Piątkowska E, Gwoździewicz S, Witkiewicz W, Dobrzański Z. The Importance of 
Mitochondrial Processes in the Maturation and Acquisition of Competences of Oocytes and Embryo Culture. Int J Mol Sci. 2025 Apr 25;26(9):4098.

83

Therapeutic Approaches Targeting Mitochondria

•Coenzyme Q (Ubiquinol)
•N-acetylcysteine (NAC)
•Alpha-lipoic acid
•NAD+ precursors
•Urolithin a
•Vitamin D
•Vitamin C
•Vitamin E
•Vitamin A
•B Vitamins
•Butyrate

Zhang, J., Bao, Y., Zhou, X. et al. Polycystic ovary syndrome and mitochondrial dysfunction. Reprod Biol Endocrinol 17, 67 (2019). 
https://doi.org/10.1186/s12958-019-0509-4

•Selenium
•Resveratrol
•Leonurine
•Spermadine
•Melatonin
•L Carnitine
•Probiotics
•Omega 3
•Repair Gut Microbiome Support
•Magnesium

Supplements to help restore mitochondrial activity:

84
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Mitochondria 
and 

Melatonin

Bao Y et al. Melatonin as a Guardian of Mitochondria: Mechanisms and Therapeutic Potential in Neurodegenerative Diseases. Biology. 2026; 15:189.
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Omega 3 and Mitochondrial Function

.

Scientific literature from in vitro and in vivo studies - pivotal role of mitochondrial dysfunctions in 
molecular pathogenesis of multiple diseases: cancer, neurodegenerative diseases, 
cardiovascular diseases, etc

Oxidative stress - important role in pathogenesis of many diseases & in mitochondrial functions

Marcos Roberto de Oliveira, Seyed Fazel Nabavi, Seyed Mohammad Nabavi, Fernanda Rafaela Jardim, Omega-3 polyunsaturated 
fatty acids and mitochondria, back to the future, Trends in Food Science & Technology, Volume 67, 2017:76-92.

• Omega-3 fatty acids improve mitochondria-related redox status.

• Omega-3 fatty acids trigger mitochondria-related cell death.

• Omega-3 fatty acids modulate mitochondrial biogenesis.

• Omega-3 fatty acids restore mitochondria-related bioenergetics

86

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitochondrial-biogenesis
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https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full
Front. Aging Neurosci., Sec. Cellular and Molecular Mechanisms of Brain-aging. 2018 Volume 10 - 2018

Exercise and 
Mitochondrial 

Function

Exercise       
(specifically HIIT) 
improves insulin 

sensitivity & 
mitochondrial 

capacity

Zhang, J., Bao, Y., Zhou, X. et al. Polycystic ovary syndrome and mitochondrial dysfunction. Reprod Biol 
Endocrinol 17, 67 (2019). https://doi.org/10.1186/s12958-019-0509-4
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What About the Use of HRT?
I recommend physiological, cyclic dosing regimens, utilizing 

human identical hormones (vaginal or rectal P4 administration)

88

https://www.frontiersin.org/articles/10.3389/fnagi.2018.00124/full
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Low Estradiol Levels and the KEEPS Study
Serum levels of estradiol & estrone in  

random sample of women (n = 99) 
participating in Kronos Early Estrogen 

Prevention Study:
• (oCEE) oral conjugated equine 

estrogen: 0.45 mg/day
• (tE2) transdermal 17β-estradiol: 50 

µg/day 

• After Women’s Health Initiative -  
recommendations were for use of 
“lowest” dose of estrogen product. 

•                                                                                 
Note: serum levels 17β-estradiol in 
oCEE-treated group did not exceed 
levels indicative of menopause 
required for entry into study

89

DOSE OF ESTRADIOL 
MATTERS!!

High Serum Estradiol 
Needed for Optimal 

Cognitive Health

Asthana S et al. Neurology. 2001;57(4):605-612
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Physiological Levels 
of Estradiol Needed 

for Bone Health

Bord S et al. Bone.. 2001; 29(3): 216-222001
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• E2 preserves mitochondrial function - can inhibit mitochondrial damage-induced 
cellular senescence and potentially retard aging process

• E2 prevents senescence in cells, such as endothelial progenitor cells and bone 
marrow stromal osteoblasts 

17β-E2 prevents depletion of ATP, preserves ΔΨm,                              
and inhibits production of ROS–

and dose matters!

.Lemasters	JJ,	Qian	T,	Bradham	CA,	Brenner	DA,	Cascio	WE,	Trost	LC,	Nishimura	Y,	Nieminen	AL,	Herman	B.	Mitochondrial	dysfunction	in	the	
pathogenesis	of	necrotic	and	apoptotic	cell	death.	J	Bioenerg	Biomembr.	1999;31:305–319

E2 increases expression of longevity-associated genes, those encoding 
antioxidant enzymes superoxide dismutase and glutathione peroxidase

Benefits of Estradiol Replacement Therapy
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Hormone Replacement Therapy in a Nutshell
Estradiol:
• Use topical bioidentical product  -  commercial patches, gels, compounded cream, not oral or pellets
• Physiological dosing is best -  to get a blood level of E2 to 100 pg/ml or higher, as tolerated and per 

patient’s goals
• Future – possibly vary doses – proliferative (lower) vs secretory (higher) levels

Progesterone:
• Avoid progestins as much as can
• Cyclic P4 for approximately 14 days per month
• Use P4 vaginally (best) or rectally, or topical cream if must, as other options not tolerated
• Dose vaginally or rectally is 200- 400 mg
• Expect controlled, predictable bleeding after finishing the P4

Testosterone:
• Individually evaluated for need and goals
• Stay within the reference range, preferably in the 50 -75th percentile
• Use compounded cream product, not male product or pellets

93

Gersh FL, et al. Heart 2021;0:1–8. doi:10.1136/heartjnl-2019-316323

94



NMI Summit 2026 9-10 October 2026

48

Path to Happy Longevity:                                                
Improve HealthSpan by Optimizing E2 & P4                       
Mitochondrial Function + Lifestyle Medicine

Behav Neurosci 128(3) pg 326-43, 2014.
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Thank you!
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