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Introduction

Heat-not-burn cigarettes (HNBC) and electronic cigarette (Ecig) con-
stitute non-combustible smoking products. Studies report detrimental
acute effects on cardiovascular function after use of these novel smok-
ing products.™ However, the amount of inhaled chemical products,
such as nitrosamines and aldehydes, after use of these products is con-
siderably lower than that after conventional tobacco smoking (Tcig).
Thus, switching from Tcig to HNBC or Ecig may improve cardiovascu-
lar function in the long term."? However, the effect of HNBC and Ecig
use on endothelial glycocalyx has not been investigated so far.

Methods

Out of 100 screened smokers attending our smoking cessation unit, (i) 50
current smokers were randomized to HNBC use (n = 25) or to Ecig puffing
(n=125) and (ii) 50 smokers, who were seeking for information about
smoking cessation programmes but were unwilling to participate within
the next month, were used as controls. The controls were matched with
HNBC and Ecig users for age, sex, and pack-years. Smoking status was veri-
fied by self-reported smoking burden per day and primarily exhaled carbon
monoxide (eCO) concentration measurement [parts per million (ppm),
Bedfont Scientific, Maidstone, Kent, UK]. Exclusion criteria were smoking
less than five cigarettes per day end eCO < 10 ppm, history of cardiovascu-
lar or other systemic disease, and use of any medication.

Smokers used either a mainstream Tcig [Marlboro Red,
Papastratos-Philip Morris International (PMI), Athens, Greece] or a
HEETS stick (PMI, amber flavour) with a commercially available HNBC
(IQQOS, PMI). The Ecig that was used contained liquid with nicotine concen-
tration of 12 mg/mL (NOBACCO eGo Epsilon BDC 1100, eGo battery,
1100 mAh, operating at 3.9 V—propylene glycol 74.3%, glycerin 20%, fla-
vouring 4.5%, and nicotine 1.2%/12 mg/mL).

GlycoCheck (Microvascular Health Solutions Inc., Salt Lake City, UT,
USA\) is a device that performs sublingual microscopy by a dedicated camera
(sidestream darkfield imaging) and measures capillaries diameters between
5and 25 um, and, most importantly, the perfused boundary regions (PBR)
in straight sections of these vessels. The PBR mirrors the glycocalyx thick-
ness, as it is a measure for the deviation of red blood cells from the optimal
middle line movement within the damaged endothelial glycocalyx layer (op-
timal if the negatively charged glycocalyx on both erythrocytes and endo-
thelial cells is intact). The higher the PBR the more damaged the
glycocalyx thickness (Figure 1).

eCO, endothelial glycocalyx, and blood cotinine were assessed at base-
line and after 1 month by a single operator, blinded to intervention and
to values of measured biomarkers. Participants were instructed to abstain
from smoking in the morning before the evaluation. Adherence was as-
sessed by the daily use of HNBC sticks or Ecig liquid and by CO measure-
ment at Days 15 and 30.

Results

The Tcig smokers were of age 48 + 5 years, 53% female, and used 27 +
9 cigarettes/day, 29 & 9 pack-years; the HNBC users were of age 46 +
14 years, 55% female, and used 26 + 8 cigarettes/day, 30 + 8 pack-
years; the Ecig users were of age 45 + 8 years, 51% female, and used
27 + 10 cigarettes/day, 28 + 10 pack-years.

Compared with baseline, switching to HNBC for 1 month improved
only PBRyg 25 (2.55 +0.49 vs 2.34 + 0.34 um, P =0.002). Puffing Ecig
did not alter endothelial glycocalyx at any micro-vessel range through-
out the study (P > 0.05). Conversely, smoking Tcig for 1 month further
deteriorated endothelial glycocalyx at all micro-vessel ranges compared
with baseline (Table 1, P < 0.05).

Cotinine blood levels were similar between baseline and after 1
month using HNBC (P = 0.432), Ecig (P = 0.535), or Tcig (P = 0.489).

* Corresponding author. E-mail: ignoik@gmail.com
Clinical trial registration identifier: https:/clinicaltrials.gov/,NCT03452124, 02/03/2018.
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Figure 1 Assessment of perfused boundary region of the sublingual arterial micro-vessels, by GlycoCheck software. RBCs, red blood cells; SDF, side-
view darkfield imaging; PBR, perfused boundary region. (A) SDF camera and GlycoCheck software. GlycoCheck software automatically analyses the
recordings and then estimates the PBR for each vascular increment diameter. (B) SDF camera utilizes green reflected light-emitting diode (LED) light
(540 nm) from haemoglobin molecules to depict the radial displacements of RBCs within the micro-vessels. The camera is inserted under the tongue
and captures more than 3000 vascular segments of vessels with diameter ranging from 5 to 25 um. (C) Example of recording of sublingual micro-vessels
by SDF camera. The camera captures more than 3000 vascular segments of vessels. (D) Schematic illustration of a micro-vessel, displaying the perfused
boundary region of arterial micro-vessel. PBR is calculated by the formula (RBC perfused lumen width—RBC width)/2. (E) Each column illustrates
micro-vessels’ diameters. PBR within normal range for micro-vessels with diameter 5-25 um (mean value of PBR5-25 = 1.95 um) indicating intact gly-
cocalyx layer of a subject randomized to use HNBC. (F) Each column illustrates micro-vessels’ diameters. Increased PBR (mean value of PBR5-25 =
2.23 um) indicating impaired glycocalyx of a subject smoking conventional cigarette, perturbed by red blood cells. The bars on image F are higher than
the respective bars on image E.
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Table 1 Effects of heat-no-burn, electronic, and
conventional cigarettes on endothelial glycocalyx,
carbon monoxide, and inhaled nicotine

Group Baseline 1 month P-value
PBR (5-25um)  HNBC 221+0.27 223+0.28 0.732
Ecig 213+0.25 212+0.19 0.899
Tcig 2.18+0.24 228+0.19 0.022
PBR (5-9 um) HNBC 120+0.14 1.20+0.21 0.979
Ecig 118 +0.13 1.12+0.16 0.281
Tcig 1.15+0.10 1.25+0.14 0.001
PBR (10-19 um)  HNBC 227 +0.26 235+0.34 0.279
Ecig 228+0.28 227+025 0.959
Tcig 221+0.21 241+018  <0.001
PBR (20-25 um)  HNBC 2.55+049 234+034 0.002
Ecig 2.65+048 268 +0.34 0.834
Tcig 259+043 279+036 0.029
CO (ppm) HNBC 13.9+54 62+64 <0.001
Ecig 135+44 56+47 <0.001
Tcig 148 +4.9 16.1+48 0.312
Cotinine (ng/mL) HNBC  90.34+30.24 93.18 +28.31 0.432
Ecig 90.34+3024 9118 +27.31 0.535
Tcig 88.13+3187 93.18+3042 0489

Parameters are expressed as mean values + standard deviation (SD)
Ecig, electronic cigarette; HNBC, heat-not-burn cigarette; Tcig, tobacco (conventional)
cCigarette.

Compared with baseline, CO was decreased in HNBC and Ecig users
(mean per cent change: —55% and —58%, respectively P < 0.001), while
remained unchanged in Tcig smokers (P = 0.312) at 1 month. Thus, Tcig
smokers had higher CO than those who switched to HNBC or Ecigat 1
month (P < 0.01).

Conclusions

In this study, we observed that conventional cigarette smokers further
deteriorated endothelial glycocalyx after continuation of smoking for 1

month. Conversely, smokers switching to Ecig preserved glycocalyx in-
tegrity while those who switched to HNBC showed a modest improve-
ment of the glycocalyx integrity in the micro-vessel ranging from 20 to
25 um. Cotinine levels, which reflect nicotine exposure, were similar
between Tcig, HNBC, and Ecig groups. Thus, impairment of endothelial
glycocalyx in the Tcig group was independent from nicotine consump-
tion and was likely related with greater exposure to toxic emissions,
such as CO, after Tcig use than after switching to HNBC or Ecig.
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