FEBS

bio

RESEARCH ARTICLE

'.) Check for updates

@ FEBSPRESS

e @ science publishing by scientists
([ J

Earthing effects on mitochondrial function: ATP
production and ROS generation

Cecilia Giulivi'?

and Richard Kotz®

1 Department of Molecular Biosciences, School of Veterinary Medicine, University of California, Davis, CA, 95616, USA
2 University of California Medical Investigations of Neurodevelopmental Disorders (M.I.N.D.) Institute, Sacramento, CA, USA
3 North American Science Associates (NAMSA), St. Louis Park, MN, USA

Keywords
ATP production; earthing; grounding;
mitochondria; oxidative stress

Correspondence

C. Giulivi, Department of Molecular
Biosciences, School of Veterinary Medicine,
University of California, Davis, CA 95616,
USA

E-mail: cgiulivi@ucdavis.edu

(Received 7 January 2025, revised 10
March 2025, accepted 22 May 2025)

doi:10.1002/2211-5463.70062

Mitochondria are central to cellular energy production and the regulation
of oxidative stress. Traditional methods for assessing mitochondrial ATP
and reactive oxygen species (ROS) rely on metal probes, which uninten-
tionally ground the system, confounding results. To investigate the impact
of grounding on mitochondrial function, we utilized fluorescence-based
experiments to assess these mitochondrial outcomes under three conditions:
wired (grounded), sham, and naive. Mitochondria under grounded condi-
tions produced significantly more ATP (by 5-11%), reduced ROS produc-
tion (by 22-33%), and decreased mitochondrial membrane potential (by
5-6%) than sham and naive. These findings indicate that grounding
improves mitochondrial bioenergetics by reducing oxidative stress. Future
research should explore the broader implications of grounding over time
on mitochondrial health and its potential therapeutic applications.

Mitochondria are increasingly recognized as essential
centers for various critical cellular processes, including
energy metabolism [1-3], immune response [4—6], and
signal transduction [7-10]. These organelles are respon-
sible for producing adenosine triphosphate (ATP), the
primary energy currency of cells, and they also regu-
late the production of reactive oxygen species (ROS),
which are significant contributors to oxidative stress
[3,11-13]. Dysfunction in these processes is associated
with the development of numerous chronic and degen-
erative diseases, which genetic, environmental, and life-
style factors can influence [11-14].

Mitochondrial ATP production occurs through an
oxidative phosphorylation process, which primarily
relies on the electron transport chain (ETC). This
process is essential for generating the energy needed

Abbreviations

for various cellular functions. However, during oxida-
tive phosphorylation, ROS are also produced as a
byproduct [15,16]. While low levels of ROS can be
beneficial and play critical roles in cellular signaling
pathways, excessive or uncontrolled ROS levels can
lead to significant cellular damage and oxidative
stress [3,11-14,17-19]. Imbalances in ROS production
are increasingly recognized as important factors in
the development of several health conditions. For
example, they are implicated in aging, contributing to
age-related decline in cellular function [1,20-26].
Additionally, elevated ROS levels are linked to a
range of metabolic disorders, neurodegenerative dis-
eases such as Parkinson’s and Alzheimer’s, and sys-
temic diseases like diabetes and certain types of
cancer [27].

ADP, adenosine diphosphate; ANCOVA, analysis of covariance (one-way ANCOVA); ANOVA, analysis of variance (one-way ANOVA); ARRIVE
guidelines, Animal Research: Reporting of /n Vivo Experiments guidelines; ATP, adenosine triphosphate; DAMPs, damage-associated
molecular patterns; ETC, electron transport chain; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; HRP, horseradish peroxidase;
MSHE buffer, mannitol, sucrose, EGTA, HEPES buffer; OCR, oxygen consumption rate; p-HPA, p-hydroxyphenylacetic acid; RCR, respiratory
control ratio; ROS, reactive oxygen species; Tukey's HSD, Tukey's honestly significant difference (post hoc test).
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Grounding enhances mitochondrial bioenergetics

In addition to their role in energy production and
signaling, mitochondria also have crucial functions in
the immune system [4,5,28-32]. Under conditions of
cellular  dysfunction, mitochondria can release
damage-associated molecular patterns (DAMPs),
which are molecules that alert the immune system to
potential threats [33]. This release of DAMPs can trig-
ger inflammatory responses, thereby playing a signifi-
cant role in the body’s innate immunity [33-39].

These intricate interactions underscore the vital
importance of assessing and understanding mitochon-
drial function, both for preventing diseases and devel-
oping effective treatment strategies. By targeting
mitochondrial dysfunction and regulating ROS levels,
it may be possible to influence the progression of vari-
ous diseases and improve overall health outcomes.

Understanding how mitochondria produce ATP and
ROS under varying conditions is crucial. Mitochondria
generate ATP through oxidative phosphorylation while
simultaneously producing ROS as byproducts. These
reactive molecules can cause oxidative stress unless
tightly regulated, contributing to aging and disease.
Grounding (or earthing)—direct contact with the
Earth’s surface—is thought to impact mitochondrial
function by influencing electron flow, potentially
affecting both ATP synthesis and ROS levels.

Interestingly, many experimental procedures, such as
those using polarography to measure oxygen consump-
tion through a Clark-type oxygen electrode [40,41] and
first applied to study mitochondrial oxygen uptake
and oxidative phosphorylation by Chance and Williams
[42], are performed under grounded conditions, stabiliz-
ing electrical noise and improving signal detection.
However, little attention has been paid to how ground-
ing might alter mitochondrial bioenergetics. Our study
compared ATP and ROS production and coupling
between electron transfer and ATP production in
grounded versus non-grounded mitochondria to explore
whether grounding alters mitochondrial function.

Grounding, or earthing, refers to the direct contact
of human or animal skin with the Earth’s surface. This
may occur through bare feet, hands, or grounding
devices facilitating conductive interaction with the
Earth’s surface. Contact with the Earth neutralizes
excessive oxidative stress and ROS, thereby influencing
the body’s physiology.

It is noteworthy that humans and all other animals
have been in direct contact with the ground continu-
ously until contemporary times, particularly in the
1950s when insulating synthetic-soled footwear was
introduced [43].

Earthing offers numerous wellness benefits—as evi-
denced by research based on clinical trials and
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randomized clinical trials—indicating that grounding
individuals promptly improves their mood and
decreases fatigue [44.45], enhances vagal tone
and heart rate variability [44], improves blood circula-
tion and viscosity [44,46], regulates cortisol levels [47],
diminishes blood glucose [48], promotes better sleep
[44,47,48], mitigates inflammation [49], and alleviates
delayed-onset muscle soreness or pain in general
[44,47,49], among various other health benefits
(https://earthinginstitute.net/research).

The observations above, including those regarding
the effects of earthing on reducing muscle damage [50]
without improving the energy cost of running or the
physiological responses of elite athletes [51], prompted
our investigation into the impact of ROS and ATP
during grounding on mitochondria.

Our findings indicated that under grounded condi-
tions, mitochondria produced less ROS than
non-grounded mitochondria, suggesting that ground-
ing may help prevent oxidative damage to mitochon-
dria over time, thereby minimizing oxidative stress.
These results underscore the importance of grounding
on mitochondrial outcomes and highlight the necessity
of evaluating mitochondrial function under conditions
that are grounded and not grounded to understand
their natural bioenergetic state fully. This comparison
may offer new insights into the potential therapeutic
benefits or risks of grounding in the context of mito-
chondrial health and disease prevention.

Materials and methods

Animals

Male C57BL/6 (B6) mice (Jackson Laboratories, Sacra-
mento, CA, USA) were kept in pathogen-free conditions,
according to the guidelines of the University of California,
Davis Institutional Animal Care and Use Committee
(IACUC). The University of California, Davis Institutional
Review Board for the Protection of Animal Welfare
(#21780) approved all experimental procedures and the
ethics of this study. The study was carried out in compli-
ance with the TACUC requirements and the ARRIVE
guidelines [52]. Mice consumed ad libitum chow and water.
To isolate mitochondria from livers, mice were humanely
euthanized by CO, inhalation.

Mitochondria isolation and bioenergetics
evaluation

All reagents were of analytical grade or higher. Mitochon-
dria were isolated from the livers of 3-month-old male mice
(strain C57BL/6). Mouse liver mitochondria were isolated
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Fig. 1. Experimental setup for grounding experiments. Counterclockwise: (A) Copper wires were coiled around conical 15 mL test tubes. (B)
One end of a thin stainless steel wire was connected to the bundle of copper wire, while the other end formed a loop that was submerged
in the solution inside the tube. Care was taken to ensure the thin wire did not touch the tube walls. A separate red cable with metal
alligator clips at each end connected the copper wire (B) to a grounded faucet (C, D), which was verified using a multimeter. The center of
the figure illustrates a schematic representation of the three experimental setups: grounded (top), sham (middle), and naive (bottom). The

arrow symbolizes the red cable with metal alligator clips.

as previously described [53-55]. Briefly, samples were
homogenized in isolation buffer (0.22 M mannitol, 0.07 m
sucrose, | mm EGTA, 10 mm HEPES, pH 7.4) with a
handheld PRO Scientific Bio-Gen PRO200 homogenizer at
a 1:10 ratio (1 g wet weight tissue in 10 mL buffer). Subse-
quently, differential centrifugation was used to obtain
mitochondria-enriched fractions. Purified mitochondria
from mitochondria-enriched fractions were collected by dif-
ferential centrifugation followed by Percoll gradient and
multiple washes in MSHE buffer (220 mm b-Mannitol,
70 mm sucrose, 0.5 mm EGTA, 2 mm HEPES, 0.1%
fatty-acid free bovine serum albumin, pH 7.4) followed by
a final resuspension in 0.5 mL of 150 mm KCI (final pro-
tein concentration of 70 mg-mL~'). Protein was determined
using the Pierce™ BCA protein assay kit and following the
manufacturer’s instructions. Oxygen consumption was eval-
uated using a Hansatech Clark-type oxygen electrode (Han-
satech, King’s Lynn, UK) [54-56]. Mitochondria
(150-300 pg protein) were added to the oxygen chamber in
a buffer containing 0.22 m sucrose, 50 mm KCI, 1 mm
EDTA, 10 mm KH,PO4, and 10 mm HEPES, pH 7.4.
ATP-driven oxygen consumption rates were evaluated in
the presence of (i) 1 mM malate-10 mm glutamate followed
by 1 mm ADP, and then the addition of 5 um rotenone
and (ii) 10 mm succinate followed by the addition of 1 mm
ADP, and then followed by the addition of 3.6 um

antimycin A. The activities of mitochondrial NADH-linked
ATP production and FADH, linked ATP production were
evaluated as the difference in oxygen uptake recorded
before and after the addition of rotenone and antimycin A,
respectively.

Grounding setup

Nine ml of MSHE buffer (0.21 M mannitol, 0.07 M sucrose,
1 mm EDTA, 1 mm EGTA, 10 mm HEPES, pH 7.4) was
aliquoted in 9 x 15 mL conical plastic tubes, 6 of which
were connected to a 14 cm long stainless steel 3 mm wire
(submerged halfway into the 1 mL of buffer). Of the 9 con-
ical tubes, 3 were grounded (stainless steel wire + cable
connected to the sink faucet), 3 were sham (stainless steel
wire + cable not connected to the faucet), and 3 were not
grounded or control (no stainless steel wire, no cable con-
nected to ground; Fig. 1). The ground condition was veri-
fied by using a handheld multimeter. A digital multimeter
(Commercial Electric MS83010A manual-ranging digital
multimeter), set to continuity test mode with an audible
output, was used to assess the integrity of each circuit. This
test ensured that there were no breaks or unintended resis-
tance in the electrical pathways. The audible output pro-
vided real-time confirmation of a continuous connection,
allowing efficient troubleshooting. Additionally, this
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method was used to verify that each tube was properly
grounded, ensuring a secure and low-resistance connection
to the ground, which is critical for both safety and proper
circuit functionality.

Throughout the text, mitochondrial states are mentioned.
For clarity, in mitochondrial respiration, State 3, State 3u,
and State 4 represent different mitochondrial activity
phases observed during respirometry experiments. State 3
(also known as active respiration) reflects the maximal rate
of mitochondrial oxygen consumption when ADP is avail-
able for phosphorylation. In this state, mitochondria are
actively converting oxygen into ATP through oxidative
phosphorylation, which represents their energy production
capacity. State 3u (uncoupled State 3) occurs when uncou-
plers, such as FCCP, are introduced, dissipating the proton
gradient across the inner mitochondrial membrane. This
causes mitochondria to consume oxygen at a high rate
without synthesizing ATP as the electron transport chain
continues to operate, but ATP production is uncoupled
from respiration. Lastly, State 4 (resting respiration) is
characterized by lower oxygen consumption after the ATP
produced in State 3 has been used. In this state, there is no
ADP available, and respiration is limited to the basal oxy-
gen consumption needed to maintain the mitochondrial
membrane potential and perform basic cellular functions,
without active ATP production. These states are crucial for
assessing mitochondrial function, including the respiratory
control ratio (State 3/State 4), which helps gauge the effi-
ciency of mitochondrial coupling and overall bioenergetic
health.

The incubation buffers were as follows for the three con-
ditions: (i) non-phosphorylating mitochondria (or idle):
MSHE +10 mwm succinate (for testing endogenous synthesis
of ATP with endogenous ADP); (ii) phosphorylating mito-
chondria: MSHE +10 mm succinate +1 mm ADP (to test
phosphorylating activity by providing substrate and ADP);
and (iii) uncoupled mitochondria (i.e., uncoupling of elec-
tron transport from ATP synthesis): MSHE +10 mm succi-
nate +3.6 pM Antimycin A + 20 nm FCCP. At ¢ = 0 min,
mitochondria were added to each tube at a final concentra-
tion of 0.3 mgmL~', thoroughly mixed, aliquots were
taken at time zero (estimated at <5 min), and then incu-
bated for 15 and 30 min at 22 °C. At these 3 time points,
aliquots of 200 puL (60 pg protein) and 5 pL (1.5 pg pro-
tein) were transferred to, respectively, 1.8 mL of ROS assay
buffer (0.1 m K,HPO,, 5 unitsmL~" horseradish peroxi-
dase and 400 um p-hydroxyphenylacetic acid) and 45 pL of
assay buffer (BioVision, proprietary) maintained on ice.
Mitochondrial H,O, production was determined fluorime-
trically, using a previously described method [57]. Briefly,
the reaction between horseradish peroxidase (HRP),
p-hydroxyphenylacetic acid (p-HPA), and hydrogen perox-
ide (H,0O,) follows a peroxidase-catalyzed oxidation process
that leads to the formation of a fluorescent product. HRP
utilizes H,O, as an oxidizing agent, forming an activated
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HRP-peroxide complex capable of transferring electrons to
suitable substrates. In this case, p-HPA undergoes
one-electron oxidation by the HRP-peroxide complex,
forming oxidized p-HPA, which subsequently dimerizes or
polymerizes into a highly fluorescent product. The oxidized
p-HPA product exhibits strong fluorescence, which can be
measured spectrophotometrically (typically with excitation
around 320-350 nm and emission around 400-450 nm).
The reaction proceeds via a radical-based mechanism and
is commonly used for detecting H,O, in biological
and enzymatic assays. The fluorescence intensity of the oxi-
dized p-HPA product correlates with the amount of H,O,
present, allowing for sensitive detection [58]. At the end of
the experiment, for the ROS measurement [59], 200 pL
sample—in triplicates—from the 2 mL reaction tube were
loaded in a well of a 96-well plate, and fluorescence was
recorded (excitation and emission wavelengths at 315 and
410 nm, respectively) after incubation for 30 min at 37 °C.
ROS production was calculated based on a calibration
curve obtained with a stock solution of 100 um H,O, at
0-3 pum concentrations. Negative (MSHE buffer only) and
positive (0.5 um H»0,) controls were also loaded onto the
microplate in triplicates.

At the end of the experiment, ATP levels were evaluated
spectrophotometrically (570 nm) with a BioVision kit (cat
# K354) following the manufacturer’s instructions after a
30-min incubation at 25 °C. A calibration curve of ATP
ranging from 0-10 nmol-well ™' was used for ATP quantifi-
cation. Negative (MSHE buffer only) and positive (5 nmol
ATP/well) controls were run in triplicates.

The mitochondrial transmembrane potential (AY) was
assayed fluorometrically (507 and 529 nm, excitation and
emission wavelengths) using (0.4 um) Rhodamine 123
(Fisher Scientific) as a probe in an Infinite M200 (Tecan,
Morrisville, NC). This fluorescent dye is used to assess Ay
in isolated mitochondria. Its cationic and lipophilic nature
allows it to accumulate within mitochondria in response to
their membrane potential selectively [60]. The fluorescence
was evaluated in aliquots at 0 and 30 min (technical tripli-
cates and two biological replicates). As a positive control
for A¥Y = 0, 3 um FCCP was added at the end of each mea-
surement to collapse A¥ by eliminating the proton motive
force across the mitochondrial inner membrane. The poten-
tial was calculated using the Nernst equation, considering
the partition of dye in the mitochondria vs. in the media
devoid of mitochondria. The dye Rhodamine 123 is used as
a probe for mitochondrial membrane potential because it is
well characterized, causes no loss of mitochondrial cou-
pling, and is not toxic at low concentrations [61,62].

Statistical analysis

All experiments were run in two biological replicates and
three technical triplicates. The one-way ANOVA (analysis
of variance) test was employed to determine whether there
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were statistically significant differences among three or
more experimental conditions. In this case, the conditions
included phosphorylating, non-phosphorylating, uncoupled
or grounded, sham, and naive groups. The test assessed
whether the mean values of a dependent variable differed
across these groups. Following the ANOVA, Tukey’s post
hoc analysis was conducted to identify specific group differ-
ences. Tukey’s test controls for the family-wise error rate
and is particularly useful when performing multiple com-
parisons, ensuring that significant differences between
group means are not due to random variation. Addition-
ally, linear regression analysis was performed to explore
relationships between variables, where Pearson’s correlation
coefficient was used to quantify the strength and direction
of the linear relationship between two continuous variables.
All statistical analyses were executed using JMP software
version 17.0, a widely used statistical tool for data visuali-
zation and analysis.

Results

Quality control of mitochondrial preparation

The quality control of mouse liver mitochondrial prepa-
rations was evaluated before performing any experi-
ments to assess the impact of grounding on
mitochondrial ATP and ROS production. All mito-
chondrial samples had respiratory control ratios (RCR)
12 £+ 3 using standard polarography equipment. The
samples were used within 2 hours after preparation, and
there was no significant decline in the RCR <9 during
this period. Under these conditions, the rates of oxygen
uptake with malate-glutamate and succinate under
phosphorylating conditions were 26 + 3, 39 + 4 nmol,
and 27 £+ 3 nmol of O, consumed x (min x mg mito-
chondrial protein)~'. The rate of oxygen consumption
under non-phosphorylating conditions (succinate only;
State 4) was 3.5 £ 0.5 nmol O, x (min x mg mito-
chondrial protein)~!. The rate of ROS production in
State 4 was 0.60 + 0.02 nmol H,O, x (min x mg
protein) . If the rate under State 4 reflects the proton
leak and electron leak from the mitochondrial inner
membrane, then the electron leak (exit of electrons
throughout the electron transport chain before the
reduction of oxygen to water at cytochrome ¢ oxidase
resulting in superoxide anion production) represents a
minor fraction of the total oxygen consumption rate in
State 4 (6-to-1 ratio), in agreement with others [63].

Validation of experimental setup and approaches

All experiments were performed at 22 °C to avoid
unspecific activation of proteases and lipases, which
could compromise mitochondrial integrity throughout
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the experiment (~30-60 min). Higher temperatures
may require larger amounts of protease, kinase, phos-
phatase, and lipase inhibitors to prevent degradation,
with unexpected and sometimes detrimental impacts
on mitochondrial bioenergetics. Additionally, while
overall oxygen uptake rates are higher at 37 °C, the
slower oxygen consumption rate at 22 °C ensures that
mitochondria (or cells) do not experience hypoxia or
anoxia during the evaluation period. This was critical
as the grounding setup did not provide a real-time
reading of oxygen levels in the test tubes. Temperature
has a well-known impact on mitochondrial function,
including ATP-linked oxygen consumption rates
(OCR). As shown by others, Arrhenius plots of OCR
in State 3 with succinate vs. 1/T support the tempera-
ture dependence of mitochondrial activity (Fig. 1A).
These results indicated a proportional decrease in
OCR at lower temperatures as the electron transport
chain components slowed down [64]. In addition, the
activation energy calculated from that plot
(14.7 £+ 0.4 cal-mol™') was within published values for
the 17-30 °C temperature range (15.4 to 16 cal-mol™!)
[64], validating our results. Furthermore, the 20-25 °C
range has been widely used in mitochondrial studies,
including Chance’s seminal work in the 1950s-60s,
where experiments ranged from 4 to 25 °C, with most
conducted at 25 °C [65-70]. Thus, the selection of per-
forming bioenergetic assessments at 22 °C preserves
mitochondrial integrity, obtains reliable respiration
measurements while avoiding unwanted, excessive
enzymatic  degradation, and prevents hypoxic
conditions.

We designed experiments that utilized spectroscopic
techniques (fluorescence) to assess ROS and ATP, as
most mitochondrial studies employ metal probes to
measure these parameters, which can alter the mito-
chondrial solution and thus confound the experiments.
Both ATP synthesis and H,O, production were ini-
tially measured under baseline conditions to establish
reference values. This step was crucial to ensure that
any subsequent changes observed in ATP and ROS
levels could be accurately attributed to grounding
rather than variations in the mitochondrial prepara-
tions. Detailed protocols for quantifying ATP and
H,0, were followed to ensure precision and reliability
in the measurements. Analysis of the variance showed
a main effect of mitochondrial state on ATP produc-
tion [F(2, 23) = 1062.44, P < 0.0001, n* = 0.989]. As
expected, ATP production was the highest in phos-
phorylating mitochondria when a substrate (succinate)
and ADP were provided at non-limiting concentrations
(State 3; mean + SD =401 + 35 nmol x (min x mg
mitochondrial protein)~' compared to States 4 or 3u).
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Post hoc analyses using Tukey’s HSD indicated that
ATP production in State 3 was higher than that in
State 4 (P <0.0001) and State 3u (P <0.0001;
Fig. 1B). Conversely, under conditions of endogenous
(limiting) ADP (but with excess succinate or State 4)
or uncoupled conditions with antimycin (State 3u with
antimycin), ATP production was negligible [19 £ 3
and 18 £ 2nmol x (min x mg mitochondrial
protein) ', respectively] and statistically not different
from each other (P = 0.996).

In terms of ROS production, analysis of the variance
showed a main effect of mitochondrial states on the
H,0, production rate [F(2,24) =29.47, P < 0.0001,
n? = 0.711]. The mitochondrial ROS production was
maximal under antimycin-supplemented uncoupled con-
ditions (State 3u with antimycin = 0.18 + 0.02 nmol
H,0, x (min x mg protein) ' compared to phosphory-
lating (0.10 4+ 0.02) and non-phosphorylating
(0.13 £ 0.02) conditions (P < 0.0001 and P = 0.0002,
respectively; Fig. 1C)). The rate of ROS production
under phosphorylating conditions was also different
and lower than that obtained under
non-phosphorylating conditions (P = 0.035; Fig. 1C).

Considering a current P/O = 1.636 for succinate
(1.636 molecules of ATP are produced for each oxygen
atom reduced to water during the oxidation of succi-
nate) [71-73], the fraction of oxygen utilized for ROS
production was 2.2% under non-phosphorylating con-
ditions and 0.08% under phosphorylating conditions.
Consistent with these values and according to current
literature, a very small fraction of oxygen consumed
by mitochondria is used for ROS production, typically
estimated to be between 0.15% and 2% of total oxy-
gen consumption, with most studies placing it closer to
the lower end of this range at around 0.1-0.2% [74]
for mitochondria in State 3.

The values of these outcomes indicated that not only
the mitochondria preparations that would be used for
the grounded wiring settings passed the quality control
for intactness and coupling but also the experimental
setups and approaches.

Grounding experiments

For grounding experiments, copper wires were coiled
around the necks of conical 15-mL test tubes. A thin
stainless steel wire connected to the copper coil had a
loop submerged in the solution within the tube, ensur-
ing it did not touch the tube walls. Grounding was
established by connecting the copper wire to a faucet.
The system was fully linked to the faucet in the
grounding condition, confirmed by a multimeter as
properly grounded (see Methods). The sham condition
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replicated this setup but did not have a grounding
connection, acting as a control for potential
non-grounding effects. The naive condition included
no external wiring or grounding, serving as a baseline
for comparison (Fig. 2).

First, we assessed the time course for H,O, produc-
tion by mouse liver mitochondria under State 4 and
3u with antimycin to evaluate the linear response
within the time window (Fig. 3A and Fig. 3B). Under
the three conditions, the responses under State 4 were
linear with correlation coefficients >0.93 [Pearson’s
correlation r(2) >0.93, P < 0.001]. Similar results were
obtained with State 3u and antimycin. One-way analy-
sis of covariance (ANCOVA) indicated that the H,O,
production under grounded settings was significantly
different from and lower than those observed under
sham and naive conditions for State 4 (P = 0.023) and
State 3u with antimycin (P = 0.034).

The rates of ATP production (Fig. 3C), H,O, pro-
duction (Fig. 3D), and RCR (Fig. 3E) were evaluated
in mouse liver mitochondria under phosphorylating
conditions (State 3) and under the three settings
(grounded, sham, and naive). Significant differences
were observed under grounded conditions compared to
sham and naive. Analysis of the variance showed a
main effect of grounding on ATP production [F (2, 6)
= 78.598, P < 0.0001, Pn* = 0.963]. Post hoc analyses
using Tukey’s HSD indicated that the ATP production
was 444 + 2 nmol ATP x (min x mg protein) '
under grounded conditions, significantly higher than
that under sham (420 + 1; P = 0.002) and naive con-
ditions (396 + 7; P < 0.0001; Fig. 3C). Aligned with
the ATP production results, analysis of the variance
showed a main effect of grounding on H,O, produc-
tion rates [F(2,6) = 10.803, P =0.010, pn* = 0.783].
Post hoc analyses using Tukey’s HSD indicated that
the ROS production was not different between sham
and naive conditions [in nmol H,0, x (min x mg
protein)_1 0.103 £+ 0.009 and 0.12 4+ 0.01; P = 0.213],
but both were higher than that under grounded condi-
tions (0.08 + 0.01; P =0.079 vs. sham; P = 0.009 vs.
naive; Fig. 3D).

In sum, the ATP production was the highest under
grounded conditions, accompanied by the lowest mito-
chondrial ROS production and the highest coupling of
ATP production to oxygen uptake or electron flow
through the electron transport chain.

Considering that grounding resulted in a statistically
significant increase in ATP production compared to
sham and naive conditions (5 to 11%), but with a
more substantial impact on ROS production
(decreased by 22 to 33%) than in sham and naive con-
ditions, and that research studies indicated that even a
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Fig. 2. Arrhenius plot for State 3 with succinate, ATP, and hydrogen peroxide production by isolated, purified mouse liver mitochondria. (A)
The oxygen consumption rate (OCR) with succinate and ADP (State 3) by isolated mouse liver mitochondria was evaluated at three
temperatures. The Arrhenius plot was constructed using the natural log of the mean rates of OCR at each temperature tested. The data
were fitted to a linear model (equation shown on the panel; Pearson’'s correlation r2) = —0.998; P = 0.036). Error bars represent
the standard deviation. For Panels B, C, isolated mitochondria were incubated with succinate and ADP (phosphorylating; State 3), with
the substrate (succinate) only (non-phosphorylating; State 4), and with the FCCP uncoupler (carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone) and antimycin (uncoupled; State 3u with antimycin). ATP (Panel B) and hydrogen peroxide production
(Panel C) were evaluated in aliquots (taken in triplicates) at 0, 15, and 30 min, and the rates were calculated as the slopes of a linear
regression fitting. Statistical analyses were performed with ANOVA (analysis of variance) followed by Tukey's post hoc. The box plots in
panels B and C are designed to enclose 50% of the data within each box, with the median value (defined as the data value located halfway
between the smallest and largest values) represented as a line. The top and bottom of the box indicate the limits of +£25% of the variable
population. The lines extending from the top and bottom of each box depict the minimum and maximum values within the dataset that fall
within an acceptable range. Any value outside this range, referred to as an outlier, is shown as an individual point (an outlier is defined as
any point whose value is either greater than the upper quartile +1.5 * interquartile distance or less than the lower quartile — 1.5 *
interquartile distance). Outliers are included in the calculations for the box plot. All experiments were run in at least two biological replicates

and three technical triplicates.

modest decrease in membrane potential (<13%) can
lead to a 1.2- to 2-fold increase in respiration rate and
substantial (by 80%) reduction in H,O, production
while exerting minimal effects on State 3 respiration
[75,76], we evaluated the mitochondrial membrane
potential under the three conditions. The AY under
naive or sham conditions was not different (—174 + 9
and — 175 £ 10 mV), whereas under grounded condi-
tions, it was significantly lower (—165 & 8 mV). All
three AY dropped to —20 + 6 mV values in the pres-
ence of FCCP.

Discussion

The findings from our study highlight the significant
impact of grounding on mitochondrial function, par-
ticularly in ROS generation, which consequently
affects the coupling of electron transfer to ATP pro-
duction. Using fluorescence-based assays to evaluate
these parameters, we successfully avoided the con-
founding effects that traditional metal probes intro-
duced by grounding the mitochondrial solution. This
methodological approach enabled us to isolate and
accurately assess the influence of grounding on

mitochondria. Currently, no experimental work has
unequivocally demonstrated that grounding alters
mitochondrial bioenergetic parameters. While various
claims regarding the health benefits of grounding exist,
including its potential effects on oxidative stress, these
assertions have largely remained speculative due to a
lack of direct empirical support. Our study aimed to
address this knowledge gap by providing experimental
data to evaluate whether grounding has measurable
effects on mitochondrial respiration, membrane poten-
tial, and oxidative stress. Rather than assuming a
causal relationship, we systematically tested whether
grounding exerts any bioenergetic influence under con-
trolled conditions. By doing so, we aimed to establish
a foundation for future investigations into the poten-
tial physiological relevance of grounding at the mito-
chondrial level.

Our study demonstrated that grounding led to a
slight decrease in mitochondrial membrane potential,
which accounts for the reduction in ROS production
and the increase in ATP production. Although the
decrease was ~5-6% and could be considered a minor
biological impact, it is necessary to remember that the
proton leak rates in mammalian mitochondria increase

FEBS Open Bio (2025) © 2025 The Author(s). FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 7

Federation of European Biochemical Societies.

85UB01 7 SUOLUWIOD aA 181D 3ol dde ay) Aq peuenob ae so ol VO 85N JO So[n. 1oy Akeld1T8UIIUQ AB]IM UO (SUONIPUOO-PUB-SWIRIALIOY"AB | 1M Afe.d1jBul JUo//Sdiy) SUOTIPUOD pue swie 1 8y} 88S *[5202/20/9T] Uo AfiqiTauliuo (1M ‘usWuBA0D AjqUiessY UsPM A 29002 '€9YS-TTZZ/200T 0T/I0P/W0d A8 |im" Aleid Ul |UO'SGeY//SiY Wo.j pepeojumoa ‘0 ‘g9rSTTZe



Grounding enhances mitochondrial bioenergetics C. Giulivi and R. Kotz

(A) State 4 (B) State 3u and antimycin
_ 20 r
12y =456+0.104x R=1 —y=5364+0.139x R=1
= 10 F—y =3627 +0.072x R=0.926 = ——y=5.171+0.078x R=0.989
© © 15 |
IS o
S 8 a
()]
£ E
©° o
E 6 E 10T
= = P =0.034
ON 4 S gN
= —e—Sham — 5F —e—Sham
2r —®~ Grounded —e— Grounded
0 L 1 1 1 1 1 0 1 1 1 L L 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
© 450 Time (min) @) ¢.15 Time (min)
c
K 82 0.13
—~ 0 P 5 L
c © S ©
-% a S a
=} @ © 2
8 E 400} = 5 oaf
o c Q g
o g
g% ® %
g 22 008 ®
g ;S c i
350 - 0.05 ~
Grounded Sham Naive Grounded Sham Naive

Fig. 3. Effect of grounding on ATP and hydrogen peroxide production and respiratory control ratio in phosphorylating mitochondria.
Hydrogen peroxide production was evaluated at the indicated time points in mitochondria incubated with succinate (A) and succinate, FCCP,
and antimycin (B). Aliquots were taken in triplicates under each condition: grounded, sham, and naive. Linear regression equations are
shown in each panel. The P-value corresponds to a one-way ANCOVA (analysis of covariance). The rates of ATP production (C) and
hydrogen peroxide production (D) were evaluated in phosphorylating mitochondria (State 3). P values were obtained from ANOVA analysis
followed by Tukey's post hoc. All experiments were run in two biological replicates and three technical triplicates. For panels A and B, error
bars represent the standard deviations. The box plots in panels C and D show 50% of the data within each box, with the median indicated
by a line. The box limits represent £25% of the variable population. Lines extending from the boxes depict the minimum and maximum
values within an acceptable range. Values outside this range, called outliers, are shown as individual points (defined as any point greater
than the upper quartile +1.5 * interquartile distance or less than the lower quartile — 1.5 * interquartile distance). Outliers are included in
box plot calculations.

exponentially with AY¥ and that the increase in proton
conductance across the mitochondrial membrane is
also non-ohmic with AY¥ increases. Proton and electron
leak are intricately linked, as superoxide production is
highly sensitive to the decrease in Aproton due to

proton leak [77]. Our results aligned with those of
others, indicating that even modest decreases in mem-
brane potential can lead to a substantial decrease in
H,0, production [75,76]. This aligns with our findings
and supports the hypothesis that electrical grounding
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may modulate mitochondrial bioenergetics via subtle
changes in membrane potential.

Mitochondrial respiration and membrane potential
are often measured in respiratory chambers fitted with
electrodes, such as the commonly used oxygraph sys-
tems. These systems rely on oxygen consumption rates
as a proxy for mitochondrial activity. Still, they do
not always account for potential artifacts introduced
by mitochondrial grounding—a phenomenon where
mitochondria physically interact with surfaces, poten-
tially altering their bioenergetic behavior. When mito-
chondria are in suspension, as in many high-resolution
respirometry experiments, they can maintain their
native electrochemical gradients. However, when mito-
chondria come into contact with chamber surfaces,
such as the electrodes in an oxygraph, this grounding
can influence charge distribution, impacting membrane
potential measurements and potentially altering oxygen
consumption rates. In systems where mitochondria are
deposited onto surfaces or enclosed in microchambers,
grounding effects might lead to membrane potential
dissipation, causing artificial depolarization or altered
proton leak dynamics. This could result in underesti-
mated respiratory control ratios or misinterpretation
of mitochondrial coupling efficiency. Understanding
these possible effects is critical for ensuring that
measured respiration and potential accurately reflect
physiological mitochondrial behavior. Comparing
electrode-based O, consumption measurements with
alternative  approaches, such as fluorometric
potential-sensitive dyes or isolated vesicle systems, may
help clarify how mitochondrial grounding influences
bioenergetic assessments.

Reduced levels of ROS are advantageous since
excessive ROS can cause oxidative stress, damaging
cellular components such as lipids, proteins, and
DNA. These observations suggest that grounding posi-
tively influences mitochondrial bioenergetics by reduc-
ing oxidative stress through decreased ROS
production. Thus, grounding may offer an exciting
therapeutic target for altering the pathophysiology
associated with mitochondrial superoxide production
and diseases characterized by increased oxidative stress
resulting from dysfunctional mitochondria.

Our results support the hypothesis that grounding
provides therapeutic potential across various contexts.
Decreased levels of ROS reduce oxidative damage,
which may slow processes associated with aging and
chronic diseases, which are associated with a decline in
mitochondrial function.

In conclusion, these findings underscore the signifi-
cance of grounding in mitochondrial research and sug-
gest potential therapeutic benefits of grounding for

Grounding enhances mitochondrial bioenergetics

managing conditions related to mitochondrial
dysfunction and oxidative stress. Future studies should
investigate the long-term effects of grounding and
its possible applications in preventive and clinical
contexts.
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