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Understanding the 
mitochondria
Mitochondria are known as the 
powerhouses of cell due to their role in 
energy conversion. These are the sites 
where various nutrients can be converted 
through oxidative phosphorylation into 
usable forms of energy like adenosine 
triphosphate (ATP). In the mitochondrial 
matrix or cytoplasm, nutrients from fats, 
carbohydrates, and proteins are broken 
down by various enzymes and used to 
generate energy for the cell.  

During cellular respiration, a glucose 
molecule is first converted into pyruvate, 
which travels into the mitochondrial matrix 
and gets converted into acetyl-coA. Acetyl 
coA enters into the citric acid cycle whereby 
ATP (or, in some cases, GTP), NADH, and 
FADH2 are made, and carbon dioxide is 
released. The NADH and FADH2 by-
products deposit their electrons in the 
electron transport chain in the inner 
mitochondrial membrane. As electrons 
move down the chain, energy is released 
and used to pump protons out of the matrix 
and into the intermembrane space, forming 
a gradient. The protons flow back into the 
matrix through an enzyme called ATP 
synthase that make ATP. At the end of the 

electron transport chain, oxygen accepts 
electrons and takes up protons to form 
water. The entry of glucose into the cell and 
utilization and catabolism of free fatty acids 
generates ATP molecules. During oxidative 
phosphorylation, electrons are transferred 
from electron donors to electron acceptors 
in redox reactions. In eukaryotes, these 
redox reactions are carried out by a series of 
protein complexes within mitochondria 
where oxygen acts as a terminal electron 
acceptor. These enzymes generate ATP from 
adenosine diphosphate (ADP) in a 
phosphorylation reaction. Therefore, if there 
is deficiency of oxygen at the cellular level, 
and subsequent inefficient glucose 
utilization and oxidative phosphorylation, 
then ATP generation will decrease and 
reduce the availability of energy.

Mitochondria are the 
powerhouses of the 
cell responsible for 
energy production.
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The role of menaquinones in ATP 
production

Menaquinone accepts electrons from a variety of electron donors and transfers them to 
terminal oxidases or reductases. Subsets of the electron donors and acceptors pump 
protons to the outside of the cell, generating proton motive force that can be utilized to 
generate ATP via oxidative phosphorylation.2 In prokaryotes, especially in Gram-positive 
bacteria, menaquinone will transfer two electrons in a process of aerobic or anaerobic 
respiration. Although NADH is the most important electron donor in eukaryotes, bacteria 
can use several different electron donors, a number of different dehydrogenases, a number 
of different oxidases and reductases, and a number of different electron acceptors. 

As shown in the figure above, electrons are transported along the membrane through 
menaquinone and a series of protein carriers (cytochrome bc1 complex). Concomitantly, 
protons are translocated across the cell membrane from the cytoplasm to the periplasmic 
space. The cell membrane is impermeable to protons, except through ATP synthases. 
When protons move through these complexes, energy releases from their passage 
coupled with the synthesis of ATP from ADP and phosphate.3

Quinones play key roles in the respiratory electron transport systems (ETS). They shuttle 
electrons between the membrane-bound protein complexes acting as electron acceptors 
and donors.1 Quinones can be divided into two major structural groups: ubiquinones (or 
benzoquinones, UQ) and menaquinones (or naphthoquinones, MK). Each of these 
molecules contains an isoprenyl side chain of varying length and degree of regiospecific 
saturation (reduction or hydrogenation of double bonds).



The most common ubiquinone in human 
mitochondria is Q10 or Coenzyme Q10 
(CoQ10), which is an essential vitamin-like 
substance, and its primary function is to 
generate ATP in the mitochondria. 
Although Q10 is found in virtually every 
cell in the human body where energy is 
produced, the highest concentration can 
be found in the heart and the liver because 
they contain the most mitochondria per 
cell. However, CoQ10 is a relatively large, 
hydrophobic molecule, which makes 
absorption of supplemental CoQ10 slow 
and limited. Moreover, the absorption of 
supplemental CoQ10 into the 
mitochondrial membrane or non-deficit 
tissues is rather inefficient.4 

In a collaboration project with Texas Tech 
University, Synergia Life Sciences 
researchers have proposed that vitamin K 
has electron transporter activity which they 
observed previously in adaptogenic 
animal studies. This view was further 
strengthened by their human studies 
reporting improvements in VO2max. In 
other words, vitamin K2 appears to play a 
significant role in the redox cycle utilized 
by every human cell except for non-
mitochondrial cells. Actually, Martius et al 
had proposed electron transporter activity 

of vitamin K2 in the 50’s, but this was later 
questioned by Johnson and group.5 
Recently however, researchers have started 
revisiting this hypothesis. A drosophila 
study by Melissa Vos et al and research by 
Tiulina et al suggest that vitamin K2 is 
directly associated with oxidative 
phosphorylation.6 

Melissa Vos et al found that vitamin K2 was 
necessary and sufficient to transfer 
electrons in Drosophila mitochondria.7 
Heix mutants showed severe mitochondrial 
defects that were rescued by vitamin K2; 
and like ubiquinone, vitamin K2 transferred 
electrons in Drosophila mitochondria, 
resulting in more efficient ATP production. 
Thus, vitamin K2 can help to maintain 
normal ATP production, resulting in 
improved mitochondrial oxygen 
consumption and energy production.

Vitamin K2 & the 
redox cycle
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It has been observed in B. cereus that the electron flow capacity increases simultaneously 
with the increase in menaquinone levels and vice versa. Escamilla et al also observed that 
during early germination, NADH-dependent respiration and cytochrome reduction were 
restored simultaneously with a four-fold increase in menaquinone content when 
compared with dormant state.8 This means that the presence of menaquinones plays an 
important role in the electron transport chain to support ATP generation during hypoxic 
conditions as electron acceptors in tandem with cytochromes in prokaryotes. A similar 
mechanism is postulated for eukaryotes in hypoxic environments. Vitamin K2 works as an 
electron carrier independently from CoQ10 to produce ATP, but vitamin K2 can also 
work synergistically with the endogenous CoQ10 to significantly enhance ATP 
production. 

The Ted Reid Experiment 
The recent development of the Seahorse Metabolic Analyzer has offered advantages for 
measuring mitochondrial respiration and oxygen consumption in cells in culture.9 OCR 
(Oxygen Consumption Rate) is measured over time, often fueled by glucose. By using a 
series of inhibitors of respiration, it assesses both the rates of disappearance of oxygen 
(OCR) and the acidification of the medium [extracellular acidification rate (ECAR)] with 
different substrates and uncouplers. According to the cell line and the experimental work 
done with vitamin K2 and the sea horse XF 96 equipment from Texas Tech University, 
there is an overall improvement in the reserve capacity.  

This increased 
capacity improved 
the utilization of O2 
and led to greater 
production of ATP. 
Reid found that the 
addition of vitamin 
K2 to cultured cells 
improved oxygen 
consumption ability 
by 60%. This 

increase in energy and oxygenation has positive implications in many diseases including 
COPD, emphysema, and Parkinson’s disease. At the same time, an increase in oxygen 
consumption is also beneficial for the general population and highly active individuals.  
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Viridis BioPharma has proposed in a patent 
that the use of vitamin K or its derivatives, 
alone or in combinations, can increase 
energy levels and ameliorate disease states 
as well as lifestyle disorders (WO 
2010/103545; PCT/IN2010/000143). The 
invention relates to Vitamin K, its derivatives, 
and combinations to increase the energy 
levels in diverse disease states and lifestyle 
disorders characterized by low energy 
levels from inadequate VO2 max and ATP 
stores. VO2max, or peak oxygen uptake, is 
intimately connected to several diseases 
and lifestyle disorders such as metabolic 
syndrome, obesity, diabetes mellitus, 
coronary artery disease, hypertension, 
cerebral vascular insufficiency, immune 
deficient states, cancer, aging- related 
disorders, reduced cardiopulmonary 
reserves, and muscular fitness in athletics, 
high altitude climbing, and exercise. 

One of the highly conserved metabolic 
pathways is that of AMP-activated kinase 
(AMPK) which is today recognized as a 
metabolic regulator of cellular enzymes 
involved in the generation of ATP molecules 
through carbohydrate and fat metabolism. 
The upstream AMPK-activating enzymes as 
a group are called AMPK kinase or AMPKK. 
AMPKK activates AMPK, and in turn 
AMP:ATP ratio decreases by switching off 
ATP-consuming anabolic pathways and 
switching on ATP-producing catabolic 
pathways. Vitamin K and its derivatives 
activate AMPK and increase VO2max as well 
as tissue perfusion. The improvement in 
anti-hypoxic function of the tissues can lead 
to enhanced energy transduction, the 
fundamental mechanism for which is 
conventionally considered to be maximal 
oxygen uptake (VO2max).

Vitamin K2 & VO2max
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Given the role of vitamin K2 in 
mitochondrial function, it is plausible to 
speculate that it may also be effective in 
other physiological conditions that limit 
mitochondrial function. Maximal aerobic 
exercise represents a physiological 
stimulus that is often limited by the ability 
of the heart to continue pumping blood 
at a high rate. In highly trained individuals, 
it is common for maximal heart rate to 
decline with increased training, mostly as 
a function of increased blood volume and 
the associated increase in stroke volume. 
Decreased maximal heart rate is a side 
effect of training that may reduce the 
ability of an individual to maximize 
cardiac output to his or her physiological 
limit.10,11 

Studies have demonstrated that higher 
intakes of vitamin K2 can help to restore 
the function of mitochondria (the cells’ 

energy factories), and particularly the 
ability of mitochondria to manufacture 
ATP, which is the body’s energy currency. 
Heart muscle has a very high 
concentration of mitochondria as do the 
endurance fibers in skeletal muscle. This 
has led some researchers to speculate as 
to whether dietary supplementation with 
vitamin K2 could increase the function of 
muscle with high mitochondrial content 
(i.e. skeletal and cardiac muscle), and thus 
improve endurance. 

In a collaborative study with the University 
of North Texas, findings confirmed that 
when vitamin K2 was added to a human 
diet, energy capacity increased.12 The 
purpose of the study was to determine if 
eight weeks of dietary supplementation 
with vitamin K2 could alter cardiovascular 
responses to a graded cycling test.Vi

ta
m

in
 K

2:
 M

ito
ch

on
dr

ia
 R

es
cu

e 
&

 R
ep

ai
r  

|  
Pa

ge
 �7



To do this, 26 endurance-
trained males and females 
were randomly assigned 
either to a control group 
that received a rice flour 
placebo or to an 
intervention group that 
received supplemental 
vitamin K2. For weeks 1 to 
4, the athletes in the K2 
group received 300 mcg 
per day of vitamin K2 and 
in weeks 5 to 8 received 
150 mcg per day. The 
athletes in the control 
group received similar 
doses of rice flour to mirror 
the intervention group.  

During the entire 8-week 
period, all the participants 
maintained their normal 
training routines. Before 
and again after the 8-week 
period, the athletes 
completed a graded 
cycling test on cycle 
ergometer, during which 
heart rates, cardiac output 
(blood pumped per 
minute) and stroke volume 
(blood volume per minute) 
were measured, along with 
the athletes’ levels of 
oxygen consumption. 

This study found that 
consumption of a 
supplement containing 
vitamin K2 was associated 
with a trend toward an 
increase in heart rate AUC. 
The AUC analysis revealed 
that vitamin K2 
supplementation was 
associated with a 
cardiovascular profile 
characterized by increased 
cardiac output, increased 
heart rate, and decreased 
blood lactate compared to 
the placebo following 8 
weeks of exercise training 
with the supplementation. 

This study showed a 12% 
increase in maximal cardiac 
output which might 
translate into an effect on 
endurance exercise 
capacity. Without the 
vitamin K2 supplement, 
training-induced changes 
in maximal cardiac output 
could take 6 to 9 months of 
continuous training to 
achieve. Supplementation 
with vitamin K2 during 
training may reduce the 
training window by 
approximately 60%. 
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In recent years, CoQ10 has gained considerable attention as a dietary supplement 
capable of influencing cellular bioenergetics and counteracting some of the damage 
caused by free radicals. However, studies that have evaluated the potential ergogenic 
value of CoQ10 in athletes have reported mixed results. Some studies using CoQ10 
dosages (60–150 mg/day for 3–8 weeks) have found no ergogenic benefit on maximal 
or submaximal exercise capacity in untrained and trained individuals.13-15  

One possible explanation for these inconsistent findings is that the absorption of 
CoQ10 into the mitochondrial membrane is often slow and limited. Several human 
studies support this view that uptake of exogenously supplemented CoQ10 (120–150 
mg of CoQ10 for 4–6 weeks) by tissues other than plasma and liver is very low or 
absent.16-17 

As per one study, both acute and chronic CoQ10 supplementation had no significant 
effect of indices of muscle endurance and anaerobic capacity as determined by an 
isokinetic 50- repetition test and a 30-second Wingate anaerobic capacity test. 
Similarly, no significant differences were observed among groups in maximal oxygen 
uptake (VO2max) or ventilatory anaerobic threshold following CoQ10 
supplementation.4 

Some studies have shown that vitamin K2 in Drosophila has the capacity to exert the 
same electron transfer actions as ubiquinone in the mitochondria. Thus, vitamin K2 
may have the ability to restore mitochondrial function when ubiquinone is limited or 
disrupted.7,18

Drawbacks of CoQ10
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Hypoxia and energy kinetics are intimately 
involved in cardiorespiratory fitness with diverse 
disease states. Enhanced energy level and oxygen 
utilization are central to a functional capacity. 
Cardiorespiratory fitness is also known as aerobic 
fitness, aerobic capacity, physical fitness, and 
maximal oxygen uptake, or VO2max. 
Supplementation of vitamin K2, with or without 
aerobic training, enhances VO2max and thus 
contributes to improved health status.
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