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Energy versus death — the problem
of mitochondria

Why do we eat? Why do we breathe?
How do we age?

Alexander Galkin

We will talk about

1. General metabolism: catabolism

2.
b LTS
3. Free radicals or ROS e el
&> :;‘J'Ia:"
4. Ageing AERRASK
5. Diet
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Energy and oxygen

Energy of C02 + H20
the Sun

Animals
Plants

‘' make sugar

Body
Work

Sugar + O,

A archaea
7GtC

viruses
0.2GtC

bacteria
70GtC

protists
4GtC

The biomass distribution on Earth

B molluscs nematodes
0.2 IGt C 0.02GtC

annelids
02GtC

wild birds
0.002 Gt C

fish
Vi 0.7GtC
/ arthropods
/o 1Gtc
wild
mammals
0.007 Gt C

humans
0.06 Gt C

|
qu i cnidarians livestock
12GtC 0.1GtC 0.1GtC

Baron et al., 2018, PNAS
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What is happening with oxygen?

Animals
O, +4e +4H* <€ > 2H,0
Plants
Oxygen molecules are being Plants are able to oxidise water
reduced by our body into water molecules and releasg O?
(O, accepts electrons=reduction) (H,0 loses electrons=oxidation)
RESPIRATION PHOTOSYNTHESIS

Human body as energy converting machine?

Work = moving, thinking,
making new parts,
Food = energy removing wastes

= PHILIPS

¥

100w}

| Clear
| Compact size

Very similar to burning, but slower and in a controlled way
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How do we measure energy in food?

—a e
Nutrition Facts
O | | Serving Size 1 02. (28g/About 15 chips)
N R
Calories 160 Calories from Fat 90
’ % Dailly Value*
Total Fat 109 16%
iy Saturatod Fat 1g 5%
S F Trans Fat Og
Polyunsaturated Fat 2.5
C| aSSIC Monounsaturaied Fat 59
- Cholesterol 0mg %
Sodium 170mg %
Potassium 350mg 10%
N Total Carbohydrate 159 5%
Diotary Fibor 19 5%
Sugars less than 1g
- Protoin 29
— j—-—ae———t
® Vitamin A 0% . Vitamin C 10%
FPuin Coe: Caicium 0% . Iron 2%
Ghtmemin € 852 = Toimein A%

AH= C XAT

thing a
fve calori d

Calorimeter

Carbohydrates =
Carbs,
Starch

CH,0H
H 0 H Ol H
H ‘ The grimary proiein siruciure
H Ho s the chain of amino acids
oH  H that makes:up the protein.
OH OH OH CH,0H
|
H OH O0H H i oxyt
o ¥ ee carmoxy group)
glucose fructose o Cohermiizs
CH;0H
H 0 H ENHg, H
(|
i A\ |~ N
H HO
OH H a
oH CH,0H
}
OH OH

What do we eat?
\/\/\/\/:\/\/\/\)L(,H

A free fatty acid

Sugars,
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Where does everything go?

Digestive system:

Foodstaff = sugars + proteins + fats

Salivary glands

Cook (external digestion!!)

Chewing/wetting

Swallow

Degrade to smaller molecules
Proteins — amino acids
Fats — fatty acids and other
Starch and sugars — glucose

Oesophagb's.

Stomach

Small Large

intestine

Absorption into blood and go to LIVER! = sspengi —
Controlling point => poison removal

What about air?
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Joseph Priestley
17741779

He found that a mouse kept with a plant would
survive and candle continues to burn.

Plants restore something that breathing animals
and burning candles remove. This gas was later
named "oxygen".
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Some organs need more energy

Food is converted into energy currency

NH,

ATP is universal source of energy occurring
in all cell types. In animals it is produced
during the degradation of foodstuff in
mitochondria.
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Food
(sugars, fats, proteins) ~
+
Oxygen
P '., Musc/e contractlon
Heart beating
Nerve impulses
ATP is formed and broken at a rate of around Tissue g(owth .
) DNA and protein synthesis
9x102° molecules per second, equivalent to a Cell division
turnover rate of ATP of 65 kg per day Transport

Detoxification




Where is ATP synthesized?

95% of ATP is generated here

All oxygen we breathe in is consumed
by mitochondria (~400 L per day)

~10"5 mitochondria in our body ~ 10% of the
body weight

Mitochondria contains its own DNA

There is no single mitochondrion, but
mitochondrial dynamic network

HAMAMATSU |
Live-Cell Imaging

DIGITAL VIDEO
- GALLERY

i
“(0 EDUCATION
in DIGITAL

IL:‘ 22

Mitochondria are red Mitochondria are green

IMAGING
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Unification of substrate
CARBOH

PROTEIN ’ =2 e

Amind

acids

® -

/N

Energy Water
=ATP

Eventually electrons end up on NADH

NAD* NADH

~ o= Electrons from food
oo HH O Lol .

[y 3 1
S NH; 3 NHz
c=i— : N t:-=0 ff/n‘-/\ Y ‘k -
t\w Djﬁ il \ Stepwise release

e
LM NAD y of energy used

OH OH NHy OH OH NHz to make

N N J.r-"""- L

o <1 et <1 ‘AR
° 2 2 o

H OH H

NAD* + 2e- +H* <> NADH

NADH=Electron shuttle which deliver s e- where
their energy can be converted to ATP

N

Hydrogen, electrons, @

and oxygen combine
to produce water

3/16/2021

10



Mitochondria couple NADH oxydation by oxygen
with ATP synthesis

Foodstuff

Membrane

electron at
high energy

electronat  ©
o
lowenergy o = © o
oo ©
o o o

Peter Mitchell

STAGE 1: ELECTRON TRANSPORT STAGE 2: PROTON GRADIENT IS Nobel Prize 1978
DRIVES PUMP THAT PUMPS HARNESSED BY ATP SYNTHASE
PROTONS ACROSS MEMBRANE TO MAKE ATP

) 8)

Electron transfer along respiratory chain is coupled with proton
translocation from one side of the membrane to another.

The difference in concentration of protons can drive special molecular
motor — ATP synthase.

3/16/2021
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Structure of mitochondrial respiratory chain
complexes and ATP-synthase

Respiratory chain V

NADHubiguinone Succinate
oxidoreductase dehydrogenase

Cytochrbme c
oxidase

bc, complex ATP synthase

ATP synthase

ATP F,
ADP + P,
stator ] i rotor John Walker
Nobel prize 1997
Fo

ADP + P;+ nH+y, <> ATP + nH+,

Proton flow through membrane part is coupled with ATP synthesis in the F, part
8-10H"* per 3 molecules of ATP
Reversibility: proton flow in one direction drives ATP-synthesis from ADP and P

ATP hydrolysis drives proton pumping in the other direction

3/16/2021
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Mitochondrial ATP-synthase is a designed
nanomotor

Al credits for copyrighted materials are listed at the end of this work.

ATP synthase

Actin filament
.f -

Coverslip coated with Ni-NTA

ATPase was attached to a glass cover slip and
a long filament was attached to the shaft top.

3/16/2021
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Mitochondria are main source of energy
production in a cell

Most likely mitochondria are responsible for production of ~95% of our ATP.

Inner mitochondrial membrane ~14000m2 ~two football pitch

During respiration in mitochondria oxygen undergoes
4-electron reduction:

0, + 4e + 4H* > 2H,0

but...

Oxygen can be reduced in a different way

Mitochondria are main source of energy
production in a cell, but...
During degradation of food and respiration there is a formation

of special byproducts of oxygen— so called
Reactive Oxygen Species or Free Radicals

These molecules want to react with
everything and damage all cells!

3/16/2021
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Reactive oxygen species (ROS)

One electron reduction of molecular oxygen
O,+1e—> O, Superoxide radical

(photochemistry or electron leak)

Dismutation of superoxide radical
0,7+ 0,7+ 2H* > H,0, Hydrogen peroxide

(hair lightening)

Transition metal ions catalyse
Fenton reaction
Fe?* + H,0, — Fe® + OH- + ‘OH Hydroxyl radicals

(house bleach)

Small fraction of electrons can “leak” from the respiratory chain and other
enzymes. Some of oxygen molecules can be reduced to form “free oxygen
radicals” or reactive oxygen species (ROS) — these molecules want to accept or
to release electrons to go to the lower energy state = they are highly reactive
and can interact with other molecules in a cell — proteins, DNA and membrane
lipids — and damage them

Sources of free radicals

sLeak from mitochondria and other systems (especially when the
diet is bad)

*Toxic compounds (sulfa drugs, antimalarial drugs, anticancer
drugs=chemotherapy)

FORMATION OF FREE RADICALS
«UV light from the Sun b ..
+lonising radiation . D M/%d)"
9 - )

*Smoking @ - @ ’
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How could mitochondria kill us at the end?

Mitochondrial free radical theory of ageing

¢
2 8 A & #
f\/\ (v iGN IR {'

Mitochondria make radicals as a byproduct of energy metabolism

Slowly, radicals damage mitochondria and mitochondrial DNA

More mutations occur and they slowly accumulate

U

Mitochondria cannot produce enough energy

U
Energy crisis and DEATH g2 ¥ Denham Harman

How to fight death and live longer?

Molecules that can scavenge free radicals are
called antioxidants (found in fruits and vegetables or

manufactured)
??

Caloric restriction after 30-40 yo — the less food is
going through the mitochondria, the less leak of
oxygen radicls would happen

Physical exercises strongly stimulate natural
mechanisms of radicals detoxification, new neurons
formation , etc

3/16/2021
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Antioxidants?

Antioxidants!

Life Preserver

E Forever Young

Cheat Death

Result:= -

No convincing evidence that antioxidants can prolong life
(may be they should be targeted to mitochondria!?)

Diet?

P p— -
Q\\'.
 — Female fruitflies 0 o
F z
Old fruitfies “Old" diet eed - § 60
&L -czn ......
. £ .«
&0 — Examine life span o ——Young diet
» —=—Old diet
201 p= -
Young fruitflies “Young® diet P=0.024 (Log-rank test)
0 0
0 10 20 30 40 50 60
Da
® — "
12-month-old mice 100 1 J
Skeletal muscle s |
of old deer Ol diet [ 4 80 r'
o [a
Feed ’:,‘ ] 'i»~1;, —
‘ — - < —'”"_‘41 F o0
T
Skeletal muscle “Young" diet Examine life span H q] Female
of young deer 4 > H Youn
P —— Young diet
i lﬂ!’l g0 ——Oldet
- P=10.047 (Log-rank lest)
Control diet 04

50 60 70 80 80 100 110 120 130
Weeks

SCIENCE ADVANCES | RESEARCH ARTICLE

BIOCHEMISTRY

: [ | Age-associated moleculal changes_aa’e deleterious and
Diet is important! may modulate life span through diet
Sang-Goo Lee,' Alaattin Kaya,' Andrel 5. Avanesov,’ Dmitriy 1. Podolskly,’ Eun Ju Song,™*

Du-Min Go,* Gwi-Deuk Jin,* Jae Yeon Hwang.* Eun Bas Kim "
Das-Yong Kim,® Vadim N. Gladyshev'®

3/16/2021
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Myths about diets

diet — combining food in three groups: alkaline, acidic, and
Raw food diet (food should be uncooked)
Paleodiet = caveman diet
Detox (accumulated waste removal
Zero calories food
Goji berries, vin®gar, lemon juice + olive cleans your guts
Metabolism boos®gjlls — “burn your food supplements

NO SCIENTIFIC EVIDENCE
NO RANDOMIZED COHORT STUDIES
YET?

ral

-
g

i\
N
|

satisfying

fat b

Vegetarian diet

WHO: Vegetarian diet is acceptable for adults if supplements are added

Vitamin B12 =cobalamin
Essential amino acids
Creatine (ATP-depot)

Polyunsaturated fatty acids
Iron and zinc.

Mortality in vegetarians and comparable nonvegetarians in the
United Kingdom'®

Paul N Appleby, Francesca L Crowe, Kathryn E Bradbury, Ruth C Travis, and Timothy J Key*
60,000 people were involved

In conclusion, our results suggest that United Kingdom—based
vegetarians and comparable nonvegetarians (including people
who eat fish but not meat and those who eat meat <5 times per
week on average) have similar all-cause mortality. The differ-

3/16/2021
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Vegetarian diet for kids

Vegan and vegetarian diet for young children and adolescent

Good or Bad?

There are direct and indirect evidence that vegetarian and vegan diets may be
associated with serious risks for growing children.

Animal Source Foods Improve Dietary Quality, Micronutrient Status,
Growth and Cognitive Function in Kenyan School Children:
Background, Study Design and Baseline Findings'?

"

12 schools
selecied for randomizalon
by aceessibiity and size

IBIN

BRITISHJOURNAL

OF NUTRITION

Improved cognitive performance and

Randomization of schoo's
(o Standard | classes)
(3 schools per group)

academic test scores, increased physical

activity and leadership and initiative behaviors et ]
in the “Meat” group .o

Atrtion
Sample for Anaiysis 123

MK Enery
144 147
1 16
132 131

@’l‘ho American Journal of
CLINICAL NUTRITION

Signs of impaired cognitive function in adolescents with marginal

cobalamin status™®

Marieke W Lowwman, Marijke van Dusseldorp, Fans JR van de Vijver, Chris MG Thomas, Jarn Schncede. Per M Ueland,

Helga Refsum, and Wija A van Staveren

Where to get information

www.pubmed.ncbi.nlm.nih.gov — Library of scientific peer-reviewed publications

www.cdc.gov - Center for disease control and prevention, USA

www.patient.info - Health information, UK

www.fda.gov - Food and Drug Administration, USA

3/16/2021
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Where to look for an answer?

Maybe look at long-living animals?

Relationship between maximum longevity
and adult body mass

6 -
v Homo sapiens o
g 51 ® .
= Heterocephalus
2 4
>
Q
(=]
R
£
E 2]
s % " CY)
E 1 o: - LAl
£

0

0 5 10 15 20

In (adult body mass) (grams)

AnAge: The Animal Ageing and Longevity Database

3/16/2021
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Ugly exception: Naked rat mole

Naked mole rats live ~30 years (not 3-4 years as other rodents)
They are mammals but their temperature is not constant

Has exactly 100 hairs

Underground colonies are organized like an bees or ants community with a

single breeding queen and workers and soldiers

Very different oxygen metabolism

SCience Bl ¢ GWHVWZ”S%SJ c s0g An0Xi3 (0%0)

8 ™~
2 @
8 5
———
E

Fructose-driven glycolysis supports 5 g
anoxia resistance in the g E

= 20 £
naked mole-rat N £
Thomas 2. Pari'*+ Jane Reanick,? Bethany L. Peterson,! Gregory Blass, E 2
Damir Omerbaiié,” Nigel C. Bennett,” P, Henning J. L. Kuich,® Christin Zasada,® = -
EBrigitte M. Browe,' Wicbke Hamann,” Daniel T. Applegate,' Michael H. Radke, ** :
Valéric gy Vine G. Anorese Vit Govindy Rihard . Mot [mouse (] naked mole-rat 0
Ewan St. J. Smith," John Larson,” Michael Gotthardt,**
Stefan Kempa,* Gary R. Lewin™'"*

F G 125
100-

g

% Survival
LVDP %baseline
> & 8

~
&

Oxygen metabolism

is a key!
mouse naked mole-rat
0 20 40 60 8 6 12 18 24 % naked mouse
Duration of Anoxia (s) Duration of Anoxia (min) mole-rat  30°C
30°C

arc
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Ugly exception: Naked rat mole

DWE’D

. VVORLD'S

g;li{?e mﬁesﬁ»

Feter Mitche” sets sail for the Chemiosmotic New World,

clcspitc dire wamings that he will be consumed

3/16/2021
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Thank you!

Questions?

| %

www.complexi.org

Truth about diets

Balanced diet — meet, fish, milk, grains, fruits and vegetables
It is better to eat less than more

Avoid regular consumption of fizzy drinks with a lot of sugar

(Coke, Pepsi, etc)

Reduce salt consumption

Avoid Trans-fat (partially hydrogenated oils) — in many cookies, E

doughnuts, cakes, frozen pizza, butter-like spreads

Most likely red processed meat should be limited

3/16/2021
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At what oxygen concentration do we

O, consumption rate

live?

0
10-®

Ll 1oa1a —-—A-—nn‘nf.
10-7 Ll 10-
(0], M
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sSu PERE‘?’E‘[')“S'
i
DETOX & CLEANSE

POWDER

Detox and cleanse

“cleanse your system and whisk away the polluting

nasties and toxins”

NOT TRUE!

No toxins were shown by these companies
Cannot remove what is not there

ORGANIC [

THE 30-SECOND

TOXIN P
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A colony of mole-rats at the University of Cambridge, UK

Genome is known = we know all the genes
(DNA sequence)

D The Naskes Mote

fat Genome Fe X 4

€ + C @ Notseoure | naked-mole-ratorg

_/‘) Al (GensEipesscn  Dowiidads  BLAST  Gefome

ENSMUSGOD || Saarch

The naked mole-rat (Heteroceph

is glaber) is a fascinating subterranean rodent that offers great promise as a
biomedical model of resistance to disease, and diseases of ageing in particular. It is the longest-lived rodent and is
exceptionally resisiant to neoplasia, making it a unique model for research on ageing and cancer as well as other traits
such as metabolic regulation, development, pain and behaviour.

Searching the genome

This ate aims 1o ofthe ©
better a e g tis uniqe
Grganism. We develop ganoms resourcss that fasiltats shudes on the naked mole-ral at
various loveis (6.9, csBular, moleclar, geneti and biochemical), Speotially, wa make
avaiabls the banchmark Aakod mele-rat ganome (HatGla_emala_1 0; skas: haiGiaz)
sequenced at the Ercad Inst1ts and annctated by the NCEI, Scaficids, genss (coding

0.4 P53, ENSMUSG00000059552

‘sequences) and proteins an ba cearched, BLASTed and downloadod, We also
daveloped a ppeline for gane expression

ra

earchads. Singe our am s 10
‘encaurage studies in this smerging biomedical modst, we ars hapgy to wark wih the

and the public to o the naked
molsat as a model of haalthy ag6ing Snd Cancsr resisiance Plsass contact ug Il you
Fave any questions of comments.

Database Statistics (v1.1)
S trp e o sinson
Soationt e

GCading ssquence 117

Srow searea hepp

Aletot t ganes alea n ths fab
‘sasy discovery of knovin agsing ganes

10 allow

BLAST search

For saarching 8aquSn05 YoU 630 Uss our BLAST 2a1vc 10 algn a gvsn 5qUsnce
to scaticids and gones/proteins

Go to BLAST search page «




What do we eat?

Chocolate = fats + sugars
Steak = proteins + fats Burger =proteins + fats + sugars
Beans = proteins + sugars

PROTEIN

Whey
Lean Meat
Low fat diary
Fish
Seafood

Grains
Rice
Potato
Veggies
Fruits

CARBS

Cornelis Drebbel (1620)
Netherlands

Production of “breathable gas” for the first submarine
150 years before Priestley!

3/16/2021
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Our body is composed of different cells and
every cell needs energy!

J i W '%%\\

Blood cells Surface skin cells Bone cell

A

Cardiac muscle cell

Columnar epithelial and Goblet cells m

2 Skeletal muscle cells
“‘@——

Smooth muscle cells

Neuron

How much energy is in our food?

@+ €
g For 10-13 yo

FRENCH . NN CHOCOLATE

FRIES (1 cup) ‘ .

CHOCOLATE 380 calories cHepDAR cHeese  PONUT (1pe 1 600-1800 calories/day

MUFFIN (I pc) (3 cubes) calories

410 calories 110 calories -
% % ’;’ : V
i f q.. -
L R
= Q;'G‘E‘mm ‘PTZ; MULTIGRAIN
L BREAD (1 slice)
CHICKEN (1 slice) 110 calories
CAESAR SALAD 357 calories SODA POP
534 calories = (1 bottle)
135 calories
@ . No such thing as a
/ =] L _‘a\/-«- . s
— CHOCOLATE CHIP % “eygative-calarie feed
ICE CREAM HARD BOILED ~ COOKIES (2 pcs)
EGG (1 egg) 140 calories POTATO CHIPS
SANDWICH (1 pc) 78 calories (15 chips)
180 calories 160 calories

3/16/2021

27



More stuff and bioenergetics links

http://go.qub.ac.uk/Galkin

)3‘5'”‘ ueen's University

ool of Biological Sciences
Ny 4

15’ Sonabook by Harold Baum

Mitochondria couple food molecules degradation
and oxygen consumption with ATP synthesis

All credits for copyrighted materials are listed at the end of this work.
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How do we measure energy in food?

Fish sovp
100 calories/3 02 50—!00 calories/
wp
Air Popped
Popcorn
(no bvtter)

Lean beef
160 calories/3 02

%@@

13 calories/3 cvps Grages (and gretty
much any fruit)

Apple 50-100 calories/cvp

50 100 calories

Anything
wholegrain/
whole wheat
Calories vary

o SKinless chicken oatmeal
N 100 calories/ 150 calories/
half cvp hatf cvp

All vegetables
5-80 calories/cvp

How does everything go into blood?

Hepatic portal vein

Lumen 2 TR
200m i, Microvilli

To liver

Lacteal

Lumen

Capillary
bed

Villi

Intestine villi Epithelium

3/16/2021
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What is the source of oxygen in the blood?

Pulmonary artery Pulmonary vein
(blood from heart) 270NN (ioon 1o hean)

Carbon dioxide (CO,)

Oxygen (O;)

Trachea

Bronchial
tubes

Capillary network
surrounding alveoli

A bit of chemistry

NH,
| . .
N N ATP is regarded as a universal source of energy
T 1 i H— _, occurring in all cell types. In animals it is
S S ) produced during the degradation of foodstuff.
o o o Adenine
Phosphate groups H H
OH OH ATP — ADP + P; + energy
Ribose
(A)

(B}

C
SN

&
\.
|
‘ o
®
\%
=

| wll (=)
e — P o/

Burning (oxidation) of food
to CO, and H,O produces
heat only

Cells can store energy during

ATP is used to drive any
food oxidation in form of ATP

cellular processes
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