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aBstract

introduction: We sought to determine the effects of brief exposures to low concentrations of tobacco secondhand smoke (SHS) 
on arterial flow-mediated dilation (FMD, a nitric oxide-dependent measure of vascular endothelial function) in a controlled 
animal model never before exposed to smoke. In humans, SHS exposure for 30 min impairs FMD. It is important to gain a better 
understanding of the acute effects of exposure to SHS at low concentrations and for brief periods of time.

Methods: We measured changes in FMD in rats exposed to a range of real-world levels of SHS for durations of 30 min, 10 min, 
1 min, and 4 breaths (roughly 15 s).

results: We observed a dose-response relationship between SHS particle concentration over 30 min and post-exposure  
impairment of FMD, which was linear through the range typically encountered in smoky restaurants and then saturated at higher 
concentrations. One min of exposure to SHS at moderate concentrations was sufficient to impair FMD.

conclusions: Brief SHS exposure at real-world levels reversibly impairs FMD. Even 1 min of SHS exposure can cause reduc-
tion of endothelial function.

intrOductiOn

Even short exposures to low levels of secondhand smoke (SHS) 
have deleterious effects on health. Smoke-free policies in pub-
lic places and workplaces have been demonstrated repeatedly 
to lead to reductions in hospital admissions for myocardial 
infarction, stroke, and other cardiovascular and respiratory out-
comes (Barnoya & Glantz, 2005; Institute of Medicine, 2010; 
Lightwood & Glantz, 2009; Sargent, Shepard, & Glantz, 2004; 
Tan & Glantz, 2012). One important and rapid consequence 
of both active smoking and SHS exposure is the impairment 
of arterial flow-mediated dilation (FMD), the process by 
which arteries vasodilate in response to increased fluid shear 
stress (Flammer et al., 2012; Pyke & Tschakovsky, 2005). The 
endothelium modulates blood flow to peripheral tissues and the 
heart by producing nitric oxide (NO) and other factors that lead 
to vasodilation. Endothelial cells sense fluid shear stress and 

activate endothelial nitric oxide synthase (eNOS), leading to 
vasodilation. FMD is quantified clinically by ultrasound as the 
percent dilation of the brachial artery in response to restora-
tion of blood flow after transient occlusion (Celermajer et al., 
1992). FMD is a well-established clinical prognostic indicator 
of endothelial function that is concordant with other measures 
of cardiovascular health (Celermajer et  al., 1992; Flammer 
et al., 2012; Nabel, Selwyn, & Ganz, 1990; Widlansky, Gokce, 
Keaney, & Vita, 2003). Brachial artery FMD correlates with 
endothelium-dependent vasodilation of the coronary arteries 
(Anderson et  al., 1995) and with a number of adverse car-
diovascular outcomes that are increased by cigarette smoke 
(Yeboah, Crouse, Hsu, Burke, & Herrington, 2007). Smoking 
and chronic exposure to SHS both impair FMD (Celermajer 
et  al., 1993, 1996). In fact, we and others have previously 
shown that a 20- to 30-min exposure to SHS is sufficient to 
temporarily impair FMD in humans (Giannini et  al., 2007), 
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even at concentrations found in public places where smoking 
is permitted (Frey et al., 2012; Heiss et al., 2008a). However, 
the acute effects of very short (e.g., 1 min) exposures have not 
been examined. It is important, for both public health regula-
tory policy and personal decision-making, to better understand 
the effects of exposure to SHS at very low levels or for brief 
exposure times.

FMD measurement in humans is confounded by genet-
ics, lifestyle, diet, and prior exposure to tobacco. To study 
how SHS affects endothelial function in a physiologically 
consistent study population, we used a method that we previ-
ously developed to measure FMD by micro-ultrasound in the 
hindlimbs of living rats (Heiss et al., 2008b). FMD measured 
in rats is similar to human FMD with respect to factors that 
impair or improve the response and underlying mechanisms, 
and has provided us with unprecedented insight into the roles 
played by mediators of NO bioavailability (Chen et al., 2013; 
Heiss et al., 2008b).

In this study, we measured the acute effect of SHS exposure 
at progressively lower concentrations and for extremely short 
times on FMD. We report that impairment of FMD by 30 min 
of exposure exhibits a dose response relationship through the 
range of SHS concentrations typically encountered in public, 
and saturates at higher levels. Notably, impairment of FMD is 
detected within 1 min of exposure to SHS at respirable particle 
concentrations typical of a smoky restaurant.

MethOds

See Supplementary Material online for more details about the 
following: Arterial blood gas measurements, FMD, nitroglyc-
erin administration, measurement of cotinine.

Animals

We used Sprague-Dawley rats (Charles River), female, 8–12 
weeks old. Experiments were conducted under ketamine/
xylazine anesthesia and were terminal. All experiments were 
approved by the UCSF Institutional Animal Care and Use 
Committee.

Flow-Mediated Dilation

FMD was measured in living rats as we have described (Heiss 
et  al., 2008b) by a blinded investigator. See Supplementary 
Material online for details. Briefly, an arterial loop occluder 
was surgically positioned upstream of the femoral artery, and 
the artery was occluded for 5 min followed by release and rep-
erfusion of the leg. Femoral artery diameter at diastole was 
measured with a 35 MHz ultrasound transducer (Vevo660, 
VisualSonics) over 3 min. FMD was calculated as % change: 
(peak diameterpostischemia − diameterbaseline)/diameterbaseline × 
100. Rats were kept at 37˚C on a thermal blanket throughout to 
avoid anesthesia-induced hypothermia.

Exposure to Cigarette Smoke

Cigarettes were Marlboro Red brand. The smoking regimen 
was based on the ISO Standard 3308:2012, one 35 ml puff 
of 2 s duration once/min, using cigarettes of pre-equilibrated 
humidity. SHS is a mixture of sidestream smoke from the lit 

end of the cigarette and exhaled mainstream smoke; since 
most SHS is sidestream smoke, we will use these two terms 
interchangeably.

An initial smoke exposure experiment was performed 
using a cigarette smoking machine from Teague Enterprises. 
SHS was generated from three cigarettes smoked in sequence 
over 30 min, and piped to anesthetized rats after baseline FMD 
measurement and before post-exposure FMD measurement.

For subsequent experiments, the machine was rebuilt to 
facilitate lower exposure levels (Supplementary Figure S1 
online). The rebuilt machine collects SHS in a Plexiglas cham-
ber. The wall of the SHS collection chamber contains a gas-
ket through which the nose of an anesthetized rat is inserted 
to breathe the smoky air. A  Sidepak AM510 personal aero-
sol monitor (TSI) calibrated for tobacco smoke particles and 
excluding those >2.5  µm, monitors the respirable suspended 
particle (RSP) concentration in the exposure chamber and 
exhausts back into the chamber. Air in the chamber is mixed 
with a small fan. Arterial blood gas measurements confirmed 
that oxygen levels did not decline over the course of the expo-
sure (see Supplementary Methods and Results online).

For each experiment using the modified system, a cigarette 
was lit and smoked for 3 min and extinguished, and particle 
concentration in the exposure chamber was adjusted until the 
desired starting concentration was reached. At that time, an 
individual anesthetized rat, after baseline FMD measurement, 
was exposed for the specified duration and was then returned 
to the ultrasound system for post-smoke FMD measurement. 
As summarized in Figure  1, FMD was measured in all rats 
before and after exposure, with a ~10 min interval between 
end of exposure and ultrasound reading for technical reasons. 
FMD was measured a third time to determine recovery 30 min 
later (i.e., 40 min after the end of exposure) in all groups except 
for the 6,000 µg/m3 peak concentration group. (For that group 
only, recovery was assessed 15 min after the initial post-smoke 
measurement, 25 min after the end of exposure, so we did 
not combine these data with the recovery data from the other 
groups.)

Statistics

For simple comparison of exposure to SHS versus clean air 
(i.e., Figure 2) and to assess the effects of varying SHS expo-
sure duration at given starting concentrations (Figure 4), we 
used a repeated measures ANOVA followed by all pairwise 
multiple comparisons using a Šidák correction using Stata 
version 12.1 xtmixed with the REML option; sample size 
associated with SE calculations was the entire sample. For 
the experiment shown in Figure 4, because complete recov-
ery from impaired FMD was observed within 30 min after 
the initial post-exposure measurement, initial post-exposure 
was compared with the average of the other two time points 
via a planned contrast, with pre-exposure and recovery 
weighted equally (initial post-exposure − [pre-exposure + 
recovery]/2).

To identify the dose-response relationship between SHS 
exposure (constant duration) and FMD impairment (Figure 3), 
the first step that we took was to conduct a locally weighted 
scatterplot smoothing (LOWESS) nonparametric regression 
of FMD 10 min after end of exposure (initial post-exposure) 
as a function of maximum exposure (dose). The LOWESS 
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regression suggested a piecewise linear relationship with a 
break at a 670 µg/m3 peak exposure. To test whether such a 
relationship would provide a better description of the data than 
a linear regression, we fit the data with the two-component 
linear spline

FMD min dose 67 67

dose 67 FMD

1 2

3 baseline

= + ( ) + ( )
−( ) +

b b b u

b

0 0 0

0

,

where u(670) is the unit step function that takes on a value of 
1 at 670 µg/m3 or higher and 0 otherwise. We also included 
pre-exposure FMD in the equation to allow for rat-to-rat dif-
ferences in baseline FMD. The spline function provided a sig-
nificantly better fit to the data than a simple linear regression 
(p = .03) by likelihood ratio test, so the two-component spline 
was used to analyze all the data. Calculations were done with 
Stata procedures mkspline and regress; sample size for SE cal-
culations was the entire sample.

results

Thirty-Minute Exposure to SHS Impaired FMD

In an initial experiment, we tested the effect of SHS expo-
sure on endothelium-dependent and endothelium-independent 
vasodilation, using a cigarette smoking system that generates 
continuous streams of SHS. Baseline FMD was measured in 
two groups of anesthetized rats (n = 3/group). The rats were 
then exposed for 30 min to clean air or smoke, after which 
FMD was measured again (for these experiments, we did not 
control SHS particle concentration or measure serum cotinine). 
Exposure to SHS led to impaired FMD (post: 6.5% ± 1.3% vs. 
pre: 13.2% ± 1.4% (SEM); p < .0005), whereas exposure to 
clean air did not lead to detectable impairment (post: 14.2% ± 
1.3% vs. pre: 14.9% ± 1.4%; p > .999; Figure 2). After the post-
exposure measurement, we measured vasodilation in response 
to the endothelium-independent vasodilator nitroglycerin. 
Nitroglycerin treatment caused vasodilation in excess of pre-
exposure FMD (p = .028). The response to nitroglycerin was 
not impaired by SHS (SHS: 21.6% ± 4.5% vs. clean air: 20.1% 
± 4.5%; p > .999).

Exposure Chamber Particle Concentration Kinetics  
Are Consistent

To achieve greater control over low particle concentrations for 
subsequent experiments, we modified the smoke generation 
system as described in the Methods section. Because the modi-
fied system requires the cigarette to be extinguished before 

Figure 1. Experimental design for smoke exposures. The pre-smoke FMD measurement procedure consisted of baseline ultra-
sound measurement of artery diameter, occlusion of the artery for 5 min (ischemia), release of occlusion, and a second ultrasound 
measurement of peak artery diameter. Diameter returned to baseline level within 5 min. This pre-smoke FMD measurement was 
followed by exposure to smoke or clean air, and then the entire FMD measurement procedure (ultrasound, ischemia, release, ultra-
sound) was repeated to determine post-smoke FMD roughly 10 min after the end of exposure. A smaller post-ischemia peak diam-
eter indicated impaired FMD after SHS exposure. In most experiments, FMD was measured again to document recovery 30 min 
later (i.e., 40 min after the end of exposure).

Figure  2. Impairment of FMD, but not endothelium-inde-
pendent vasodilation, after 30 min of exposure to SHS. FMD 
was measured before and after 30 min of exposure to SHS 
or clean air (n = 3/group). FMD was reduced after exposure 
to SHS, but not clean air. Nitroglycerin (NTG) administered 
immediately after post-exposure FMD measurement confirmed 
that endothelium-independent vasodilation was not impaired. 
Bars = SEM; *p < .0005 versus respective pre-exposure.
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exposure of the rat, adsorption of smoke particles to surfaces 
in the exposure chamber causes a progressive decrease in RSP 
concentration over 30 min. We confirmed that the decay curves 
are consistent between experiments (Supplementary Figure 
S2 online) and across different starting particle concentrations 
(data not shown). Thus, the experiments described below list 
RSP concentrations as starting (peak) concentration; Table 1 
shows the corresponding mean over time and the total cumula-
tive exposure for each condition based on the average kinetic 
curve for each experimental group.

Impairment of FMD Was Dose-Dependent

The RSP concentrations associated with real-world expo-
sure conditions are typically under 1,000  µg/m3 (California 
Environmental Protection Agency, 2005; Institute of Medicine, 
2010), so we measured changes in FMD in groups exposed for 
30 min to starting levels of 6,000 µg/m3 (comparable to condi-
tions in an unventilated residential room with multiple smokers),  
670  µg/m3 (smoky bar conditions), 180  µg/m3 (mid-range 
of restaurants with smoking), 67 µg/m3 (low end of range in 

restaurants that allow smoking), and clean air. Figure 3 shows 
the values for all the rats, with mean values listed in Table 2 and 
statistical analyses summarized in Table 3.

Regression analysis showed that there were no significant 
differences between the baseline FMD levels (Figure 3A) for 
the different exposure groups (p  =  .897). FMD exhibited a 
dose-dependent drop following 30 min of SHS smoke exposure 
(Figure 3B) up to the 670 µg/m3 starting concentration (b1, the 
slope of the dose-response below 670, is significant, Table 3), 
then the effect saturated (i.e., b2, the slope of the dose-response 
above 670, is not significantly different from 0). Thirty min-
utes after the initial post-exposure measurement, FMD had 
recovered to baseline for rats exposed to 670  µg/m3 starting 
SHS and lower (Figure  3C; b1 is not significantly different 
from 0; Table 3) (FMD changes for individual rats are shown 
in Supplementary Figure S3 online.) The 6,000 µg/m3 starting 
SHS group is not included in this analysis of 30-min recovery 
because we measured recovery at 15 min in this group. In each 
case, higher baseline FMD was associated with higher FMD 
levels following SHS exposure and recovery, but this effect did 
not reach conventional statistical significance.

table 1. Mean Particle Concentration and Relative Total Exposure (Area Under the Curve) Corresponding to the 
Starting Particle Concentrations for Each 30-Min Duration Group

Target starting concentration 
(µg/m3)

Actual starting concentration 
(µg/m3)

Mean concentration over time 
(µg/m3)

Relative total exposure  
(µg/m3·min)

6,000 5,932 ± 15 1,975 ± 1,104 51,595
670 674 ± 4.8 191 ± 88 4,919
180 180a 55a 1,435a

67 66.4 ± 0.72 30 ± 7.3 883
0 0b – –

Note. aEstimated value. Due to loss of particle detector data for this set, the mean concentration over time and total exposure 
values are extrapolated from the target starting concentration based on the relationships in the 6,000 and 670 groups, for 
reference.
bExposure chamber air sampled over 30 min on five separate occasions was measured as 2.9 ± 3.1 µg/m3.
Numbers following ± are SD.

Figure 3. Dose response of FMD impairment after varying SHS particle concentrations for 30 min. Exact values are shown in 
Supplementary Figure S3 online. (A) Baseline FMD, before exposure to SHS at concentrations starting at 0, 67, 180, 670, and 
6,000 µg/m3. Dots represent individual rats; n = 8/group except for n = 7 for 6,000 µg/m3. Dashed line connects mean FMD values 
at each subsequent SHS exposure level. (B) FMD measured ~10 min following 30-min SHS exposure. Solid line is fit using the 
two-component spline at mean post-exposure FMD levels for each group and dashed line shows mean baseline levels (from panel 
A). The relationship between SHS concentration and FMD impairment is dose-dependent up to the 670 µg/m3 peak exposure, then 
the effect appears to saturate (that is, the slope higher than 670 µg/m3 is not significantly different from 0). The seven data points for 
the “6000” group overlap and are not all distinguishable. (C) Thirty minutes later, FMD has recovered to baseline. In the 670 µg/m3 
starting group only, recovery FMD has slightly surpassed the baseline value but this difference was not significant. Solid line is fit 
using the two-component spline at mean recovery FMD levels for each group and dashed line is mean baseline levels (from panel A).
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We also measured cotinine levels in serum collected from 
all groups after the final FMD measurement, but did not detect 
significant correlations between smoke particle concentration 
and cotinine level (not shown).

One Minute of SHS Exposure Impaired FMD

We then tested whether FMD was impaired at progressively 
shorter exposures of 10 min, 1 min, or 4 breaths (roughly 15 s; 
Figure 4, Table 4, and Supplementary Table S1 online). Notably, 
1 min at 670  µg/m3, comparable to smoky restaurant levels, 
caused a modest but significant impairment of FMD. One minute 
at 180 µg/m3 also resulted in statistically significant impairment, 
although the effect was extremely small (see Discussion section). 
We did not observe significant impairment after only four breaths.

discussiOn

In this study, we show in a controlled in vivo model that 
30 min of SHS exposure causes a dose-dependent impairment 
of NO-dependent endothelial function, and that even 1 min of 
exposure is sufficient to cause significant impairment.

We have developed a clinically-relevant, integrative, physi-
ological rodent ultrasound model of FMD measurement in 
which hormonal and neural influences are intact (Heiss et al., 
2008b), which we have used to study deleterious effects of 
tobacco SHS at realistic levels. In contrast, classical laboratory-
based approaches toward the study of endothelium-dependent 
vasodilatory function, and its inhibition by factors such as 
cigarette smoke, have used isolated aortic segments in culture 
that are pre-constricted and then dilated pharmacologically, 
and omit most of the relevant physiology underlying vascular 
endothelial function. Our approach has advantages over human 
studies, which are clinically relevant but are confounded by 
many differences in genetics, diet, lifestyle, and previous 

exposure to SHS; differences that are minimal in laboratory 
rats. Studies of human exposure, tissue explants, and endothe-
lial cell culture have yielded important insights into endothelial 
physiology and effects of mainstream tobacco smoke (Barua, 
Ambrose, Srivastava, DeVoe, & Eales-Reynolds, 2003; Barua 
et  al., 2001; Celermajer et  al., 1993, 1996; Hutchison et  al., 
1998), but they are unable to bridge the gap between physi-
ological context and phenotypic consistency, and are thus lim-
ited with respect to conclusions that can be drawn about intact 
physiology. Our approach accomplishes what clinical and tis-
sue explant studies cannot: that is, study of vascular functional 
impairment in a model that is both physiological and devoid of 
excessive subject variability. This rodent model of SHS expo-
sure has shown that even 1 min of exposure to realistic levels of 
SHS can cause decreases in FMD, and will support subsequent 
studies into the molecular and physiological mechanisms by 
which SHS affects the endothelium.

Because rats and humans are different species, we cannot 
draw conclusions about the health effects of specific SHS con-
centrations in humans based on these rat results. However, it is 
notable that the range of levels in which changes in smoke con-
centration exerted differential acute effects on vascular physi-
ology corresponds to real-world SHS exposure conditions. The 
dose-response curve shown in Figure 3 for 30 min exposures is 
consistent with effects of SHS on endothelium that occur at the 
lower doses and then saturate. The line breaks at 670 µg/m3 start-
ing (~200 µg/m3 averaged over time) based on the set of exposure 
conditions that we used; the actual break may be lower. These 
results support our previous findings that increasing smoke con-
centration leads to increasing impairment of endothelial func-
tion (Frey et al., 2012), and suggest that maximal impairment 
is reached within the range of real-world SHS concentrations.

The range of exposure times from 30 min down to 1 min 
mimics typical unintentional exposure conditions in public. 
The rapidity with which an acute cardiovascular effect was 
detected (i.e., 1 min of exposure) has not been previously 

table 2. Mean FMD Values (%) Corresponding to Figure 3

Starting concentration 
(µg/m3) Pre-exposure FMD Initial post-exposure FMD

Recovery 15 min FMD 
(25 min after end of 

exposure)

Recovery 30 min FMD 
(40 min after end of 

exposure)

6,000 10.4 ± 2.5 2.7 ± 0.8 3.8 ± 1.2 –
670 9.3 ± 2.0 4.4 ± 1.6 – 12.0 ± 1.6
180 9.7 ± 1.0 8.2 ± 1.1 – 9.8 ± 1.5
67 8.8 ± 1.9 7.8 ± 1.9 – 8.0 ± 1.8
0 10.4 ± 1.1 8.9 ± 1.0 – 10.7 ± 1.0

Note. Numbers following ± are SEM.

table 3. Regression Analysis: Changes in FMD (%) Associated With 30-Min SHS Exposure

Pre-exposure Initial post-exposure

Effect p value Effect p value

Dose, b1 −0.0008 ± 0.0035 .831 −0.0062 ± 0.0024 .015
Incremental effect above 670 µg/m3, b2 0.0002 ± 0.0004 .647 −0.0004 ± 0.0003 .274
Baseline FMD, b3 0.249 ± 0.128 .060
Constant, b0 9.71 ± 1.11 6.35 ± 1.50
p for regression .897 .001

Note. Statistical analysis refers to Figure 3. Numbers following ± are SE of respective regression coefficients.
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reported to our knowledge. While the impairment detected 
at the relatively low peak 180 µg/m3 for 1 min was modest, 
FMD after 1 min of SHS exposure at peak 670 µg/m3 (com-
parable to a smoky bar or restaurant) was clearly impaired 
as evidenced by following FMD over time in individual rats 
(Figure 4). The short exposure times may explain why we did 
not detect significant correlations between serum cotinine 
levels and smoke exposure levels, highlighting the sensitivity 
of functional endpoint analysis for studies of acute exposure.

We conclude that exposure to real-world concentrations of 
SHS for as little as 1 min can impair FMD in rats. The effects 
that we studied here in the rat, as well as related effects that 
we have reported in humans (Heiss et al., 2008a), were tem-
porary; FMD was restored to healthy levels within 30 min in 
the rat and within 2.5 hr in the human study. However, it is 
likely that repeated brief exposures for an extended period of 
time will gradually reduce baseline FMD level, post-exposure 
FMD level, or both; based on the findings of Celermajer 
et  al. (1996) that FMD was impaired in people frequently 
exposed to SHS even if they were not exposed at the time of 
the measurement. Whether such a progressive decline occurs 
after repeated temporary impairments, or even after repeated 
exposures to conditions that did not lead to significant impair-
ment after one event, is a topic of continued interest and future 
study. Furthermore, the extent of brachial artery FMD reflects 
that of endothelium-dependent vasodilation of the coronary 

arteries (Anderson et al., 1995). Therefore, brief impairments 
of endothelial function may potentially contribute to increased 
incidence of acute cardiovascular events, consistent with the 
decrease in MI admissions observed in communities with 
smoke-free public place and workplace laws (Lightwood & 
Glantz, 2009; Sargent et al., 2004; Tan & Glantz, 2012). Our 
findings support the need to prevent even brief SHS exposure.

suppleMentary Material

Supplementary Table 1, Figures 1–3, and Supplementary Material 
can be found online at http://www.ntr.oxfordjournals.org
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Figure 4. FMD is impaired by 1 min of SHS exposure. RSP levels listed denote starting levels, which did not change appreciably 
during the 1 min experiment. Four breaths is estimated at roughly 15 s. n = 8/group, *Significant impairment compared to average 
of pre-exposure and recovery. 

table 4. Mean FMD Values (%) Corresponding to Figure 4

Starting conc. 
(µg/m3) Duration (min)

Pre-exposure 
FMD

Initial post- 
exposure FMD Recovery FMD Overall test (p) Contrast (p)

FMD difference 
(SE)

670 30 9.3 ± 2.0 4.4 ± 1.6 12.0 ± 1.6 <.00005 .001 −6.3% (1.8%)
670 1 10.4 ± 1.5 8.7 ± 1.7 9.7 ± 1.2 .0141 .008 −1.3% (0.5%)
670 4 breaths 8.0 ± 1.6 7.8 ± 1.4 8.6 ± 1.8 .4542 .396 −0.6% (0.7%)
180 30 9.7 ± 1.0 8.2 ± 1.1 9.8 ± 1.5 .0001 <.0005 −1.5% (0.4%)
180 10 10.9 ± 1.7 9.0 ± 1.0 10.2 ± 1.3 .0042 .003 −1.6% (0.5%)
180 1 8.7 ± 1.4 8.0 ± 1.3 8.6 ± 1.2 .0018 .001 −0.7% (0.2%)

Note. Numbers following ± are SEM.
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