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Mitochondria and  
stress hormone synthesis?



Mitochondria synthesize glucocorticoid and sex hormones
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A
 thin fold of the inner m

em
brane is the com

m
onest configuration of the cristae 

m
itochondriales. A

n alternative form
, found in m

any protozoa and in certain organs of 
m

etazoa, is 
a slender 

villus or 
blind-ending tubule. 

A
m

ong m
am

m
alian tissues 

m
itochondria w

ith tubular cristae are frequently observed in steroid -secreting cells 
such as the Leydig cells of the testis, cells of the corpus luteum

, and cells of the adrenal 
cortex. They are exceptionally w

ell developed in the m
itochondria of the adrenal cortex 

illustrated here. The interior of these long m
itochondria is crow

ded w
ith unbranched 

tubular cristae of uniform
 diam

eter, extending nearly the full w
idth of the organelle. 

Their tubular form
 is evident in several places, indicated by arrow

s, w
here they have 

been cut transversely and present circular profiles. 
This shape of the cristae is evidently specifically related to the biochem

ical 
function of the cells, for in fetal and neonatal life the m

itochondria have the usual 
lam

ellar cristae 
but then develop tubular cristae 

as the cells 
becom

e active 
in 

steroidogenesis. Lam
ellar cristae m

ay persist in lim
ited areas of the m

itochondrion in 
the m

ature gland. O
ne such area is m

arked by an X
 at the low

er edge of the figure. 

Figure 240. 
A portion of a cell from

 ham
ster adrenal cortex 

Figure 240 

449 

DOPA

NE

E

Cholesterol 

ER

Mitochondrion

Pregnenolone

StAR

P450SCC

17αH

3βHSD

21H

11βHSD

Cortisol

Cortisol

Tyrosine
TH

DBH

PNMT

MAO-A

MAO-B DA

AADC

Cortisol pathway 
Catecholamine pathway
Degradation

mtDNA

Adrenal gland

?

Picard, McEwen, Epel, Sandi. An energetic view of stress. Front Neuroendocrinol 2018



Nature Metabolism

Perspective https://doi.org/10.1038/s42255-023-00783-1

network distribution of mitochondria within the cell cytoplasm and 
perinuclear region92,93, or in specialized appendages such as presyn-
aptic terminals94, also bear direct functional significance, but only in 
the context of the cell.

Mitochondrial features. Features are the intrinsic building blocks of 
mitochondria. They are generally static molecular components, such 
as the abundance of specific proteins, membrane lipids, mtDNA integ-
rity, the density and configuration of cristae membranes, and many 
other quantifiable metrics. Most omics platforms (such as proteomics, 
lipidomics, transcriptomics and genomics) target static features. As 
demonstrated in MitoCarta52, profiling mitochondrial features pro-
vides rich information on the molecular specialization of mitochondria 

(that is, the hardware). However, quantifying mitochondrial features 
does not reflect their functional capacity or behaviours in their cellular 
context. Static measures of mitochondrial morphology and ultras-
tructure, which include quantitative measures of size (volume) and 
morphological features (length, three-dimensional morphological 
complexity, cristae density, and so on86,95) also belong to the category 
of mitochondrial features.

Mitochondrial activities. Activities are single-enzyme activities that 
are measured as dynamic processes, such as the biochemical activity 
of monomeric (for example, CS) or multimeric (for example, pyruvate 
dehydrogenase complex) enzymes. Activities are made of features but 
do not classify as mitochondrial functions. Mitochondrial activities 

a  Morphological and ultrastructural diversity of mitochondria across mammalian tissues and cells

b  Mitochondrial subpopulations in mouse brain hippocampal neurons c  Mitochondrial subpopulations in mouse and human skeletal myofibre
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Fig. 3 | Diversity in mitochondrial morphology. a, TEM micrographs 
of mitochondria in mammalian tissues and cultured cells. The 143B-ρ0 
mitochondrion lacking mtDNA is from ref. 215. Adrenal mitochondrion 
reproduced with permission from ref. 216. Liver, pancreas, brown adipocyte 
and Leydig cell mitochondria reproduced with permission from ref. 73; other 
images are from M.P.’s laboratory). Note the natural variation in morphology 
(gross shape of mitochondria), in ultrastructure (positioning and organization 

of internal cristae membranes) and overall electron density (reflecting density of 
molecular components). b,c, Three-dimensional reconstructions (b) of neural 
mitochondria from the subcellular compartments of large granule neurons 
in the mouse dentate gyrus (adapted from ref. 85), and of skeletal muscle (c) 
mitochondrial phenotypes between the SS and IMF regions of human skeletal 
muscle fibres (adapted from ref. 86). Note the variation in morphological 
complexity and volume within the mitochondrial population of the same cell.

Different mitochondria types (mitotypes)

Monzel et al. 
Nat Metab 2023

Nature Metabolism

Perspective https://doi.org/10.1038/s42255-023-00783-1

include the isolated enzymatic activities of OxPhos complexes96 and 
any other enzymatic activities, the isolated activity of individual IMM 
transporters like the ATP/ADP antiporter, proteases, polymerases, 
helicases, metabolite and ion transport across the IMM, to name a few 
examples.

Mitochondrial functions. Functions require at least one step to be 
physically localized within the mitochondrion, and generally involve 
multiple activities contributing to the conversion of an input into an 

output. ATP synthesis, Ca2+ homeostasis, lipid synthesis and many 
other processes are mitochondrial functions enabled by the interac-
tion of two or more (often dozens) molecular features and activities, 
cooperating as an integrated system. For example, the conversion of 
electrons from reducing equivalents into an electrochemical gradient 
(that is, membrane potential, ∆Ψm + ∆pH) is considered a mitochon-
drial function. Similarly, protein import requires the interaction of 
multiple proteins and activities to transport and process proteins from 
the cytoplasm to the mitochondrial matrix. Some functions include 
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Fig. 4 | Terminology for mitochondrial science organized as a hierarchy 
of mitochondrial needs. a, Inspired by Maslow’s pyramid of human needs217, 
depicted is a hierarchy of biological organization from molecules to complex 
organellar behaviours. Lower levels combine to enable higher levels of 
organization. Each level can be studied using specific types of laboratory 
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to examine and perturb mitochondrial biology. Biomedical terminology related 
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(middle) are provided as parallel illustrative examples at each level of description 
for mitochondrial biology.



Cellular lifespan model of chronic stress

Natalia Bobba-AlvesGabriel Sturm
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Trajectories of cellular aging ± Dex

Bobba-Alves et al. PNEC 2023
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Chronic Dex treatment causes hypermetabolism

Bobba-Alves et al. PNEC 2023



Bobba-Alves et al. PNEC 2023

Mitochondrial DNA content
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Spare energy transformation capacity



Increased ATP demand


Increased mtDNA density


Increased energetic reserve capacity

What is costing excess energy?



Bobba-Alves et al. PNEC 2023

Extracellular secretion
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What are the consequences of 
hypermetabolism?



Reduced lifespan in Dex-treated cells

Bobba-Alves et al. PNEC 2023



Reduced lifespan in Dex-treated cells
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Modest acceleration in telomere shortening rate

Bobba-Alves et al. PNEC 2023



Chronic Dex accelerates epigenetic aging

Bobba-Alves et al. PNEC 2023



Correlation of cell death and hypermetabolism

Bobba-Alves et al. PNEC 2023
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Correlation of cell death and hypermetabolism
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CenturiesYears / DecadesSeconds

HYPERMETABOLISM

Hypermetabolism is an increase in the amount of  
energy needed to sustain one’s life over time

Rate of living hypothesis?
Why is hypermetabolism associated with aging?
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Are brain cortical mitochondrial phenotypes linked to 
stress, and psychosocial exposures/experiences?



Rosenberg et al. Nat Commun 2023
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Figure 1. Enzymatic activities by mouse brain region. (A) Experimental design. (B) 17 brain regions of interest, labeled by name and distance from bregma, with red circles 
indicating bilateral punch locations.  Images acquired from the Allan Mouse Brain Atlas (Dong, H. W. The Allen reference atlas: A digital color brain atlas of the C57Bl/6J male mouse. 
John Wiley & Sons Inc. (2008). Abbreviations expanded in Table 1. 

CA3, VTA, V1 SN DGv PAG Cereb, VN
-2.58 -3.08 -3.38 -3.78 -6.382.42 1.22 -0.48 -0.68 -1.78

OFC
mPFC, CPu, 

NAc, M1 Hypoth Thal DGd, Amyg

B

Bregma:

Region:

Figure 1

A

10 days

3 months

Social Interaction 
TestSocial Defeat

Corticosterone

+1 day

Open Field 
Test

Elevated Plus 
Maze 

op
en

ed

closed

Novelty Suppressed 
Feeding

+2 days

+2 months

SI Test OFT 

+1 day

+2 days+2 days+1 day

+1 day

Open Field 
Test

+1 day

Recovery     
(n=6 SD, 3 ctrl)

Sacrifice        
(n=6 SD, 3 ctrl )

(n=12 SD, 6 ctrl)

(n=5 CORT, 5 ctrl)

Sacrifice             
(n=5 CORT, 5 ctrl) 

Sacrifice 
(n=9)

Cryosection 
(n=28)

1mm punches 
(n=17)

Enzymatic 
activity assaysqPCR

H+ H+

H+
H+

Respiratory 
Chain

mtDNA

H+

TCA 
Cycle

I

II

III IV

V

H+

H+

H+ H+

H+

H+
H+

H+

H+

H+

H+

H+

H+
O2 H2O

H+

H+

H+

H+

H+

H+
H+

H+

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

H+

H+

H+

H+

+

LiverHeart

Adrenal 
glands

White 
gastrocSoleus

Whole Brain 

Mitochondrial phenotyping

Figure 1. Enzymatic activities by mouse brain region. (A) Experimental design. (B) 17 brain regions of interest, labeled by name and distance from bregma, with red circles 
indicating bilateral punch locations.  Images acquired from the Allan Mouse Brain Atlas (Dong, H. W. The Allen reference atlas: A digital color brain atlas of the C57Bl/6J male mouse. 
John Wiley & Sons Inc. (2008). Abbreviations expanded in Table 1. 

CA3, VTA, V1 SN DGv PAG Cereb, VN
-2.58 -3.08 -3.38 -3.78 -6.382.42 1.22 -0.48 -0.68 -1.78

OFC
mPFC, CPu, 

NAc, M1 Hypoth Thal DGd, Amyg

B

Bregma:

Region:

Figure 1

A

Figure 4

PCA Analysis

Figure 4. Mitochondrial function-based “connectivity” across anatomical brain regions. (A) Correlation matrix of mitochondrial functioning across brain regions, using all 6 
mitochondrial measures, and all animals (n=27). The matrix is ordered by hierarchical clustering (Euclidian distance, Ward’s clustering). (B) Global connectivity based on the 
average correlation for each brain region with all other regions. (C) (D) (E)

Similarity in mito features based 
on regional activities

My understanding was that the PCA was a first way in which Manish tried to cluster brain regions. Then he went the 
other way using multi-sclice? If so, we could present the results from the multi-slice, and say using PCA achieved 
similar results and say that PCA resulted in similar conclusions (and have a supplemental figure if Manish wants).


Or maybe I got this wrong…
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Nice

P values?

Chance level?

Chance level?

What are the boxes on the right and side panel of B? Could you use violin plots with each datapoint a 6x6 square?

Alternate presentation for previous figure?

Are we keeping this for two figures?


One figure I think would be best since it’s addressing a similar question - let’s see what Manish thinks
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Multiple linear regression adjusted for sex and cognitive status; cell type abundances
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Psychobiological associations in human brain mitochondria
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Psychobiological associations in human brain mitochondria



Trumpff et al. BioRxiv 2023Anna MonzelPhil de Jager



Trumpff et al. BioRxiv 2023



INDIVIDUALS

ORGANS

CELLS

MITOCHONDRIA

& ORGANELLES

COMMUNITIES



CynthiaAnna

Caroline

Gabriel Eugene  
Mosharov  
Sulzer Lab

Natalia



Collaborators

Michio Hirano 
Catarina Quinzii

CUIMC Neurology


Brett Kaufman

Pittsburgh University


Gyuri Hajnóczy 
Erin Seifert 

Thomas Jefferson University


Orian Shirihai

Mike Irwin

UCLA


Vamsi Mootha

Rohit Sharma

Harvard & MGH


Edward Owusu-Ansah

CUIMC Physiology & Biophysics


Ryan Mills 

University of Michigan


Gilles Gouspillou

UQAM


Tonio Enriques

Madrid

Robert-Paul Juster

Université de Montréal


Elissa Epel

Jue Lin

Aric Prather

Ashley Mason

UCSF


Eli Puterman

UBC


Clemens Kirshbaum

Dresden University


Anna Marsland

Rebecca Reed

Pittsburgh University


Suzanne Segerstrom

University of Kentucky


David Almeida

Penn State University

Mitochondrial Biology 
& Medicine

Psychosocial Sciences Biological Aging
Steve Horvath

Morgan Levine

Altos


Albert Higgins-Chen

Yale


Marie-Abèle Bind 

Harvard


Luigi Ferrucci

NIA Intramural


Alan Cohen 
Dan Belsky

Linda Fried

CUIMC Mailman & Aging Center


Brain Neurobiology  
& Neuroimaging

Marie-Pierre St-Onge

Dympna Gallagher

Michael Rosenbaum

CUIMC Medicine


Chris Kempes

Santa Fe Institute


Herman Pontzer

Duke


Sam Urlacher

Baylor

Energy expenditure & 
metabolism

Phil De Jager 

Hans Klein

Vilas Menon

Stephanie Assuras

CUIMC Neurology


Eugene Mosharov

Dave Sulzer

John Mann

Maura Boldrini

Mark Underwood

Gorazd Rosoklija

Andrew Dwork

Chris Anacker

Dani Dumitriu

Catherine Monk

Vincenzo Lauriola

Richard Sloan

Caroline Trumpff

CUIMC Psychiatry


Tor Wager

Dartmouth


Michel Thiebaut de Schotten 

CNRS Bordeaux


Manish Saggar

Stanford


Anne Grunewald

University of Luxembourg


Carmen Sandi

EPFL


Efrat Levy

Pasquale D'acunzo

NYU

Kris Engelstad 

Catherine Kelly

Shufang Li

Anna Monzel

Mangesh Kurade

MiSBIE & MDEE Teams



iSBIE
rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNAComplex IComplex IIIComplex IVF0F1 ATP synthasetRNAs

mRNA

non-coding

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNA
Complex I
Complex III
Complex IV
F0F1 ATP synthase
tRNAs

mRNA

non-coding

rRNAComplex IComplex IIIComplex IVF0F1 ATP synthasetRNAsmRNA non-coding

rRNAComplex IComplex IIIComplex IVF0F1 ATP synthasetRNAsmRNA non-coding rRNAComplex IComplex IIIComplex IVF0F1 ATP synthasetRNAsmRNA non-coding

rRNAComplex IComplex IIIComplex IVF0F1 ATP synthasetRNAsmRNA non-coding

rRNAComplex IComplex IIIComplex IVF0F1 ATP synthasetRNAsmRNA non-coding

rRNAComplex IComplex IIIComplex IVF0F1 ATP synthasetRNAsmRNA non-coding

STRESS

BR
AI
N

EP
IG
EN

ET
IC
S

Columbia University
Irving Medical Center

Downloadable 
presentation slides



ALLOSTATIC 
RESPONSES

ALLOSTASIS

ACUTE 
STRESS

Acute response patterns and 
predictive recalibrations within the 

range of adaptive capabilities

ALLOSTATIC LOAD

ALLOSTATIC 
STATES

CHRONIC 
STRESS

Chronic, energetically-demanding 
recalibrations towards new 

regulatory set-points

ALLOSTATIC OVERLOAD

CHRONIC 
AL

Hypoactive 
system

Hyperactive 
system

System 
dysfunction

System 
breakdown

Disrupted 
communication

Breakdown of physiological network 
leading to symptoms, accelerated 

aging, disease, and death

(e.g., heart failure)

(e.g., high HbA1c)

(e.g., inflammation)

(e.g., ANS, low HRV)
(e.g., blunted hormonal 

response)

Life-sustaining processes 
driving homeostatic 

regulation

Energy 
expenditure

Organismal 
network

Bobba-Alves, Juster, Picard. Psychoneuroendocrinol 2022

Energetic Model of Allostatic Load (EMAL)



Normal partitioning of 
energetic costs

Awake

Vital functions

(during sleep)

Life-sustaining processes:

1. Cognitive processes  

(Sensory functions, appraising, planning, emotion regulation, rumination, etc)

2. Physiological (organ-level) processes  

(Thermoregulation, digestion, muscle contraction, immune regulation, heart beat, sweating, etc)

3. Intercellular communication  

(Cytokines, hormones, neurotransmitters, mitokines, etc)

4. Sub-cellular processes  

(Gene expression, protein synthesis, epigenetics, membrane potential, etc.)

Allostasis Predictive regulation and activation of stress-response axes  
(HPA, SAM, immune regulation, behaviors, others)

Reserve Energy transformation capacity not consumed by  
basal life-sustaining processes and normal allostasis.

Growth 
Maintenance


Repair

Energetic costs of invested in the production of new cells (e.g., growth in children, neurogenesis),  
maintenance of biological and physiological functions (e.g., stem cell maintenance),  
and repair of molecular or tissue damage (e.g., DNA repair, elimination of dead cells).

TOTAL ENERGY 
EXPENDITURE

TO
TA

L 
EN

ER
G

Y 
BU

D
G

ET



Somato-cognitive Energy 
Conservation (SEC)

Molecular imperfections

Cell senescence


Higher-order dysregulations

Other aging processes

Inflammaging 
SASP

Metabolites

Other factors

Affective states

Behaviors, inactivity

Hormones

Physiology

Sensory and  
other deficits

Manifestations of aging

Hypermetabolism Hallmarks of aging

Direct eff

Shaulson, Cohen, Picard. Preprint (osf.io/zuey2)

http://osf.io/zuey2


GDF15

CXCL7

IL-6 IL-1b

MMP7

SASP factors &  
Inflammaging

B2M VEGFA

TNFR1 Others

Hypermetabolic 
senescent cell

ISR activation

Cytokine & 
metabokine release

Innate immune 
activation

mtDNA

Intracellular DNA 
sensors

EN
ER

G
Y 

C
O

N
SE

R
VA

TI
O

N



P
H

Y
S

IO
LO

G
IC

A
L 

C
O

S
T 

S
AV

IN
G

S

Manifestations of 
aging & Frailty

Whole-body 
energy 

expenditure

⬇︎

Anatomical changes

Brain 

volume

Arteriorvascular 
flexibility (fibrosis)

Muscle 

Mass

⬇︎ Immune 
repertoire⬇︎ Strength ⬇︎ Reproduction

Functional tradeoffs

⬇︎ ⬇︎⬇︎

Chronic 
effects

ME

Vagal afferents

Circulation

NTS

AP ARC PVN

LH

PBN

Pit.

SNS

PSNS

Sensing Integration Output

Environmental & 
Social cues

D

Ventricle

Circumventricular organ 

Neighboring nuclei

Macrophage-like cell 
expressing TLR

SASP/PAMPs 

Cytokines

SO
M

AT
O

-S
O

G
N

ItT
IV

E 
SI

G
N

A
LI

N
G

⬇︎ Food intakePhysical 

activity

Social 
connections

Hepatic 
gluconeogenesis

WAT 

lipolysis

Muscle protein 
catabolism

Behaviors 

Systemic metabolism

⬇︎ ⬇︎ ⬇︎

⬇︎⬇︎

Neural & 
hormonal 
outputs

Shaulson, Cohen, Picard. Preprint (osf.io/zuey2)

A detailed view of somato-cognitive signaling

http://osf.io/zuey2

