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Myocardial and lung injuries induced by hydrogen sulfide
and the effectiveness of oxygen therapy in rats

NA WU, XUQIN DU, DIXIN WANG, and FENGTONG HAO
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Objective. To study myocardial and lung injuries initiated by hydrogen sulfide, and evaluate the role and effectiveness of normobaric and
hyperbaric oxygen (HBO) treatment in rats. Methods. One hundred healthy male Wistar rats were randomly divided into five groups: A:
Normal control group (no H2S); B: H2S-exposed group; C: H2Sþ33% oxygen treatment group; D: H2Sþ50% oxygen treatment group; E:
H2SþHBO group. The rats in groups C, D and E were exposed to H2S in an exposure chamber (1 m3) and were made to inhale 300 ppm
hydrogen sulfide for 60 min, and then they were subjected to normobaric or HBO therapy. Normobaric oxygen was at concentrations of
33% or 50%, HBO was for 100 min including compression and decompression; the rats in group A inhaled air under the same conditions.
Blood was sampled immediately after the experiment for analysis of arterial blood gases, myocardial enzymes and cardiac troponin I. Lung
was rapidly removed to be made into tissue homogenates and then cytochrome c oxidase activity was measured; myocardial and lung
ultrastructural changes were observed by electron microscopy. Results. Arterial blood gases: partial pressure of O2 (mmHg) (Group A,
97.6+ 8.38; B, 76.5+ 6.95*; C, 83.2+ 2.66*; D, 86.20+ 10.75*; E, 93.50+ 4.97: *p5 0.01 compared to group A) was significantly
lower than that in group in all but HBO rats. For myocardial enzymes and cardiac troponin I every parameter in groups B and C was
significantly higher than that in group A (p50.01),with no difference in D and E. Cytochrome c oxidase activity (u/mg) of lung tissue was
reduced compared to group A after all treatments (A, 1.76 + 0.02; B, 0.36 + 0.04; C, 0.50 + 0.12; D, 0.56 + 0.07; E, 0.68 + 0.05 (A
vs. B p5 0.01; B vs. C,D,E p5 0.05 or p5 0.01 ), with a graded effect of oxygen dose in C, D and E. Pathological changes: (1)
Myocardium – Mitochondrial swelling and autolysis with blurred or broken cristae was observed in the myocardium of H2S-exposed
group; in group E, mitochondrial structure was basically normal, and clear cristae were found. (2) Lung tissue – In H2S-exposed group,
alveolar epithelial cells disappeared, vacuolization of the organelle occurred, nuclear membrane was irregular and marginal condensation
of heterochromatin was present; nucleus showed relatively normal morphology in group E, although some vacuoles still persisted within
them. Conclusions. HBO therapy can effectively improve arterial oxygen partial pressure, and significantly reduce myocardial damage,
as well as potentially relieve lung injury in this model. Further work in humans appears warranted.
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Introduction

Hydrogen sulfide (H2S) is a potentially toxic environ-
mental and lethal industrial hazard.1 In China, 130 H2S
poisoning events were reported between 1990 and 2003,
and 636 people poisoned resulting in 266 deaths (41.8%
mortality).2

The primary mechanism for the toxic action of H2S is
direct inhibition of cytochrome c oxidase (CCO). This
action interrupts oxidative phosphorylation and cellular
aerobic metabolism, which causes tissue hypoxia.3–7

Providing oxygen therapy in a timely manner is extremely
important in the emergency treatment of acute H2S

poisoning. Normobaric and hyperbaric oxygen (HBO)
treatment have been widely used in clinics. Few studies on
the effectiveness of varying oxygen therapy have been
reported except for case reports.8–13 Theoretically, HBO
therapy should have a beneficial effect in reversing the
cellular anoxia caused by H2S poisoning. However, the
documented benefit of HBO treatment remains largely
anecdotal, and has not become the standard of care.8,13 We
report cardiac and lung injuries induced by inhaled H2S in
rats, and the impact and effectiveness of different
concentrations of normobaric and HBO were also
evaluated.

Materials and methods

H2S exposure and oxygen treatment

One hundred healthy male Wistar rats weighing 200–250 g
were kept at 20–258C with free access to water and food.
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They were randomly divided into five groups, 20 rats/group:
A: normal control group, B: H2S-exposed group, C:
H2Sþ33% oxygen treatment group, D: H2Sþ50% oxygen
treatment group, and E: H2S þHBO group. The rats in
groups B–E were placed into poisoning tanks (1 m3). H2S
was then added to the tanks, at a concentration of 300 ppm.
All rats were exposed for 60 min, and the effects were
observed and recorded. Within 20 min of the end of
exposure to the poisonous gas, the rats in groups C–E were
subjected to normobaric or HBO therapy. Rats in groups C
and D were transferred to transparent tanks (1 m3) to inhale
oxygen at a concentration of 33% and 50%, respectively for
100 min (normobaric oxygen therapy); the rats of group E
were placed in HBO chamber with pure oxygen ventilation
for 10 min; after the pressure was boosted up to 0.2 MPa (2
ATA) after 10 min of first exposure, a constant pressure was
administered for 60 min, then 20 min of decompression was
conducted. Thus, the whole inhalation time was 100 min;
the rats in group A were subjected to the same environ-
mental conditions and were made to inhale air.

Detection of blood parameters and histopathological
examination

After therapy, all rats were anesthetized by intraperitoneal
injection of 0.3% pentobarbital l (1 ml/100 g), and a blood
sample of 1 ml was collected immediately from the
abdominal aorta. Blood gas analyzer Gem PREMIER
3000 was utilized for blood gas analysis; 3 ml blood was
drawn from the heart without anticoagulation, Beckman
DXC800 fully automatic biochemistry analyzer was applied
to detect serum levels of cardiac enzymes and cardiac
troponin I (cTnI); right lung was removed and made into
lung tissue homogenate, and CCO activity was determined
by UV spectrophotometry; two animals of each groups were
dissected, a small amount of lung tissue (left lung) and heart
muscle tissue (the anterior left ventricular wall) was
harvested, underwent initial-fixation in 3% glutaraldehyde,

and post-fixation in 1% osmium tetroxide, and then
dehydrated in a series of ascending concentrations of
acetone, embedded with plastic resin vcd4206, the thin
sections of 40 nm thickness were cut with an LKB ultra
microtome, the sections were stained with uranyl acetate and
lead citrate, ultrastructure changes of lung and cardiac
tissues were observed using a Hitachi H2600 TEM.

Statistics

SPSS 11.5 software was used for statistical analysis. Unless
otherwise noted, the results were expressed as
mean + standard deviation (�x � s). Parametric data were
analyzed using an analysis of variance (ANOVA). A
probability value of 50.05 was used as the critical level
of significance for all statistical tests.

Results

Detection of blood parameters

Partial pressure of O2 in arterial blood (PO2) (Table 1)

The PO2 in rats from group B was much reduced compared
with those in group A (p5 0.01). After oxygen therapy, the
PO2 in group-E rats returned to normal.

Determination of serum cardiac enzymes and cTnI (Table 2)

Cardiac enzymes include creatine kinase (CK), lactate
dehydrogenase (LDH), aspartate aminotransferase (AST).
Each parameter in group B was significantly higher than that
in group A (p5 0.01), the indicators in group D and E
obviously returned to normal, except AST in group D which
was still higher than that in group A (p5 0.01).

Cytochrome c oxidase activity in lung tissue (Table 3)

CCO activity in group B was remarkably reduced than that
in group A (p5 0.01); after oxygen therapy, CCO activities
in group C and D were higher than that in group B

Table 1. Determination of the PO2 in rats of different experimental groups (�x � s).

A B C D E

PO2 (mmHg) 97.6 + 8.38 76.5 + 6.95* 83.2 + 2.66* 86.2 + 10.75* 93.5 + 4.97

Groups B–E are compared with group A. *p5 0.01. n ¼ 8.

Table 2. Determination of serum levels of cardiac enzymes and cTnI in rats of different experimental groups (�x � s).

Group AST (U/L) CK (U/L) LDH (U/L) cTnI (U/L)

A 127 + 8.57 1071 + 182 1043 + 170 8.21 + 2.62
B 246 + 27.9* 1501 + 83.2* 1691 + 191* 38.1 + 4.70*
C 174 + 27.9* 1340 + 221* 1382 + 293* 36.2 + 9.66*
D 163 + 17.6* 1067 + 149 1117 + 179 7.22 + 0.81
E 130 + 7.75 1049 + 125 1104 + 170 8.64 + 2.18

AST, aspartate aminotransferase; CK, creatine kinase; LDH, lactate dehydrogenase; cTnI, cardiac troponin I. Groups B–E are compared with group A.
*p5 0.01. n ¼ 8.
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(p5 0.05), and group E exhibited more significant
enhancement compared with group B (p5 0.01).

Histopathological changes

Myocardium

Mitochondrial swelling and autolysis with blurred or broken
cristae were present in myocardial cells of group B;
Mitochondrial swelling, decrease or disappearance of
mitochondria crista displaying focal cavitation were ob-
served in groups C and D; the cells in group E were rich in
mitochondria with clear structure and complete morphology
of mitochondria, which demonstrated an obvious repair
(Figs. 1–3).

Lung

In group B, alveolar epithelial cells disappeared, vacuoliza-
tion of the organelle occurred, nuclear membrane was
irregular and marginal condensation of heterochromatin was
present showing ‘‘crescent’’ apoptosis; ins group C and D,
organelles were vacuolized with irregular nucleus and
nuclear membrane, and no significant repair was found; in
group E, the nucleus appeared relatively normal with slight
vacuolization, presenting mild repair (Figs. 4–6).

Discussion

H2S dissociates into HS7 in the body, which can combine
with Fe3þ contained in CCO thereby blocking the
respiratory electron transport chain and cellular oxygen
utilization, which causes tissue hypoxia.3–7 In this experi-
ment, acute animal models of H2S poisoning were
successfully established by inhalation in Wistar rats. The
rats were immediately given HBO treatment or normobaric
oxygen treatment with different concentrations; the PO2,
cardiac enzymes (AST, CK, LDH), cTnI and CCO activity
in lung tissue, ultrastructural changes in the lung and cardiac
tissues were detected and compared, in an attempt to
identify sensitive indicators for the effect of oxygen therapy,
thus providing a theoretical basis for establishing reasonable
on-site oxygen therapy programs.

Detection of blood parameters

PO2 is the most efficient and direct indicator reflecting the
degree of hypoxia. This experiment indicated that HBO
therapy can significantly improve the PO2, and actively
reverse the hypoxic state of tissues and organs in H2S-
exposed rats.

Table 3. Measurement of CCO activities in the lungs of rats in different experimental groups (�x � s).

A B C D E

CCO (U/mg) 1.76 + 0.02 0.36 + 0.04** 0.50 + 0.12* 0.56 + 0.07* 0.68 + 0.05**

Group B is compared with group A, and groups C–E are compared with group B. *p5 0.05, **p5 0.01. n ¼ 8.

Fig. 1. Cardiac mitochondria in group B 66000.

Fig. 2. Cardiac mitochondria in group D 66000.

Fig. 3. Cardiac mitochondria in group E 66000.
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cTnI is a cardiac specific antigen, which has high
sensitivity as well as specificity for myocardial injury
especially for minor myocardial injury, and it has become

the optimum marker for condition monitoring myocardial
disease.14,15 Thus, cTnI can be used as a sensitive indicator
for evaluating therapeutic effect of oxygen therapy due to its
high specificity and sensitivity. This study demonstrated that
the levels of myocardial enzymes and cTnI in H2S-exposed
group were significantly higher than that in the normal
control group, indicating significant myocardial damage; the
cardiac enzymes and cTnI decreased significantly both in
the 50% oxygen treatment group and the HBO group as
compared to control. Based on the changes in myocardial
enzymes and cTnI levels, the degree of myocardial injury
was reduced both in 50% oxygen treatment group and HBO
group. When we compared the two groups, the HBO group
had significantly better efficacy than that of 50% oxygen
treatment group. The relationship between serum levels of
cTnI and prognosis posterior to HBO treatment at different
times was observed in acute, moderate and severely H2S-
poisoned patients by Ji-Qin Wang et al.,16 which suggested
that the earlier the patients accessed HBO treatment, the
faster the cTnI values recovered, the less the myocardial
damage was, and the better the prognosis.
CCO, located at the end of the respiratory chain,

catalyzing the redox reaction with cytochrome C and
oxygen as substrates, is a rate-limiting enzyme of cellular
aerobic respiration.1,17,18 This study demonstrates that lung
CCO activity of H2S-exposed rats is significantly inhibited,
and this decrease to some extent prevented by oxygen
therapy, and the decrease in the HBO treatment group was
significantly less than that in the other groups. Nevertheless,
only 50% of the lung CCO activity loss was prevented by
those various oxygen therapies.

Histopathological changes

H2S is a strong inhibitor of cytochrome c oxidase, which can
make the latter lose its ability to transfer electrons, thereby
resulting in cell asphyxia.3–4 The heart is highly ATP-
dependent. The mitochondria are well known as the ‘‘power
plant’’ of cellular respiration and energy supply, and
mitochondrial damage is one of the earliest signs during
cellular hypoxia. Myocardial cells are characterized by
abundant and large mitochondria, accounting for 30% of
their cytoplasm.19 Mitochondrial swelling and autolysis
with blurred or broken cristae were present in myocardial
cells of H2S-exposed rats in this research, which indicated
significant damage in myocardial mitochondria. For those
rats subjected to oxygen therapy at concentrations of 33%
and 50%, obvious mitochondrial vacuolization was ob-
served, whereas, mitochondria with clear structure and
complete morphology was found in those rats undergoing
HBO treatment. This provides evidence that HBO treatment
delivered in the early stages of H2S poisoning can
significantly reduce the myocardial injury in rats. The
histopathological changes on electron microscopy were
basically consistent with the alterations in serum cardiac
enzymes and cTnI, which further provides supporting
evidence for discernible effects of oxygen therapy on H2S

Fig. 4. Plural alveoli in group B 66000.

Fig. 5. Plural alveoli in group D 66000.

Fig. 6. Plural alveoli in group E 66000.
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poisoning. HBO therapy appeared more effective than other
methods of oxygen therapy.
In a case of large H2S inhalation reported by Christia-

Lotter et al.,20 creatine phosphokinase (CPK) and LDH
levels were elevated to 6641 IU/L and 715 IU/L,
respectively 7 h after exposure. Echocardiogram and cardiac
ultrasound revealed hypokinesia in the postero-lateral wall
of the left ventricle, and the patient died within 24 h.
Changes were seen in the myocardium at autopsy, and large
areas of myocardial necrosis were detected on pathological
examination.
H2S is cytotoxic to the lung, and leads to severe injuries to

a range of lung cells and tissues and significant pulmonary
edema. Nevertheless, few studies on pathological changes of
lung have been reported.21–23 According to the pulmonary
ultrastructure changes of different groups in the present
study, obvious lung damage resulting from H2S were
present in those rats subjected to normobaric oxygen therapy
with oxygen concentrations of 33% and 50%. In contrast in
the HBO group, alveolar epithelial cells were relatively
normal, even though nuclear vacuolization was still
remained.
Fu-Ming Ye et al.24 found that extensive lung injuries

involving pulmonary vessels, alveolar epithelium, bronchial
epithelium and pulmonary interstitium occurred 15 days
after exposure to 100 ppm H2S for 3 h in rats. The basic
pathologic changes were: (1) pulmonary hemorrhage and
edema induced by extensive pulmonary vascular injury; (2)
varying degrees of degeneration of alveolar and bronchial
epithelium; (3) interstitial inflammation and hyperplasia of
connective tissue. The extent of these lesions varied over
time after exposure. Initially, the pulmonary edema devel-
oped in pulmonary interstitium, and edema fluid was located
around the vasculature. Then it progressively extended to
the other parts of the interstitium, and the scope of the
pulmonary edema expanded. Mitochondrial swelling and
expansion of the endoplasmic reticulum was seen in the
alveolar epithelium, endothelium, macrophages, and fibro-
blasts. In addition, patchy shedding of whole epithelial cells
were observed 3, 6 and 24 h after exposure. More obvious
damage was noted 2, 3 and 7 days after poisoning. Fifteen
days after exposure, type II alveolar epithelial cells and
fibroblast cells increased, collagen proliferated and alveolar
wall thickening occurred. An animal experiment conducted
by Brenneman et al.21 proved that acute exposure to 480
ppm H2S can result in reversible injury of respiratory and
olfactory mucosa. Another case reported by Duong et al.25

described a patient who suffered from pulmonary interstitial
fibrosis 4 years after H2S poisoning.

Conclusions

In summary, this comparative study of varied oxygen
therapy in rats reveals that HBO treatment is superior to
normobaric oxygen treatment in the early stage of H2S
poisoning. Studies at the subcellular level have confirmed
that HBO therapy can significantly alleviate myocardial

injury, and slightly reduce the degree of lung injury.
Nevertheless, the lung CCO activity will remain at low level
when only a single oxygen therapy is performed. Among all
the indicators, cTnI is a more sensitive parameter of
treatment efficacy and has specificity and high sensitivity.
Normobaric oxygen treatment administered at 33% and 50%
used in this study simulates the oxygen treatment modes of
nasal oxygen catheters and high-flow oxygen masks,
respectively. Based on these data, if HBO treatment is not
available, then high-flow oxygen therapy should be given
for H2S poisoning. Further studies are needed to confirm the
efficacy of HBO in humans.
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