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UPTAKE AND METABOLISM OF NITROGEN OXIDES IN BLOOD

* . . . K
George D. Case ', John C. SchooleyT and Jonathan S. Dixonr

Lawfence herkeley Laboratory
University of California
Berkeley, Ca}ifornia 94720
ABSTRACT
Dufing the past forty'yearsl numerous studies have examined the reac-

tions of hemoglobin and whole blood with nitrogen oxides, generally using
very high doses. This work describes the formation of nitroxyhemoglobin
(Hb-NO).and its direct cOnversién to methembglobin»(mét-Hb) in vitro, as
well as thé effectﬁvof human exposure to typiéal combustion effluents.
. Whole blood from mice was'exposed to an NO atmosphere, resulting in the
in vitro formation of Hb-NO, 1ow—séin met;Hb, and high-spin met;Hb (measured
by electron paramagnetic resonance spectroscopy). Hematocrit analysis re-
vealed no hemolysis during.tﬁe exposure. Subsequent exposure to clean air
after purging results in the disappearance of Hb-NO Qith a 2-hour half-time.
This is aécompanied by the simultaneous and stoichiometric appearance of
high-spin met-Hb. No low-spin met-Hb is produced from ﬁhe decay of Hb-NO.
In addition, human and rabbit blood specimens were obtained during 7n vivo
exposure to.1-3 ppm NO, 0.3 ppm_NOz,land up to 50 pbm CO. These pollutant
levels (especially NO and NOZ) are typical of the home environment during

operation of combustion appliances. Blood levels of carboxyhemoglobin
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(Hb-CO) average about 5 per cent of the total hemoglobin during exposure,
and decay upon relocation into clean air. No Hb-NO could be detected in
this work, meaning that levéls’were less than 0.01%. Blood copper levels,
in contrasts were easily detected and remained constant throughout.‘ On
the‘other hand, met-Hb levels in the blobd rise linearly throughout the
exposure, from 0.5 per cent beyond 2.per cent. Only high-spin met-Hb
could be dete;ted,'suggesting its origin from Hb-NO. NO is thefefore a
toxic gas in its own right, at sub-occupational conéeﬁtrations and without
any need fof_its conversion to NOZ' If the present data are indicative,

3 ppm NO is comparable to 16-15 ppm CO in its effects on human health. NO
at these levels is frequently encountgred in the home regardless of the

presence or absence of significant CO production.
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"INTRODUCTION

One of the most criﬁical‘factors for understanding the health effects
of air poIiUtion from any source is an assessment of the uptake, transport,
bio;traﬁsformétion; and metabolism of air contaminants. The uptake and
transport of pollutantsvwithin the body determines which\;rgans will be
target; and which physiological functions can be interrupted. Biotransfor-
mation of an air pollutant éithér in tﬁe bloodstream or in the target organ
usually méans that the physiologiCal effects in these tissues will be dif-
feient from effects in the respirétory tract and the lungs. The many metab-
olic‘reactidns which are suscéptible to attack by air pollution will there-
fore be Aifferent from organ to orgah;‘ Individual lesions in the structural
aﬁa functional integrity of one tissue metabolic process should have cas-
cading secondary and terfiary effects on other body processes, in addi£ion
to the direct éffects of pollutant metabolites which manage to reach other
parfs bf the body. All of these phenomena are highly ‘dose-dependent.

The very high levels bf'gaSeous air pollutants ehcountered in many of"
the indoor environments (1-4) have led us to consider the biochemical and
phyéiofogical respthes of iﬂdividuals to these exposures. Since the lung
andvrespiratory tract are obviously the primary targets for any exposure
to air contaminants, these systems merit close scrutiny and are presently
being investigated. However, if pollutant levels are sufficiently elevated
'v(above currént EPA standards), the bloodstream becomes a secondary target
with the air contaminants and their metabolites being transported systemi-
caliy. The éresent stu&y assesses the impact of typical "indoor'-type

concentrations of CO, No; N02, SOZ, and particulate matter on the develop-

ment of adverse bioéhemical changes in the blood of animals and humans.
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Table I summarizes the typical reagtioﬁsvof gaseous pollutants with hema-
globin in whole blood. |

Numerous previous investigations ha&e'aﬁteﬁptgq to characterize the
chemistry of hemoglobin.in vitrb and 2nxvipa, in the presence of:que atmos-
'phere§ or at least Very;high doses of the'gases.'»Some of the most éerti—
nent studies are cited in Table I,;whiéh'élsd,ihcludes some data from the
present répbrt{A Only two formsfof hémoélopin; Hb- and Hbeoz, are physio-
logically active,and useful. The CQ:derivativé of hemoglobin Hb-CO has
been studied exféﬁsively, énd_ité to*icolégy énd thefapy are well known
(19). These investigations of bloéd Hb-CO levels form the basis of the
-EPA cri;eria“document for CO (20). .

Less is known about .the interactiéns of oxidanté’and nitrogen oxides.
with hemoglobin.':Recent studies (18, Zi) haye suggested that ozoné»may
geﬁerate methemoglobin, as -evidenced by Heinz body formation in whole blood
in vitro. The complexity of this ty?e of process is underscored_by the
likelihood that-secondary reactions .of bS or, fbr.that_matter NO_ §§ee ref.
16);=may occur with the apoprotéin of hemoglobinf Additional reactions of
" this sort have clearly been observed~with ozone (21). Comparable; in vivo
experimenté with O3 are hampered by the redgced-suryival capacity of the
subjects under the prevailingvexposure'conditions. In vivo metﬁemogldbin
cthemistry under various O3 exposure conditions is currently being investi-
gated in- this laboratory. |
. ~ Interactions between hemoglobin and the oxides of nitrogen have enjoyed
a- more colorful history. Keilin and Hartree (;1)_firsttdemonstréted the
existence of both Hb-NO and met-Hb-NO as distinct entities in‘vifro in 1937.
The very high affinity of (ferrous) hempglobin for. NO was graphically.demon—

strated by Gibson and Roughton (9), who observed similar binding kinetics



‘TABLE 1

Reactions of Hemoglobin with Gases

Gas Hemoglobin Derivative Formed Iron Valence Sbin State References
co, Deoxyhemoglobin Hb- +2 2 5-7
5 Oxyhemoglobin Hb-O2 +2 &) +3 "o 5,8
Cco Carboxyhemoglébin Hb-CO +2- 0 5,9
SOZ : no s@gnificant Te- 10
action
NO Nitroxyhemoglobin - Hb-NO +2 1/2 5,9,11,12,13
Methémoglobin met-Hb +3 5/2 14,15
No2 Nitroxyhemoglobin Hb-NO . 2 1/2 16
Methemoglobin met -Hb +3 1/2;5/2 15,17
Nitroxymethemo-
globin (unstable +3 "o 11
0 Methemoglobin ‘met-Hb +3 1/2;5/2 18

Reduces Methemoglobin (Case, Dixon and Schooley, unpublished)
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for NO, CQ, and O2 to Hb, but orders of magnitude longer dissociation times
for Hb-NO than for the O2 and CO complexes. In fact, the in vitro half-time
for the dissociation 6f NO from,Hb—NO‘is several hours (9,22). Nitroxymethe-
moglobin is much less stable than Hb;NQ;’ang_épontanequsxy djssoqiatcs
2witﬁiﬁ minutes even in a pure NO atmésphere“(ll);

The resuits of in vivo studies On‘the'inté;actions of hemoglobin
with:NO tell an entirely diffe}ent'story. If the in vitro fesults of Gib-
son and Roughton (9) were applicable, atmospheric levels of NO in thé 0.3
ppm (370 ug/ms) range should elicit the same response as 600 ppm (750'mg/m3)
CO. The latter figure is thé median lethal dose observed for CO poisoning
(20). Accordingly, NO levels as low as 0.04 ppm (SOLug/mS) should be suf-
ficient for the appearance of acute patholdgical symptoms. This clearly
is not observed for NO, even at leQels‘;s high as 3 ppm.(3750vﬁg/m3). Exam-
ination of human and animal blood samples for Hb-NO uhder'ﬁn viveo conditions
originally failed to detect any of the derivative (22), aﬁd:more recently
only smali‘traceé ofaHb-NOv(ZS). .This ébsenpe of‘significant Hb-NO accumu-
lation in the blood of animals exposed to relatively high concentrations
of NO formed the basis of the EPA decision not to recommend an ambient air
quality standard for NO*(24j.

Whatever happened to nitroxyhemoglobin in’the blood? One must
consider that NO either is trapped before it can enter the bloodsiream, or
else is catalytically removed fromer—NO by some biological detoxification'.
: mechanish. Recént observations of low steady-state levels of Hb-NO in the
blood (13, 23)-support the latter alternative. The results of the present
investigation suggest that NO does get incorporated into the blood, with

the resulting formation of methemoglobin from a nitric oxide derivative.
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Increases in the methemoglobin content of blood following exposure
to high doses of NO/NQZIhave been known“fof manf\Years (14, 15, 17) and
héve resulted ih the promulgation of standards for both NO (25 pﬁm or 31
mg/ms) and NO2 (5 ppm or 9 mg/mS) underfOCCUpétiohal exposute conditions
(see refs. 17, 25). These reports havé-gene¥a11y aftributed'the met -Hb
formation to the action of nitrite ion generated by either NO or NO2 in
solution, and have actively.discbunted the direct uptake of NO by hémo-
globin in the blood. The ability of nitrites in food and drink to elicit
methemoglobin éccumulationvhas been W¢11 docUﬁented (see ref. 26 for review),
but its mechanism is presently unknown.

The present study examines thé role‘of Hb-NO in the formatioh.of
met-Hb following exposure to nitrogen bxides. This report also describes
a method for discriminating the origin of methemoglobin forméd in vivo
. among the various possible sources;vand also discusses the effects of hﬁman

exposure to ty?ical "indoor" air in view of the pollutant levels present (4).

- EXPERIMENTAL

Blood.samples were drawn frqm the cafdiac left Venpricle of mice,
from the central artery of the ear in rabbits, or from the fingerfips of
human volunteers. Excess heparin was'pfesent_in_all cases to prevent
‘clotting in thevsamples.v All blood samples were fhen'frozen in liquid N2
and analyzed at low'temperatures'for nitrquhembglobin and methemoglobin
by electron paramagnetic resonance (EPR) on a JapanvElectron Optics Lab-
oratory model VCX-2 spectrometer. Low temperatures used for the analyses
were obtained By transferring liéuid He through an Air'Products hode1:110

Heli-Tran transfer line into the microwave resonance cavity, and were
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monitored continuously with a calibrated carbon resistor. Total hemoglobin
content and the concentration of carboxy-hemoglobin (Hb-CO) were determined
spectrophotometrically on a Cary 17 UV-visible spectrophotometer (see ref. 27).
Hb-CO could also be determined by flash photolysis at low temperatures
according to the method of Yonetani et al (28). The methemoglobin standard
was prepared by hemolyiing whole human blood in the presence of 23

mM KSFe(CN)6’ and dialysis followed by freezing in 1iquid.N2(29).

Mouse blood was exposed im vitro to an atmosphere of pure'NO-(0.0S
per cent NOZ) in a chamber which had béen'previously evacuated (experiments
of Figures 1 and 2). The gas exposure/evacuation cycle was repeated at 5
minute intervals during the 30 minute total exposure period. Afterwards,
the system was evaéuated, relocated into clean air, and blood samples drawn
periodically for analysis. Hematocrit analysis gave values of 43%, within
normal range (17), indicating_no hemolysis.

For the experiments of Figure 3 and Figure 4, human volunteers were
stationed adjacent to the principal eastbound bore of Caldecott Tunnel
apprdiimately 100 m from the traffic exit. Through this tunmel in north-
east Oakland passed about 900 motor vehciles per hour during the experiment,
all traveling uphill through the bore. Pollutant gases and aerosols in
the tunnel were sampled and analyzed either in the fan chamber immediately
above the traffic bore, or else in the traffic bofé itself. Concentrations
of gases ranged befween: 25-50 ppm (27-55 ug/ms) for CO; 2.5-4.0 ppm
(3.1-5.0 mg/ms) for NO; 0.3 + 0.05 ppm (0.55 mg/ms) for NOZ; and 0.14-0.20

ppm (0.37-0.50 mg/ms) for SO CO was analyzed by non-dispersive infra-red

2
spectroscopy; NO and»NO2 by chemiluminescence methods; and SO2 by ultraviolet

fluorescence (see ref. 4). Number and size distribution of the combustion
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aerosols were determined with a nephelometer and a Whitby electrostatic
mobility analyzer, and the chemical compogition of the particulates was
determingd by X-ray fluorescence and by pﬁotoelectron spectrosocby (EScA)
in addition to gas phase chromatography—therﬁal éoﬁductivity methods;
""Clean air" blood samples were obtained at sites atfleast 300 m from the
tunnel, in which the traffic volume was no more tﬁan 3 vehicles per hour.
Air quality in thesé situations wés éssﬁmed to be typical of semi-urban
ambient air: CO less than i.S ppm (1.7:ﬁg/m3); NO, NOZ’ SOZ’ ahd 05 all
1e§s than 0.05 ppm (0.07 ug/ms). Osalevels never exceeded the outdoor
_‘backgrOUnd. l |

For :the "indoor" air eXbosure‘experiments, blood samples weré drawn
from rabbits situated 1 meter”aQay érom gés'stoves in kitchens. Sampling
and analysis methods_for both air quality and blodd composition were iden-
tical to fhose used invthe tunnel experiméﬁts above, and are déscribed in
detail in fef.‘(4). Gas levels in the kitchené ranged between: 6-8 ppm
(7-9 mg/ms) for.CO yith no pans sitting on the burners, but 13-30 ppm
(15-33 mg/ms) for CO with fans preseﬁt; 0.8-2.0 ppm (1.0—2.5 mg/ms) for
NO in either case; 0:2—0.3 ppm (6.33-0J55 mg/msj for Noé in either case;
and less than 0.01 ppm (25 ug/ms) for 502 in all instances (4). Clean

air blood sampies were obtained prior to exposure in the kitchens, as

above.
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RESULTS

Figure 1 depicts a typical EPR spectrum of Hb-NO from mouse blood
exposed to gaseous NOX' A strong resonance is observed at g = 2, with
several poorly resolved fine structure peaks due to hyperfine coupling to
the 14N nucleus present. This spectrum is very similar to that reported
by Kon (12) and confirmed by Yonetani and Yahamoto (30), but differs sig-
nificantly_from the spectra reported by Rowlands and Gause (16) and Oda
et al (23). Diffefences in the measurement temperature cannot account for
the discrepancies between the Figure 1 spectrum and the results of other
workers (16; 23, but compare ref. 30). Neither can differences between the
various in vitro and in vivo exposure conditions. Our Hb-NO spectra from
the human and'rabbit in vivo exposufe experiments appeér indistinguishable
from the Figure 1 spectrum. Rowlands and Gause (16), likewise, observed
no differences in the Hb-NO spectra of blood exposed either in vitro or
in vivo to cigarette smoke; hoWever, their spgctra exhibited much more fine
structure in both cases than is evident in the present data or in the work
of Kon (12) or Yonetani (30). In separate experiments, we were able to
obfain a Hb-NO spectrum like those in Refs. (16, 23) by adding NaNO2 and
NaZSZO4 to.the blood.

The time course for the disappearance of Hb-NO is given in Figure 2
(top). The magnitude of the g = 2 EPR signal increases 'slightly in the
initial stages, but then declines slowly and steadily with a half-time on
the order of two hours. This decay réte is somewhat faster than the 12
hour halthime'estiméted by Gibson and Roughton (9) and the 5 hour half-time
reported by Saﬁcier et al (22), but agrees reasonably well with the 100

minute in vitro half-time observed by Anbar (Personal communication) using
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a differeﬁt method. This observation,.in itself however, does not reveal
~any information regarding the fate of Hb—NOHeither in vitro or in vivo.
The;middlé and bottom portions of Figure 2 display the time courses

for the low-spin and high-spin forms of methemoglobiﬁ, respectively, under
identical conditions. Both forms exhibit an initial '"rapid'" rise in methe-
moglobin. However, the low-spin form‘of methemoglobiﬁ théh decays to a
basal levél which-is subsequeﬁtly time-independent. In contrast, the level
of high—spin methemoglobin (Figure 2, bottom) coﬁtinues to increase with
time. This‘indicates de novo ﬁet-Hb formation, and not.conversion\from
low-spin to high-spip. If one compares the absolute signal émplitudes in
Figure 2 with those obtained for pure met-Hb from humén blood, thevamount
 of high-spin met-Hb produced dur‘ng the decay of Hb-NO is approximately 25
per cent of the total hemoglobin. Given the total met-Hb that must ‘have
been present immedia£e1y after the NO exposure, the maximum amount of Hb-NO
~which was formed initially could have‘been as much as 55-60 per cent of the
reméining total hemoglobin. Decay of half this amount-would:imply that a
méximum of 27-30 per cent of the total hemoglobin was converted from Hb-NO
1into a different form during the first two héurs; Within experimental un-
éertainty, thé present results strongly suggest that Hb-NO is converted
directly and stbichiometrically into high-spin methemaglobin. This process
entails the oxidgtion of the iron.atdm in Hb-NO from the 2+ valence state
to the 3+ valence, in addigion to the oxidation of the NO iigand to its
solution product. Molecular O2 is probably requirgd, sinée other workers
(5, 11, 12) have demonstrated that Hb-NO is stable for long peridds of time
in an inert atmosphere. |

Experimental results indicating changes in the <n vivo blood levels
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of Hb-NO and met-Hb have been obtained for rabbits and humans (Figures 3
and 4). While these experiments-were carried out inside en'autemobile
tunnel, the pollutant gas levels entountered dﬁriﬁgﬁthis exposﬁre closely
resemble those found iﬁ many ges kitchens duriﬁg meal ereparation conditions
(see gxperimental, and also ref. 4). Figdre Sldemonstrates clearly the
ability of combustion effluents containing 3 ppm (3750 ug/ms) NO to réise
the steédy—stete level of metheﬁoglobin in human blood in vivo. All of the
met-Hb produced as a result of the expesure is of the high—spin type; the
in vivo-level of 10W-spin met-Hb remains indistinguishable from zero through
the exposure period.- Since some 15-40 per centlof the totai met-Hb formed
from the usual ehemical oxrdation of hemoglobin (by ferricyanide, for example)
is usually comprised bf the low-spin component at 14°K, the absence of any
low-spin met-Hb production suggests the origin of the high-spin met-Hb which
variseé duriﬁg the exposure as a nitric oxide.derivative. Furthermore, the
absence of any other oxidant SpeCieS'iﬁ the atmesphere, except fbr-some
vN02, supports the vrew thaththevincrease"in metbe is due to HB—NO
metebolism._‘

" The time courses for blood copper, met-Hb, éﬁd Hb-CO formation and
» decay in human blood prior to, during, and following exposure to a tunnel
~atmosphere are’giVen in Figure 4. Copper levels on the order of 0.15 to
0.2 per cent of the total Hb are routinely observed in human blood (Figure 4,
top;). No change in the steady-state concentrations of copper could
be detected at any time point in the'experiment. Using the EPR teeh-
‘ﬁique,_we were unable to detect any Hb-NO in any of the blood
samples. Hb-NO levels as low as 0.01 per cent of the total‘Hb should have

been visible. In contrast, Anbar et al (13), using a different analytical
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_methodAfof Hb-NO, reborted typical base levels of 0.25 per cent Hb-NO in
wholé human blood regardless of the Smokihg/andiexéosure history‘bf thé,
sﬁﬁjects.‘ The preseﬁt‘resulfs also differ from the recent report of Oda
et.al (23)‘who detected an increase in the in vivo.blood concentration of
Hb-NO in micé‘from about 0.02 per cent to 0.12 per cent during a one-hour
exposure fé 8-10 ppm (10-12 mg/ms) NO. wé simply have not observed any such
‘effect. 'Néither of these investigators (16, 23) reported any measurements
' of mefheméglobin in their expeiiments.

, The upper half of‘Figure 4 also expre;seS'the in vivo in changes
high—spin met-Hb as a function of exposure to combustion gases in the tunnel.
Human blood characteristically contains between 0.2 and 0.7 pér cent met-Hb
in the absence of high levels of nitrogeh oxides (Compare Figure 4, top,
with ref. 31).' Exposure to an atmosphere containing combustion effluents
steadily inéréases the met-Hb level to approximately 1.5 per cent of the
total hemoglobin within a 3 hour exposure."Othef_experiments have suggested
met-Hb levels in the blood in excess of 2 per cent as the result of exposure
fo typiéal "indoor" atmospheres in some cases. There is no obvious indi-
cation in the Figure 4 experimenf that the blood level of met-Hb would
plateau had the éxposuré period continued. Additional exberiments to deter-
| mine thevmaximum 1ével of met-Hb which éan be induced in animals ‘as the
result of exposure to NO afe currently in progress.

As the bottom portion of Figure 4 indicates, the bloéd level of
. ﬁb-CO rises fairiy rapidly during the-tunnél exposure tova final levei of
ébdut 5 per cent of the tota1 heﬁ6g1obin; Because thevCO cdnceﬁtration in
| the tunnel atmoépheré Qas‘és'high as 25-50 ppm (27-55 mg/m3),,the elevated

Hb-CO levels are expécted. Howevér, in many of the "indoor" studies,
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.kittheﬁ levels of. CO were much lower, while the NO and NO2 leQels remained
nearly as high as in the tunnel experiment.‘

Separate experiments with rabbits exposed to a variety of indpor
and outdoor environments give_resulté which are essentially the éame as iﬁ
the upper section of Figure 4. Again, ﬁo Hb—NO could be detected. Levels
of blood cbppér were low but measurable ( ~ 0.2 per_éent, compare wifh
ref. 23), aﬁd remained coﬁStant.r On the other hand,kthe‘concentrafion of
high-spin met-Hb steadily and linearly rose throughout the exposure to gas
stove  exhausts, from abbut 0.5 per cent to 1.5-2.0 per cenf within the
first 30 minutes. Again, no éign‘that the met—HB ;oncentration.might level

off was evident.

'DISCUSSION

The present results clearly indicate the metabolic reaction of v
hemoglobinbwith the oxides of ﬁitrogen to give rise to methemoglobin
in vivo. Séveral'réports (14, 15, 33), using much higher concentrations
of NO and NO2 in the exposure conditions, have preQibusly shown that met -
Hb formatioﬁ.canvoccur in response. Moxe important, we have observed |
the formatioﬂ of significant blood levels of methemoglobin from atmospheric
NOx concentrations which are frequently encountered by most individuals
. in their own homes. In a subsequent report, we shall show the interactions
of ambient level ozone with whole blood, in whicﬁ'o3 completely reduces
met—Hb; and ‘subsequently gives rise to an unidentified organic free radical
in the blood (Case, Dixon, Schooley, unpublisﬁed). To place these observa-

tions in the proper perspective, however, one must consider the relative

¢
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_impact‘of NOx exposure in terms of 511 known énvironméntal sources of
. methemoglobin, and the relative importance of methemOgidbin in the assess-
ment of health risks imposed on the public by ali environmental coﬁtami-
nants. | |

For example, the fbrﬁatioh of ﬁetheﬁoglobin ffom nitratéé and ni-
trites in foods and drinking water has been extensively‘documented (see
‘ref. 26). Several national andfstateig0vernment agenciés'have impésed.
stringent limitations onlthe nitrate/nitrife content of éured meats, baby
foods, and drinking water as a direct result of information in the toxi-
vcoiogical literature, muéh of which implicates fbéd and water sources in
cases of aéﬁté poisoning. If the reaction between‘nitrite and hemogiobin
is stoichiometric within a féctor of two gnd if conversion of NO% to NO%
is 75 per cént{completg'(sl),‘then the amount of NOQ/NOE requiredAfor the -
initial conversion of 2 per cénf of the.fotal Hb to met-Hb (equivalent
to the met—HB formed ‘from indoor—type>NOx.exposure) is approximately 55 mg
for an average adult (17, 26, 31). In the same adult individual, an |
édditional 11 mg/hr of Nb;/NOQ would be required to maintain the blood
level of met-Hb at 2 per cent, siﬁce the normal adult half-life of met-Hb
is appro#imately 2.5vhours (31). 4This corresponds to an iﬁitial dose of
five hot dogs fqllowed‘by one additiénél_hot dog every hour thereafter,
_dr 1-2 ouncés,of most kinds of vegetables (26). One hot dog every 3 hours
is sufficient to mainéain a bloéd met-Hb level of 0.7 per cent, which is
the normai adult human-base level of met-Hb (Figure 4; also refs. 26, 31).
Because the prevailing‘form of hemogiobin in infanf;vand_unborn children
is different from the adult type, the sensitivity of infants to Nog/NOE
is at 1east’104fold greater than for adults (26, 31).

The implication of the present work is that nitgrogen oxides
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generated by household combustion applianﬁes can account for a substantial
fraction of the total met-Hb which is present in the -blood of most humans.
Typical concentrétions of these gases can elevate the met-Hb content of
blood to potentially dangerous levels, and reﬁresent a dose comparabie to
the five hot dogs. The thsiological effect of an accumulation of methemo-
globin in the blood is nearly identical to the buildﬁp of carboxyhemoglobin
(31). Like Hb-CO, met-Hb is totally ineffective as an oxygenvcarrier, but
nevertheless occupies blood volume. The increased probability of tissue
hypoxia or the ipcreased load on the heart would be the same in either case.
Both blood contaminants are effectively "removed.from cifculation" slowly,.
(CO from the ldngs;'met—Hb by the spleen and liver) with respective half-
times on the orde; of 30 minutes for Hb-CO (5, 9, 20) and 2.5 hoﬁrs for
met-Hb (31). Consequently, 2 per cent met-Hb should elicit the same long-
term effects as 2 per éent Hb-CO (sée ref. 32 for review), and so on.

One should now note that the EPA air quality standard for CO (20)

is 9 ppm (10 mg/ms);for an average‘8;hour exposure period. This standard
is based on evidence that Hb-CO concentrations in excess of 1.5-2.0 per
cent elicit measurable pathological symptoms in humans and animals (20, 32).
The same situation is necessarily true for met-Hb generated by NO2 and NO,
the latter for which no ambient air quality standard preéently exists,. If
the present data are indicative, 3 ppm (3.75vmg/m3) NO is physiologically
‘comparable to CO'ievels on the order of 10-15 ppm (11-17 mg/ms). On this
basis, the existiﬁg oceﬁpational air quality standards for NO (25 ppm or
31 mg/ms)-and CO (50 ppm or 55 mg/ms) are self-consistent (17, 25).

| Whether any of these standards aré realistié is a different question

altogether. Since the CO standards were formulated on the basis of blood
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levels of.Hb-CO (20), the problgm of pérsonal dose measurements does not
apply; The original investigators weré able to determine directly the
'trﬁe_personal doses of CO (see ref. 32 for review) although no attempt

was made in these investigatioﬁS‘to rémove possible met-Hb interferences
from the HB-COHanalyses‘in blood. On the other hand, most of the»epidemio-
logical studies which correlated specific patﬁological resbonses to the
'blbod Hb-CO concentration neglected to carry out parallel measurements of
-mef-Hb (20,’32). Since the combustion processes which emit CO usually
. give off prodigious amounts of NO as Well, one can probably aésume that

the effects 6n human health responses derive froﬁ the combined action of
CO and NO* and not from reactions involving only one of these species.

The major pitfall and a source of error in these studies arises as the
result of human exposure to effluents from the combustion of 'clean" fuels.
Recent work in this laboratory has shown thaf the combustion of natural

gas ("cleaﬁﬁ from the standpoint that virtually no CO is emitted in the
flame itself) nevertheless gives off substantial;amounts of NO and NO2

(4). It is now abundantly clear that future studies of the health effects
of air pollufidn should consider the impéct of indoor as well as outdoor
source§ of pollution, and should examine human populations for the presence

of met-Hb as well as Hb-CO.
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Figure 1. EPR spectrum of nitroxyhemoglobin. Mouse blood, total heme content = 14 mM. EPR
conditions: midscale magnetic field, 3300 gauss; modulation amplitude, 10 gauss;
modulation frequency, 100 KHz; microwave frequency, 9.21 GHz; receiver gain, 1;

temperature, 14°K.
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_Figure 2. Time course for the conversion of Hb-NO into met-Hb. Mouse blood. Conditions
as in Figure 1. Top: Nitroxyhemoglobin, g = 2 signal. Midscale magnetic field,
3300 gauss; range, 500 gauss. Middle: Low-spin methemoglobin, g = 3 region. .
Midscale magnetic field, 2200 gauss; range, 500 gaussv. Bottom: High-spin
methemoglobin, g = 6 signal. Midscale magnetic field, 1100 gauss; range, 500 gauss.
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Figure 3. In vivo concentrations of methemoglobin in blood as a function of exposure to combustion exhausts in
Caldecott Tunnel. EPR spectra of high-spin methemoglobin, g = 6 region. Midscale magnetic field,
1100 gauss; range, 500 gauss. Other EPR conditions as in Figure 1, except that recciver gain of 100 = xI.
Upper Spectrum: Taken after 2-hour exposure to tunnel atmospherc (see Experimental). Lower
spectrum: Taken in an “outdoor’ environment in Berkeley away from vehicular traffic.
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Figure 4. Uptake and reactions of air pollutants in blood. In vivo exposure included
atmospheres containing combustion effluents, and subsequently to clean air.
Blood samples drawn and frozen for analysis. Circles and triangles represent

data from two organisms. Upper Figure: High-spin methemoglobin and

copper (II) in the Blood detected by EPR spectroscopy. Lower Figure: v
Carboxyhemoglobin (Hb-CO) under identical conditions,_measured optically

at two different visible wavelengths (open and solid symbols). No nitroxy-
hemoglobin detected.
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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
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their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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