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Numerous studies have reported links from smoking and e-cigarette use to adverse 

cardiovascular and pulmonary outcomes and pathologies.1–4 However, the molecular 

mechanisms are incompletely understood.

We previously showed that the receptor for advanced glycation end products (RAGE) is a 

potential upstream mediator of e-cigarette-induced endothelial barrier dysfunction, in that 

sera of e-cigarette users increased permeability of cultured endothelial cells and this was 

attenuated by the RAGE inhibitor, FPS-ZM1 (RAGEi).1 Here, we studied the effect of 

acute and subacute e-cigarette exposure on endothelial function in rats measured as flow-

mediated dilation (FMD), which we have shown is impaired by a wide range of inhalational 

exposures.2,3

For acute exposure, anesthetized, 10-week-old Sprague-Dawley rats (n=4M+4F/group) 

were exposed via nose cones to undiluted aerosol from tank-style e-cigarettes containing 

flavorless propylene glycol/vegetable glycerin (PG/VG) and freebase nicotine (12 mg/mL), 
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aerosol from PG/VG alone, smoke from Marlboro Red cigarettes, or air, in a single session 

of 10 cycles of pulsatile 5s exposure over 5 minutes using a Gram Research analytical 

vaping machine drawing 55 ml. Smoke generated under identical conditions yielded 

30.24±7.75 mg/m3 PM2.5 in the nose cone as measured gravimetrically (4 replicates), 

and e-cig aerosol yielded 4036±1439 mg/m3 based on mass of e-liquid liberated per puff 

(10 replicates). For each exposure condition, groups received either 1 mg/kg of RAGEi or 

DMSO (vehicle) i.p. 1h pre-exposure. FMD was measured pre-exposure and 10 minutes 

after end of exposure as we have described.2 All procedures were approved by the UCSF 

IACUC. Exposure to e-cigarette aerosol with or without nicotine or to cigarette smoke, but 

not to air, significantly impaired FMD in vehicle groups; but impairment was prevented by 

RAGEi (Figure 1A).

Sub-acute exposure involved rats as described above, but conscious in restraint cones, 

exposed to PG/VG/nicotine aerosol or air in a single session of 120 cycles of pulsatile 5s 

exposure over 1h/day for 2 weeks. RAGEi or DMSO was administered i.p. 1h pre-exposure 

daily during acclimation and exposure (6 groups, 3 weeks total). Echocardiography was 

conducted one day before end of experiment, measuring parameters pre- and post-exposure. 

On the last day, FMD was assessed before and after one session of 10 cycles of pulsatile 5s 

exposure over 5 minutes. Rats receiving vehicle exhibited impairment of FMD after the final 

e-cigarette exposure, while surprisingly, rats treated with RAGEi exhibited improved FMD 

after e-cigarette exposure (Figure 1B). There was no difference in pre-exposure (baseline) 

FMD between groups on the last day (Figure 1C). Pre-exposure baseline heart rate in the 

RAGEi group was lower (Figure 1D). However, the final exposure increased heart rate in 

both e-cigarette groups, while cardiac output increased in rats treated with RAGEi compared 

with both vehicle groups (Figure 1D,E), without changes in ejection fraction and ventricular 

chamber size (not shown).

Our results indicate that RAGE is an important mediator of vascular dysfunction induced by 

both smoking and vaping, which is consistent with our prior report that chronic e-cigarette 

users had higher circulating levels of the RAGE ligands HMGB1 and S100A8, whereas 

chronic smokers had higher levels of RAGE itself.1 Our findings are also concordant with 

a recent report connecting endothelial dysfunction to pulmonary irritation,4 and our own 

report that acute impairment of FMD by exposure to smoke requires the vagus nerve.2 

Although depressed FMD is largely a function of endothelial dysfunction due to less 

bioavailable NO, the enhanced FMD shown in Fig. 1B (E-cigarette+RAGEi) may have been 

caused by increased NO production, improved smooth muscle sensitivity, or a combination 

of both effects as observed by Jin et al.4 in isolated aorta of mice exposed to acetaldehyde. 

It will be important to elucidate the connection between airway irritation and the RAGE 

pathway.
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Figure 1. Inhibition of RAGE prevents FMD impairment by cigarette smoke and e- cigarette 
aerosol.
(A) Changes in FMD within each group after acute exposure. Each colored line shows 

FMD of an individual rat measured pre- and post-exposure; bars indicate group means. (B) 
Changes in FMD within each group on the final day of subacute exposure. C) Baseline 

FMD before final subacute exposure. (D, E) Baseline heart rate (HR) and cardiac output 

(CO) before final subacute exposure and percent change of HR and CO from pre- to 

post-final exposure. p values from Wilcoxon matched-pairs signed rank test for A-B, and 

Kruskal-Wallis with Dunn’s correction for C-E. p≤0.05 was considered significant. Error 

bars=SD.
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