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Abstract: Proton leak has been implicated in various chronic diseases like diabetes and cancer. In this study, current from
intact cells, including mice liver cells, pig blood cells and human breast cancer cell MCF-7 were measured by microbial fuel
cells (MFC). Positive current change in normal liver cells were induced by either 2,4-dinitrophenol (DNP) or Piceatonnol.
The effect of DNP in enhancing the proton conductivity would increase the degree of positive current change, while
Piceatonnol in improving the mitochondria membrane potential would support the sustainability of the positive current
change with time. Piceatonnol was found to be more effective in inducing positive current change in cancer cells than in
liver cells. The higher effectiveness of Piceatonnol to cancer cells would be explained by the high proton leak condition of
the cells, and so increased the current production. Little positive current change could be induced in red blood cell by either
DNP or Piceatonnol. Results supported the hypothesis of the high mitochondria membrane potential to support the positive
current change in cells with time, while the proton conductivity determined the degree of positive current change. The

condition of proton leak of cells seemed to be the limiting factor for the positive current change in cells.

Keywords: Proton Leak, Electron Leak, Microbial Fuel Cells, 2,4-Dinitrophenol, Piceatonnol

1. Introduction

In the respiratory metabolism, oxidation of substrates
produced electron and proton that would either be used
directly by ADP to form ATP or convert the cofactor NAD"
to NADH in cytoplasm. The oxidative form NADH would
be recycled back to NAD" with the production of electrons
and protons via the electron transport chain in the
mitochondria. The chemical process of oxidative
phosphorylation in mitochondria would pass electrons
through three complexes containing two electron carriers
(ubiquinol and cytochrome c) (1) in the electron transport
chain, while the protons would be pumped outside the
mitochondrial matrix to the inner mitochondrial membrane.
The building up of high mitochondrial membrane potential
allowed the proton flow (2) from inner membrane via the
complex IV back to the matrix have enough energy to
convert ADP to ATP, and finally accepted by the molecular

oxygen to water (3). Majority of ATP, about 90% were
generated in the final step of electron transport chain (3).
However, not all the electrons would pass the electron
transport chain, some of them might escape at earlier steps.
Studies revealed that higher metabolic rate would increase
the chance of electron leaking (4) and fasting would lower
the level (5). The sluggish movement of electron transfer
would also increase the chance of electron leaking away
from its normal pathways and escaped to other part of the
body. Although we did not know where these electrons are
all end up to, some of them were used to generate heat
energy, and 50% of the escaped electron would form
superoxide by single electron reduction of molecular
oxygen, which was a major reactive oxygen species (ROS)
in cells (6). The loss of the electrons would account for the
energy loss and basal metabolism. The accumulation of
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ROS cells accounted for the major reason of apoptosis (7).

Apart from electron leak, proton leak was also observed
during the process of oxidative phosphorylation that was
found incompletely coupled in particular in those diseased
cells including cancers and diabetes. Electrons and protons
could leak across the inner membrane and relieve
proton-motive force independently of ATP synthase (8).
The proton leak was also found to be induced by ROS
production of cell (9). One of the benefits of proton leak
was to behave as an antioxidant and reduce ROS
production (10). The up-regulation of uncoupling protein 2
(UPC2) in cancer (7) promoting the proton leak explained
the  enhancement of cell protection  against
chemotherapeutic agents (11). Increased proton leak and
decreased ROS were observed in cancer cells (7). Cellular
ROS levels can be effectively controlled by the rate of
proton leak (12). Some of the protons might leak out and
flow back to the mitochondrial matrix, the “mild
uncoupling” (proton leak) occurred in the animal’s body
that slightly decreased membrane potential thereby
preventing fast production of reactive oxygen species in
mitochondria. Subsequently, it would decrease the damage
and aging of the cells (13).

Uncoupling proton decreases mitochondrial ROS release
through many mechanisms (4). First, the oxygen
consumption would increase with higher respiratory rates.
It might possibly result in lower oxygen tensions in the
mitochondrial microenvironment. This decreases the
probability of one electron reduction of oxygen at the
electron transport chain, generating the superoxide radical
anion, the primary ROS produced by mitochondria (14).
The second effect of enhanced respiratory rates on ROS
release is the maintenance of electron transport
intermediates, especially for the complex I and III, which
are the more oxidized state that cannot donate electron to
oxygen, producing superoxide radical (15). Lower
mitochondrial inner membrane potentials also decrease the
occurrence of reverse electron transfer from complex II to
complex I, a major source of ROS in many tissues (16).
Reverse electron transfer is thermodynamically feasible at
high inner membrane potentials, which compensate for the
differences in redox potential between complexes I and II.
Finally, increased respiratory rates decrease ROS release by
pyruvate and  o-ketoglutarate  dehydrogenases in
mitochondria, due to increments in the availability of
NAD" (17-19). In some cancers, UCP2 is highly abundant
and may advance metabolic reprogramming, further disrupt
tumor suppression, and promote chemo-resistance (20).
Therefore, a simple, convenient and cost-saving electron
and proton leak measurement is very important to advance
the research on the therapeutic development.

In the present study, microbial fuel cells (MFC) was used
to measure the current generated from normal mice liver
cells, pig blood cells and human breast cancer cells MCF-7.
Live animal cells were suspended in the anode of MFC,
while Potassium Hexacyanoferrate (III) was placed in the
cathode. The electrons leaking from the cells would pass to

the anode, which ended up flowing to the external circuit,
while protons leaking from cells would cross the
inter-chamber membrane to the cathode to complete the
circuit, resulting in current production. In order to simplify
the interpretation of data, no mediator was used to enhance
the leakage of electron from cells in the experiment. The
change of current production by the cells would directly
reflect to the action of the added chemicals.

As the ATP consumption of liver cell was very high, a
higher electric current could be detected by MFC, which
would be useful when comparing data and observed
changes amongst different cells. Apart from liver cells
were chosen for the experiment, MCF-7 breast cancer cells
and pig blood cells were also used. Most of the cancer cells
were found to have high proton leaking, which may be due
to the unusual up-regulation of UCP2 in mitochondria
during the advance stage of cancer development (7). Most
of the protons were found to be leaked via the UCP2
protein, which could be an advance metabolic
reprogramming in cancer cells to disrupt tumor suppression,
and promote chemo-resistance (20). Blood cells were the
kind of cells without mitochondria. No electron transport
chain and high mitochondrial membrane potential could be
found in blood cells. The use of blood cells in the
experiment could be used as a control. Protonophore
2,4-dinitrophenol (DNP) inducing proton leak by
increasing proton conductivity of cells and Piceatannol
increasing mitochondria membrane potential by inhibiting
the ATP synthase to ATP oxidative phosphorylation would
be used in the study. The study of current generation from
animal cells would help us to understand the correlation
between current generation and the status of proton leak.

DNP also exhibited favorable effects in some
pathological laboratory models related to oxidative stress
and increase lifespan of mice (15). Low doses of the DNP
promoted enhanced tissue respiratory rates, improved
serological glucose, triglyceride and insulin levels, decrease
of ROS levels and tissue DNA and protein oxidation, as
well as reduced body weight (15). Piceatannol is a stilbene
phytochemical from the seeds of Euphorbia lagascae,
which have been used widely in folk medicine for treating
tumors, cancers, and warts (21). Piceatannol inhibits the
F-type ATPase by targeting the F1 sector, which is located
to the inner membrane of mitochondria and plasma
membrane of normal endothelial cells and several cancer
cell lines (22).

2. Materials and Methods

2.1. Materials and Reagents

All chemicals for experiment were in analytical grade.
The essential reagents including ethanol absolute was
supplied by Tianjin Damao Chemical Reagent Factory
(Tianjin, China). DMEM medium was purchased from
HyClone Laboratory Inc. (Beijing, China). Fetal bovine
serum (BSA) was obtained from Tianjin Haoyang
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Biological Technology Co., Ltd (Tianjin, China). 2.3. MCF-7 cell Preparation

Trypsin-EDTA was purchased from Life Technologies
Corporation (Shanghai, China). The ATP inhibitors,
Piceatannol was purchased from Shanghai Yaji Biotech Co.
As a protonophore, 2,4-dinitrophennol (DNP) was
purchased from Dongfang Chemicals Factory in China.
Stock solutions of these standards were made as 5000ppm in
ethanol and stored at -10°C before usage. Water was purified
by Water purifying system (EPED, China).

2.1.1. Perfusion Buffer Concentrate (PBC)

Dissolve NaCl (103.75g), KCL (6.25g), Hepes (28.70g) in
H,0, added 1 M NaOH (75ml) when all dissolved. Add H,0
to a constant volume 500 ml.

2.1.2. Perfusion Buffer
Use 40ml PBC to constant volume to 1 litre by milli-Q
water. Then autoclaved the buffer at 120 C for 20 minutes.

2.1.3. Preservation Buffer
Add 2.5g of BSA to 250ml of perfusion buffer. Need
+4 °C or on ice store.

2.1.4. Dissociation Buffer

Add 0.5 ml 0of 476 mM CacCl, to 49.5 ml of perfusion buffer
to obtain a final concentration of 4.76 mM CaCl,. Add 3mg of
Collagenase (Biosharp) just before perfusion start.

2.2. Mice Liver Cell Preparation (23)

After the mouse was anesthetized with ethyl ether, the
fainted mouse was opened to expose the peritoneal cavity to
locate the portal vein. Perfusion buffer (30 mL) was first
perfused into the portal vein via an intravenous cannula; the
hepatic vein was then cut. After the blood from the liver was
cleaned, dissociation buffer (50 mL) was perfused to the
liver via the portal vein.

The liver was removed from the body to an aseptic petri
dish with preservation buffer. Gall bladder was carefully
removed and the liver cells were then released into the
preservation buffer. The liver cell solution was centrifuged
four times with different condition. The first centrifugation
of the liver cell solution was in the condition 54 x g for 2 min
at 4 ‘C.The supernatant from the first centrifugation was
collected and then was continued to centrifuge in another
two minutes in the same condition (54 x g for 2 minat4 C).
The second supernatant was collected then was centrifuged
third time with 1350 x g for 10 min at 4 C.

The precipitate was collected and 10 mL preservation
buffer, 25% Percoll and 50% Percoll were added into
centrifuge tube then centrifuged under 1350 x g for 30 min at
4 °C. The non-parenchymal cells from the interface, between
the two density cushions of 25% with 50% Percoll, was
collected with a 10ml pipette. Non-parenchymal cells were
re-suspended in 75ml preservation buffer to make up total
100ml solution in a conical flask. Transfer 25ml of the
non-parenchymal cells solution to another three conical flasks
that contained 75ml preservation buffer respectively to make
4 equal diluted portions for the test of microbial fuel cell.

MFC-7 (24), breast cancer cell, was cultured in DMEM
with 10% FBS and 1% penicillin medium in the
carbon-incubator at 37°C for two days to allow the cell
growth. After the cells were grown to cover the surface of
the plate, it was ready to experimental use. The medium of
cells were removed and rinsed with 2ml PBS, before Trypsin
was added for re-suspending cells. The harvested cell was
added to PBS and frozen at -80°C before use.

2.4. Pig Blood Cells

Fresh pig blood cells were purchased from the local farm.
Blood cells were washed with saline two times before used.

2.5. Microbial Fuel Cell (MFC) Test

Each set of MFCs apparatus consisted of a cathode and
an anode chamber. Potassium hexacyanoferrate (III)
(100ml) was placed in the cathode, while the cells were
suspended in preservation buffer in the anode chamber.
Nitrogen gas was used to remove oxygen in the anode,
because the presence of oxygen in anode would decrease
the electricity generation (25). Concentrations used for
different cells were adjusted until they would give a similar
initial voltage value in MFC. 50mM potassium
hexacyanoferrate (III) was used as the terminal electron
acceptor in cathode of the system. Proton exchange
membrane was used to separate the two chamber anode and
cathode. The polymer membrane was permeable to protons
when it was saturated with water, but it did not conduct
electrons. Proton was allowed to exchange in the system, the
circuit was completed. The voltage Eyrc of the circuit was
monitored by the Digital Multi-meter (Tektronix DM4020).

The voltage Eyrc measured in MFC was the electric
potential between the two electrodes, that is the function of
the external resistance (R.y) and the current 1. The
relationship was represented as follows:

Emrc = I Rey

The external resistance R, referred to the resistance
loaded on the external circuit, while the current I was the
current flowing to the external circuit. As the current
produced from MFC in the external circuit was small, the
current was usually estimated by calculation from the
measured voltage.

For R, = 5000 ohm

1= EMF(j/SOOO ohm

As the internal resistance of MFC would be influenced
by the condition of the MFC, it in terms would affect the
overall electric power generation (25). Under the same
condition of MFC, the internal resistance was assumed to
remain the same. Voltage or current change would reflect
the action of the chemicals added to the system. System
loaded with external resistance of 5000 ohm was used for
the calculation. The 20 minute current value before the
experiment was used as the baseline control, while the
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current change was calculated by subtracting the 20 minute
current value after the addition of chemical with the 20
minute control value.

3. Results
3.1. Figure (1 & 2)

DNP was found to induce positive current change in
MFC placed with normal liver cells in a dose-dependent
manner (Fig. 1). Low dose of DNP at 10 ppm or 15 ppm
did not induce high positive current change, but at the high
dose of 20 ppm. Higher positive current change was
observed at 20 ppm, which was then gradually declining
over the next 20 minute. (Fig. 1) Low dose at 10 ppm was
found to decrease the current production and yield negative
current change.

Piceatonnol also induced positive current change in
normal liver cells (Fig. 2). Low dose at 10ppm produced
negative current change, while higher dose at 15ppm or
20ppm produced positive current change. Higher dose at
20ppm induced more positive current change than that of
the low dose of 15ppm (Fig. 2).

Both DNP and Piceatonnol would induce positive current
change in normal liver cells in a dose-dependent manner
(Fig. 1 & 2). The positive current change was found to be
higher in DNP than in Piceatonnol treated cells (Fig. 1 & 2).
The positive current change in DNP was found in a
declining mode with time (Fig. 1), while that in Piceatonnol
was in an increasing mode with time.
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Figure 1. Increase in current produced from liver cells with time after
DNP (10ppm, 15ppm, 20ppm) was added.
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Figure 2. Increase in current produced from liver cells with time after
Piceatonnol (10ppm, 15ppm, 20ppm) was added.

3.2. Figure 3 & 4)

The positive current changes induced by DNP in the
human breast cancer cells MCF-7 was similar to that in
liver cells (Fig. 1,3), while the positive current changes
induced by Piceatonnol were found to be much higher in
cancer cells (Fig. 2,4) than in liver cells. Similar to the liver
cells, DNP produced positive current change in a declining
mode with time (Fig. 3), while Piceatonnol was in an
increasing mode (Fig. 4). The effectiveness of Piceatonnol
to induce positive current change in MCF-7 cancer cells
was found ro be higher than that of DNP (Fig. 3 &4).
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Figure 3. Increase in current produced from MCF-7 cancer cells with time
after DNP (20ppm) was added.
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Figure 4. Increase in current produced from MCF-7 cancer cells with time
after Piceatonnol (20ppm) was added.

3.3. Figure (5 & 6)
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Figure 5. Increase in current produced from blood cells with time after
DNP (20ppm, 40ppm) was added.
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Figure 6. Increase in current produced from blood cells with time after
Piceatonnol (10ppm, 20ppm) was added.

Blood cells were found to have little response to either
DNP or Piceatonnol. Little positive current changes could
be induced by two of the chemicals (Fig. 5 & 6), which
were much lower than that found in normal liver cells or
cancer cells. (Fig. 1-6)

4. Discussion

MFC was a system that would utilize the bacterial
metabolism to generate electricity from different substrates.
Similar to other bacteria, animal cells were found to
generate electric current during the cellular metabolism (26).
Electron and proton were produced during glycolysis and
Kreb’s cycle would either directly be utilized to form ATP in
cytoplasm, or form NADH from NAD". In the mitochondria,
NADH will convert back NAD" to generate electrons and
proton in the electron transport chain. Protons would be
pumped to the inner membrane of mitochondria and
increase the mitochondria membrane potential (2). The high
proton-motive force would drive protons flow from the
inner membrane back to the mitochondrial matrix via the
ATP synthase and convert ADP to ATP (2). However, not all
the proton would flow back to the mitochondrial matrix via
the ATP synthase, some of them would escape and leak out
from the inner membrane. The leaking of the protons led to
energy loss. Some of the energy loss from proton leak was
released as heat to bodies, which account for 20-30% of heat
generation of basal metabolism (27). The situation was
found to be more severe in chronic disease cells, e.g.
diabetes and cancer cells (28).

Protonophore DNP would enhance the proton leaking by
increasing the proton conductivity across the inner
membrane of the mitochondria. The leaking of proton was
found to correlate with the decreased level of ROS, tissue
DNA and protein oxidation (15). The leaked proton would
behave as an antioxidant to react with the surrounding free
radicals, which in terms reduced the amount of reactive
oxygen species in cells. It was the situation observed in the
high proton leaked cancer cells, in which the leaked proton
was used to decrease ROS production (7). Although there
was no free radicals in MFC to react with the leaked proton,
the residual amount of oxygen existed in the anode

chamber would react with the proton and so decrease the
electricity generation (25). The above reason might explain
the reason why not so much of leaked proton could reach the
cathode at low dose of DNP. However, when increasing the
dose of DNP, more protons would be leaked out from cells at
a time, which would bring along the electron out from the
cells for charge balance, and so complete the circuit. Current
could then be produced by the cells. The current measured
from cells were found to be dose-dependent on DNP.

Under normal condition, high proton leak was not
observed in normal cells, except in diseased cells, e.g.
diabetes or cancer cells. In cancer cells, UCP2 was
up-regulated and proton leak was found to go through the
UCP2 channel. Therefore, when Piceatonnol increased the
mitochondrial membrane potential by inhibiting ATP
synthase, increase in positive current change was observed
in cells. The effect was found to be much higher in cancer
cells than in normal liver cells, as the proton conductivity
was much higher in cancer cells than in normal liver cells.
The increase in current production by cells was found to be
limited by the flow of proton.

Current production also depended on the continuous
supply of electron and proton from cells. ATP synthase
inhibitor Piceatonnol would block the re-entry of proton
from inner mitochondrial membrane to the matrix via the
ATP synthase to form ATP from ADP. The effect of
Piceatonnol would allow the proton accumulate in the inner
membrane and create a very high mitochondrial membrane
potential. The high electro-gradient would increase the
tension of proton leaking out from the cell. Results indicated
that increase in mitochondria membrane potential by
increasing the dose of Piceatonnol would increase the
current production with time, while the increase in proton
conductivity by DNP would increase the initial current
magnitude. The stability of the current magnitude was
influenced by the continuous maintenance of high
mitochondria membrane potential.

For blood cells without mitochondria did not have
mitochondria membrane potential was found to produce
little current. The action of DNP to increase proton
conductivity on blood cells could only produce small
positive current change. Piceatonnol could not improve the
mitochondria membrane potential in the blood cells that did
not contain mitochondria, and so little positive current
change would be induced.

5. Conclusion

In this study, we have demonstrated the use of MFC to
measure the current change from animal cells and correlate
the result with the condition of proton leak. Results
indicated that DNP could increase the proton conductivity
would induce positive current change from cells and the
magnitude of the current change was influenced by the
degree of proton conductivity. Piceatonnol could increase
the mitochondria membrane potential would determine the
sustainability of the positive current change with time.
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Using MFC to measure the current change in cells could
help us to correlate the condition of the proton leak in cells

and

would enhance the advance in research and drug

development.
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