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Introduction
Heme oxygenase (HO) is an essential, rate-limiting protein, 
which catalyzes the breakdown of heme to carbon monoxide 
(CO), iron, and biliverdin. The CO produced through HO 
activity diffuses out of the cell, binds to hemoglobin (with 
200–250 times the affinity of oxygen) in circulating eryth-
rocytes and can be measured as blood carboxyhemoglobin 
(COHb). Since endogenous CO results almost exclusively 
from the breakdown of heme by HO, COHb in circulating 
blood can be used as an index of its activity after controlling 
for variation in ambient CO concentrations.1,2 In the lungs, 
COHb dissociates and CO is excreted in the breath with mea-
surable concentrations correlating with blood COHb.3,4 Com-
pared to COHb, the measurement of breath CO can be used 
as an index of heme catabolism by HO provided that the effect 
of variability on the ambient CO exposure is considered.5,6

Iron, also released through HO activity, can potentially 
impact metal homeostasis including the serum concentrations of 
ferritin and iron, total iron-binding capacity (TIBC), percent-
age iron saturation of transferrin, hematocrit, and hemoglobin. 
The daily requirement for iron in a healthy human exceeds the 
dietary intake (approximately 25 and 10 mg respectively in an 
adult).7 The majority of this metal is necessary for heme syn-
thesis. Most of the iron required for this synthesis comes from 

the recycling of heme from senescent erythrocytes catalyzed by 
HO.8 Accordingly, HO is regarded as the essential protein in 
the process of this reutilization of iron. HO can present in two 
forms, an inducible HO-1 and a constitutive HO-2. With the 
induction of HO-1 expression and activity in an animal model, 
serum iron approximately doubled supporting the role of this 
enzyme in mobilizing iron from heme.9 Mice deficient in HO-1 
demonstrated a severe microcytic anemia with serum iron levels 
approximately half that of normal mice corroborating a role for 
this protein in the provision of this requisite metal.10

While the use of genetically altered animal models in 
investigation has established distinct associations between 
HO activity and systemic iron availability, studies have not 
yet confirmed such participation of HO in iron homeostasis 
of humans. Using COHb as a measure reflecting HO cataly-
sis of heme, we tested the postulate that the activity of this 
enzyme correlates with serum indices of iron homeostasis in 
the healthy nonsmoking human.

Methods
The second National Health and Nutrition Examination 
Survey (NHANES II) is a cross-sectional survey to monitor 
the health and nutritional status of the civilian, noninstitu-
tionalized population of USA.11 The NHANES samples are 
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selected through a complex, multistage design in order to be 
nationally representative. NHANES II is a nationwide prob-
ability sample of 27,801 persons from six months to 74 years 
of age. From this sample, 25,286 people were interviewed, and 
20,322 people were examined, resulting in an overall response 
rate of 73%. Interviews, health examinations, and laboratory 
tests are performed in mobile examination centers.

Only those individuals with ages of $18 years and with 
known values of the variables analyzed were included in this 
investigation (n = 3134). If the subject responded yes to hav-
ing either ever smoked at least 100 cigarettes or currently smoking 
cigars or a pipe, they were excluded from the study popula-
tion. Variables used in the analysis included COHb, ferritin, 
iron, TIBC, percentage iron saturation of transferrin, hema-
tocrit, hemoglobin, and white blood cell (WBC) count. Spe-
cific analyses for COHb and all indices of iron homeostasis 
have been detailed.12 As provided by NHANES II, two of 
these endpoints are calculated: TIBC and percentage iron 
saturation of transferrin. TIBC is the additive product of 
unsaturated iron-binding capacity and iron concentration and 
measures the blood’s capacity to react iron with transferrin, 
the major iron-binding protein in the blood. Percentage iron 
saturation of transferrin is calculated as follows: (serum [iron]/
TIBC) × 100; it reflects how much of the iron-binding sites 
presented by transferrin are occupied by serum iron.

To assess the relationships between COHb, serum indi-
ces of iron homeostasis, and WBC counts, Spearman correla-
tion coefficients were calculated (SAS Institute). Males and 
females were separately analyzed for relationships between 
COHb and indices of iron homeostasis since gender affects 
numerous endpoints of iron homeostasis.13 Significance was 
assumed at P , 0.05.

results
The total study population included 844 lifetime nonsmokers 
(586 females). The mean (standard deviation) age was 42 (19) 
and 46 (19) years for males and females, respectively. Subjects 
were predominantly Caucasian (84% in the total study popu-
lation and 83% and 84% in males and females, respectively). 
Measured endpoints are provided (Table 1). Mean values 
of the measured endpoints for the study population are all 
included within those values recognized as normal. However, 
the range of each endpoint included values residing outside of 
accepted normal values. Similarly, indices of iron homeostasis 
and WBC counts could reside outside the normal range with 
both low and high values.

In the total study population, initial multivariate regres-
sion analysis showed that COHb was significantly associated 
with gender and race but not with age. Subsequently, age 
was excluded from the analyses. For ease of interpretation, 
correlations are reported with adjustment for race. Among 
males, the concentrations of COHb did not correlate with any 
endpoint of iron homeostasis (Table 2A). However, among 
females, significant associations of COHb with (1) serum iron 

and (2) percentage iron saturation of transferrin were observed 
(Table 2B). In addition, the correlation between COHb and 
serum ferritin approximated significance. These were positive 
associations so that as COHb increased, serum ferritin and 
iron concentrations and percentage iron saturation of transfer-
rin increased.

There were no significant associations between (1) COHb 
and hemoglobin, the substrate for HO, and (2) COHb and 
hematocrit, the volume percentage of red blood cells in blood, 
which correlates closely with hemoglobin (Table 2A). Serum 
iron concentrations and percentage iron saturation of transfer-
rin correlated with both hemoglobin and hematocrit among 
males (Table 2A), while serum ferritin and iron concentrations 
and percentage iron saturation of transferrin correlated with 
both hemoglobin and hematocrit among females (Table 2B).

Inflammation frequently impacts both HO activity and 
indices of iron homeostasis.14 Accordingly, confounding by 
inflammation was considered. The WBC count was used as 
an index of inflammation. There was a correlation between 
COHb and the WBC count, which approximated signifi-
cance in females, but the value was negative (Table 2B); that is, 
COHb decreased as WBC count increased. The WBC count 
similarly demonstrated negative correlations with serum iron 
and percentage iron saturation of transferrin among males 
and percentage iron saturation of transferrin among females 
(Tables 2A and 2B). Among females, there were positive cor-
relations of the WBC count with TIBC, hematocrit, and 
hemoglobin in the total study population (Table 2B).

To further delineate the association between HO activity 
and indices of iron homeostasis, the study population was mod-
ified to include only those with a COHb of ,0.79 (the median 
value of COHb among males). This was predicted to diminish 
the impact of environmental sources of CO on COHb values 

table 1. mean, standard deviation, and range for endpoints 
measured in the total study population (n = 844).

tOtAl  
(n = 844) 

mAlE  
(n = 258) 

fEmAlE 
(n = 586)

Cohb (%) 0.91 (0.79) 
[0.00–11.53]

0.93 (0.70) 
[0.00–8.02] 

0.90 (0.83) 
[0.00–11.53]

Ferritin (ng/mL) 87 (100)  
[1–823]

122 (112)  
[6–766]

71 (90) 
[1–823]

iron (µg/dL) 97 (35)  
[16–259]

102 (34)  
[36–217]

94 (36) 
[16–259]

tiBC (µg/dL) 368 (60) 
[204–670]

352 (49) 
[204–508]

375 (63) 
[235–670]

Percentage 
saturation (%)

27 (10)  
[3–86]

30 (10)  
[10–70]

26 (10)  
[3–86]

hematocrit (%) 40 (4)  
[20–52]

43 (4)  
[20–52]

39 (3)  
[25–51]

hemoglobin 
(g/dL) 

13.6 (1.5) 
[6.9–18.1]

14.7 (1.5) 
[6.9–18.1]

13.1 (1.2) 
[8.8–16.9]

WBC count  
(× 103)/mm3

6.7 (2.0) 
[2.6–24.4]

6.7 (1.8) 
[3.0–14.9]

6.7 (2.1) 
[2.6–24.4]
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by decreasing in the study population the number of those  
(1) actively smoking (cigarettes, cigars, or pipes), (2) exposed to 
environmental tobacco smoke, and (3) occupationally exposed 
to CO (eg, truck drivers and police officers). Subsequently, with 
a decreased effect of environmental sources on COHb, a more 
valid relationship of HO activity with indices of iron homeo-
stasis would result. Values of ferritin, iron, TIBC, percentage 
iron saturation of transferrin, hematocrit, hemoglobin, and 
WBC count did not appear to be influenced by the inclusion 
of only those with COHb ,0.79% (Table 3). In this smaller 
population, the correlation coefficients between COHb and 
indices of iron homeostasis for the group with COHb ,0.79% 
were higher than those for the total study population. Among 
males (n = 128), concentrations of COHb correlated with the 
percentage iron saturation of transferrin and the association of 
COHb with serum iron approached significance (Table 4A). 
Limiting the analysis to those with COHb ,0.79% also pro-
vided increased correlation coefficients between COHb and 

serum ferritin and iron and percentage iron saturation of 
transferrin among females (Table 4B). There was a correlation 
between COHb and the WBC count, which approximated 
significance in males, and the value was negative (Table 4A).

discussion
Increased HO activity with hemoglobin breakdown can result 
in the elevation of serum ferritin concentrations supporting a 
role for this storage protein in the iron transport and/or stor-
age following the release of metal from the heme.15 The results 
of this study support significant associations between HO 
activity, reflected by COHb, and indices of iron homeostasis 
(serum iron, serum ferritin, and percentage iron saturation of 
transferrin) in human. The correlations were positive with an 
elevation of available iron from HO activity contributing to 
serum concentrations of the metal and its storage protein in 
humans. Such associations define HO as a pivotal protein in 
systemic iron homeostasis.

table 2A. Correlations between Cohb, indices of iron homeostasis, and WBC count among males in the total study population (n = 258).

fERRItIN IRON tIbC % SAtuRAtION HEmAtOCRIt HEmOglObIN wbC

Cohb −0.043
P = 0.49

0.098
P = 0.12

−0.036
P = 0.68

0.110
P = 0.08

−0.028
P = 0.65

−0.003
P = 0.96

−0.091
P = 0.15

Ferritin −0.009
P = 0.88

−0.194
P , 0.01

0.063
P = 0.31

0.052
P = 0.41

0.043
P = 0.49

0.092
P = 0.14

iron 0.042
P = 0.50

0.912
P , 0.01

0.289
P , 0.01

0.285
P , 0.01

−0.204
P , 0.01

tiBC −0.329
P , 0.01

0.235
P , 0.01

0.214
P , 0.01

0.079
P = 0.21

% saturation 0.166
P , 0.01

0.173
P , 0.01

−0.214
P , 0.01

hematocrit 0.915
P , 0.01

0.075
P = 0.23

hemoglobin 0.064
P = 0.30

 

table 2b. Correlations between Cohb, indices of iron homeostasis, and WBC count among females in the total study population (n = 856).

fERRItIN IRON tIbC % SAtuRAtION HEmAtOCRIt HEmOglObIN wbC

Cohb 0.082
P = 0.05

0.196
P , 0.01

−0.136
P = 0.74

0.190
P , 0.01

0.017
P = 0.68

−0.006
P = 0.89

−0.081
P = 0.05

Ferritin 0.080
P = 0.05

−0.342
P , 0.01

0.194
P , 0.01

0.208
P , 0.01

0.207
P , 0.01

0.005
P = 0.91

iron 0.055
P = 0.19

0.904
P , 0.01

0.225
P , 0.01

0.225
P , 0.01

−0.045
P = 0.28

tiBC −0.327
P , 0.01

−0.022
P = 0.59

−0.044
P = 0.29

0.149
P , 0.01

% saturation 0.214
P , 0.01

0.219
P , 0.01

−0.106
P = 0.01

hematocrit 0.866
P , 0.01

0.085
P = 0.04

hemoglobin 0.107
P , 0.01
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Confounding of the results was demonstrated. While 
COHb was used as an index of HO activity, other endog-
enous and exogenous sources of CO react with hemoglobin 
to also produce COHb. Despite endogenous CO resulting 
almost exclusively from the breakdown of hemoglobin by 
HO,2,16 enzymatic and nonenzymatic forms of autooxidation, 
photooxidation, and lipid peroxidation and in vivo oxidation 
of halomethanes can infrequently account for substantial CO 
generation.2,16–18 In healthy subjects, this contribution should 
be negligible. Regarding exogenous sources of CO, there are 
many. The most important exogenous source of CO is tobacco 
smoking, which can elevate COHb to values above 5% and 
even 10%.19,20 For nonsmokers, CO exposure can result from 
environmental tobacco smoke, which can increase COHb 
levels to values nearly 2.5 times higher than that of the con-
trol group.1,21 Further sources contributing to environmental 
CO include automobile exhaust, industrial combustion, solid 
waste, gas heaters and stoves, other home appliances, and 
ambient air pollution.21–23 Umbilical cord blood COHb in 
newborns supports a relationship between COHb and ambi-
ent air concentrations of CO.24,25 Accordingly, the utiliza-
tion of COHb as an index of HO activity requires control for 
exogenous sources of CO.1,2 In this investigation, such con-
trol was attempted through the inclusion of only self-reported 
nonsmokers. Despite this effort, it is evident that the study 
population included active cigarette smokers with the values 
of COHb exceeding 10% in some self-reported nonsmok-
ers among NHANES II parti cipants. It is not uncommon 
that self-reported nonsmokers provide the values of COHb 
exposing active smoking.26 Other sources of COHb were 
also not controlled for using data available in NHANES II. 
Such sources (eg, environmental tobacco smoke, occupational 

exposures, and air pollution) are likely to account for observed 
higher values of COHb. When the study population included 
only those individuals with COHb values ,0.79%, the cor-
relation coefficient with percentage iron saturation of trans-
ferrin in males became significant supporting a dependence 
of the results on environmental sources of CO. When limited 
to those individuals with COHb values ,0.79%, correlation 
coefficients among females also increased indicating some 
effect of exogenous sources of CO. Accordingly, the mea-
sures of the strength of association between HO activity (ie, 
COHb) and indices of iron homeostasis should be viewed as 
minimal estimates only.

Correlations between COHb and indices of iron homeo-
stasis used in this investigation were dependent on gender. 
When results in the total study population were evaluated by 
gender, males did not demonstrate significant relationships 
between COHb and indices of iron homeostasis. However, 
with the evaluation of those with COHb ,0.79, the associa-
tion with percentage iron saturation of transferrin among males 
was significant. This suggests that the environmental sources 
of CO confounded the evaluation by influencing COHb dis-
proportionately in males. Misclassification of smoking can be 
impacted by gender.27 Similarly, occupations that can predict 
exposure to higher concentrations of environmental CO can 
be male dominated (eg, truck driver, welder, industrial laborer, 
police officer, and firefighter).22,28 Subsequently, confounding 
by gender may reflect an increased environmental exposure of 
males to CO.

Inflammation can also function as a confounder in this 
study by impacting both COHb and indices of iron homeo-
stasis measured. Expression and activity of HO can be 
affected (positively) by the diagnoses of inflammatory injury, 
including chronic obstructive pulmonary disease, trauma, 
sepsis, and shock.29–31 Similarly, serum iron, percentage 
iron saturation of transferrin will be decreased with inflam-
matory disease, while serum ferritin will be increased.32,33 
Confounding of the results by inflammation was evaluated 
using the WBC count as an index of inflammation. Unex-
pectedly, the relationship between COHb and the WBC 
count supported decrements in HO activity with inflamma-
tion. Accordingly, it was concluded that inflammation did 
not account for the relationship between COHb and iron 
indices observed in this study.

Prior investigation attempted to define HO as prooxi-
dative and to support inflammation through a liberation of 
catalytically active iron,34–36 but elevation of cell and tissue 
levels of this protein is now considered to be associated with 
an antioxidative response and cytoprotection.37–40 The results 
of our investigation support that, rather than viewing HO 
as either an antioxidant or a prooxidant, it is most specific 
to define the protein by its participation in iron homeostasis. 
HO is foremost a protein with an essential involvement in iron 
homeostasis. Altered expression and/or activity of the protein 
will reflect changes in iron homeostasis following exposure, 

table 3. mean, standard deviation, and range for endpoints 
measured in the study population with Cohb less than 0.79% 
(n = 444).

tOtAl  
(n = 444)

mAlE  
(n = 128)

fEmAlE 
(n = 316)

Cohb (%) 0.54 (0.18)  
[0.00–0.78]

0.54 (0.18)  
[0.00–0.78]

0.53 (0.17)  
[0.00–0.78]

Ferritin (ng/mL) 81 (91)  
[1–656]

130 (123)  
[6–656]

61 (64)  
[1–390]

iron (µg/dL) 93 (33)  
[16–220]

101 (33)  
[36–189]

90 (33) 
[16–220]

tiBC (µg/dL) 372 (64) 
[204–670]

355 (51)  
[204–508]

378 (67) 
[235–670]

Percentage  
saturation (%)

26 (10)  
[3–71]

29 (10)  
[10–70]

25 (9)  
[3–71]

hematocrit (%) 40 (4)  
[20–52]

43 (4)  
[20–52]

39 (3)  
[25–47]

hemoglobin  
(g/dL)

13.6 (1.5) 
[6.9–19.9]

14.8 (1.5)  
[6.9–17.9]

13.2 (1.2) 
[8.8–15.9]

WBC count  
(× 103)/mm3

6.9 (2.0) 
[2.9–24.4]

6.8 (1.9)  
[3.0–14.9]

6.9 (1.2) 
[2.9–24.4]
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injury, and disease. This is analogous to bacteria and plants, 
which use HO in the acquisition and utilization of iron.41–43 
When grown in iron-replete conditions, a microbial demon-
strates a diminished expression of HO, but expression of this 
protein is increased after iron depletion44; the elevation in the 
catalysis of heme by higher concentrations of HO allows sur-
vival of the microbe after it makes available more requisite 
metal. Exposures, injuries, and disease can alter iron homeo-
stasis effectively reducing metal concentrations available to the 
cell.45 Any protective role for HO that might reveal under these 
conditions can be attributed to its impact on iron homeostasis. 
Iron is absolutely required for life, and loss of this metal would 
challenge cell survival.46 By catalyzing the deconstruction of 
heme to iron, HO functions to increase metal concentrations 
absolutely pivotal to the continued survival of the cell, tissue, 
and living system.

There are limitations to this investigation. Confounding 
of the COHb by environmental sources is an important limi-
tation delineated by the results. In addition, inadequate num-
bers of non-Caucasians precluded the evaluation of race as a 
determinant of COHb. Furthermore, the use of WBC as the 
only available index of inflammation restricts the interpreta-
tion of its association with COHb. Finally, the absolute value 
of some of the correlations between COHb and indices of iron 
homeostasis was small.

conclusion
We conclude that HO activity contributes to systemic iron 
homeostasis in humans with significant correlations between 
COHb and serum ferritin and iron levels and percentage of 
iron saturation of transferrin. As a result of confounding in 
the measurement of COHb by environmental sources of CO, 

table 4A. Correlations between Cohb, indices of iron homeostasis, and WBC count among males in the study population with Cohb less than 
0.79% (n = 128).

fERRItIN IRON tIbC % SAtuRAtION HEmAtOCRIt HEmOglObIN wbC

Cohb 0.027
P = 0.77

0.176
P = 0.05

−0.107
P = 0.23

0.217
P = 0.01

0.078
P = 0.39

0.089
P = 0.32

−0.178
P = 0.05

Ferritin −0.053
P = 0.56

−0.109
P = 0.22

−0.008
P = 0.93

0.016
P = 0.86

0.007
P = 0.93

0.044
P = 0.62

iron 0.002
P = 0.98

0.919
P , 0.01

0.179
P = 0.04

0.208
P = 0.02

−0.180
P = 0.04

tiBC −0.357
P , 0.01

0.201
P = 0.02

0.217
P = 0.01

0.120
P = 0.18

% saturation 0.083
P = 0.35

0.103
P = 0.24

−0.214
P = 0.02

hematocrit 0.936
P , 0.01

0.259
P , 0.01

hemoglobin 0.233
P , 0.01

 

table 4b. Correlations between Cohb, indices of iron homeostasis, and WBC count among females in the study population with Cohb less 
than 0.79% (n = 316).

fERRItIN IRON tIbC % SAtuRAtION HEmAtOCRIt HEmOglObIN wbC

Cohb 0.121
P = 0.03

0.239
P , 0.01

−0.002
P = 0.97

0.225
P , 0.01

0.071
P = 0.21

0.052
P = 0.35

−0.018
P = 0.76

Ferritin 0.073
P = 0.20

0.339
P , 0.01

0.173
P , 0.01

0.192
P , 0.01

0.232
P , 0.01

−0.061
P = 0.28

iron 0.021
P = 0.70

0.894
P , 0.01

0.284
P , 0.01

0.272
P , 0.01

−0.127
P = 0.02

tiBC −0.378
P , 0.01

−0.034
P = 0.55

−0.060
P = 0.29

0.153
P , 0.01

% saturation 0.259
P , 0.01

0.0259
P  , 0.01

−0.186
P , 0.01

hematocrit 0.877
P , 0.01

0.054
P = 0.34

hemoglobin 0.073
P = 0.20
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the quantification of its relationship with the indices of iron 
homeostasis cannot be accomplished with absolute accuracy. 
Therefore, the measures of strength of the association pro-
vided should be viewed as minimal with increases expected 
following the control of environmental CO.

Author contributions
Conceived and designed the experiments: AJG, DMS. Ana-
lyzed the data: DMS. Wrote the first draft of the article: 
AJG. Contributed to the writing of the article: AJG, DMS. 
Agreed the article results and conclusions: AJG, DMS. Jointly 
developed the structure and arguments for the article: AJG, 
DMS. Made the critical revisions and approved the final ver-
sion: AJG, DMS. Both authors reviewed and approved the  
final article.

references
 1. Engel RR, Rodkey FL, Krill CE Jr. Carboxyhemoglobin levels as an index of 

hemolysis. Pediatrics. 1971;47(4):723–30.
 2. Rodgers PA, Vreman HJ, Dennery PA, Stevenson DK. Sources of carbon mon-

oxide (CO) in biological systems and applications of CO detection technologies. 
Semin Perinatol. 1994;18(1):2–10.

 3. Zayasu K, Sekizawa K, Okinaga S, Yamaya M, Ohrui T, Sasaki H. Increased 
carbon monoxide in exhaled air of asthmatic patients. Am J Respir Crit Care Med. 
1997;156(4 pt 1):1140–3.

 4. Jarvis MJ, Russell MA, Saloojee Y. Expired air carbon monoxide: a simple breath 
test of tobacco smoke intake. Br Med J. 1980;281(6238):484–5.

 5. Vreman HJ, Stevenson DK, Henton D, Rosenthal P. Correlation of car-
bon monoxide and bilirubin production by tissue homogenates. J Chromatogr. 
1988;427(2):315–9.

 6. Vreman HJ, Stevenson DK. Heme oxygenase activity as measured by carbon 
monoxide production. Anal Biochem. 1988;168(1):31–8.

 7. Koury MJ, Ponka P. New insights into erythropoiesis: the roles of folate, vitamin 
B12, and iron. Annu Rev Nutr. 2004;24:105–31.

 8. Ponka P. Tissue-specific regulation of iron metabolism and heme synthesis: dis-
tinct control mechanisms in erythroid cells. Blood. 1997;89(1):1–25.

 9. Mostert V, Nakayama A, Austin LM, et al. Serum iron increases with acute 
induction of hepatic heme oxygenase-1 in mice. Drug Metab Rev. 2007; 
39(2–3):619–26.

 10. Poss KD, Tonegawa S. Heme oxygenase 1 is required for mammalian iron reuti-
lization. Proc Natl Acad Sci U S A. 1997;94(20):10919–24.

 11. Statistics NCfH. Plan and Operation of the Second National Health and Nutrition 
Examination Survey, 1976–1980. Washington DC: US Government Printing 
Office; 1981. Vol DHEW Publication (PHS) 81–1317.

 12. Control CfD. Laboratory Procedures Used by the Clinical Chemistry Division, 
Centers for Disease Control, for the Second National Health and Nutrition Exami­
nation Survey (HANESII) 1976–1980. Atlanta: Public Health Service; 1981.

 13. Milman N. Serum ferritin in Danes: studies of iron status from infancy to old 
age, during blood donation and pregnancy. Int J Hematol. 1996;63(2):103–35.

 14. Yasuda H, Sasaki T, Yamaya M, et al. Increased arteriovenous carboxyhemo-
globin differences in patients with inflammatory pulmonary diseases. Chest. 
2004;125(6):2160–8.

 15. Siimes MA, Dallman PR. New kinetic role for serum ferritin in iron metabo-
lism. Br J Haematol. 1974;28(1):7–18.

 16. Scherer G. Carboxyhemoglobin and thiocyanate as biomarkers of exposure to 
carbon monoxide and hydrogen cyanide in tobacco smoke. Exp Toxicol Pathol. 
2006;58(2–3):101–24.

 17. Stewart RD, Fisher TN, Hosko MJ, Peterson JE, Baretta ED, Dodd HC. Car-
boxyhemoglobin elevation after exposure to dichloromethane. Science. 1972; 
176(4032):295–6.

 18. Miyahara S, Takahashi H. Biological CO evolution. Carbon monoxide evolution 
during auto- and enzymatic oxidation of phenols. J Biochem. 1971;69(1):231–3.

 19. Kambam JR, Chen LH, Hyman SA. Effect of short-term smoking halt on car-
boxyhemoglobin levels and P50 values. Anesth Analg. 1986;65(11):1186–8.

 20. Istvan JA, Cunningham TW. Smoking rate, carboxyhemoglobin, and body mass 
in the Second National Health and Nutrition Examination Survey (NHANES II).  
J Behav Med. 1992;15(6):559–72.

 21. Czogala J, Goniewicz ML. The complex analytical method for assessment of pas-
sive smokers’ exposure to carbon monoxide. J Anal Toxicol. 2005;29(8):830–4.

 22. Bono R, Piccioni P, Traversi D, et al. Urban air quality and carboxyhemoglobin 
levels in a group of traffic policemen. Sci Total Environ. 2007;376(1–3):109–15.

 23. Thomassen O, Brattebo G, Rostrup M. Carbon monoxide poisoning while using 
a small cooking stove in a tent. Am J Emerg Med. 2004;22(3):204–6.

 24. Ziaei S, Nouri K, Kazemnejad A. Effects of carbon monoxide air pollution in 
pregnancy on neonatal nucleated red blood cells. Paediatr Perinat Epidemiol. 
2005;19(1):27–30.

 25. Pereira LA, Loomis D, Conceicao GM, et al. Association between air pollu-
tion and intrauterine mortality in Sao Paulo, Brazil. Environ Health Perspect. 
1998;106(6):325–9.

 26. Hart CL, Smith GD, Hole DJ, Hawthorne VM. Carboxyhaemoglobin concen-
tration, smoking habit, and mortality in 25 years in the Renfrew/Paisley pro-
spective cohort study. Heart. 2006;92(3):321–4.

 27. Klesges LM, Klesges RC, Cigrang JA. Discrepancies between self-reported 
smoking and carboxyhemoglobin: an analysis of the second national health and 
nutrition survey. Am J Public Health. 1992;82(7):1026–9.

 28. Brotherhood JR, Budd GM, Jeffery SE, et al. Fire fighters’ exposure to carbon 
monoxide during Australian bushfires. Am Ind Hyg Assoc J. 1990;51(4):234–40.

 29. Moncure M, Brathwaite CE, Samaha E, Marburger R, Ross SE. Carboxyhemo-
globin elevation in trauma victims. J Trauma. 1999;46(3):424–7.

 30. Melley DD, Finney SJ, Elia A, Lagan AL, Quinlan GJ, Evans TW. Arterial 
carboxyhemoglobin level and outcome in critically ill patients. Crit Care Med. 
2007;35(8):1882–7.

 31. Hunter K, Mascia M, Eudaric P, Simpkins C. Evidence that carbon monoxide is 
a mediator of critical illness. Cell Mol Biol. 1994;40(4):507–10.

 32. Weiss G. Iron metabolism in the anemia of chronic disease. Biochim Biophys Acta. 
2009;1790(7):682–93.

 33. Wessling-Resnick M. Iron homeostasis and the inflammatory response. Annu 
Rev Nutr. 2010;30:105–22.

 34. Tronel C, Rochefort GY, Arlicot N, Bodard S, Chalon S, Antier D. Oxidative 
stress is related to the deleterious effects of heme oxygenase-1 in an in vivo neu-
roinflammatory rat model. Oxid Med Cell Longev. 2013;2013:264935.

 35. Lamb NJ, Quinlan GJ, Mumby S, Evans TW, Gutteridge JM. Haem oxygenase 
shows pro-oxidant activity in microsomal and cellular systems: implications for 
the release of low-molecular-mass iron. Biochem J. 1999;344(pt 1):153–8.

 36. Chen S, Khan ZA, Barbin Y, Chakrabarti S. Pro-oxidant role of heme oxy-
genase in mediating glucose-induced endothelial cell damage. Free Radic Res. 
2004;38(12):1301–10.

 37. Simon T, Anegon I, Blancou P. Heme oxygenase and carbon monoxide as an 
immunotherapeutic approach in transplantation and cancer. Immunotherapy. 
2011;3(4 suppl):15–8.

 38. Ryter SW, Choi AM. Heme oxygenase-1/carbon monoxide: novel therapeutic 
strategies in critical care medicine. Curr Drug Targets. 2010;11(12):1485–94.

 39. Chan KH, Ng MK, Stocker R. Haem oxygenase-1 and cardiovascular disease: 
mechanisms and therapeutic potential. Clin Sci (Lond). 2011;120(12):493–504.

 40. Barbagallo I, Galvano F, Frigiola A, et al. Potential therapeutic effects of natu-
ral heme oxygenase-1 inducers in cardiovascular diseases. Antioxid Redox Signal. 
2013;18(5):507–21.

 41. Liping Z, Hongbo S, Xiaohua L, Zhaopu L. Gene regulation of iron-deficiency 
responses is associated with carbon monoxide and heme oxydase 1 in Chlamy­
domonas reinhardtii. PLoS One. 2013;8(1):e53835.

 42. Li H, Song JB, Zhao WT, Yang ZM. AtHO1 is involved in iron homeostasis in 
an NO-dependent manner. Plant Cell Physiol. 2013;54(7):1105–17.

 43. Li C, Stocker R. Heme oxygenase and iron: from bacteria to humans. Redox Rep. 
2009;14(3):95–101.

 44. Protchenko O, Philpott CC. Regulation of intracellular heme levels by HMX1, 
a homologue of heme oxygenase, in Saccharomyces cerevisiae. J Biol Chem. 
2003;278(38):36582–7.

 45. Ghio AJ, Tong H, Soukup JM, et al. Sequestration of mitochondrial iron by 
silica particle initiates a biological effect. Am J Physiol Lung Cell Mol Physiol. 
2013;305(10):L712–24.

 46. Truksa J, Kovar J, Valenta T, Ehrlichova M, Polak J, Naumann PW. Iron depri-
vation induces apoptosis independently of p53 in human and murine tumour 
cells. Cell Prolif. 2003;36(4):199–213.

http://www.la-press.com
http://www.la-press.com/journal-biomarker-insights-j4

