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Previous talks at Ancestral Health Symposium:

2013 Atlanta The case against nutritional supplements

2014 Berkeley Myopia: a modern, yet reversible disease

2016 Boulder Living high and healthy

(why high altitude confers health benefits)



QUESTIONS

What explains the modern pandemics of
obesity, metabolic disease, immune disorders
and cancer?

Why are depression, anxiety and addiction
on the rise?

Is modern life too stressful?

Or do we suffer from a lack of beneficial stress?
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WHAT IS HORMESIS?

• Hormesis is the beneficial response of an organism to a low dose stressor that is 
otherwise detrimental or lethal at high doses.  (Goldilocks principle)

• Hormesis works by activating defense, repair and adaptation mechanisms.

• The result is supercompensation and increased resilience to stressors.
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Calabrese (2011)



HORMESIS IS WELL DOCUMENTED IN TOXICOLOGY
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Calabrese (2011)

• A review of ~ 9000 toxicology dose response curves in animals, plants, and microbes found 
19.5% of the studies showed 30-60% stimulation for low doses vs. control.

• The hormetic concentration for different agents can vary widely.

Alcohol effect on rat hormones Herbicide effect on oyster growth



WHY DOES HORMESIS EXIST?
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• We evolved to be able to adapt to 
changing environments.

• Hormesis was built into the 
earliest single cell organisms, and 
in all plants and animals studied.

• Without the capacity for hormetic 
adaptation, species become 
extinct.

The coral Acropora hyacinthus from 
American Samoa. About 80% of those 
found in warmer waters have evolved to 
resist “bleaching” vs. only 45% of those 
found in cooler water.

Thompson (2014)



EVOLUTIONARY MISMATCH
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“Ancient man was a hunter-gatherer, often travelling long 

distances to find food, avoid threats and seek shelter. 

In contrast, many modern western societies have transformed 

their surroundings in order to minimise (or even eliminate) 

environmental threats and stresses that our ancestors were 

exposed to, including food and water shortages, predation, 

infections, extremes of temperature and the need to carry out 

regular physical activity.”

Nunn (2010)

DOES A “HORMESIS SHORTAGE” EXPLAIN THE RISE OF METABOLIC 
SYNDROME?



BUT HOW DOES HORMESIS ACTUALLY WORK?
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What are the underlying biological mechanisms?



THE HORMETIC HIERARCHY
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Structural

Defense

Metabolic

Psychological



STRUCTURAL HORMESIS

Examples:
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STIMULUS HORMESIS

Resistance exercise Muscle hypertrophy

Weight bearing exercise Bone densification

Playing guitar, 
barefoot running

Callus formation

Distance focusing Myopia prevention

THE STRENGTHENING OR ADAPTION OF STRUCTURAL TISSUES IN RESPONSE 
TO MECHANICAL STIMULI SUCH AS PRESSURE, FRICTION OR STRETCHING.



• Activity:  Straining muscles causes micro-trauma 
and anti-inflammatory response.

➢ Repair is regulated by growth factors like IGF-
1, HGH and myogenic regulatory factors 
(MRFs).

• Mechanism: Satellite cells (skeletal muscle stem 
cells) differentiate into myofibrils that grow and  
fuse onto existing muscle fibers.

➢ The result is “supercompensation”, resulting 
in a net increase in muscle size and strength.

• Excess: Delayed Onset Muscle Soreness (DOMS), 
Pulled muscles
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Bazgir (2017)

RESISTANCE EXERCISE & MUSCLE GROWTH



SUPERCOMPENSATION
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https://en.wikipedia.org/wiki/Supercompensation



BONE STRENGTHENING
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• Activity: Bone density is increased by exercise.  
Weight training (e.g. squat), plyometrics, and impact 
sports are particularly effective. 

• Mechanism: New bone growth (osteogenesis) is 
stimulated when sufficient strain is applied to the 
fluid canals around bone cells (osteocytes).

➢ Deformation of integrin proteins in the 
osteocytes release Focal Adhesion Kinase (FAK), 
stimulating new bone growth.

➢ New bone cells (osteoblasts) migrate to the 
stressed area, depositing collagen that 
mineralizes and hardens the bone.

• Excess: Bone fracture

Hunt (2017);   Buarque de Gusmao (2009);   Yang (2015)

Loading strain

Bone

Osteocytes

Fluid

flow

FAK

FAK



CALLUS FORMATION
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• Activity:  Writing, guitar, rock climbing, ballet, 
barefoot running

➢ Formed on skin due to repeated friction or 
pressure in specific areas.

• Mechanism:  Cross-linking of protein and 
undifferentiated keratinocytes in epidermis by 
transglutaminase (TGK) in the epidermis.

• Excess:  Blistering

Greenberg (1991)

TGK



WHAT CAUSES MYOPIA (NEARSIGHTEDNESS)?
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WHAT CAUSES MYOPIA?
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INCREMENTAL RETINAL-DEFOCUS THEORY (IRDT)

• Mechanism:  Repeated retinal defocus slows the release of neuromodulators  
(glutamate, acetylcholine, GABA, dopamine, serotonin) responsible for retinal 
proteoglycan synthesis in the sclera (80% of the eye – the “white”).

• This weakens scleral tissue integrity, increasing the eye’s axial length.

• Repeated cycles of near-work transient myopia lead to an an increase in axial growth 
that leads to permanent myopia.

• Hyperopia results from the opposite process:  Focusing in front of the retinal induces 
the eye globe to grow shorter.

Hung (2003)

Axial

myopia

near

Distance
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AXIAL MYOPIA IS A CONSEQUENCE OF INCREMENTAL DEFOCUS INDUCED BY 
MINUS LENSES.



EVIDENCE FOR THE IRDT THEORY

Read (2010)

-

+

0

DEMONSTRATED IN CHICKS, MONKEYS….AND MOST RECENTLY IN HUMANS!

28 adults

Eye length 
measured 
using optical 
reflectometry

COPYRIGHT TODD BECKER 2018



While reading:

• Print pushing and plus lenses

For distance:

• Progressively weaker lenses

• Fusing ghosted images
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HORMESIS FOR THE EYES

USING ACTIVE FOCUS TO REVERSE MYOPIA.



DEFENSE HORMESIS

Examples:
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STIMULUS HORMESIS

Probiotic microbes Immune regulation

Food allergens
(e.g. peanuts, shellfish)

Immunotherapy

Xenobiotic chemicals:
• toxins
• phytochemicals
• oxidative stress

Upregulation of endogenous 
Phase II antioxidant enzymes

Aromatic chemicals
• HCAs
• PAHs
• (e.g. charred meat)

Detoxification by
Cytochrome P450 system
Phase I antioxidant enzymes

THE STRENGTHENING OF IMMUNE AND XENOBIOTIC DEFENSES AGAINST 
FOREIGN SUBSTANCES AND ORGANISMS, BY APPROPRIATE EXPOSURES.



PROBIOTIC IMMUNE REGULATION
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• Mechanism:  A key driver is not the introduction of 
“novel” foods or chemicals but rather the absence of 
exposure to key “co-evolved” gut and skin 
commensal microbes. 

➢ The “ancestral” microbiome stimulates 
regulatory T-cells that “educate” and moderate 
our B and T immunes cells not to over-react to 
antigens like pollen, dust mites and certain 
foodstuffs.

• Excess: Exposure to the wrong microbes or delayed 
exposure to the right microbes leads to infectious 
disease.

DRAMATIC RISE OF ALLERGY AND AUTOIMMUNITY IS NOT ASSOCIATED WITH
ADVENT OF NEOLITHIC AGRICULTURE; IT IS A RECENT RESULT OF URBANIZATION.



PROBIOTIC IMMUNE REGULATION
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DISEASE PROTECTIVE ORGANISM EXPOSURE CONTEXT 

Asthma
Autoimmune 
disease

H. pylori, T. gondii Untreated water supply 
(Korelia vs. Finland)

Allergies Lactobacilli and parasites 
(helminths)

Farms, cowsheds, animal feces  
(Sweden and Uganda)

Celiac disease Bifidobacteria, Clostridia Infancy and childhood

Multiple sclerosis Eppstein-Barr virus Teens or twenties

Autism Desulfovibrio, bacteriodetes, 
propionibacterium, helminths

Prenatal



XENOBIOTIC METABOLISM
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• Nrf2 transcription factor:  Master regulator of antioxidant defenses

• Activated by toxins, phytochemicals and oxidative stress – including exercise

• Inhibited by antioxidant supplements

Chemical
toxins

Done (2016).  Figure reproduced with permission

Antioxidant enzymes:

• glutathione transferase
• glutathione peroxidase
• glucuronysyl transferase
• quinone reductase
• epoxide hydrolase
• superoxide dismutase
• gamma glutamylcysteine



METABOLIC HORMESIS
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STIMULUS HORMESIS

Cardio and/or 
high intensity

training
Cardiovascular capacity

Fasting, 
carbohydrate

restriction

Autophagy, 
Keto-adaptation,

Longevity

Cold exposure Thermogenesis

Hypoxia
Mitochondrial

biogenesis

IMPROVED CAPACITY AND FLEXIBILITY TO UTILIZE DIETARY OR STORED ENERGY.

EXAMPLES:



Hypoxia

PGC-1-α
: PPAR-γ
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FNDC5/irisin

BDNF
: TrkB

ExerciseCold

Appetite
suppression

Exercise
salience

Insulin
Sensitivity

FNDC5/irisin

WATBAT

mitochondrial
biosynthesis

Thermogenesis Inflammation

master
regulator

PGC-1-α / FDNC4 / BDNF 

pathway

Autophagy

Calorie Restriction

leptin

REDD1

mTOR

in
h

ib
it

s

HORMESIS ACTIVATES A POWERFUL “STRESS SENSOR” THAT 
TRIGGERS WIDE-RANGING METABOLIC CHANGES



PGC-1α INHIBITS mTOR ACTIVITY
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What is mTOR?   (Mammalian target of rapamycin)

• Master regulator of protein synthesis and growth processes

• Associated with aging and degenerative diseases – such as cancer, 
cardiovascular disease, and dementia

• Hormesis up-regulates the stress-induced protein REDD1

• REDD1 represses mTORC1 activity

Dourangsone  (2012)



PGC-1α CASCADE SPURS AUTOPHAGY
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• Autophagy is “cellular 
housecleaning”

• Damaged proteins 
sequestered in 
autophagosomes

• Autophagosomes fuse 
with lysosomes

• Contents are digested

• Enhances cellular 
“fitness”, reduces 
frequency of apoptosis

Madeo (2010)
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Madeo (2010)

HOW AUTOPHAGY PROMOTES LONGEVITY

REDUCES

• Inflammation

• Apoptosis and necrosis (cell death)

• Senescence (cell aging)

• Oncogenesis (cancer genes)

INCREASES

• Innate immune response

• Removal of intracellular pathogens



FOOD FOR THOUGHT: WHY DO WE AGE?
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For more on this, read Spring Chicken by Bill Gifford, 
…and see my related post, “Live Longer!” on gettingstronger.org

GENETIC
PROGRAM

DAMAGE 
ACCUMULATION

HYPERFUNCTION

Advocates Jay Olshansky
Aubrey DeGrey
Suzanne Somers

Denham Harman Mikhail Blagosklonny
Valter Longo
Ron Rosedale

Drivers of 
aging

Fixed program
Maximum lifespan
Telomeres

Free radicals (ROS)
DNA damage

Overactive cellular 
processes: mTOR, 
inflammation, cell division, 
lipogenesis

How to live
longer

“Hack” program with 
hormones,
supplements and
telomerase

Take antioxidants
Avoid: toxins, UV, cell 
phones

Hormesis, especially after 
middle age: calorie 
restriction, exercise, cold, 
hypoxia, bitter herbs

Problems 
for the 
theory

Hormones & 
telomerase actually 
increase cancer

Antioxidants impair 
“oxidative” cellular 
signaling & repair;
Naked mole rat

Limited evidence
in humans



AGAINST THE ACCUMULATED DAMAGE THEORY
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• Naked mole rats live in dark underground burrows

• In captivity, they are exposed to much higher oxidation than in the wild

• Their proteins show much higher levels of oxidative damage than with 
normal lab mice

• Yet they show up-regulation of endogenous antioxidant protection
…and reduced mTOR activity.  

Blagosklonny (2011)

Normal lab mice live 3 years

Naked mole rats live 30+ years!
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Central metabolism (Brain and CNS)

• Stimulated by irisin from exercise, cold, hypoxia

• Produced in hippocampus and hypothalamus

• Promotes neurogenesis

• Suppresses appetite, increases metabolic rate (REE)

• Low BDNF is associated with obesity

Peripheral metabolism

• Despite it’s name, BDNF is also produced in muscle, fat, 
and liver

• Interacts with modulators of energy and appetite:  
insulin, leptin, cortisol

• Inversely correlated with blood glucose levels

• Increases thermogenesis, UCP-1

• Improves insulin sensitivity

Noble (2011)

BDNF
: TrkB

BDNF BDNF

BDNF

PGC-1α UPREGULATES BDNF 
(BRAIN-DERIVED NEUROTROPHIC FACTOR)
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• Nunn et. al. have proposed that hormetic activation of PCG-1α cascade 
promotes exercise salience by ramping up mitochondrial function, metabolic 
rate, and thermogenesis -- allowing the rapid release of energy on demand. 

• Conversely, Inflammation impairs mitochondrial function and energy release.

• Yet hormesis also activates anti-oxidant systems like Nrf-2 that protect against 
this inflammation.

• Hence, both the vigorous hormetic lifestyle and the sedentary inflammatory 
lifestyle tend to be self-reinforcing.

Nunn (2010)

PGC-1α CASCADE MAY COMBAT OBESITY BY MAKING US 
WANT TO EXERCISE

HORMESIS MODERATES APPETITE, BUT WHAT ABOUT THE OTHER SIDE OF 
THE EQUATION – THE URGE TO EXERCISE?



VIRTUOUS CIRCLE OF HORMESIS
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Hormesis

Mitochondria

Energy

Inflammation

Exercise Eating

Exercise

Cold/hot

Calorie restriction

Polyphenols



VICIOUS CYCLE OF INFLAMMATION
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Hormesis

Mitochondria

Energy

Inflammation

Exercise Eating

Sedentary life

Comfort

Caloric excess

Inflammatory foods



KETO ADAPTATION
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• Humans have remarkable metabolic flexibility and can function on a diet that is 
primarily carbohydrate or primarily fat. 

• It takes only a few days of fasting or eating a high fat / low carb diet to get into 
nutritional ketosis…but true keto-adaptation can take several weeks, and has not 
been extensively studied until recently.

• Keto-adaptation involves hormonal shifts, upregulation of hormone-sensitive lipase, 
fatty acid oxidation, adjustment of glycogen stores in liver and muscle, kidney and 
liver function, mitochondrial density and function, ROS production, preservation of 
membrane lipids (HUFAs), and insulin sensitivity

FOR FURTHER READING:

Phinney, Stephen and Volek, Jeff, The  Art and 
Science of Low Carbohydrate Performance, 2012

http://www.artandscienceoflowcarb.com



PSYCHOLOGICAL HORMESIS

Examples:

• Psychology: Opponent-process 
theory of emotion

• Neurology: Receptor control 
theory
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INCREASED RESILIENCE IN THE FACE OF 
DISCOMFORT, BY VOLUNTARY EXPOSURE TO 
CHALLENGES.



OPPONENT-PROCESS THEORY OF EMOTION
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• Developed by Richard Solomon and J.D. Corbit in 1974

➢ Explains motivation and emotions associated with addictive behavior , 
but also why stressful experiences often lead to sustained feelings of 
well-being

➢ Explains paradoxes of “hedonic reversal”

➢ Experimentally verified with animals and humans

Pleasures that engender addictions and 
subsequent withdrawal symptoms

Alcohol, cocaine

Gambling

Highly palatable, sweet foods

Smart phones

Solomon (1980)

Challenges that result in sustained 
pleasant feelings…after the event

Skydiving

Firefighting

Marathon running

Cold showers



OPPONENT-PROCESS THEORY OF EMOTION
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“During the first free-fall, before the parachute opens, military 
parachutists may experience terror:  They may yell, pupils dilated, 
eyes bulging, bodies curled forward and stiff, heart racing and 
breathing irregular. After they land safely, they may walk around 
with a stunned and stony-faced expression for a few minutes, and 
then they usually smile, chatter, and gesticulate, being very socially 
active and appearing to be elated.

After many parachute jumps, the signs of affective habituation are 
clear, and the fearful reaction is usually undetectable. Instead, the 
parachutists look tense, eager or excited, and during the free-fall 
they experience a “thrill”. The activity level is very high, with 
leaping, shouting…and general euphoria. This period, often 
described as exhilaration, decreases slowly in time, but often lasts 
for 2-3 hours.”

Solomon (1980), pp. 693-8



OPPONENT-PROCESS THEORY OF EMOTION
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Baseline state → State A→ State B
State A is either pleasant or unpleasant, but experienced as intense
State B is an opposite, inhibitory response

Repetition tends to decrease the intensity of State A, while increasing the intensity and duration of State B

Solomon (1980)
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D2 dopamine receptor activity in striatum imaged by PET brain scans

Volkow (2008)

Normal subjects show 
active D2 receptors 
in striatum.

Addicted or obese 
subjects show 
reduced D2 receptors
in striatum.

NOT JUST PSYCHOLOGY

EXCESS “PLEASURE” DOWN-REGULATES DOPAMINE RECEPTORS.
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• Prolonged cocaine use 
leads to to homeostatic 
down-regulation of 
dopamine receptors in 
basal ganglia

• This further sensitizes the 
reward circuit, 
perpetuating addictive 
cravings

Whitten (2009)

D2 dopamine receptor activity in striatum imaged by PET brain scans

NOT JUST PSYCHOLOGY

EXCESS “PLEASURE” DOWN-REGULATES DOPAMINE RECEPTORS.



HORMESIS INCREASES RECEPTOR DENSITY

COPYRIGHT TODD BECKER 2018

Study #1  (See figure at right)

• Caloric restriction of laboratory rats 
over 4 months led to significant 
increased D2 dopamine receptor 
activity.

Study #2 (No figure shown)

• In humans, exercise significantly 
increased D2/D3 receptors in 
abstaining methamphetamine addicts.  

➢ A control group of abstainers 
that did not exercise had no 
significant change in receptor 
activation.

➢ “Several lines of evidence 
suggest that high levels of 
striatal D2/D3 dopamine 
receptors may be protective for 
an individual against drug 
addiction.”  

Science Daily (2007);  Robertson (2016)

D2 dopamine receptor activity in 
striatum imaged by PET brain scans



PARADOXICAL EFFECTS OF ANTIDEPRESSANTS 
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• Anti-depressants can impair dopamine receptors. Extended use of SSRI’s has 
been found to down-regulate the post-synaptic serotonin (5-HT2A) receptors, 
making them less responsive.

➢ Extended SSRI use can lead to tolerance and withdrawal effects, making it 
a challenge to discontinue use of anti-depressants.

➢ While SSRI antidepressants work for many people, as many as 50% may be 
unresponsive.

• Exercise has an anti-depressive effect.  Rats subjected to the stress of 
maternal separation and forced swimming – but then exercised on treadmills 
for 6 weeks – had increased BNDF and reduced depressive behavior  vs. 
controls that did not exercise. 

Lelanie (2009); Volkow (2008)

IN THE SHORT TERM, SSRI’S INCREASE SEROTONIN IN THE SYNAPSE, 
INCREASING A SENSE OF WELL BEING.



A HYPOTHESIS: RECEPTOR CONTROL THEORY
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• Individuals have set points that regulate weight, energy and pleasure.

➢ The set points changed based on density and sensitivity of receptors for 
hormones, neurotransmitters and other signaling compounds

➢ Your body fat set point is determined by insulin and leptin receptor sensitivity, 
and can be modified by diet and exercise

➢ Likewise, your “pleasure set point” is governed by the density and sensitivity 
of receptors for dopamine, serotonin or other neurotransmitters.  

• Psychological hormesis – engaging in physical challenges – can increase our 
pleasure budget and make us more resilient to the hard knocks of life.

Increasing hormesis



GENERAL PRINCIPLES OF HORMESIS
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All four levels of hormesis embody several important principles:

• Plasticity. We are far more adaptable than most of us realize.  Significant and 
lasting change is possible!

• Specificity. The benefits of stress are specific to the timing and location of the 
stress.  This principle is sometimes called SAID (Specific Adaptation to Imposed 
Demand)

• Supercompensation. Hormesis grows out of the biological principle of 
homeostasis – resisting the stress and restoring equilibrium.  But at a hormetic 
dose, and with repetition,  the result is a net gain in strength or capability.

• Secondary adaptation.  While there are often short term or transient benefits of 
hormetic stress on a time scale of minutes or hours, significant and lasting 
transformations typically take weeks or longer to take hold.  Patience!

• Intermittency and stress oscillation.



PRIMARY AND SECONDARY ADAPTATION

COPYRIGHT TODD BECKER 2018

PRIMARY 
STRESS

PRIMARY 
RESPONSE

TIME
SCALE

SECONDARY 
RESPONSE

TIME
SCALE

Resistance 
exercise

Soreness (DOMs) 2 days Muscle hypertrophy 2-3 weeks

Active 
focusing

Transient focal 
“clearing”

1 hour Axial length change 6 months

Fasting Weight loss, onset 
of ketosis

1 day Keto adaptation, 
metabolic flexibility

2-3 weeks

Cold exposure Thermogenesis 5 minutes Shortened discomfort, 
sustained mood 
enhancement, weight 
loss

1 week

“BUILDING THE MACHINE” -- NOT JUST MAKING A TRANSIENT CHANGE 



STRESS OSCILLATION
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EXAMPLE ACTIVATION CONSOLIDATION

Exercise Workout Recovery, repair

Autonomic metabolism Sympathetic
active & focused

Parasympathetic, 
rest & sleep

Nutrition, fasting Fasting, autophagy,
energy utilization,  

Eating, digestion, storage

Psychological Challenge Comfort

Just as there is a hormetic dose, 
it is important to recognize the 
need for alternation between 
active stress and “consolidation” 
during rest & recovery



IN SUMMARY
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• Hormesis is everywhere in nature! 

• Hormesis operates at multiple levels – from tissue repair to 
psychological resilience.

• Hormetic challenge, in moderation leads to “supercompensation” that 
can increase performance, health and resistance to stresses. 

• Beyond the advent of novel foods and chemicals, the true 
“evolutionary mismatch” of our age could be a lack of hormesis!

So…

Get out there and add hormesis to your life!  
Try intermittent fasting, cold showers…maybe rock climbing or skydiving!
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