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In Part 2 we will cover some supplementary markers and
potential therapeutic support

Supplementary biomarkers:

Mitochondrial massRatio ofmtDNAto nDNA
(MtDNA:nDNA

PGGv " nditobiogenesis regulator

What to do to increase/decrease mitochondrial mass?
Mitochondrial stress test

Nrf-2, antioxidant regulator

How to quell excess oxidative stress?

Mitochondrial fuel utilisation
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Mitochondria have their own DNA

MtDNA:NnDNA
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SourceMMD GmbH & Co KG Author Piiof. Brigitte Konig;Hoffmann A, Spengler D. The Mitochondrion as Potential Interface in

EarlyLife Stress Brain Programming. FrBehaviNeurosci 2018 Dec 6;12:306itps://en.wikipedia.org/wiki/Mitochondrial DNA
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https://en.wikipedia.org/wiki/Mitochondrial_DNA

It is possible to compare nuclear DNA to sets of mitochondrial
DNA per cell: one to many

MIDNA:NDNA

R Y

Nucleus Chromosome

The cell nucleus has only There are many mitochondria
one copy of DNA in each cell,

each with their
own DNA

Mitochondria

Mitochondrial DNA

Sourcehttps://en.wikipedia.org/wiki/DNAhttps://en.wikipedia.org/wiki/Mitochondrial DNAImages free
to use under Commons Licensgp://book.bionumbers.org/howbig-are-mitochondria/ 26.09.2025 6
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Ratio of mitochondrial DNA to nuclear DNA shows ASNM

the mitochondrial mass in the cell

DNA tests: mtDNA:nDNA

Ratio of mitochondrial DNA to nuclear DNA

Example 1:

Orthomolecular and mitochondrial medicine

DNA

Test Result Reference range

ratio mtDNA:nDNA 202 B & s

Number of mitochondrial DNA copies per 1 copy of nuclear DNA

Referencerange ratio mtDNA:nDNA

_ 100-150 150-200 200-250 250-300 300-500 _

The ratio of mitochondrial DNA to nuclear DNA is normal, though towards the
lower end of the reference range.

Nuclear DNA remains stable at a unit of 1, but mitochondrial DNA will increase
proportionally to the number of mitochondria in the cell.

It is important to note though that this does not mean that the mitochondria
being detected are healthy/intact.

26.09.2025
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MtDNA:nDNAC numbers pathologically high/low

MtDNA:NDNA
Ratio mtDNA:nDNA 82 e B B |
Number of mitochondrial DNA copies per 1 copy of nuclear DNA
Ratio mtDNA:nDNA 1039 B B |

Number of mitochondrial DNA copies per 1 copy of nuclear DNA

Reference range ratio mtDNA:nDNA

_ 100-150 150-200 200-250 250-300 300-500 —

Too low (top example):
The cell is unable to counteract the lack of energy by increasing the number

Too high (bottom example)
The cell is trying to counteract the lack of energy by increasing the number
of mitochondria.

26.09.2025 8
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If low, useful to first check the key regulator of mitobiogenesis:
PGCialpha

RRE
e
)

The American Journal of Clinical Nutrition
Volume 93, Issue 4, April 2011, Pages 8845-8905

Regulation of PGC-1a, a nodal regulator of
mitochondrial biogenesis 1, 2, 3, 4

Fernandez-Marcos Pablo ], Auwerx Johan

Show more

~+ Add to Mendeley o Share %9 Cite

https://doi.org/10.3545/ajcn.110.001917 A Get rights and content »

Under an Elsevier user license a @ Open archive

Mechanisms responsible for energy management in the cell and in the whole organism
require a complex network of transcription factors and cofactors. Peroxisome
proliferator-activated receptor y coactivator la (PGC-1a) has emerged as a master
regulator of mitochondrial biogenesis and function, thus becoming a crucial metabolic
node. We present an overview of the mechanisms by which PGC-1a is regulated,
including the transcriptional regulation of PGC-1a expression and the fine-tuning of its
final activity via posttranslational modifications.

FernandezaMarcos PJAuwerxJ. Regulation of PGIE 2 nodal regulator of mitochondrial biogenesis. Am JIQlitr. 2011 Apr;93(4):88490.



PGCl-alpha is central for the induction of new mitochondria

PGCl-alpha

mitochondrial genes

: s o
_— o000

FIGURE 2 | Mitochondrial biogenesis pathways: When PGC-1a is activated, PGC-1a activates NRF1 and NRF2, and subsequently TFAM, which regulate genes
involved in subunits of mitochondrial respiratory chain complexes, import of nuclear-encoded mitochondrial proteins, and mtDNA replication and transcription. 1

wPGCEI1" regulates mitochondrial biogenesis but also has effects on mitochondrial
functions beyond biogenesis.

wMitochondrial quality control mechanisms, including fission, fusion, and
mitophagy, are regulated by PAC &

wPGE1h -mediated regulation of mitochondrial quality may affect agéated
mitochondrial dysfunction and insulin sensitivity.

Source: 1Chen L, Qin Y, Liu B, Gao M, Li A, Li X, Gong G" A@@iated Mitochondrial Quality Control: Molecular Mechanisms and
Implications for Heart Failure. Front Cell Dev Biol. 2022 May 27;10:87133alliagJFPilegaardH. PG&h -mediated regulation of
mitochondrial function and physiological implicatioAgplPhysiolNutr Metab. 2020 Sep;45(9):92936. 26.09.2025 11
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The test for PGQ-alpha measures its relative expression

PGCl-alpha
RNA profile
Test Unit Result
PGC-1-alpha Relative expression Not detectable

(to GAPDH)

GAPDH: glvceraIdehvde-E-phnsphéte dehydrﬁgenase

Interpretation: "Basic values of the peripheral blood leucocytes”

PGGCl-alphaexpression is undetectable. This indicates absent new
mitochondrial formation at the present time.

If this is the case, anchtDNA:nDNAis low as well, then it is often very
helpful to take initiatives to increase PGGalpha

26.09.2025
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Please do first consider what may be keeping the mitochondrial
numbersdowncA 1 Wa y 20 2dzad al RRAX ¢

1 Vird/bacterial nfections:These increase nemitochondrial respiration because the cell uses

oxygen to try to kill the pathogens rather than forenéigy LJF 0 K2 3Sya RSLX SGS (K
anti-viral defences to keep themselves afivBorrelia steal ATP from their h8st

1 Biotoxins/mycotoxinsochratoxin A uncouples thaitochondria )
and inhibits Complex*2

TOM70 4

1 Some parasiteE.g. Toxoplasma can tether and disable mitochohdrig** « « .

| MFN12

( TgMAF1

=

Heavy metals Aluminium induces permeability (MPT)

Hg inducesnito dysfunctior!, Arsenic increasasitochondrial ROS formation,
lipid peroxidation and mitochondrial membrane potential collgpse

Pesticides, herbiCideSg.glyphosate: blocks Shikimate pathway (bacterial energy generdation),
Al faz2 OKStFGS&a YAYSNItas AyOfdzRAYy3I 02 LILISNI X

Chemical contaminants:g. Lindan® ] Medications:Block various ETC complexes
Household chemicals { Microbiome
1T EMFs 1 Spike protein

= =42 =1

Source: 1INaviauxRK Metabolic features of the Cell Danger Respon&e 2014 May;16:717; 2.
;3. 54. 2
5. ;6. A4,
; 8. j
9. { 10. 26.09.2025 14
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Mitochondrial biogenesis: the growth of new mitochondria
and division of preexisting mitochondria
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Mitochondrial dynamics. Mitochondrial dynamics includes the process of mitochondrial biogenesis, fusion,
fission, and mitophagy and determine the proper abundance and function of mitochondria. (1) PGC-1a regulates
mitobiogenesis and initiates mtDNA transcription through its downstream factors, such as NRF1/2. (2) Mitofusion
1/2(MFN1/2) on the outer mitochondrial membrane and optic atrophy 1 (OPA1) on the inner mitochondrial
membrane regulates mitochondrial fusion. (3) DRP1 serves to constrict mitochondrion physically and uses FIS1
as mitochondrial targets to form the fission complex, and MFF and MiD49/51 also participate in mitochondrial
fission. (4) Canonical regulation of mitophagy includes the PINK1/PARKIN pathway; PINK1 recruits PARKIN on
mitochondrion where PARKIN ubiquitinates downstream proteins and initiates the form of mitophagy.

SourceOuyang M, Wang M, Yu B. Aberrant Mitochondrial Dynamics: An Emerging Pathogenic Driver of Abdominal Aortic Aneurysm.
Cardiovasdher 2021 Jun 16;2021:661540brnayva#R, Shulman GI. Regulation of mitochondrial biogenesis. Eisapiem 2010;47:69 5
84.



Weight regulation and mitobiogenesis

CEEEEDY | originally Published 30 March 2007 | () (M) Check for updates -
Defective Mitochondrial Biogenesis: A Circulation
Hallmark of the High Cardiovascular Risk in the Researc
Metabolic Syndrome?

Enzo Nisoli, Emilio Clementi, Michele O. Carruba, and Salvador Moncada AUTHOR INFO & AFFILIATIONS

|3"

Circulation Research e Volume 100, Number 6 ¢ https://doi.org/10.1161/01.RES.0000259591.97107.6¢c

D®© .
Mitochondrial Biogenesis Is Impaired in E ==
Obesity = s

Obese subjects are deficient in energy in the form of ATP.%'92 Inadequate energy

A 17,588/ 183 (

Abstract

supply in the body results in increased appetite. Although the mechanism of such
signaling is not yet known, there is evidence that it exists.?3 %> Treatment of rats
with the metabolic inhibitors 2,5-anhydro-d-mannitol orfand methyl palmoxirate
reduces the ATP levels in liver cells. Decreasing ATP concentrations in this way has
been shown to lead to changes in the eating habits of the animals, including the
frequency of eating, the amount of food consumed at a single eating session, and
the total amount of food eaten. These experiments indicate that there is an
integrated metabolic control of food intake, with liver ATP levels acting as a major
sensor of energy status in the body. In obese people, the levels of hepatic ATP are
decreased. Moreover, a decreased exercise capacity, together with high fatigability,
has been linked to the low ATP levels in skeletal muscle of obese subjects.®® In this
context, genetically heterogeneous rats can be separated into 2 groups according to
their aerobic treadmill-running capacity, with low-capacity runners showing higher
visceral adiposity, blood pressure, insulin-resistance, plasma triglycerides, and free
fatty acids as compared with the high-capacity runners.?f_ Intriguingly, mitochondrial
dysfunction with a defective oxidative metabolism and a low mitochondrial gene
expression were evident in low-capacity runners,?” suggesting that visceral obesity
and related disorders are linked to defective mitochondrial biogenesis and oxidative
metabolism with a decreased ATP production. Recent studies in obese rodents have
supported this hypothesis, not only at the molecular and biochemical but also at the
morphological level. 2899 In our experiments in 3 models of obesity, we found that
eNOS expression was markedly reduced in WAT, BAT, and soleus muscle of ob/ob
mice, fa/fa rats, and high-fat diet-induced obese mice (DIO mice).'°® Moreover,
mtDNA, respiratory protein (such as COX IV and Cyt ¢) levels, PGC-1a, NRF-1, and
mtDNA transcriotion factor A (Tfam) aene expression were decreased in parallel. as

SourceNisoli E, Clementi E, Carruba MO, Moncada S. Defective mitochondrial biogenesis: a hallmark of the high cardiovascular
risk in the metabolic syndrome? Circ Res. 2007 Mar 30;100(6):795-806.



Exercise effectively mediates mitochondrial biogenesis

Craig et al. Mutritional activators of mitochondrial biogenesis
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FIGURE 1 | Exercise-mediated mitochondrial biogenesis: exercise triggers mitochondrial biogenesis in skeletal muscle via the activation of numerous
signaling pathways that ultimately converge on the transcriptional co-activator PGC-1w. Once activated, PGC-1a translocates to the nucleus to activate
numerous transcription factors and nuclear receptors. Bioactive compounds have the capacity to enhance exercise-mediated mitochondrial biogenesis through
contraction-dependent signaling cascades. AICAR, 5-amincimidazole-4-carboxamide ribonuclectide; AMPK, 5’ AMP-activated protein kinase; pHAD,
beta-hydroxyacyl-Cod dehydrogenase; BCAA, branch chain amino acids; CaMK, Gaz"'fcalmodulin—dependent protein kinase; CaMKK, Cal2+)/calmodulin-dependent
protein kinase kinase; CPT-1, camitine palmitoyltransferase |; ERRa, estrogen-related receptor alpha; FADH, flavin adenine dinuclectide; FAD, fatty acid oxidation;
mBMNA, messenger nbonucleic acid; mtDMA, mitochondrial deoxyribonucleic acid; mtTRA, mitochondrial transcription factor A&; NRF1, nuclear respiratory factor-1;
NRF2, nuclear respiratory factor-2; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PPARS, peroxisome proliferator-activated
receptor delta; BS, RS domain; BXR, retinoid X receptor; SIRT1, sirtuin-1; Sp1, specificity protein 1 franscription factor; VEGF, vascular endcthelial growth factor.

SourceCraig DM, Ashcroft SBelewMY, Stocks BZurrellK,BaarK, Philp A. Utilizing small nutrient compounds as enhancers of exercise
induced mitochondrial biogenesis. Front Physiol. 2015 Oct 27;6:296.



Resveratrol is known to stimulatenitochondrial biogenesis by
activating Sirtuin1 (SIRT1) and PG@

Randomised
Randomized Controlled Trial > Am J Clin Nutr. 2016 Jul;104(1):215-27. .
doi: 10.3945/ajcn.115.122937. Epub 2016 May 18. controlled trial

Combined epigallocatechin-3-gallate and resveratrol
supplementation for 12 wk increases mitochondrial
capacity and fat oxidation, but not insulin

sensitivity, in obese humans: a randomized COhOft: 38 OVEFWElght and obese
controlled trial SUbJECtS

Jasper Most 1, Silvie Timmers 7, Ines Warnke 2, Johan We Jocken ', Mark van Boekschoten 3,

Philip de Groot 3 Igor Bendik 2 Patrick Schrauwen 1, Gijs H Goossens 1 Ellen E Blaak #

Affiliations + expand d ¢ é Sf @ S é S S 1_ é 2 -'F |
E::}D;rzt?’('llzﬂm DOI: 10.3945/ajcn.115.122937 SU pplementathn Increased

mitochondrial capacity and stimulated
TG 2EARFGA2Y O2Y

Abstract

Background: The obese insulin-resistant state is characterized by impairments in lipid metabolism.
We previously showed that 3-d supplementation of combined epigallocatechin-3-gallate and
resveratrol (EGCG+RES) increased energy expenditure and improved the capacity to switch from fat
toward carbohydrate oxidation with a high-fat mixed meal (HFMM) test in men.

Objective: The present study aimed to investigate the longer-term effect of EGCG+RES
supplementation on metabolic profile, mitochondrial capacity, fat oxidation, lipolysis, and tissue-
specific insulin sensitivity.

Design: In this randomized double-blind study, 38 overweight and obese subjects [18 men; aged 38
+ 2 y; body mass index (kg/m(2)): 29.7 = 0.5] received either EGCG+RES (282 and 80 mg/d,
respectively) or placebo for 12 wk. Before and after the intervention, oxidative capacity and gene
expression were assessed in skeletal muscle. Fasting and postprandial (HFMM) lipid metabolism was
assessed by using indirect calorimetry, blood sampling, and microdialysis. Tissue-specific insulin
sensitivity was assessed by a hyperinsulinemic-euglycemic clamp with [6,6-(2)H2]-glucose infusion.

Results: EGCG+RES supplementation did not affect the fasting plasma metabolic profile. Although
whole-bodv fat mass was not affected. visceral adinose tissue mass tended to decrease after the

SourceMost J, TimmersS, Warnke IJockenIW, varBoekschoterM, de Groot P, Bendik$chrauwerP,Goossen§H,BlaakEE. Combined
epigallocatechirB-gallate and resveratrol supplementation for d& increases mitochondrial capacity and fat oxidation, but not insulin
sensitivity, in obese humans: a randomized controlled trial. Am NGtm2016 Jul;104(1):2187; 18
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Peerreviewed scientific journal evidence of Resveratrol as a
PGCla activator

Resveratrol (Japanese Knotweed)

CsiszaA, Labinsky\N, Pinto JT, Ballabh P, Zhandg ésoncz\G, Pearson K, de
Cabo R, Pacher P, Zhandy@gvariZ. Resveratrol induces mitochondrial
biogenesis in endothelial cells. ArRRysioHeartCircPhysiol. 2009
Jul;297(1):H120;

Uriho, A., Tang, X., Le, &.al. Effects of resveratrol on mitochondrial
biogenesis and physiological diseageSV TRADIT MED (ADTAN)1¢14
(2021);

UngvariZ, Sonntag WE, de Cabo R, Bau€3dfszaA. Mitochondrial protection
by resveratrolExercSport Sci Rev. 2011 Jul;39(3)1328

Zhou J, Yang Z, Shen R, Zhong W, Zheng H, Chen Z, Tang J, Zhu J. Resveratrol
Improves Mitochondrial Biogenesis Function and Activatesi®GC t | (1 K& | &
a Preclinical Model of Early Brain Injury Following Subarachtendorrnage

Front MolBiosci 2021 Apr 22;8:620683
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Pyrroloquinoline Quinone (PQQ) is able to stimulate

mitobiogenesis

January 1,200
ed In the LLSA

Pyrroloquinoline Quinone Stimulates Mitochondrial
Biogenesis through cAMP Response Element-binding Protein
Phosphorylation and Increased PGC-1« Expression™

Received for publication, June 5, 2009, and in revised form, October 14, 2009 Published, J8C Papers in Press, October 27, 2009, DOI 10.1074/bc M105030130

Winyoo Chowanadisal’, Kathryn A. Bauerly*, Eskouhie Tchaparian®, Alice Wong®, Gino A. Cortopassl!,

and Robert B. Rucker’

From the *Department of Nutrition, University of California, Davis, 95616, *Amgen, Inc., South San Francisco, 94080, and the
Departments of "Anatomy, Physiology, and Cell Biology and "Molecular Biosciences, Veterinary Medicine, University of California,

Davis, California 95616

Bioactive compounds reported to stimulate mitochondrial
biogenesis are linked to many health benefits such increased
longevity, improved energy utilization, and protection from
reactive oxygen species. Previously studies have shown that
mice and rats fed diets lacking in pyrroloquinocline guinone
(PQQ) have reduced mitochondrial content. Therefore, we
hypothesized that PQQ can induce mitochondrial biogenesis in
mouse hepatocytes, Exposure of mouse Hepal- 6 cells to 10-30
M PQQ for 24— 48 h resulted in increased citrate synthase and
cytochrome ¢ oxidase activity, Mitotracker staining, mitochon-
drial DNA content, and cellular oxygen respiration. The induc-
tion of this process occurred through the activation of cAMP
response element-binding protein (CREB) and peroxisome pro-
liferator-activated receptor-y coactivator-1a (PGC- 1), a path-
way known to regulate mitochondrial biogenesis. PQQ expo-
sure stimulated phosphorylation of CREB at serine 133,
activated the promoter of PGC-le, and increased PGC-la
mRNA and protein expression. PQQ did not stimulate mito-
chondrial biogenesis after small interfering RNA-mediated
reduction in either PGC-la or CREB expression. Consistent
with activation of the PGC- la pathway, PQQ increased nuclear
respiratory factor activation (NRF-1 and NRF-2) and Tfam,
TFBIM, and TFBE2M mRNA expression. Moreover, PQQ pro-
tected cells from mitochondrial inhibition by rotenone, 3-nitro-
propionic acid, antimycin A, and sodium azide. The ability of
PQQ to stimulate mitochondrial biogenesis accounts in part for
action of this compound and suggests that PQQ may be benefi-
cial in diseases associated with mitochondrial dysfunction.

Bioactive compounds, such as pyrroloquinoline quinone
(PQQ),” resveratrol, genistein, hydroxy-tyrosol, and quercetin

have been reported to improve mitochondrial respiratory con-
trol or stimulate mitochondrial biogenesis (1-5), which is
potentially important to a number of health-related issues
ranging from increased longevity, improved energy utilization,
and protection from reactive oxygen species (6 - 8). Further-
more, mitochondrial DNA depletion and mutations are associ-
ated with cardiomyopathy, lactic acidosis, developmental delay,
failure to thrive, and impaired neurological function (9). The
response to most biofactors is observed after pharmacological
intervention or dietary supplementation, although often near-
gram amounts per kg of diet, or millimolar quantities, are
needed for such responses in vivo. PQQ) stimulates mitochon-
driogenesis with the addition of only milligram quantities of
PQQ per kg of diet, or micromolar concentrations, in vivo. For
example, PQQ deprivation depresses mitochondrial function,
which is reversed when as little as 200-300 pg of PQQ/kg of
diet are added (1, 10). PQQ also remains detectable in tissues
when there is no or little dietary exposure (11), which has not
been observed for other dietary polyphenolic compounds
known to promote mitochondriogenesis.

Recently, PQQ produced by rhizobacterium has been iden-
tified as an important plant growth factor (12) and is a possible
source of PQQ in plant-derived food. In this regard, the ubig-
uitous presence of PQQ in a broad range of plants leads to a
relatively constant exposure in animal diets. More importantly,
levels of PQQ) from dietary intake from plants are sufficient to
maintain the concentration of PQQ) typical of tissues (13). From
a chemical perspective, assays that measure redox cycling indi-
cate that PQQ is also 100 -1000 times more efficient than other
quinones and enediols, such as ascorbic acid (14). PQQ can
undergo thousands of reductive or oxidative cycles without
degradation or polymerization (14).

Peroxisome proliferator-activated receptor-v coactivator-1

G2S akKz2g (Kl
influences PGQ activity,
which is a major
mechanism for the
regulation of
YAG2O0K2YRNRI

SourceChowanadisalV, BauerlyKA,TchapariarE, Wong ACortopassGA, Rucker RB. Pyrroloquinoline quinone stimulates mitochondrial
biogenesis through cAMP response elembimding protein phosphorylation and increased PGpha expression.BiolChem. 2010 Jan
1;285(1):14252.



Nicotinamide riboside, niacin and guercetin also stimulate
PGCla...

Nicotinamide riboside

Gong B, Pan YempatiP, Zhao WKnableL, Ho L, Wang SastreM, Ono KSauveAA, Pasinetti GM.
Nicotinamide riboside restores cognition through an upregulation of proliferattivated recepto#

O2 O A @I (i 2 Nbkemretasé\NId8guatiatioi &n& mitochondrial gene expression in Alzheimer's
mouse modelsNeurobiolAging. 2013 Jun;34(6):15&1

Niacin

Koh JH, KimJY.Roleof MGC A Y (G KS a AtP@likMeidiioldDisetised Iht3 Mol Sci. 2021
Apr 27;22(9):4558;

Quercetin

Li X, Wang H, Gao Y, Li L, Tang C, Wen G, Yang Y, Zhuang Z, Zhou M, Mao L, Fan Y. Quercetin induces
mitochondrial biogenesis in experimental traumatic brain injury via the-R@Ignalingpathway. Am J
TranslRes. 2016 Aug 15;8(8):3568;

RayamajhN, Kim SK, Go H, Joe Y, Callaway Z, KaRgtd&®W, Chung HT. Quercetin induces
mitochondrial biogenesis through activation of HGn HepG2 cells. Oxid Med Qadhgev
2013;2013:154279;

Li X, Wang H, Wen G, Li L, Gao Y, Zhuang Z, Zhou M, Mao L, Fan Y. Neuroprotection by quercetin via
mitochondrial function adaptation in traumatic brain injury: P@¢  LJ G Kgl & a F LRaSy
Cell Mol Med. 2018 Feb;22(2):8831;

Xue H, Li P, Luo Y, Wu C, Liu Y, Qin X, Huang X, Sun C. Salidroside stimulates theuSirt1/PGEA & | Y R
ameliorates diabetic nephropathy in mice. Phytomedicine. 2019 Feb 15;524%0
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... as can alphdipoic acid

QOriginal Articles

The synergic effects of alpha-lipoic acid supplementation and

electrical isotonic contraction on anthropometric

measurements and the serum levels of VEGF, NO, sirtuin-1,
and PGC1-a in obese people undergoing a weight loss diet

Majid Mohammadshahi, Elahe Zakizadeh 2 Kambiz Ahmadi-Angali, Majid Ravanbakhsh & Bijan Helli
Pages 1195-1201 | Received 03 Mar 2020, Accepted 24 Apr 2020, Published online: 14 May 2020
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Abstract

Background: The anti-obesity effects of Alpha-lipoic acid (a-LA) and isotonic contraction has been reported.
However, the underlying mechanism is not fully understood. This study aimed to investigate the effect of
1200 mg/day a-LA supplementation and 3 sessions per week of Faradic (an electrical stimulating system) on
anthropometric parameters, body composition, VEGF, Sirtuin-1, nitric oxide (NO), and PGC1-a in obese

people undergoing a weight loss regime.

Methods: This randomised clinical trial was carried out on 100 obese adults. The subjects were randomly

assigned to four groups of 25 subjects including Faradic, a-LA, a-LA + Faradic, and control. A Bio Impedance

Analyser (BIA) was used to estimate anthropometric measurements including weight, body mass index (BMI),

fat mass, and fat free mass. The serum levels of Sirtuin-1, PGC1-a, VEGF, and NO levels were measured. All

measurements were done at baseline and after 8 weeks of the intervention.

Results: A significant weight reduction was observed in all four groups compared to baseline (p<.01). The
placebo group had significantly higher weight, BMI, weight circumstance (WC), and body fat (BF) compared
with the other groups. The a-LA + Faradic group had significantly lower weight, BMI, BF, WC than control,
faradic, and a-LA groups and higher, Sirtuin and PGC than the control group (all p <.05).
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Peerreviewed scientific journal evidence of EGCG and
L-Carnitine as?GCla activators

Epigallotocatechir3-Gallate (Green tea extract)

Lee MS, Lee S, Doo M, Kim Y. Green-JFeigallotocatechit3-Gallate Induces PGT"
Gene Expression in HepG2 Cells andL3TAdipocytesPrevNutr Food Sci. 2016
Mar;21(1):627;

L-Carnitine

PesceV, Fracassd, Cassan®,LezzaAM, CantatoreP, GadaletaVIN. AcetylL-carnitine
supplementation to old rats partially reverts the aggated mitochondrial decay of
soleus muscle by activating peroxisome proliferedotivated receptor gamma
coactivatorlalphadependent mitochondrial biogenesis. Rejuvenation Res. 2010 Apr
Jun;13(23):14851;
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Copper also has an important role in mitochondrial
biogenesis

Home > Journal of Bioenergetics and Biomembranes > Article
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Role of Copper in Mitochondrial Biogenesis BIOMEIBRANES
Via Interaction with ATP Synthase and Il
Cytochrome c Oxidase

Published: October 2002
Volume 34, pages 389—395,(2002) Cite this article
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SourceRuiz LM, Libedinsky A, Elorza AA. Role of Copper on Mitochondrial Function and Metabolism. Front Mol Biosci. 2021 Aug
24;8:711227.
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The final protein complex in the

Cytochrome C Oxidase (Complex IV)

The reduced cytochrome-c

in the electron transport chain
transfers an electron to complex IV
and then detaches. Four such
transfers provide electrons to

electron transport chain is named cytochrome C oxidase and is
commonly labeled Complex IV. It is a large collection of polypeptides arranged in 13 subunits,
three of which are encoded in the mitochondrial genome. The electron carrier cytochrome ¢
transfers a single electron, but multiple electrons are required for handling oxygen, so the
process is complicated and has required intensive study. The electrons from cytochrome c are
first provided to a complex with two atoms of copper metal (Cuyp), then transferred to the first

of two heme groups (heme a) with iron metal. The next transfers are to a second heme
group(heme a3) and then shared with a third copper atom (Cug).

+®
produce 2 water molecules. intermembrane
\y w space
Cyt S}e' The transfer of 4 electrons
¥ accomplishes the production
4e"’ of 2 water molecules as the
2 Complex final step of reduction and
Fe v also pumps 4 hydrogens to
\ contribute to ATP production.
_‘\ 2e” This process returns the elements
4e = @ of Complex 4 to their original
matrix of / Fe l states to begin another cycle.
mitochondria 4H /_\
O, 2H,0

G ¢ K Soppeicenter
Cu, is an essential
metal cofactor in
cytochrome oxidase
(Cox) of mitochondria
and many prokaryotes
mediating oneelectron
transfer from
cytochrome c to the
site for oxygen
NERddzGGAZ2Y ®
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cMitochondria are critical

copperutilizing organelles that

harboran essential
cuproenzyme

cytochromec oxidase, which
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: 2.Canonica F, Hennecke GlockshubeR.
Biochemical pathway for the biosynthesis of the, centerin bacterial cytochrome c oxidase. FEBS Lett. 2019 Nov;593(21:22897,
3. Garza NM, Swaminathan ABaremandakP, Zulkifli M, Gohil VM. Mitochondrial copper in human genetic disorders. Trends
EndocrinoMetab. 2023 Jan;34(1):233.
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Photobiomodulation may also have its role ... especially
near infrared (NIR) light

wroctonoron | IMIItochondrion GhdzNJ RF G AlY |
Volume 14, 2014, pp. 42-48. .
© 2013 Elsevier B.V. and Mitochondria Research Society &‘ OFFICIAL JOURNAL OF THE NIR | Ig ht alters
doi: 10.1016/j.mit0.2013.11.001 T [ P gy . . . .
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signalling and may
represent a mechanistic

Effect of Near-Infrared Light Exposure on I_'nlf to the Clln!?a;| ’
Mitochondrial Signaling in C,C., Muscle Cells OSYSTAuUac

®

Linda M.-D. Nguyen, Angelina G. Malamo, Kelly A. Larkin-Kaiser, Paul A. Borsa, Peter J. Adhihetty

Department of Applied Physiology and Kinesiology, University of Florida, Gainesville, FL 32611, United States

Highlights:
* NIR light exposure activates mitochondrial signaling in C,C,, muscle cells.
+ Chronic NIR light exposure (4d) activates mitochondrial regulatory proteins.

« Mitochondrial responses to NIR light may involve ROS signaling.
+ Mitochondrial adaptations may contribute to NIR light therapeutic benefits.

Abstract: Near-infrared (NIR) light is a complementary therapy used to treat musculoskeletal
injuries but the underlying mechanisms are unclear. Acute NIR light treatment (~800-950 nm;
22.8 J/lem?) induced a dose-dependent increase in mitochondrial signaling (AMPK, p38 MAPK) in
differentiated muscle cells. Repeated NIR light exposure (4 days) appeared to elevate oxidative
stress and increase the upstream mitochondrial regulatory proteins AMPK (3.1-fold), p38 (2.8-fold),
PGC-1a (19.7%), Sirt1 (26.8%), and reduced RIP140 (23.2%), but downstream mitochondrial
regulation/content (Tfam, NRF-1, Sirt3, cytochrome ¢, ETC subunits) was unaltered. Our data
indicates that NIR light alters mitochondrial biogenesis signaling and may represent a mechanistic
link to the clinical benefits.

SourceNguyen LMMalamoAG, LarkifKaiser KABorsaPA,AdhihettyPJ. Effect of neanfrared light exposure on mitochondrisignalingn
C2C12 muscle cells. Mitochondrion. 2014 Jan;14(8:42




If too many, selective autophagy: Mitophagy

Suetal. Phytochemicals Mitophagy Metabolic Disorders

Starvation
Hypoxia
Oxidative stress

{5 Healthy mitochondrion

X » ‘Z ; ;*(‘}b ===
- g —=p- ’J @ Damaged mitochondrion

Mitochondrial fission

@-@

Autolysosome Autophagosome Isolation membrane

Lysosome

FIGURE 1 | Diagram illustrates the mechanisms of mitophagy. Damaged and dysfunctional mitochondria will be segregated by autophagic membranes. And the
autophagosome fuses with lysosome to form autophagolysosome, in which mitochondria will be degraded by lysosomal enzyme and the degradation products will
be used as substrates for energy metabolism.

Mitophagy is a subcategory of autophagthe clearing of mitochondrial debris; if the
mitochondria are compromised it is best to activate mitophagy first, as radical
autophagy risks clearing indwelling mitochondria that may still be functional.

Sourczei;arzych(R,KlionskyDJ. An overview of autophagy: morphology, mechanism, and regul&imioxidRedox Signal. 2014 Jan
20;20(3):46073.



Healthy mitochondrial fragments are reused

Download figure | Download PowerPoint

Figure 3. Regulation of mitophagy. Damaged mitochondria undergo dynamin-related protein 1 (DRP1)-mediated
fission before mitophagy. Reduced mitochondrial membrane potential leads to accumulation of phosphatase and
tensin homolog—induced putative kinase 1 (PINK1) and subsequent recruitment of the E3 ubiquitin ligase Parkin to
mitochondria. Parkin promotes ubiquitination of proteins in the mitochondrial membrane, which targets the
damaged mitochondrion for removal by an autophagosome. The healthy mitochondrial fragment will undergo
fusion mediated by mitofusin-1/2 (MFN1/2) and optic atrophy protein 1 (OPA1). (illustration credit: Ben Smith.)

SourceKubliDA, Gustafsson AB. Mitochondria and mitophagy: the yin and yang of cell death cBmtiRkes. 2012 Oct 12;111(9):1208. 28



Calorie restriction drives autophagy, can prolong life and
health span

JCI The Journal of Clinical Investigation

Essential role for autophagy in life span extension

Frank Madeo, ... , Maria Chiara Maiuri, Guido Kroemer

J Clin Invest. 2015;125(1):85-93. https://doi.org/10.1172/JCI73946.

[ Review | The Journal of Clinical Investigation REVIEW SERIES: AUTOPHAGY

Life and health span can be prolonged by calorie limitation ¢
restriction. Both starvation and the genetic inactivation of nu

cytoplasmic recycling process that counteracts the age-assc Spermidine Resveratrol CR Rapamycin CR CR Figure 3. Autophagy ind ul:ers and functions
improves the metabolic fitness of cells. Here we review expe l ‘ l { of autophagy that prolong life span. Several
nutrient and growth-related signaling pathways as well as th . ) . AMP = ATP pharmacologic and dietary interventions artivate
extension via the induction of autophagy. Furthermore, we d @ @ @ autophagy signaling and thereby promote
only necessary but, at least in some cases, also sufficient fo ) beneficial effects at the cellular and organismal
* l * @ levels, contributing to prolonged life span and
\ health span.
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Exercise: mitochondrial fission and mitophagy are higher in
skeletal muscle of physically active humans

> Front Physiol. 2019 Aug 22;10:1088. doi: 10.3289/fphys.2019.01088. eCollection 2019. Study, biopsies and other
markers from 33 participants

Regular Endurance Exercise Promotes Fission,
Mitophagy, and Oxidative Phosphorylation in Human
Skeletal Muscle Independently of Age

Estelle Balan 7, Céline Schwalm ', Damien Naslain 1, Henri Nielens 2, Marc Francaux T, (’X L y O 2 y- O f dZé }\ 2
Louise Deldicque
q study, based on
Affiliations + expand c a
P | mitochondrial extracts,

PMID: 31507451 PMCID: PMC6713922 DOI: 10.3388/fphys.2019.01088

Free PMC article demOHStl‘ates that
expression of mitochondria

Abstract quality control and function

This study investigated whether regular endurance exercise maintains basal mitophagy and markers does not depend

mitochondrial function during aging. Mitochondrial proteins and total mRNA were isolated from ] g

vastus lateralis biopsies (i = 33) of young sedentary (¥YS), old sedentary (OS), young active (YA), and on Chr0n0|og|cal age’ bUt IS

old active (OA) men. Markers for mitophagy, fission, fusion, mitogenesis, and mitochondrial |mproved by regular phyS|C Al

metabolism were assessed using qRT-PCR, Western blot, and immunofluorescence staining. o g : ] c

Independently of age, fission protein Fis1 was higher in active vs. sedentary subjects (+80%; P < 0.05). aCthltY- These flndlngS b”n g

Mitophagy protein PARKIN was more elevated in OA than in OS (+145%; P = 0.0026). mRNA new p|eces of evidence that

expression of Beclin1 and Gabarap, involved in autophagosomes synthesis, were lower in OS c g c .

compared to YS and OA (P < 0.05). Fusion and oxidative phosphorylation proteins were globally more m|t0Ch0ndr|al fISSIOn and

elevated in the active groups (P < 0.05), while COx activity was only higher in OA than in QS (P = mrtophagy are h|gher |n

0.032). Transcriptional regulation of mitogenesis did not vary with age or exercise. In conclusion,

physically active lifestyle seems to participate in the maintenance of lifelong mitochondrial quality Skeletal mUSC|e Of

control by increasing fission and mitophagy. phyS|Ca”y act'Ve human:g é

Keywords: OXPHOS; endurance exercise; fusion; mitochondria; mitogenesis; physical activity.

SourceBalan ESchwalmC,NaslainD, NielensH, FrancauxM, Deldicquel. Regular Endurance Exercise PromBigson, Mitophagy,
and Oxidative Phosphorylation in Human Skeletal Muscle Independently of Age. Front Physiol. 2019 Aug 22;10:1088; Geidd, W,dDrak
Exercisdnduced Mitophagy in Skeletal Muscle and HelaxercSport Sci Rev. 2019 Jul;47(3)11%b; 30



Mechanisms and molecular targets of mitophadyggering

phytochemicals explained
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Figure 2: Effects of natural compounds on mitophagy.
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Mitophagy agents: known effects on the
Including human studies

Mechanism of action and known effects on the nervous system.

Urolithin A (UrA)

e activates Nrf2 regularizing mitophagy and mitochondrial
biogenesis;

e activates AMPK pathway.

In AD models of SH-SYSY cells and in vivo, UrA prevented
destruction of the AIP-AhR complex and suppressed expression of
APP and BACE1;

In microglia, UrA alleviates neurcinflammation and enhances
phagocytosis by enhancing mitophagy, leading to a decrease in the
accumulation of tau-protein and beta-amyloid;

In BV2 microglial cell PD model, UrA, due to mitophagy, reduced
neurpinflammation and provided a neuroprotective effect;

UrA attenuates memory impairment and neurcinflammation in
APP/PS1 mice;

UrA appeared to be safe and induced the molecular signature of

improved mitochondrial and cellular health in the elderly.

nervous system,

Table 1

MoA ref:
[66,67,68,69,85,87]

Resveratrol (RES)

* reduces oxidative stress by suppressing the formation of ROS,
derivatives of NADPH oxidase;
* activates Nrf2 regularizing mitophagy and mitochondrial

biogenesis;

* in endothelial dysfunction, resveratrol activated mitophagy through

Bnip3.

In a model of AD cells, RES promoted mitophagy, attenuating
oxidative damage to neurons caused by AB-peptide;

In a cadmium-induced mitophagy model, RES attenuated the
overexpression of p62 and PINK1 /Parkin, which suppressed

mitophagy and ultimately restored mitochondrial homeostasis

MoA ref: [89,90,91]

Quercetin (QU)
e activates AMPK and Nrf2, contributing to the modulation of the
Spermidine (SP)
* activates ATM, induces mitochondrial membrane depolarization
promoting the PINK1/Parkin-dependent mitophagy pathway;

+ inhibits mTOR;
s activates AMPK.

QU decreased levels of hyperphosphorylated Tau and amyloid
plagues in AD models, leveled out neurcinflammation, inhibitad
microglia and astrocyte activation, and provided a mitoprotective
effact, an increase in ATP production, and a decrease in ROS lavels;
In PD rat models, QU reduced oxidative stress, increased PINK1 and

Parkin, and reduced a-synuclein expression in vitro, and in vive, QU

SP improved olfactory memory in models with age-related memory
impairment drosophila flies;

In C. elegans models of AD and PD, SP inhibited memory loss in AD
models and improved behavioral performance in PD models;

In accelerated aging SAMP8 model of mice, SP increased the
expression of neurotrophic factors in neurons and reduced
memory loss in the ORT and the open field test OFT;

In older adults, 8P improved episodic memory in MST.

[92.93]

[107]

[108]

109,110]

MoA ref:
[54,107,111,112,113]

SourceMakarov M,KorkotianE. Differential Role of Active Compounds in Mitophagy and Related Neurodegenerative Diseases. Toxins (Basel). 2023:R0. 6;15(3
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Urolithin A proven to activate mitophagy in several well
powered studies (1/2)

Cell Reports

Medicine

Urolithin A improves muscle strength, exercise
performance, and biomarkers of mitochondrial
health in a randomized trial in middle-aged adults

Graphical abstract
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Highlights
» Oral supplementation with Urolithin A increases muscle
strength

« High dose of Urolithin A positively impacts exercise-
perforrnance measures

« Anincrease in mitophagy proteins in human skeletal muscle
observed in parallel

+ Supplementation is safe and increases circulating levels of
Urolithin A

Authors

Anurag Singh, Davide D'Amico,
Pénélope A. Andreusx, ...,

Patrick Aebischer, Johan Auwerx,
Chris Rinsch

Comrespondence
asingh@amazentis.com

In brief

Singh et al. investigate the impact of oral
supplementation with Urolithin A, a gut
microbiome postbiotic known to activate
mitophagy, in a randomized clinical trial in
middle-aged adults. Results show that
supplementation results in improvements
in muscle strength and exercise-
performance measures along with an
impact on mitochondrial biomarkers.

D A QF >

Randomised
controlled trial

Urolithin A (UA) is a microbiome metabolitestiigitanninsand
polyphenolic compounds especially from pomegranates, berries and
walnuts

It was tested in a blinded randeoontrolled trial in a cohort of 88
middle-aged subjects (484 yrs) who were carefully screened to meet
specific inclusion and exclusion criteria

The trial lasted 4 months, and was divided into 3 groups: placebo, 500
mg daily UA intake, and 1,000 mg daily intake

Subjects underwent extensive testing at baseline, after 2 months, and a
the end of the study

Subjects taking UA showed statistically significant improvement in
physical performance parameters, e.g. peak VO2 and estimated
VO2max. Total cycling distance increased, time to fatigue during
exercise, with statistically significant increase in walking distance and
gait speed in the6nin walking test, especially in the higher intake

group.
Also UA induced improvements in various mitochondrial biomarkers, e.c

increased protein levels related to improved mitophagy, and expression
of genes belonging to mitochondria.

Intake also improved exercise performance: subjects showed statistical
significant increase in quadriceps muscle strength and knee flexion

SourceSingh A, D'Amico BindreuxPA,FouassieAM, BlanceBose W, Evans MebischelP,AuwerxJ,RinschC. Urolithin A improves muscle
strength, exercise performance, and biomarkers of mitochondrial health in a randomized trial in-ajgdiedults. Cell Rep Me2022 May 33
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Can be detrimental to stimulate mitophagy If too few
mitochondria/they are too weak; in anorexia, amenorrhoea ...

Orthomolecular and mitochondrial medicine
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Number of mitochondrial DNA copies per 1 copy of nuclear DNA
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on mitochondria, the important cell organelles
in our body that produce the energy for cellular
function. Ciprofloxacin stopped normal
maintenance and transcription of
mitochondrial DNA by changingntDNA
topology, causing impaired mitochondrial
energy production and blocking cellular growth
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Abstract

Maintenance of topological homeostasis is vital for gene expression and
genome replication in all organisms. Similar to other circular genomes, also
mitochondrial DNA (mtDNA) is known to exist in various different topological
forms, although their functional significance remains unknown. We report here
that both known type II topoisomerases Top2e and Top2f are present in
mammalian mitochondria, with especially Top2p regulating the supercoiling
state of mtDNA. Loss of Top2§ or its inhibition by ciprofloxacin results in
accumulation of positively supercoiled mtDNA, followed by cessation of
mitochondrial transcription and replication initiation, causing depletion of
mtDNA copy number. These mitochondrial effects block both cell proliferation

SourceMMD testing laboratory, private correspondence with Professor Brigitte KoerlitgriyasA, Aasumets, KekalainerNJ,PaloheinaM,
PohjoismakiL GerholdJM,GoffartS. Ciprofloxacin impairs mitochondrial DNA replication initiation through inhibition of Topoisomerase 2.5,
Nucleic Acids Res. 2018 Oct 12;46(18):98@36.



Balance between the two very important

T ~wstewsnanswzas  |ournal of Biomedical Science
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Crosstalk between mitochondrial biogenesis ===
and mitophagy to maintain mitochondrial
homeostasis

TEES ' -
Lei Liu'#*"®, Yanjun Li*, Guo Chen? and Quan Chen* Mitochondrial homeostasis

! A

Abstract ' ‘
Mitochondrial mass and guality are tightly regulated by two essential and opposing mechanisms, mitochondrial
biogenesis {mitobiogenesis) and mitophagy, in response to cellular energy needs and other cellular and environ-
mental cues. Great strides have been made to uncover key regulators of these complex processes. Emerging evi-

dence has shown that there exists a tight coordination between mitophagy and mitobiogenesis, and their defects

may cause many human diseases. In this review, we will first summarize the recent advances made in the discovery

of molecular regulations of mitobiogenesis and mitophagy and then focus on the mechanism and signaling path-

ways involved in the simultaneous regulation of mitobiogenesis and mitophagy in the response of tissue or cultured —
cells to energy needs, stress, or pathophysiological conditions. Further studies of the crosstalk of these two oppos-

ing processes at the molecular level will provide a better understanding of how the cell maintains optimal cellular

fitness and function under physiological and pathophysiclogical conditions, which holds promise for fighting aging

and aging-related diseases

Keywords Mitochondrial biogenesis, Mitophagy, Mitophagy receptors, Mitochondrial quality, Aging, Aging-related Mitochondrial b‘ogenes]s .\H(opllag\
diseases
= ©
3 4 \

Fig. 1 Coordination between mitophagy and mitobiogenesis.
Mitophagy and mitobicgenesis are two opposing processes

that work together to maintain mitochondrial quality and quantity
in response to various physiological and environmental signals

Sourceliu L, Li Y, Chen G, Chen Q. Crosstalk between mitochondrial biogenesis and mitophagy to maintain mitochondrial
homeostasis. J Biomed Sci. 2023 Oct 12;30(1):86.
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Supplementary biomarkers:

Mitochondrial massRatio of mtDNAto nDNA
(MtDNA:nDNA

PGGv " nditobiogenesis regulator

What to do to increase/decrease mitochondrial mass?
Mitochondrial stress test

Nrf-2, antioxidant regulator

Mitochondrial fuel markers
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Mitochondria are the key source of oxidative stress in most cells

(a)

Aging =
Genetic mutations (SNCA, SOD1) 02 > Oz 52 > Hzoz
Environmental toxins (MPTP, rotenone) ‘<
H+  Misfoldedproteins (a-synuciein, SOD1) H* 2 € H*
IMS
' )
IMM
Matrix
. FADH, FAD v
NADH NAD' ! 2 Y Sy
-
e - SOD2
t e e 02 A > Oz > H:O: 1
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GhEARFGAGBS aiaNBaaunno 200d.NE 6KSy NBI OiGADS
yR Oeiiz2az2f o { dglSNIKEARNE 3ISWA A IS5 NRIEEHRA®RS 61 HhHO
normally produced by ETC complex | and IIl are scavenged by endogenous antioxidants [70],
such as superoxide dismutase (SOD), catalase, reduced glutathione (GSH), and glutathione
peroxidase GPx ¢

G a A G2 O K théndodt important source of ROBY Y2 aid Yl Y3Y|I- tAlFY

Source: 1. Trist BG et al. Oxidative stress in the aging substantia nigra ardithegyof Parkinson's disease. Aging Cell. 2019
Dec;18(6):€13031.; 2. Wong KY et al. Relationships between Mitochondrial Dysfunction and Neurotransmission Failuregnsiikease.
Aging Dis. 2020 Oct 1;11(5):129316; 3. Bhatti JS et al. Mitochondrial dysfunction and oxidative stress in metabolic disprders

A step towards mitochondria based therapeutic strategBischimBiophysActa Mol Basis Dis. 2017 May;1863(5):1-06G7. 37



Numerous diseases aresaociatedwith enhanced ROS

generation in mitochondria and reduced antioxidant defence

Int. |. Mol. Sci. 2021, 22, 13384

S8of 18

Autoimmune dieseases [6, 82-93]
Rheumatoid arthritis (RA)
Systemic lupus erythematosus (lupus)(SLE)

Multiple sclerosis (MS)
Type 1 diabetes mellitus(T1D)

Mitochondrial myopathies [23:31-35)
Mitoencephalomyopathy

Lactic acidosis b

Stroke-like episodes (MELAS)

Myoclonic epilepsy Cancer [114-120)
Ragged red fiber diesease (MERRF) "

Neurodegenerative diseases [33,63]
Alzheimer's disease (AD) and other dementias.
Parkinson’s disease (PD) and PD-related disorders.

Amylotrophic lateral sclerosis (ALS) N
[75-81)
Autism ¢
Schisophrenia
[65-74)

ANTIOXIDANT

DEFENSE

.
mtDNA

A

mtDNA damage, fragmentation and

‘ {mutaticn)

Malfunctioning mitochondrium ‘
Membrane permeability |
Membrane potential
Respiratory chain l
ATP production |
Impaired calcium homeaostasis

1

Enhanced
ROS »

Cardiovascular dieseases (CVDs) {103-113]

Chronic Kidney dieseases (CKD) [34-96]

Biomolecules damage

Cell injury
Inflammation + Chronic obstructive pulmonary disease (COPD)
Apoptosis {97-103]

Figure 1. Increased reactive oxygen species, overwhelming antioxidant defenses, induce mtDNA damage, and mitochon-
drial dysfunction lead to enhanced oxidative stress. This, in turn, can induce biomolecule and cell damage, apoptosis, and

inflammation, triggering various pathologies.

SourceKowalczyk FSulejczald, Kleczkowsk®,Bukowskah 1 1, BuciaM, PopielM, WietrakE,KramkowskK, Wrzosek,Y | OT &z a1 |

Mitochondrial Oxidative Stres& Causative Factor and Therapeutic Target in Many Diseases. Int J Mol Sci. 2021 Dec 13;8%(24):133
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Abstract

Mitochondrial DNA (mtDNA) is located in close proximity of the respiratory
chains, which are the main cellular source of reactive oxygen species (ROS). ROS
can induce oxidative base lesions in mtDNA and are believed to be an important
cause of the mtDNA mutations, which accumulate with aging and in diseased
states. However, recent studies indicate that cumulative levels of base
substitutions in mtDNA can be very low even in old individuals. Considering the
reduced complement of DNA repair pathways available in mitochondria and
higher susceptibility of mtDNA to oxidative damage than nDNA, it is presently

26.09.2025 39



This can be measured, and shows the degree of oxidative stres
0KS YAUG2OK2YRNALF I NB &adzF TSN\

Oxidative stress
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ATPase8 A = Gene der RNAs
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Wildtype mtDNA= 16569 base pairs MtDNA= 11562 base pairs
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Deletion mutant 4977 Oxidative stress
Example 1:

Mitochondrial 4977 Deletion mutant

(mt4977del) 1.03E+06 T =

Number of copies of non-mutated mtDNA to 1 copy mt4977del

Reference range mt4977del

_ 1E406 - 1E407 >1E407 >1E408

The mitochondrial deletion mutant mt4977bp is noticeably enhanced. This
indicates oxidative stress and damage to mitochondrial DNA.

AmongmtDNAdeletions, one of the most vital that causes huge destruction of almost ope
third in length of the mitochondrial genome is the 49@@ mtDNAdeletion (MDNAY"Y). This

IS one of the bestescribed largescalemtDNAdeletions, and has been found to accumulgte
AY YydzYSNRPdza RA&2NRSNB O6ft AGSNY GdzNB I @ Af[ I o
RSt SGA2YyEé RdzS (2 GKS FTNBIldSSyoOe gAGK gKAOK
seven polypeptides essential for the OXPHOS pathway: four for Complex |, one for Conplex

IV, and two for Complex Vhis can causeomplete failure of ATP production in the
mitochondria affected.
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Mitochondrial DNA 7z common deletion
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DNA test

Mitochondrial 4977 Deletion
mutant (mt4977del)

Number of copies of non-mutated mtRDNA to 1 copy mt4977del

Reference range mt4977del

1E+06 - 1E+07 >1E+07

O y

Oxidative stress

reference range

L

The mitochondrial deletion mutant mt4977bp is detectable at a greatly increased level. This indicates
mitochondria with a lack of ability to generate ATP and greatly increased oxidative stress.

Significantly increased

Undetectable

This is not an inherited polymorphismit arises due to endogenous and
exogenous factors, especially oxidative stress. This is why checking for if can
be very useful, as measures can be taken to reduce the levels, and repeat
tests document a decline in levels if the initiatives are successful.

SourceMMD GmbH & Co KG Author Pidf. Brigitte Konig



EMFs are a major cause of oxidative streshey increase
mitochondrial membrane depolarisation

Microwave RF
Produces
Oxidative

Stress in Cells

oKahyeet al. (2014) exposed a breast cancer cell
line derived from metastatic site (MDAMEB1) to
900 MHz modulated at 217 Hz for 1 h at an
average calculated SAR of O\B&2 W/kg. They
found induction of apoptosis, including increased
caspases 3 and 9 activities, andreased
mitochondrial membrane depolarizatiom
compared to control cellsvioreover, oxidative
stress was also induced (increased ROS
formation). These levels decreased towards
controls when treatment of 1h with sodium
selenite (200 nM), a well-known antioxidant
agent, was carried out before RF exposure.£?

EMF Activation of VGCCs Increases Free Radical Production

CELL
(Nivic oride )
=

Peroxynitrite

Nitric oxide
synthetase

Ca++

Peroxynitrite produces free radicals, including hydroxyl radical and NOz.

This increase in free radicals then leads to inflammation, oxidant stress, and damage to cell structures, including

DNA.

SourcePall ML. Electromagnetic fields act via activation of volgaged calcium channels to produce beneficial or adverse effeCsll Mol
Med. 2013 Aug;17(8):9585; https://skyvisionsolutions.files.wordpress.com/2013/11/dgrtesentation.pdf;2https://ec.europa.eu/health/

scientific_committee®&merging/docs/scenihr_o_041.pdfitps://www.bsem.org.uk/articles/56-read-the-2020-nir-consensus-statement
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Heavy metals can induce ROS production within the
mitochondria

Mechanisms of Metal-Induced Mitochondrial Dysfunction in Neurological
Disorders

by #2) Hong Cheng 1 &, £} Bobo Yang 2 &, {2} Tao Ke 2 &, £} Shaojun Li 3 &, ) Xiaobo Yang 14 &,
@ Michael Aschner 2" 8© and ) Pan Chen 2™ &

GgaSitta OFy OFd&as ySdNER!

B viomotecutes ey mitochondrial function, and thereby deplete ATP,
o induce ROS productigrand ultimately lead to cell
The Role of Reactive Oxygen Species in RSIFIGK GKNRDZAK FLRLIG2GA0O 1

Arsenic Toxicity

Yuxin Hu ', Jin Li 2, Bin Lou 2, Ruirui Wu 2, Gang Wang !, Chunwei Lu !, Huihui Wang 2,

y . . g = .
Jingbo Pi? and Yuanyuan Xu ** OArsenic inhibits complex | in the
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2 p f Envi tal Toxicology, School of Public health, China Medical University, No.77 Puhe Road, H H H H
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the subsequent formation of mitochondrial
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Repeated Administration of Mercury a h dzNJ ¥ A )f RA Yraoaa_tedmao@& Rvitht K+ U
Intensifies Brain Damage in Multiple mercury accelerates progression of MS through
Sclerosis through Mitochondrial Dysfunction mitochondrial damagerelated to oxidative stresé
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SARSC0o\,2 creates havoc in the mitochondria via
ROS production, too

SARS-CoV-Z o o
B e

FAVAVAVAVAV AN
Single strand RNA (-)

Tom20 Viral replication products
Double strand RNA (t)

NB This is parll

of what is
\ happening in
some cases of
Long Covid

ROS

SARS-CoV-2

FIGURE 7 | Schematic representation showing SARS-CoV-2-induced disruption of mitochondrial homeastasis. Upon infection, SARS-CoV-2 releases single strand
RNA known to replicate in DMV structures. Tom20 facilitates the entry process of viral RNA into mitochondria, resulting in mitochondrial dysfunction, including the
loss of AWm, MPTP opening and increased ROS release. Concomitantly, mitophagy is initiated through Pink1/Parkin pathway by host cell for mitochondrial quality
control and virus clearance. However, SARS-CoV-2 hinders the binding of p62 to LC3 protein, thus inhibiting the p62-labeled mitochondria to be encapsulated by
autophagosomes. Mitophagy stays in the early stage. This figure is created with BioRender.com.

* Double
membrane
vesicles

T 2

2 S RSYZ2y a i NEaMsindiudéesd mitochondsigl damage of mitochondrial membrane
SLEREFNATIFOA2YS YAU2O0K2YRNAIE LISNXYSIFOALAGER

SourceShang C, Liu Z, Zhu Y, Lu J, Ge C, Zhang Iinhi Nj Y, Tian M, Li X. SARS2 Causes Mitochondrial Dysfunction
and Mitophagy Impairment. Fromdicrobiol. 2022 Jan 6;12:780768.

45



Hyperglycaemia also a big driver of mitochondrial as
well as overall cellular oxidative stress

REVIEW article
.
Front. Physiol., 17 January 2019 This article is part of the Research Topic H er l cemia
o e i ypergly

Sec. Redox Physiology

Therapeutic Options Targeting Oxidative @ @

Stress, Mitochondrial Dysfunction and

~
Inflammation to Hinder the Progression
of Vascular Complications of Diabetes G$- - €$- 3P

Joiio s, Teodoro", Sara Nunas®® Anabela P. Rolo, fovores s | Altered metabolism | | Impaired Electron Altered Mitochondrial Impaired Calcium '
@ corios paimeia regulation Transport Chain Biogenesis Homeostasis

.

Mitochondrial dysfunction

L

éHyperglycemidanduces oxidative *
stress, namely via mitochondrial [Oxidativestress |
dysfunction and enhanced e 1 v

; C Inflammation Fibrosis Apoptosis
reactive oxygen species (ROS)

= é )/ S NJ L,I 7\ 2 )/ é Diabetic Cardiomyopathy

Figure 1. Prolonged hyperglycemia can produce reactive oxygen species (ROS) via activation
of protein kinase C (PKC) pathways and advanced glycation end products (AGEs) production,
leading to altered metabolism regulation, altered mitochondrial biogenesis, impaired mitochondrial
calcium handling, and impaired electron transport chain. These actions will cause mitochondrial to
deteriorate and generate more ROS. The ROS produced results in oxidative stress, which can initiate
inflammation, fibrosis, and apoptosis, causing diabetic cardiomyopathy (DCM).

SourceTeodoro JS, NunesFIoAP, Reis RalmeiraCM. Therapeutic Options Targeting Oxidative Stress, Mitochondrial Dysfunction and Inflammati
to Hinder the Progression of Vascular Complications of Diabetes. Front Physiol. 2019 Jan 158883, TaiblS,LatipJ, Katas H, Chin KY, Mohd Nor
NA,JubaidiFF BudinSB. Therapeutic Approach of Flavonoid in Ameliorating Diabetic Cardiomyopathy by Targeting Mitochuhadrésl Oxidative46
Stress. Int J Mol Sci. 2021 Oct 27;22(21):11616.



Mitochondrial iron overload/dysregulation promotes

ROS production

)xidative Medicine

and Cellular Longevity

Role of Iron-Related Oxidative Stress
and Mitochondrial Dysfunction in
Cardiovascular Diseases

Fang Yan, Kaifeng Li, [...], and Haifeng Zhang

Aomitochondri al i
ROS production during mitochondrial
electron transport, thus promoting

potenti al di sease

r

dMitochondrial Dysfunction Is Related to Iren
Induced Oxidative Stress

As mitochondria have fundamental roles in
creating ROS via oxygen metabolism to
produce energy and iron utilization for iren
sulfurcluster assembly andemesynthesis,
they tend to be vulnerable to damage from
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molecules ﬁ”ﬁ:y

Review

Mitochondrial Iron Metabolism: The Crucial Actors in Diseases

Geyan Duan 2%, Jianjun Li 13, Yehui Duan L2 Changbmg Zheng ? Qlupmg Guo !2, Fengna Li !
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, Beijing 100049, China
(u]l lra] Ln sity Lh angsha 410128, China
sa.ac.cn (C.L); TI +86-0731-8461-9767 (Y.D.)

devel

Abstract: Iron is a trace element necessary for cell growth, development, and cellular homeostasis, but
insufficient or excessive level of iron is toxic. Intracellularly, sufficient amounts of iron are required
for mitochondria (the center of iron utilization) to maintain their normal physiologic function. Iron
deficiency impairs mitochondrial metabolism and respiratory activity, while mitochondrial iron over-
load promotes ROS production during mitochondrial electron transport, thus promoting potential
disease development. This review provides an overview of iron homeostasis, mitochondrial iron
metabolism, and how mitochondrial iron imbalances-induced mitochondrial dysfunction contribute
to diseases.

SourceYan F, Li K, Xing W, Dong M, Yi M, Zhang H. Role-&dlated Oxidative Stress and Mitochondrial Dysfunction in

Cardiovascular Diseases. Oxid Med Gwligev 2022 Sep 7;2022:5124558
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KPU also worth considering: this glitch in the production of
heme is associated with oxidative stress, too

International Journal of
Molecular Sciences

Perspective

Pyrroles as a Potential Biomarker for Oxidative Stress Disorders

Brett Lambert !, Annalese Semmler 2(, Cristina Beer * and Joanne Voisey **

1 Applied Analytical Laboratories, Logandowns Dr, Meadowbrook, QLD 4131, Australia

*  School of Clinical Sciences, Faculty of Health, Queensland University of Technology,

Kelvin Grove, QLD 4059, Australia

Centre for Genomics and Personalised Health, School of Biomedical Sciences, Faculty of Health,
Queensland University of Technology, Kelvin Grove, QLD 4059, Australia

Correspondence: j.voisey@qut.edu.au

Abstract: Redox imbalance or oxidative stress that results from both environmental and genetic
factors is observed in patients with schizophrenia. Therefore, identifying markers of oxidative stress
in the early stages of psychosis and using antioxidant treatments as an adjuvant to antipsychotics
has important implications. The reaction of p-N,N-dimethylaminobenzaldehyde (DMAB) with
pyrrole moieties has been well studied for well over a century for use as a marker of oxidative stress
dysregulation. Throughout this time, pyrroles have been investigated with varying veracity in urine
extracts to identify elevated levels in patients diaghosed with schizophrenia. Since the 1960°s, various
claims have been made with respect to what causes the colour change when DMAB is added to
urine extracts. Whilst the substances from this reaction have not been fully elucidated, an objective
look at most studies indicates that urobilinogen is likely to be one them. Urobilinogen has also been
identified as a major interferent in our results. Both pyrroles and urobilinogen condense the DMAB
reaction system (form condensation products) and are quite different. The urobilinogen detected in
urine forms when gut microflora chemically reduces the bilirubin content of bile acids. In comparison,
evidence suggests that the pyrrole fraction originates from the fragmentation of regulatory haem by
reactive oxygen species (ROS) such as hydrogen peroxide and super and nitrous oxides. Clinical
studies in our laboratories have established that pyrroles as a urine biomarker have specificity in

E*;E;L“f:; detecting schizophrenia; however, caution must be applied as the readings are subject to interference

by other DMAB active compounds that are present, such as urobilinogen. This review highlights the
Citation: Lambert, B.; Semmler, A ; /

initial chemistry in isolating pyrroles and provides recommendations for standardised laboratory

Beer, C.; Voisey, |. Pyrroles as a . .
testing to ensure pyrroles are correctly measured and distinguished from other by-products.

Potential Biomarker for Oxidative

Sourcelambert B, Semmler A, Beer C, Voisey J. Pyrroles as a Potential Biomarker for Oxidative Stress Disorders. Int J Nk@bSci. 2023
1;24(3):2712.



