Am J Physiol Cell Physiol 304: C207–C214, 2013.
First published November 21, 2012; doi:10.1152/ajpcell.00300.2012.

Methane biogenesis during sodium azide-induced chemical hypoxia in rats
Eszter Tuboly,1 Andrea Szabó,1 Dénes Garab,1 Gábor Bartha,1 Ágnes Janovszky,1 Gábor Eroⴖs,1
Anna Szabó,2 Árpád Mohácsi,2 Gábor Szabó,2 József Kaszaki,1 Miklós Ghyczy,1 and Mihály Boros1
1

Institute of Surgical Research, Faculty of Medicine, University of Szeged, Szeged, Hungary; and 2Department of Optics
and Quantum Electronics, Faculty of Science and Informatics, University of Szeged, Szeged, Hungary
Submitted 11 September 2012; accepted in final form 14 November 2012

Tuboly E, Szabó A, Garab D, Bartha G, Janovszky Á, Eroⴖ s G,
Szabó A, Mohácsi Á, Szabó G, Kaszaki J, Ghyczy M, Boros M.
Methane biogenesis during sodium azide-induced chemical hypoxia
in rats. Am J Physiol Cell Physiol 304: C207–C214, 2013. First
published November 21, 2012; doi:10.1152/ajpcell.00300.2012.—
Previous studies demonstrated methane generation in aerobic cells.
Our aims were to investigate the methanogenic features of sodium
azide (NaN3)-induced chemical hypoxia in the whole animal and to
study the effects of L-␣-glycerylphosphorylcholine (GPC) on endogenous methane production and inflammatory events as indicators of a
NaN3-elicited mitochondrial dysfunction. Group 1 of Sprague-Dawley rats served as the sham-operated control; in group 2, the animals
were treated with NaN3 (14 mg·kg⫺1·day⫺1 sc) for 8 days. In group
3, the chronic NaN3 administration was supplemented with daily oral
GPC treatment. Group 4 served as an oral antibiotic-treated control
(rifaximin, 10 mg·kg⫺1·day⫺1) targeting the intestinal bacterial flora,
while group 5 received this antibiotic in parallel with NaN3 treatment.
The whole body methane production of the rats was measured by
means of a newly developed method based on photoacoustic spectroscopy, the microcirculation of the liver was observed by intravital
videomicroscopy, and structural changes were assessed via in vivo
fluorescent confocal laser-scanning microscopy. NaN3 administration
induced a significant inflammatory reaction and methane generation
independently of the methanogenic flora. After 8 days, the hepatic
microcirculation was disturbed and the ATP content was decreased,
without major structural damage. Methane generation, the hepatic
microcirculatory changes, and the increased tissue myeloperoxidase
and xanthine oxidoreductase activities were reduced by GPC treatment. In conclusion, the results suggest that methane production in
mammals is connected with hypoxic events associated with a mitochondrial dysfunction. GPC is protective against the inflammatory
consequences of a hypoxic reaction that might involve cellular or
mitochondrial methane generation.
methanogenesis; inflammation; hypoxia; L-␣-glycerylphosphorylcholine
PREVIOUS IN VIVO STUDIES HAVE furnished persuasive experimental evidence of the nonbacterial generation of methane (CH4) in
a variety of stress conditions (15–17, 23, 29). Various study
designs have been employed to identify mechanistic components, and the results suggest that the release of CH4 may be a
consequence of the production of reactive oxygen species
(ROS) after transient oxygen deprivation (17, 23). Hypoxia is
inseparable from a mitochondrial dysfunction, and ROS formation is especially pronounced in the inner mitochondrial
membrane during the inhibition of cytochrome c oxidase (complex IV) activity, when the oxygen molecule is not able to
accept the flow of electrons (39). More importantly, it has been
shown in plants or eukaryotic cells that the CH4-producing
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phenomenon can be mimicked by sodium azide (NaN3) administration (17, 41), when selective and stable inhibition of
mitochondrial cytochrome c oxidase leads to chemical hypoxia
with subsequent energy depletion (6, 25, 38). Although an in
vivo biological role for the endogenous generation of CH4 has
not been fully explored, our recent data demonstrated that
exogenous CH4 confers protection against the development of
inflammation following an ischemia-reperfusion insult (7).
Our primary objective in the present investigation was to
identify mechanistic details of the methanogenic reactions in a
whole animal model and to shed light on the possible roles of
a mitochondrial electron transport dysfunction in the biogenesis. It should be noted that large amounts of CH4 may be
produced by anaerobic fermentation in the mammalian large
intestine. In consequence of its physicochemical properties,
CH4 traverses the mucosa and freely enters the splanchnic
microcirculation. It is widely accepted that the bulk of the CH4
produced is excreted via the lungs, and breath testing has
therefore become a tool for the diagnosis of certain gastrointestinal conditions in humans. Nevertheless, CH4 is distributed
evenly across membrane barriers. The pulmonary route is
therefore certainly not exclusive, and the production is reflected not only in the exhaled air but also in its passage
through body surfaces: a recent study demonstrated the uniform release of CH4 through the skin in healthy individuals
(31). It follows that determination of the whole body CH4
output is required for an assessment of the magnitude of the
release or clearance. To date, however, no studies have been
reported in which the overall CH4 generation was investigated
or characterized in vivo. We have therefore designed an experimental setup with which to measure the whole body CH4
output in small animals. We applied photoacoustic spectroscopy with a near-infrared diode laser technique for real-time
measurements of CH4 emission in the rat.
In the first part of the study, we set out to determine the in
vivo CH4 production profile of the animals under baseline
conditions and after the induction of mitochondrial distress by
chronic inhibition of mitochondrial cytochrome c oxidase.
Changes in leukocyte reactions were chosen as endpoints via
which to characterize the proinflammatory potential of the
NaN3 protocol. These phenomena coexist in the inflammatory
milieu, and various data suggest a multiple connection between
them in oxido-reductive stress-induced inflammation and
evolving tissue injury.
In the second part of our study, our aim was to modulate the
outcome of NaN3-induced chemical hypoxia and additionally to
outline a possible mechanism linked to the expected CH4 generation. Here, we took into account the earlier in vivo findings that
L-␣-glycerylphosphorylcholine (GPC), a water-soluble, deacylated phosphatidylcholine (PC) derivative, proved to be effective
against lipid peroxidation and loss of the membrane function in
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oxido-reductive injuries (32). Furthermore, the increased uptake
of PC exerted an anti-inflammatory influence in various experimental scenarios (19, 26), and we have previously shown that
pretreatment with PC reduces the exhaled CH4 concentration
during intestinal ischemia-reperfusion injury (18). Hypoxic
events enhance inflammatory activation, and we therefore
hypothesized that the administration of GPC might well influence the NaN3-induced formation of CH4 and the accompanying antigen-independent inflammatory process. With this background, we set out to investigate the consequences of GPC
administration on the inflammatory changes and whole body
CH4 production in rats exposed to chronic NaN3 administration.
MATERIALS AND METHODS

Animals. The experiments, on a total of 35 male Sprague-Dawley
rats (220 –300 g/body wt), were performed in accordance with the
National Institutes of Health Guidelines on the Handling and Care of
Experimental Animals. The study was approved by the Animal Welfare Committee of the University of Szeged.
Experimental protocol. The animals were randomly allocated into
five groups. Group 1 (n ⫽ 7) served as sham-operated, nontreated
controls; in group 2 (n ⫽ 7), the rats were treated with a dose of 14
mg·kg⫺1·day⫺1 sc NaN3 (Sigma-Aldrich, Munich, Germany) for 8
days. This dose has been reported to produce a nonlethal inflammatory
response in rodents (5, 6). The significant inhibition of cytochrome c
oxidase activity by treatment with NaN3 was demonstrated in pilot
experiments by fluorometric analysis of liver samples (data not
shown).
In group 3 (n ⫽ 7), the NaN3 treatment (14 mg·kg⫺1·day⫺1 sc for
8 days) was supplemented with parallel, oral GPC treatment (Lipoid,
Ludwigshafen, Germany, 50 mg·kg⫺1·day⫺1) in daily gavages for 8
days. In group 4 (n ⫽ 7), the animals were treated orally with the
antibiotic rifaximin (10 mg·kg⫺1·day⫺1; Alfa Wasserman, West
Caldwell, NJ) for 11 days, with the first dose being administered 3
days before the start of NaN3 treatment (14 mg·kg⫺1·day⫺1 for 8
days). This procedure resembles the clinical practice of targeting the
gastrointestinal bacterial flora; the rifaximin dose was chosen with
regard to the overall minimal inhibitory concentration (25 g/ml) at
which 50% of the strains are inhibited (14). Group 5 (n ⫽ 7) served
as a control group, in which the animals received only oral rifaximin
(10 mg·kg⫺1·day⫺1 per os for 11 days). Whole body CH4 emission
was measured every second day over the 8 days in the various groups,
and the animals were then anesthetized with 5% chloral hydrate (375
mg/kg) to carry out the intravital examinations. Tissue biopsies were
subsequently taken to determine certain biochemical parameters; the
samples were stored at ⫺70 °C until the measurements.
Whole body CH4 analysis setup. A new, purpose-built gas-measuring device was used in which the gases emanating from smaller
animals, such as rodents, can be measured accurately as a function of
time. The measurement technique is based on photoacoustic spectroscopy, an established method for gas analysis (8). Photoacoustic
spectroscopy measures optical absorption indirectly via the conversion of absorbed light energy into acoustic waves, this technique being
based on the thermal expansion of absorbing gas samples. The light
source of the system is a near-infrared diode laser that emits around
the CH4 absorption line at 1,650.9 nm with an output power of 15 mW
(from NTT Electronics, Tokyo, Japan). Cross-sensitivity for common
components of breath and ambient air were repeatedly examined, and
no measurable instrument response was found for several vol% of
CO2 or H2O vapor. The narrow line width of the diode laser provides
high selectivity; the absorbance of CH4 is several orders of magnitude
greater than that of H2O, CO2, or CO at 1.65 m, which was the
wavelength we used (35).

The instrument was calibrated with various gas mixtures prepared
by dilution of 1 vol% of CH4 in synthetic air (Messer, Budapest,
Hungary), and it proved to have a dynamic range of four orders of
magnitude; the minimum detectable concentration of the sensor was
found to be 0.25 ppm (3), with an integration time of 12 s.
For the animal experiments, a specially designed sampling chamber
with an internal volume of 2,510 cm3 was constructed. The chamber
could be closed hermetically but was fitted with a device that allowed
extraction of a sample of the gas in the chamber for external analysis.
Before the animals were placed into the chamber, the CH4 concentration of the gas in the chamber (room air) was determined and used
as baseline in the calculations of the CH4 emission of the animals. By
means of a membrane pump (Rietschle Thomas, Puchheim, Germany)
and a mass-flow controller, a sample of the gas from the chamber was
drawn through the photoacoustic cell via a tube made of stainless
steel. A rat was next placed in the chamber, which was then sealed. It
was found that a period of 10 min was sufficient for the level of CH4
released by the animal (through the skin or exhaled) to be measured
reliably and reproducibly in an extraction sample. Accordingly, a
sample of the chamber gas was taken for analysis exactly 10 min after
the animal had been sealed in the chamber. The rat was then removed
from the chamber until the measurements on the subsequent day. The
chamber was thoroughly flushed with room air before the next rat was
inserted. The CH4 emission data for each day were taken as the
means ⫾ SD for all of the animals. The whole body CH4 emission of
the animal was calculated as the difference in the CH4 concentration
of the sample taken at 10 min and the baseline concentration, referred
to the body surface [F (dm2) ⫽ 10 * S0.75 kg].
Intravital video microscopy. The rats were anesthetized with sodium pentobarbital (60 mg/kg ip), and the right jugular vein and
carotid artery were cannulated for fluid and drug administration and
for the measurement of arterial pressure (a Statham P23Db transducer
with a computerized data acquisition system; Experimetria, Budapest,
Hungary), respectively. The animals were placed in a supine position
on a heating pad to maintain the body temperature between 36 and
37°C, and Ringer’s lactate was infused at a rate of 10 ml·kg⫺1·h⫺1
during the experiments, together with small supplementary doses of
pentobarbital intravenously when necessary. The trachea was cannulated to facilitate respiration, and after laparotomy the liver was
positioned horizontally on an adjustable stage and superfused with
37°C saline. The microcirculation of the liver surface was visualized
by means of intravital video microscopy (IVM), using a Zeiss Axiotech Vario 100HD microscope (100-W HBO mercury lamp, Acroplan ⫻20 water immersion objective). FITC (0.2 ml iv; Sigma) was
used for the ex vivo labeling of erythrocytes, and rhodamine-6G
(0.2%, 0.1 ml iv; Sigma) was used for the staining of polymorphonuclear leukocytes. The microscopic images were recorded with a
charge-coupled device videocamera (AVT HORN-BC 12; Horn Imaging, Aalen, Germany) attached to an S-VHS videorecorder (Panasonic AG-MD 830; Yokohama, Japan) and a personal computer.
Video analysis. Quantitative assessment of the microcirculatory
parameters was performed off-line by frame-to-frame analysis of the
videotaped images, using image analysis software (IVM; Pictron,
Budapest, Hungary). The red blood cell velocity (RBCV; m/s) was
measured in five separate fields in five sinusoids. The functional
capillary density (FCD) was defined as the total length of red blood
cell-perfused capillaries per observation area (cm/cm2). Leukocyteendothelial cell interactions were analyzed within five central venules
of the liver (diameter between 11 and 20 m) per animal. Adherent
leukocytes (stickers) were defined in each vessel segment as cells that
did not move or detach from the endothelial lining within an observation period of 30 s and are given as the number of cells per
millimeter squared of endothelial surface.
In vivo histology. The dynamic structural changes of the liver were
investigated by real-time laser scanning confocal endomicroscopy
with an excitation wavelength of 488 nm, the emission being detected
at 505–585 nm (FIVE1; Optiscan Pty, Notting Hill, Australia). The
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chosen areas were scanned in a raster pattern to construct a transverse
optical section (1 scan per image, 1,024 ⫻ 512 pixels and 475 ⫻ 475
m per image). The optical slice thickness was 7 m; the lateral and
axial resolution was 0.7 m. The liver architecture was examined in
vivo following topical application of the fluorescent dye acridine
orange (Sigma-Aldrich). The objective of the device was placed onto
the liver surface, and confocal imaging was performed 5 min after dye
administration. Thirty to fifty pictures were stored in each experiment.
The thickness of the sinusoids was quantified by image analysis; the
qualitative lobular changes were analyzed by using a semiquantitative
scoring system. The grading was performed with three criteria: the
structural changes of the sinusoids (score 0 ⫽ normal; 1 ⫽ dye extravasation, but the vessel structure is still recognizable; 2 ⫽ destruction, the
vessel structure is unrecognizable), edema (score 0 ⫽ no edema; 1 ⫽
moderate epithelial swelling; 2 ⫽ severe edema), and the hepatocyte cell
outlines (score 0 ⫽ normal, well-defined outlines; 1 ⫽ blurred outlines;
2 ⫽ lack of normal cellular contours).
Intestinal xanthine oxidoreductase activity. Small intestinal biopsies kept on ice were homogenized in phosphate buffer (pH 7.4)
containing 50 mM Tris·HCl (Reanal, Budapest, Hungary), 0.1 mM
EDTA, 0.5 mM dithiotreitol, 1 mM PMSF, 10 g/ml soybean trypsin
inhibitor, and 10 g/ml leupeptin. The homogenate was centrifuged at
4°C for 20 min at 24,000 g, and the supernatant was loaded into
centrifugal concentrator tubes. The activity of xanthine oxidoreductase (XOR) was determined in the ultrafiltered supernatant by fluorometric kinetic assay (4).
Intestinal and lung tissue myeloperoxidase activity. The activity of
myeloperoxidase (MPO), a marker of polymorphonuclear leukocyte
activation, was determined in ileal and lung biopsies. Samples were
homogenized with Tris·HCl buffer (0.1 M, pH 7.4) containing 0.1 mM
PMSF to block tissue proteases and then centrifuged at 4 °C for 20
min at 24,000 g. The enzyme reaction mixture containing 50 mM
K3PO4 buffer (pH 6.0), 2 mM 3,3=,5,5= tetramethylbenzidine (dissolved in DMSO), and 100 l of homogenate supernatant was
incubated for 5 min at 37°C. The reaction was started with 0.6 mM
hydrogen peroxide (H2O2; dissolved in 0.75 ml of K3PO4 buffer) and
was stopped after 5 min with 0.2 ml of H2SO4 (2 M), and the
H2O2-dependent oxidation of tetramethylbenzidine was detected
spectrophotometrically at 450 nm (UV-1601 spectrophotometer; Shimadzu, Kyoto, Japan). MPO levels were calculated via a calibration
curve prepared with standard MPO (Sigma-Aldrich). The data were
referred to the protein content.
ATP measurements. A sample was taken from the liver, cooled in
liquid nitrogen, and stored at ⫺70 °C. Afterwards, the sample was
weighed, placed into a threefold volume of trichloroacetic acid (6%
w/v), homogenized for 1 min, and centrifuged at 5,000 g. After
adjustment of the pH to 6.0 with saturated K2CO3 solution, the
reaction mixtures were prepared by the addition of 100 l of ATP
assay mix (containing firefly luciferase, luciferin, MgSO4, EDTA,
DTT, and BSA in a Tricine buffer; Sigma-Aldrich) to 100 l of
fivefold diluted sample. The ATP determinations were based on the
measurement of luciferase chemiluminescence, using a luminometer
(LUMAT LB 9507; Berthold Technologies, Bad Wilbad, Germany).
ATP levels were calculated with the aid of a standard ATP calibration
curve (Sigma-Aldrich). The data were referred to the sample weights.
Statistical analysis. Data analysis was performed with a statistical software package (SigmaStat for Windows; Jandel Scientific,
Erkrath, Germany). Friedman repeated-measures ANOVA on
ranks was applied within groups. Time-dependent differences from
the baseline (0 min) for each group were assessed by Dunn’s
method, and differences between groups were analyzed with
Kruskal-Wallis one-way ANOVA of variance on ranks, followed
by Dunn’s method for pairwise multiple comparisons. In the
figures, median values and 75th and 25th percentiles are given. P
values ⬍ 0.05 were considered significant.
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RESULTS

Whole body CH4 release. We performed repeated analyses at
2-day intervals to follow the CH4 profile of each animal (Fig. 1).
Chronic NaN3 administration significantly increased the whole
body generation of CH4 by day 3 of treatment [median value
(M): 2.082 delta parts per million (dppm)/1,000 dm2; 25th
percentile (p25): 1.992 dppm/1,000 dm2; and 75th percentile
(p75): 2.277 dppm/1,000 dm2], and the higher CH4 output
persisted until the end of the experiments (day 8: M: 2.974
dppm/1,000 dm2; p25: 2.630 dppm/1,000 dm2; and p75: 3.362
dppm/1,000 dm2). A statistically significant increase in CH4
release was observed on day 8 in the antibiotic-treated
animals subjected to the NaN3 challenge (M: 2.224 dppm/
1,000 dm2; p25: 1.528 dppm/1,000 dm2; and p75: 2.346
dppm/1,000 dm2), whereas no elevation was noted in the
sham-operated (M:1.337 dppm/1,000 dm2; p25: 1.078
dppm/1,000 dm2; and p75: 1.598 dppm/1,000 dm2) or antibiotic-treated (M:1.598 dppm/1,000 dm2; p25: 0.938 dppm/
1,000 dm2; and p75: 1.673 dppm/1,000 dm2) control groups.
More importantly, a significant CH4 level elevation was not
demonstrated in the GPC ⫹ NaN3-treated group (M: 1.11
dppm/1,000 dm2; p25: 0.83 dppm/1,000 dm2; and p75: 1.437
dppm/1,000 dm2) compared with the matching controls. The
elimination of the intestinal bacteria led to a considerable
decrease in CH4 emission, but it remained measurable (M:
1.135 dppm/1,000 dm2; p25: 0.848 dppm/1,000 dm2; and p75:
1.312 dppm/1,000 dm2) and by day 8 the level was significantly higher in the animals subjected to the NaN3 challenge
than in the control group.
Liver microcirculation. The hepatic microcirculation is well
known to be particularly sensitive to inflammatory damage and
chemical hypoxia, and the NaN3-induced changes in RBCV
and FCD were therefore monitored (Fig. 2). In group 2, the

Fig. 1. Whole body CH4 production on days 1, 3, 5, and 8 of the investigation.
Empty circles with continuous line relates to the sham-operated group, black
triangles with continuous line to the sodium azide (NaN3)-treated group, gray
diamonds with continuous line to the L-␣-glycerylphosphorylcholine (GPC)treated NaN3 group, empty squares with continuous line to the antibioticgavaged control group, and gray converse triangles with continuous line to the
antibiotic-gavaged NaN3-treated group. During the first measurement, all the
rats were untreated, except for the antibiotic-treated group, which had been
pretreated for 3 days. Median values and 75th and 25th percentiles are given;
P ⬍ 0.05 was considered statistically significant. *P ⬍ 0.05 vs. sham-operated,
antibiotic-treated control.
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Fig. 2. Red blood cell velocity in liver capillaries. Light-gray box plot relates
to the sham-operated group, dark-gray box plot to the NaN3-treated group,
striped light-gray box plot to the GPC-treated NaN3 group, white box plot to
the antibiotic-gavaged control group, and checked white box plot to the
antibiotic-gavaged NaN3-treated group. Median values and 75th and 25th
percentiles are given; P ⬍ 0.05 was considered statistically significant. *P ⬍
0.05 vs. sham-operated, antibiotic-treated control; #P ⬍ 0.05 vs. GPC ⫹
NaN3-treated group.

RBCV in the sinusoids was very low (M: 314.5 m/s; p25: 290
m/s; and p75: 348 m/s), relative to the sham-operated value
(M: 812 m/s; p25: 777 m/s; and p75: 839 m/s). After GPC
administration, the RBCV increased significantly but did not
reach the control level (M: 444 m/s; p25: 408 m/s; and p75:
616.5 m/s). A similar tendency was observed in antibiotic ⫹
NaN3-treated group 5. No differences in FCD were found
between the groups (data not shown).
Leukocyte-endothelial cell interactions. By day 8, the number of sticking leukocytes in the central venules was markedly
enhanced in some of the NaN3-treated animals, but the increase
was not significant statistically (P ⫽ 0.051) due to the large
interindividual differences (data not shown). The results indicated that the extent of leukocyte adhesion did not differ in the
GPC ⫹ NaN3-treated group from that in the untreated controls
(data not shown).
In vivo morphological changes. The structure of the liver
was evaluated by means of in vivo imaging, using confocal
laser scanning endomicroscopy. The NaN3 treatment itself did
not alter the thickness of the sinusoids in the chosen areas (data
not shown). The in vivo histology of the rats treated with NaN3
did not reveal any tissue damage, and there were no visible
differences in the integrity of the hepatic portal triads between
the control and treated groups (Fig. 3).
MPO activities of the ileum and the lung. The MPO produced by the activated leukocytes was chosen as an indicator of
the general inflammatory profile of the rat tissues. As reflected
in Fig. 4, we observed a statistically significant increases in lung
MPO in NaN3-treated group 2 (M: 570 pmol·min⫺1·mg⫺1; p25:
544.5 pmol·min⫺1·mg⫺1; and p75: 805.5 pmol·min⫺1·mg⫺1) and in
antibiotic ⫹ NaN3-treated group 5 (M: 501.7 pmol·min⫺1·mg⫺1;
p25: 383.8 pmol·min⫺1·mg⫺1; and p75: 1,268.5 pmol·min⫺1·mg⫺1)
compared with the sham-operated control or the GPC-supplemented
group (M: 300.5 pmol·min⫺1·mg⫺1; p25: 277.3 pmol·min⫺1·mg⫺1;
and p75: 305.9 pmol·min⫺1·mg⫺1). In the GPC-gavaged group, the
MPO activity was even lower than in the control groups.

Quantification of the MPO activity in the ileum revealed
significant elevations in the NaN3-treated animals (M: 1,271.5
pmol·min⫺1·mg⫺1; p25: 1,154.4 pmol·min⫺1·mg⫺1; and p75:
1,366.5 pmol·min⫺1·mg⫺1) and the antibiotic-gavaged NaN3treated groups (M: 1,274.6 pmol·min⫺1·mg⫺1; p25: 782.3
pmol·min⫺1·mg⫺1; and p75: 1,828.6 pmol·min⫺1·mg⫺1; Fig.
4). GPC supplementation resulted in a significantly lower MPO
activity (M: 914.5 pmol·min⫺1·mg⫺1; p25: 783.3 pmol·min⫺1·mg⫺1;
and p75: 944.9 pmol·min⫺1·mg⫺1) and the data did not differ from
those for the sham-operated group (M: 818.3 pmol·min⫺1·mg⫺1;
p25: 801.7 pmol·min⫺1·mg⫺1; and p75: 866.5 pmol·min⫺1·mg⫺1).
XOR activity in the small intestine. The activation of XOR
during hypoxia or ischemia-reperfusion events leads to the
production of high amounts of ROS. Thus small intestinal
XOR was chosen as a further endpoint via which to characterize the inflammatory potential of NaN3 administration. By day
8 of the experiments, a significantly higher lung XOR activity
was noted in animals subjected to the NaN3 challenge (M:
316.2 pmol·min⫺1·mg⫺1; p25: 240.9 pmol·min⫺1·mg⫺1; and
p75: 535.4 pmol·min⫺1·mg⫺1) compared with group 3 (M:
153.9 pmol·min⫺1·mg⫺1; p25: 121 pmol·min⫺1·mg⫺1; and
p75: 198.5 pmol·min⫺1·mg⫺1) and group 4 (M: 216.9
pmol·min⫺1·mg⫺1; and p25: 187.1 pmol·min⫺1·mg⫺1; p75:
243.5 pmol·min⫺1·mg⫺1; Fig. 5). The increase was statistically
not significant in the antibiotic ⫹ NaN3-treated group 5 compared with the matching control.
Liver ATP level. To establish whether NaN3 influences the
mitochondrial function, we quantified liver ATP production on
day 8 of the chronic challenge. The results indicated a significant ATP depletion in group 2 (M: 0.122 nmol·ml⫺1·mg⫺1;
p25: 0.089 nmol·ml⫺1·mg⫺1; p75: 0.189 nmol·ml⫺1·mg⫺1)
compared with the sham-operated group (Fig. 6). The ATP level
in the liver of the GPC-gavaged group was higher, but the increase
was not significant statistically (M: 0.199 nmol·ml⫺1·mg⫺1; p25:
0.182 nmol·ml⫺1·mg⫺1; and p75: 0.222 nmol·ml⫺1·mg⫺1) compared
with either the NaN3-treated or the antibiotic-gavaged ⫹ NaN3treated group. The GPC-treated animals produced similar amounts of
ATP as observed in the control groups.

Fig. 3. In vivo histology images of the liver lobules after acridine orange
staining. A: sham-operated. B: 8 days after NaN3 challenge. C: GPC ⫹ NaN3
treatment. D: antibiotic ⫹ NaN3 sample. No structural differences were
detected between the groups. Thickness of the sinusoids was unchanged.

AJP-Cell Physiol • doi:10.1152/ajpcell.00300.2012 • www.ajpcell.org

SODIUM AZIDE-INDUCED METHANE GENERATION

C211

Fig. 4. Tissue myeloperoxidase activities of the ileal
and lung biopsy samples. Light-gray box plot relates
to the sham-operated group, dark-gray box plot to the
NaN3-treated group, striped light-gray box plot to the
GPC-treated NaN3 group, white box plot to the antibiotic-gavaged control group, and checked white box
plot to the antibiotic-gavaged NaN3-treated group.
Median values and 75th and 25th percentiles are
given; P ⬍ 0.05 was considered statistically significant. *P ⬍ 0.05 vs. sham-operated, antibiotic-treated
control; #P ⬍ 0.05 vs. GPC ⫹ NaN3-treated group.

DISCUSSION

CH4, the most reduced form of carbon, plays an important
role in both tropospheric and stratospheric chemistry (20), but
the significance of endogenous CH4 production in cellular
physiology is still not known for certainty. Mammalian methanogenesis is closely associated with the activity of intestinal
anaerobic bacteria; however, previous studies have demonstrated the generation of nonbacterial CH4 in aerobic living
systems as well (16, 17, 23, 24). In 2003 we reported on
hypoxic mitochondrial CH4 generation (16), and in 2006 Keppler et al. (24) described direct CH4 emission from plants under
aerobic conditions. This was followed by many studies that either
supported or disagreed with the initial findings (10, 13, 28, 29),
but several stable isotope studies have now confirmed the possibility of plant-derived nonbacterial CH4 formation (9, 41).

Fig. 5. Tissue xanthine oxidoreductase (XOR) activities of the ileal samples.
Light-gray box plot relates to the sham-operated group, the dark-gray box plot
to the NaN3-treated group, the striped light-gray box plot to the GPC-treated
NaN3 group, white box plot to the antibiotic-gavaged control group, and
checked white box plot to the antibiotic-gavaged NaN3-treated group. Median
values and 75th and 25th percentiles are given; P ⬍ 0.05 was considered
statistically significant. *P ⬍ 0.05 vs. sham-operated, antibiotic-treated control; #P ⬍ 0.05 vs. GPC ⫹ NaN3-treated group.

Here we assumed that CH4 excretion in the breath reflects
intestinal bacterial fermentation plus an unknown and variable
amount of nonbacterial generation induced from target cells.
Secondly, we hypothesized that if nonbacterial CH4 is added to
the bacterial production, this addition could occur at such a rate
that it is impossible to detect it by the conventional techniques
utilized to look for it to date. During this study, we performed
an in-depth range of biochemical investigations with matching
in vivo analysis techniques to determine the magnitude of the
whole body CH4 emission of NaN3-treated rats and compared
the profile with that found in the untreated animals. The CH4
exhaled from the airways together with the amounts discharged
from the skin, and body orifices was quantified by means of
whole body photoacoustic spectroscopy. Through determination of the amounts of CH4 released from the animals at the
different times, our study demonstrated that chronic NaN3

Fig. 6. Tissue ATP contents of liver samples. Light-gray box plot relates to the
sham-operated group, the dark-gray box plot to the NaN3-treated group, striped
light-gray box plot to the GPC-treated NaN3 group, white box plot to the
antibiotic-gavaged control group, and checked white box plot to the antibioticgavaged NaN3-treated group. Median values and 75th and 25th percentiles are
given; P ⬍ 0.05 was considered statistically significant. *P ⬍ 0.05 vs.
sham-operated, antibiotic-treated control.
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administration was accompanied by an increasing emanation of
endogenous CH4 throughout the entire duration of the experiments.
The main effect of NaN3 is the direct inhibition of the
activity of the mitochondrial electron transport chain through
irreversible binding to the heme cofactor of cytochrome c
oxidase (6); thus it can be considered a specific tool with which
to study mitochondrial oxido-reductive stress. It is well established that NaN3 administration can lead to the production of
mitochondrial ROS in different experimental setups (22, 34,
40). In our study, the NaN3-induced global mitochondrial
dysfunction was evidenced by hepatic ATP depletion, and a
systemic inflammatory reaction. Direct in vivo evidence was
also obtained also for the deranged liver microcirculation,
while the higher XOR and MPO activities indirectly demonstrated the impact of cytochrome c oxidase inhibition on ROS
generation in several tissues. It is also important to mention
that significant CH4 formation was detected, irrespective of the
concomitant antibiotic treatment targeting the potentially CH4producer gastrointestinal bacterial flora. Thus the overall evidence from these findings suggests that the CH4-generating
capacity of NaN3 administration is independent of the methanogenic archeae but may be associated with the NaN3-induced
generation of potentially damaging ROS.
The mechanism and significance of the nonbacterial CH4forming reaction are still not fully elucidated, mainly because
many possible sources and various unknown reaction pathways
can be envisaged. The initial in vitro studies led to the proposal
that electrophilic methyl groups (EMG) bound to positively
charged nitrogen moieties (as in choline molecules) may potentially act as electron acceptors, and that these reactions may
entail the generation of CH4 (15, 16). A continuous lack of the
electron acceptor O2 will maintain an elevated mitochondrial
NADH-to-NAD⫹ ratio, causing reductive stress and formation
of a nucleophilic hydride ion, which may be transferred to the
EMG (15). Thus priming during hypoxia occurs as a progressive process involving depressed electron transport in the
setting of PC breakdown, the loss of cytochrome c and antioxidants and the triggering of CH4 release during reoxygenation or reperfusion. Therefore, it is possible that the formation
and constant building-up of ROS in the mitochondria are part
of a reaction, which furnishes CH4.
The mitochondria are either targets or sources of oxidoreductive stress. In the second part of our protocol, therefore,
we set out to influence the potentially detrimental process that
leads to the collapse of the energy-producing cellular system.
We demonstrated the ability of GPC to effectively silence
several inflammatory consequences linked to a reaction that
might involve cellular or mitochondrial ROS generation. GPC
is a centrally acting cholinergic precursor that increases the
tolerance to ischemic tissue damage (32). Clinically, it is
effective in cerebrovascular and neurodegenerative diseases
(21, 33), including ischemic stroke (2). More importantly, GPC
can act as choline source in various tissues (1, 3, 27). When
this water-soluble, deacylated PC analog was administered in
chemical hypoxia, the microcirculatory dysfunction, the increase in the activity of the ROS-producer XOR, and the
accumulation of leukocytes were all moderated. Moreover, the
extent of CH4 generation in NaN3-treated animals was reduced
concomitantly. It should be added that exogenous PC also
exerted an anti-inflammatory influence in the gastrointestinal

tract and significantly decreased the exhaled methane concentration in a canine and rat model of intestinal ischemiareperfusion (18, 26). These data clearly suggest that CH4
release is an indicator of hypoxia-induced pathologies and also
imply that GPC may be effective against such injuries.
The mechanistic role of hypoxia-induced CH4 generation
remains to be established, but a possible explanation could be
an endogenous need for the sparing or regeneration of membranes. Complex IV inhibition causes ROS production and
serious membrane loss due to ROS-induced lipid peroxidation.
Peroxidation is an immediate chain reaction; in a short time it
causes a fundamental breakdown of biomembranes, leading to
decompartmentalization, loss of integrity, and cell death. As a
consequence, membrane sparing and recovery are particularly
important tasks in oxido-reductive environments. To avoid the
potentially fatal outcome of an increased oxido-reductive potential, molecular participants of a living system should be
quickly brought into use to save or regenerate membranes,
which are responsible not only for separation, but also for the
maintenance of a steady state via channels, pores, and membrane proteins. Theoretically, all of the molecules which are
potential components of phospholipid bilayers might be reutilized. During such processes, compounds rich in ethyl and
methyl groups can be reduced by electron acceptance. This
yields molecules used to seal or build up membranes, together
with fully reduced CH4 (15). Thus we propose that CH4 is the
end product of a protective mechanism linked to membrane
defense or regeneration during ROS-induced damage. The outcome of GPC treatment reinforces this conception, since the level
of CH4 formation was lower and the inflammatory reaction
secondary to chemical hypoxia was diminished in the GPCtreated animals.
GPC is the most bioavailable source of choline (3), which can
be directly or indirectly involved in the reconstruction of injured
phospholipid bilayers. Accordingly, in the presence of higher
intracellular GPC concentrations, the degradation of endogenous, membrane-forming compounds that could eventually
have resulted in the emission of CH4 was reduced. However, it
is not clear whether GPC selectively influences CH4 metabolism because it can modulate other processes (e.g., blood
flow-dependent or other biochemical pathways) involved in
ischemia-reperfusion-mediated injury. Indeed, Cao et al. (11)
have reported that the PC metabolism in the rat heart is
regulated by vitamin E, and additionally, it was shown that
vitamin E is less effective against oxido-reductive stress if no
added PC is present (37). This suggests that GPC can also
cooperate with the vitamin E-mediated antioxidant protection
by stabilizing membranes.
In conclusion, we detected whole body CH4 generation in
real-time with photoacoustic spectroscopy in rodents. With this
technique, the daily CH4 production profile can be determined
and stress-caused changes or treatment effects can be evaluated
accurately and reproducibly. This setup revealed that mitochondrial cytochrome c oxidase inhibition with chronic NaN3
administration resulted in a significant elevation in the CH4
output, together with activation of an inflammatory response.
Accordingly, we propose that CH4 emission in mammals may
be connected with hypoxic events leading to, or associated
with a mitochondrial dysfunction. In the GPC-treated animals,
the production of CH4 was kept at the level in the sham-
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operated group, which points to a role of CH4 as an alarm
signal for the development of mitochondrial responses under
hypoxic conditions and a possible indication for GPC administration to influence such events.
ACKNOWLEDGMENTS
We are grateful to Nikolett Beretka, Ágnes Lilla Kovács, Csilla Mester,
Edina Markó, Károly Tóth, and Kálmán Vas for skillful assistance and to
Lipoid (Ludwigshafen, Germany) for the generous supply of GPC.
GRANTS
The study was supported by Hungarian Science Research Fund (OTKA)
Grants K75161 and K104656 and TÁMOP-4.2.2/B-10/1-2010-0012.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s).
AUTHOR CONTRIBUTIONS
Author contributions: E.T., A.S., D.G., G.B., A.J., G.E., and A. S.; performed experiments; E.T., A.S., G.E., A.M., and J.K. analyzed data; E.T.,
A.M., and J.K. interpreted results of experiments; E.T. prepared figures; E.T.
drafted manuscript; A.S., A.M., G.S., M.G., and M.B. conception and design
of research; M.B. edited and revised manuscript; M.B. approved final version
of manuscript.
REFERENCES
1. Amenta F, Liu A, Zeng YC, Zaccheo D. Muscarinic cholinergic receptors in the hippocampus of aged rats: influence of choline alphoscerate
treatment. Mech Ageing Dev 76: 49 –64, 1994.
2. Barbagallo Sangiorgi G, Barbagallo M, Giordano M, Meli M, Panzarasa R. alpha-Glycerophosphocholine in the mental recovery of cerebral ischemic attacks. An Italian multicenter clinical trial. Ann NY Acad
Sci 717: 253–269, 1994.
3. Bauernschmitt HG, Kinne RK. Metabolism of the “organic osmolyte”
glycerophosphorylcholine in isolated rat inner medullary collecting duct
cells. I. Pathways for synthesis and degradation. Biochim Biophys Acta
1148: 331–41, 1993.
4. Beckman JS, Parks DA, Pearson JD, Marshall PA, Freeman BA. A
sensitive fluorometric assay for measuring xanthine dehydrogenase and
oxidase in tissues. Free Radic Biol Med 6: 607–615, 1989.
5. Bennett MC, Fordyce DE, Rose GM, Wehner JM. Chronic sodium
azide treatment decreases membrane-bound protein kinase C activity in
the rat hippocampus. Neurobiol Learn Mem 2: 187–90, 1995.
6. Bennett MC, Mlady GW, Kwon YH, Rose GM. Chronic in vivo sodium
azide infusion induces selective and stable inhibition of cytochrome c
oxidase. J Neurochem 66: 2606 –2611, 1996.
7. Boros M, Ghyczy M, Érces D, Varga G, Tökés T, Kupai K, Torday C,
Kaszaki J. The anti-inflammatory effects of methane. Crit Care Med 4:
1269 –1278, 2012.
8. Bozóki Z, Pogány A, Szabó G. Photoacoustic instruments for practical
applications: present, potentials, and future challenges. Appl Spectrosc Rev
46, 1–37, 2011.
9. Bruhn D, Møller IM, Mikkelsen TN, Ambus P. Terrestrial plant
methane production and emission. Physiol Plant 144: 201–209, 2012.
10. Brüggemann N, Meier R, Steigner D, Zimmer I, Louis S, Schnitzler
JP. Nonmicrobial aerobic methane emission from poplar shoot cultures
under low-light conditions. New Phytol 182: 912–918, 2009.
11. Cao Y, OK, Choy PC, Chan A. Regulation by vitamin E of phosphatidylcholine metabolism in rat heart. Biochem J 247: 35–140, 1987.
12. Crimi E, Ignarro LJ, Napoli C. Microcirculation and oxidative stress.
Free Radic Res 12: 1364 –1375, 2007.
13. Dueck T, van der Werf A. Are plants precursors for methane? New
Phytol 178: 693–695, 2008.
14. Finegold SM, Molitoris D, Väisänen ML. Study of the in vitro activities
of rifaximin and comparator agents against 536 anaerobic intestinal
bacteria from the perspective of potential utility in pathology involving
bowel flora. Antimicrob Agents Chemother 53:281–286, 2009.
15. Ghyczy M, Boros M. Electrophilic methyl groups present in the diet
ameliorate pathological states induced by reductive and oxidative stress: a
hypothesis. Br J Nutr 85: 409 –414, 2001.

C213

16. Ghyczy M, Torday C, Boros M. Simultaneous generation of methane,
carbon dioxide, and carbon monoxide from choline and ascorbic acid: a
defensive mechanism against reductive stress? FASEB J 9: 1124 –116,
2003.
17. Ghyczy M, Torday C, Kaszaki J, Szabó A, Czóbel M, Boros M.
Hypoxia-induced generation of methane in mitochondria and eukaryotic
cells: an alternative approach to methanogenesis. Cell Physiol Biochem
21: 251–258, 2008.
18. Ghyczy M, Torday C, Kaszaki J, Szabó A, Czóbel M, Boros M. Oral
phosphatidylcholine pretreatment decreases ischemia-reperfusion-induced
methane generation and the inflammatory response in the small intestine.
Shock 30: 596 –602, 2008.
19. Hartmann P, Szabó A, Eroⴖ s G, Gurabi D, Horváth G, Németh I,
Ghyczy M, Boros M. Anti-inflammatory effects of phosphatidylcholine in
neutrophil leukocyte-dependent acute arthritis in rats. Eur J Pharmacol
622: 58 –64, 2009.
20. Hurkuck M, Althoff F, Jungkunst HF, Jugold A, Keppler F. Release
of methane from aerobic soil: an indication of a novel chemical natural
process? Chemosphere 86: 684 –689, 2011.
21. De Jesus Moreno Moreno M. Cognitive improvement in mild to moderate Alzheimer’s dementia after treatment with the acetylcholine precursor choline alfoscerate: a multicenter, double-blind, randomized, placebocontrolled trial. Clin Ther 25: 178 –193, 2003.
22. Ji D, Kamalden TA, del Olmo-Aguado S, Osborne NN. Light- and
sodium azide-induced death of RGC-5 cells in culture occurs via different
mechanisms. Apoptosis 16: 425–437, 2011.
23. Keppler F, Boros M, Frankenberg C, Lelieveld J, McLeod A, Pirttilä
AM, Röckmann T, Schnitzler JP. Methane formation in aerobic environments. Environ Chem 6: 1–7, 2009.
24. Keppler F, Hamilton JT, Brass M, Röckmann T. Methane emissions
from terrestrial plants under aerobic conditions. Nature 439: 187–191,
2006.
25. Knyihár-Csillik E, Okuno E, Vécsei L. Effects of in vivo sodium azide
administration on the immunohistochemical localization of kynurenine
aminotransferase in the rat brain. Neuroscience 94: 269 –277, 1999.
26. Kovács T, Varga G, Erces D, Tökés T, Tiszlavicz L, Ghyczy M, Boros
M, Kaszaki J. Dietary phosphatidylcholine supplementation attenuates
inflammatory mucosal damage in a rat model of experimental colitis.
Shock 38: 177–185, 2012.
27. Lee HC, Fellenz-Maloney MP, Liscovitch M, Blusztajn JK. Phospholipase D-catalyzed hydrolysis of phosphatidylcholine provides the choline
precursor for acetylcholine synthesis in a human neuronal cell line. Proc
Natl Acad Sci USA 90: 10086 –10090, 1993.
28. McLeod AR, Fry SC, Loake GJ, Messenger DJ, Reay DS, Smith KA,
Yun BW. Ultraviolet radiation drives methane emissions from terrestrial
plant pectins. New Phytol 180: 124 –132, 2008.
29. Messenger DJ, McLeod AR, Fry SC. The role of ultraviolet radiation,
photosensitizers, reactive oxygen species and ester groups in mechanisms
of methane formation from pectin. Plant Cell Environ 32: 1–9, 2009.
30. Moncada S, Erusalimsky JD. Does nitric oxide modulate mitochondrial
energy generation and apoptosis? Nat Rev Mol Cell Biol 3: 214 –220,
2002.
31. Nose K, Nunome Y, Kondo T, Araki S, Tsuda T. Identification of gas
emanated from human skin: methane, ethylene, and ethane. Anal Sci 21:
625–628, 2005.
32. Onishchenko LS, Gaikova ON, Yanishevskii SN. Changes at the focus
of experimental ischemic stroke treated with neuroprotective agents.
Neurosci Behav Physiol 38: 49 –54, 2008.
33. Parnetti L, Amenta F, Gallai V. Choline alphoscerate in cognitive
decline and in acute cerebrovascular disease: an analysis of published
clinical data. Mech Ageing Dev 122: 2041–2055, 2001.
34. Prigol M, Wilhelm EA, Schneider CC, Nogueira CW. Protective effect
of unsymmetrical dichalcogenide, a novel antioxidant agent, in vitro and
an in vivo model of brain oxidative damage. Chem Biol Interact 176:
129 –136, 2008.
35. Rothman LS, Jacquemart D, Barbe A, Benner DC, Birk M, Brown
LR, Carleer MR, Chackerian C, Chance K, Dana V, Devi VM, Flaud
JM, Gamache RR, Goldman A, Hartmann JM, Jucks KW, Maki AG,
Mandin JY, Massie ST, Orphal J, Perrin A, Rinsland CP, Smith
MAH, Tennyson J, Tolchenov RN, Toth RA, Vander Auwera J,
Varanasi P, Wagner G. The HITRAN 2004 molecular spectroscopic
database. J Quantum Spectrosc Radiat Transf 96: 139 –204, 2005.

AJP-Cell Physiol • doi:10.1152/ajpcell.00300.2012 • www.ajpcell.org

C214

SODIUM AZIDE-INDUCED METHANE GENERATION

36. Sarti P, Arese M, Bacchi A, Barone MC, Forte E, Mastronicola D,
Brunori M, Giuffrè A. Nitric oxide and mitochondrial complex IV.
IUBMB Life 55: 605–611, 2003.
37. Shea TB, Ekinci FJ, Ortiz D, Dawn-Linsley M, Wilson TO, Nicolosi
RJ. Efficacy of Vitamin E, phosphatidyl choline, and pyruvate on buffering neuronal degeneration and oxidative stress in cultured cortical
neurons and in central nervous tissue of apopoliprotein E-deficient mice.
Free Radic Biol Med 33: 276 –282, 2002.
38. Szabados T, Dul C, Majtényi K, Hargitai J, Pénzes Z, Urbanics R. A
chronic Alzheimer’s model evoked by mitochondrial poison sodium azide
for pharmacological investigations. Behav Brain Res 154: 31–40, 2004.

39. VanUffelen BE, Van der Zee J, de Koster BM, VanSteveninck J,
Elferink JG. Sodium azide enhances neutrophil migration and exocytosis:
involvement of nitric oxide, cyclic GMP and calcium. Life Sci 63:
645–657, 1998.
40. Weinstock M, Shoham S. Rat models of dementia based on reductions in
regional glucose metabolism, cerebral blood flow and cytochrome oxidase
activity. J Neural Transm 111: 347–366, 2004.
41. Wishkerman A, Greiner S, Ghyczy M, Boros M, Rausch T, Lenhart
K, Keppler F. Enhanced formation of methane in plant cell cultures by
inhibition of cytochrome c oxidase. Plant Cell Environ 34: 457–464,
2011.

AJP-Cell Physiol • doi:10.1152/ajpcell.00300.2012 • www.ajpcell.org

