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ARTICLE INFO ABSTRACT

Keywords: The disruption of glucose homeostasis associated with the use of nicotine delivery systems may be due to a shift
Electronic cigarette to lipid metabolism. Indirect calorimetry was used to measure the respiratory exchange ratio (RER) in female (N
Metabolism

= 21) and male (N = 21) C57BL/6J mice exposed to room air (control) or e-cigarette vapor in a 1L chamber to
test the hypothesis that lipid metabolism predominates in vaped mice. Metabolism was quantified via RER using
a GA-200 gas analyzer (iWorx, Inc) and LabScribe v.4 (iWorx, Inc.) software. Blood glucose levels were assessed
from a subset of the population using an Accu-Check glucometer (Roche Diagnostics, Inc.). Statistical analyses
were conducted using R v.4.0.3. Median RER for controls was lower in females. Older females showed a
reduction in RER when exposure occurred in the afternoon (p < 0.001), and in males when exposure occurred in
the morning (p = 0.007). Glucose concentrations (mg/dL) were higher after e-cigarette inhalation compared with
controls, but this difference was not significant (p = 0.464). The reduction in the respiratory exchange ratio
supports the hypothesis that e-cigarette inhalation promotes lipid metabolism, and the magnitude of the effect is
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influenced by gender, age and time of day.

1. Introduction

The use of electronic cigarettes (ENDS) in the U.S. is widespread
across several age groups (e.g. Ref. [1]. Though gaps in our under-
standing exist, there is a building consensus regarding the influence of
e-cigarette components on the body. Chronic inhalation of e-cigarette
vapor can exert a myriad of effects, including on the cardiovascular,
immune, and pulmonary systems [2-4] and cancer risk [5]. Physiolog-
ical effects from e-cigarette use are evident after 3 consecutive days of
exposure [6].

Despite their growing popularity, the possible impacts of e-cigarette
use on metabolism are not fully understood [3] but hypotheses can be
informed by studies with tobacco. Tobacco is a suspected agent of
metabolic dysfunction [7,8]. Chronic tobacco users have an increased
risk of developing Type II diabetes [8] and use is associated with dys-
lipidemia [7] and hyperglycemia [9]. Metabolic dysfunction following
tobacco use may be because of nicotine, which promotes lipolysis,
leading to insulin resistance and imbalances in blood glucose homeo-
stasis [8,10].

Both tobacco and electronic cigarettes have chemical profiles that
include nicotine at varying concentrations suspended in other
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compounds [11,12]. Most volatile compounds are likely disseminated
via secondary vapor and not inhaled [13] but the concentration of
nicotine inhaled via secondary vapor is often significant [13], so that the
effect of nicotine on metabolism would be similar for both electronic and
tobacco cigarettes [13]. Nicotine suppresses the appetite center in the
hypothalamus, which activates the sympathetic nervous system to in-
crease energy expenditure [3] by increasing the rate of lipolysis. The
predominance of lipids decreases the cellular use of carbohydrates,
promoting dysfunction in glucose homeostasis [7,8,14]. If chronic
e-cigarette use promotes lipolysis, a shift to lipid metabolism should be
detectable over a period of inhalation. In a 12-week study of e-cigarette
on C57BL/6J mice [15], found no association between inhalation and
insulin resistance, though a response may not be evident in this time
frame, and metabolic parameters (i.e., RER) were not measured. A
focused, longer-term investigation may provide a more definitive un-
derstanding of the metabolic consequences of e-cigarette use.

We investigated whether a shift in metabolism following e-cigarette
use is observable in C57BL/6J mice using indirect calorimetry [16,17],
in which the respiratory exchange ratio (RER) parameter represents the
volumes of CO;3 produced to O, consumed per minute to elucidate the
predominant metabolic pathway. Lipid metabolism will yield an RER
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<0.70 and carbohydrate metabolism should yield an RER >> 0.70 [17].
This physiological association allows us to test the hypothesis: if inha-
lation of e-cigarette vapor containing nicotine shifts the body cells to
lipid metabolism, then inhalation should produce an RER <0.7 in test
subjects (Fig. 1). The possible effect of e-cigarette inhalation on glucose
metabolism was also assessed in a subset of the study population.

2. Subjects and methods
2.1. Animal subjects

All animal research was conducted under approved IACUC protocols
(#DC-2018-1, #DC-2019-1, #DC-2020-1). We examined the metabolic
effects of secondary e-cigarette inhalation using the C57BL/6J rodent
model. The average life expectancy for C57BL/6J ranges from 2 to 3.5
years [18,19]. The strains’ unique longevity and susceptibility to
metabolic dysfunction make it ideal for protracted examinations of
metabolic dynamics [20]. The C57BL/6J also exhibits a phenotypic
response similar to humans [21].

Care of C57BL/6J mice was performed using recommended guide-
lines [22]. All mice were housed in boxes 11-1/2” long x 7-1/2" wide x
5” deep and covered with stainless steel wire bar lid that accepts a water
bottle and rodent chow. Exercise wheels were not provided. The
photoperiod is set with an automatic timer to 12 hours of daylight fol-
lowed by 12 hours of darkness. The room temperature was set at 72 ° F
or 22 ° C (65-75 ° F or 18-24 ° C), as recommended by Humane Society
of America. Animals are maintained on Laboratory Diet 5001 (LabDiet,
Inc.) provided ad libitum. Lab Diet 5001 maintains body weight and
health with a lower protein (23%) and fat content (4.5%). Water was
provided ad libitum.

A random sample of C57BL/6J mice were selected from a total
population of 75 animals (36 Q, 373) to produce a study population of
42 animals divided into two study groups of equivalent size, gender and
age distribution. Selection produced two groups of 21 females and 21
males. Mice were aged between 33 and 855 days at the start of the
research. Each animal was exposed to room air (control) or e-cigarette
treatments while housed in a 1L exposure chamber (Fig. 2) for 15 mi-
nutes. Three sets of control data were collected to optimize detection of
any physiological effect [6]. Inhalation of e-cigarette vapor by each
C57BL/6J mouse occurred over four consecutive days to emulate pat-
terns of human use [6]. Outlier detection was completed using boxplot
functions in the ggplot2 package and the interquartile (IQR) range cri-
terion. Values that fell below the minimum Q1 (i.e. Q1 — 1.5*IQR) or
above Q3 (i.e. Q3 + 1.5*IQR) were removed. This process was continued
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Fig. 1. Hypothesized connection between nicotine use and metabolism. Nico-
tine use may shift body cells to lipid — based metabolism, resulting in a respi-
ratory exchange ratio (RER) < 0.700 and elevated blood glucose concentration
(mg/dL).

Metabolism Open 12 (2021) 100150

for 16- months until experimental data was obtained for the entire study
population.

2.2. Experimental approach

Control and e-cigarette treatment data were obtained from each test
subject. Animals were initially placed in the exposure chamber on three
separate occasions without data collection to facilitate acclimation to
the experimental settings. Following, three sets of control data were
collected per animal, the minimum number recommended to detect
physiological effects [6].

Electronic cigarette inhalation data was obtained by exposing ani-
mals to secondary e-cigarette vapor over a consecutive 4-day period. A
15-s “puff’ of 18 mg/mL nicotine reference cigarette (VaporFi) was
pumped into the chamber and allowed to circulate in the exposure
chamber for an additional 15-min. Given the average human puff is 4
seconds [23-25], this exposure represents about 4 puffs. The VaporFi
Classic electronic cigarette containing 1.8% nicotine by volume (but see
Ref. [26] was connected to a Gast 10D DC Series Miniature vacuum
pump with a flow rate capacity of 4.3 L/min at 21°C (70°F) and zero
pressure (https://gastmfg.com/). When operating at 21°C (70°F), the
flow rate averages 2.2 L/min. Under these conditions, the pump va-
porizes about 18 mg of e-liquid per puff; each puff containing about 2
pg/mg nicotine, 8 mg vegetable glycerol, and 11 mg propylene glycol
[27]. E-cigarette vapor was exhausted from the chamber following
exposure using a 120-V aquarium pump (Fig. 2). Animals were shifted
into a metabolic chamber (iWorx, Inc.) and metabolic (RER) data were
measured using a GA-200 analyzer (iWorx Systems, 2013). Gas sensors
were calibrated prior to experiments with gas standards containing
known concentrations of Os, COy, and Ny (iWorx, Inc.). The ratio of
VCO,/VO3 (RER) was reported using LabScribe v.4.0 (iWorx, Inc.). The
average RER for control and e-cigarette treatments for each animal was
used in subsequent statistical analyses.

Blood glucose levels were assessed for control and vaped mice across
a subset of the study population. After a 6-h period of fasting, each an-
imal was placed in a restraining tube to obtain ~2 mL volume of blood
from the caudal vein and blood glucose levels (mg/dL) were measured
using the Accu-Check glucometer (Roche Diagnostics, Inc.).

2.3. Statistical analyses

Statistical analyses examined the effect of independent variables on
each dependent variable using R v.4.0.3 (R Foundation for Statistical
Computing, 2017). The Shapiro-Wilks test was used to evaluate data
normality and density plots were calculated with the Repp and ggplot2
packages. Correlation tests were conducted using Spearman’s Rank
correlation p statistic. Variables included the respiratory exchange
quotient (RER), a binary variable TX that represented either control or e-
cigarette treatment groups. The variable EXP_TURN represented the
number of consecutive days of e-cigarette exposure, to emulate the
multi-day use patterns of humans [6]. Other variables included animal
weight, relative time of day (AM_PM), the number of days since the last
exposure (DAYS_SINCE) and age (days). The relationship of TX on RER
was evaluated with the Wilcoxon test and the relationship of EXP_TURN
on RER was evaluated using the Kruskal-Wallis test. Both tests were
conducted on the full dataset and on subsets of data partitioned by
gender and age with the dplyr package.

The relationship of independent variables on the factor TX was
evaluated using two techniques. A model to predict the probability of
correctly classifying TX from the explanatory variables across all gender
and age groups was constructed with binary logistic regression using the
ISLR2 package. Data were first randomly divided into training (70%)
and testing (30%) datasets. The number of explanatory variables in the
initial regression model was reduced in subsequent models to reduce
overfitting. The recursive classification partitioning algorithm in
Random Forests [28] was used to evaluate the effect of independent
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Fig. 2. A basic schematic of the 1.0L exposure chamber depicting the mechanism used to pump e-cigarette vapor from the e-cigarette into the 1L chamber. Details

in text.

variables on TX, first using the complete dataset and again with subsets
of data defined by gender and age. Data were randomly partitioned into
training (70%) and testing (30%) samples. Training data were boot-
strapped with replacement to build an ensemble of 500 trees to predict
the classification of the testing data. Three metrics were used to evaluate
the accuracy of each model: the mean decrease in the Gini Index, the
Out-of-Bag (OOB) error and the area under the ROC curve (AUC) sta-
tistic and an AUC >0.7 indicates robust model discrimination [29].

3. Results
3.1. Effect of e-cigarette inhalation on study sample

Metabolic data was collected from 42 individuals (21 @, 21 g) to
yield 254 records. Data not representative of a minimum of three control
trials and at least four consecutive experimental trials per animal were
excluded to minimize error. This procedure resulted in a final dataset of
235 records, consisting of control (N = 117) and e-cigarette exposure (N
= 118) treatments from 21 females (N = 113) and 21 males (N = 122)

Table 1
Sample sizes for data examined in study.

Treatment Females (Total, AM/PM) Males (Total, AM/PM)
None (controls) 57, 20/37 60, 28/32

E-cigarette exposure

Total 56, 13/43 62, 32/30

1 15, 5/10 17,10/7

2 15, 3/12 13,7/6

3 14, 3/11 14,6/8

4 12, 2/10 10, 4/6

5 - 8,5/3

Total sample size 113 122

that ranged in age from 33 to 855 days (equivalent to roughly 10-70
years in humans [30]; Table 1). A significant departure from normality
was reported for RER (W = 0.977, p = 0.006), CO2 (W = 0.941, p =
0.001) and O3 (W = 0.972, p = 0.002). Median RER across genders was
0.834 + 0.037, was significantly lower for females (Fig. 3A) and was
significantly different between control and e-cigarette treatments for
females (Fig. 3B). Results of the multiple binary logistic regression
indicated that animals with a lower median RER had higher odds of
being in the e-cigarette treatment group (OR = 0.001, 95% CI: 0.00 to
0.003; p = 0.006). For each unit of increase in the value of RER, the log
odds of an animal being in the e-cigarette treatment group decreased by
16.18. A classification analysis of independent variables on TX showed
that age, RER, time of day and gender were important predictors (OOB
=19.39%, AUC = 0.777; Table 2). There was a slight but non-significant
trend for median RER to increase with the number of days elapsed since
the last e-cigarette exposure. The effect of e-cigarette exposure on
metabolism was next examined in each gender separately to control for
the effect of gender.

3.2. Effect of e-cigarette inhalation on females

The effects of e-cigarette exposure on respiratory parameters and
metabolism were evaluated in 21 females that ranged in age from 33 to
855 days and represented both control (N = 57) and experimental (N =
56) data (Table 1). Normality was violated for respiratory exchange
quotient (RER; W = 0.976, p = 0.018), Oz (W = 0.942, p = 0.015) and
COy (W =0.892, p < 0.001; Fig. A1). Age and weight were significantly
correlated (rho = 0.407, p = 0.006) and weight was excluded in sub-
sequent analyses. Classification analysis of independent variables on TX
showed that RER and age were the top two variables ranked for
importance, followed by time of day (OOB = 26.86%, AUC = 0.735;
Table 2). Median RER was significantly greater (p < 0.001) in controls
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ble 2 older females (N = 77) compared to younger females (N = 36). Median
Table

Predictors based on variable importance in classification models of treatment
(TX; control and e-cigarette treatments) as a function of RER, gender, age and
time of day. Variables as defined in text.

Model Model parameter Mean decrease in Gini Index
All Age 25.54
RER 23.98
Time of Day 12.53
Gender 11.04
Females RER 21.27
Age 18.74
Time of day 9.41
AM Females RER 18.25
Age 17.44
PM Females RER 20.61
Age 10.16
Males Age 44.99
Time of day 11.99
RER 8.99
AM Males RER 9.56
Age 19.95
PM Males Age 27.56
RER -3.20

(0.835 + 0.035) compared to e-cigarette (0.805 + 0.028) treatments
across age groups (Fig. 3B) and ranged from 0.828 in “older” (>509
days) females to 0.848 in “younger” females (>509 days). Median RER
following e-cigarette treatment was significantly lower (p = 0.001) in

RER collected during the morning hours was greater for both control
(0.867 + 0.038) and e-cigarette (0.830 + 0.023) treatments compared
with the same treatments in the afternoon (0.828 + 0.027 and 0.797 +
0.023, respectively) and these differences were significant (p = 0.003,
controls; p < 0.001, e-cigarette exposure). Data for females was divided
into “AM” (N = 33) and “PM” (N = 80) groups for subsequent analyses.

The AM female data was composed of 33 records collected from 11
individual animals and separated into control (N = 20) and e-cigarette
exposure (N = 13) treatment data. Animals ranged in age from 46 to 854
days. Values of RER ranged from 0.787 to 0.915, with a median of 0.845
(£0.034). The classification tree with the best support (OOB error =
12.12%; AUC = 0.954) for predicting TX included RER and age
(Table 2). A mouse age of >509 days or < 509 days divided control and
e-cigarette treatment groups into “older” and “younger” females with
similar sample sizes for older (N = 14) and younger (N = 19) females.
Most females (60%) in the control group demonstrated a median RER
>0.875 while 92% of the vaped females had a median RER <0.875.
Control females with a median RER >0.875 were aged >509 days
(“Older™). Median RER across age groups was lower in the experimental
group (0.830 + 0.023) compared with controls (0.866 + 0.038) but this
difference was not significant (W = 162.5, p = 0.238; Fig. 3C). No sig-
nificant difference for median RER between controls and one or more
consecutive e-cigarette exposures was observed (H (4) = 4.06, p =
0.700).

The PM female data was composed of 80 records across control (N =
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37) and e-cigarette treatment (N = 43) groups from 19 animals that
ranged in age from 33 days to 855 days. Values of RER ranged from
0.764 to 0.891, with a median of 0.808 4= 0.027. Median RER was lower
in animals exposed to e-cigarette vapors (0.797 + 0.023) compared with
controls (0.828 + 0.027) and this difference was significant (W = 1191,
p < 0.001; Fig. 3C). The tree with the best support for predicting TX
included RER and age (OOB error = 22.86%, AUC = 0.888; Table 2).
Classification analysis divided the sample population into older females
aged >534.5 days and younger females < 534.5 days, and the sample
size was greater for older (N = 63) than for younger (N = 17) females.
Most of the females (92%) in the control group demonstrated a median
RER >0.808. A majority (66%) of the vaped females demonstrated a
median RER <0.808, including a significantly reduced median RER in
older females (W = 1191.0, p = 0.002). The median RER for older fe-
males in the e-cigarette treatment group (0.801 + 0.022) was signifi-
cantly lower compared to older females in the control group (0.829 +
0.036; Fig. 3D). Median RER across all ages declined significantly with
the number of consecutive e-cigarette exposures compared with control
data (H (4) = 16.2, p = 0.003).

3.3. Effect of e-cigarette inhalation on males

The effects of e-cigarette inhalation on metabolism were evaluated in
21 male C57BL/6J mice that ranged in age from 33 to 796 days and
represented both control (N = 60) and experimental (N = 62) data
(Table 1). Tests for normality were violated for Oy (W = 0.979, p =
0.051) and CO, (W =0.971,p < 0.001; Fig. A1). Age was correlated with
weight (tho = 0.717, p < 0.001) and weight was removed from subse-
quent analyses. Values for RER ranged from 0.755 to 0.914 and a median
of 0.845 + 0.037. Classification analysis of independent variables on TX
showed that age and time of day were the top two variables ranked for
importance, followed by RER (OOB = 17.21%, AUC = 0.812; Table 2).
About 28% of control males were <60.5 days old and about 28% of
experimental males were >780 days. Median RER was not significantly
different between control and experimental groups (W = 2030, p =
0.385), or for animals repeatedly exposed to e-cigarette vapor compared
to controls (H (5) = 7.22, p = 0.204). Median RER was significantly
greater for controls for morning hours (0.866 + 0.028) compared to the
afternoon (0.836 + 0.035; W = 646.5, p = 0.003). Data was divided into
“AM” (N = 60) and “PM” (N = 62) groups for subsequent analyses.

The “AM” male group consisted of 60 records for control (N = 28)
and e-cigarette exposure (N = 32) data from sixteen males that ranged in
age from 33 to 796 days. Median RER was significantly lower in the
experimental group (0.843 + 0.029) compared with controls (0.867 +
0.028; W = 578.5, p = 0.007; Fig. 3E). The median RER value was
significantly lower in AM males that were vaped two or four times
consecutively compared to controls (H (5) = 11.18, p = 0.025). The tree
with the best support for predicting TX included RER and age (OOB
error = 21.67%) with an AUC value of 0.713 (Table 2). Classification
analysis divided data into “older” (>737.5 days old) and “younger”
(<737.5 days) groups. The median RER for older males in the e-cigarette
treatment group (0.837 + 0.031) was significantly lower compared to
older males in the control group (0.868 + 0.029; Fig. 3F). The median
RER, though lower for younger males in the e-cigarette treatment group,
was marginally significantly different to similarly aged males in the
control group (p = 0.09; Fig. 3F).

The “PM” group consisted of 62 records composed of control (N =
32) and experimental N = 30) data from twenty males that ranged in age
from 34 to 795 days. Median RER values for control (0.836 + 0.035) and
experimental groups (0.839 + 0.034) were not significantly different
(W = 441, p = 0.587). The tree with the best support for predicting TX
included animal age and RER (OOB error = 32.14%; AUC = 0.838;
Table 2). Classification analysis of independent variables on TX divided
PM males into two groups composed of older (>720 days old) and
“younger” (<720 days old) males. Most of the control males (69%)
demonstrated a median RER >0.817 and 34% of these animals were
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young animals with an RER >0.835. Most (83%) of the vaped males
demonstrated an RER <0.817 and 56% of these males were older than
712 days.

3.4. Effect of e-cigarette inhalation on blood glucose

Blood glucose (mg/dL) was obtained for control and e-cigarette
treatments from five animals (3 females; 2 males) still alive after indirect
calorimetry data collection ended. Glucose concentration data (mg/dL)
were distributed normally (Controls, W = 0.928, p = 0.583; E-cigarette,
W = 0.924, p = 0.561) and were greater, on average, after e-cigarette
inhalation (165.8) compared with controls (156.1), but this difference
was not significant (t = —0.793, df = 4.89, p = 0.464).

4. Discussion

Conclusions regarding the effect of e-cigarette inhalation on meta-
bolism in C57BL/6J mice are tentative due to several limitations.
Nicotine, a major constituent of secondary vapor [13], may be the causal
agent behind the shift to lipid metabolism, but quantification of chem-
ical compounds in the exposure chamber is needed. The focus of the
current work was to assess the effect of e-cigarette inhalation on the
respiratory exchange ratio (RER), but the collection of additional end-
points such as lipid profiles and metabolic tolerance tests are planned for
future work to refine the physiological response.

Secondary e-cigarette vapor inhalation by female and male C57BL/
6J mice led to a reduction of the respiratory exchange ratio (RER).
Though a median RER <0.700, indicative of lipid metabolism, was not
observed in this study, this result appears broadly consistent with a shift
to lipid metabolism that is predicted with cigarette use [3,7,8,31]. An
increasing but non-significant trend in blood glucose concentrations
after e-cigarette inhalation was observed, consistent with a shift to lipid
metabolism, but conclusions are tentative until additional data can be
examined. The reduction in median RER cannot be attributed to food
because all animals in the study received the same diet. Instead, RER
reductions were uneven between treatments because of the interaction
with gender, age, and time of day.

Gender differences in RER were observed in the control data. Median
RER was greater for controls across genders and was greater overall for
males (Fig. 3A and B). Males preferentially use carbohydrates to meet
the significant oxygen demands of muscular tissue of a greater body
mass [32-34]. Lipids are the primary substrate for energy generation in
females [32-36].

The lower RER in older C57BL/6J female controls (Fig. 3) may be
due to several factors. The reduction in RER is often attributed to
physical exercise that favors lipid mobilization for fuel [37,38]. Though
older control animals tend to be more sedentary [34,35], neurological
changes associated with dementia may increase restlessness and lead to
lower RER values, especially at night [39]. The reduced RER in control
females could also be due to a shift to lipid metabolism, possibly linked
to declining estrogen [32,34,36,40]. It is also possible that older females
are more active during a time of day that was not monitored in the study.
Activity in older males often peaks late at night [41]. Distinguishing
among the several alternative hypotheses will require modifications of
the study design including 24-h observations of animal activity.

Median RER for males in the control group was greater during the
morning (0.865 + 0.028) than for afternoon (0.836 + 0.035). Males
prefer carbohydrates, are more physically active in the morning [42], so
a greater median RER at that time is expected. The greater levels of
physical activity expected in younger animals [41] is also reflected by
the greater median RER observed in younger control males.

Female C57BL/6J demonstrated a significantly lower median RER
after e-cigarette inhalation (Fig. 3). These results are attributed to the
effect of nicotine, which was the only compound found at high con-
centration in the exposure chamber (Curtis and Corbin, unpublished
data) and the concentration of nicotine in secondary vapor is often
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significant [13]. Nicotine is known to exert gender-specific effects on
metabolism (e.g. Refs. [7,43,44]. By suppressing the appetite, nicotine
favors lipolysis [3] and a decrease in RER is expected because more O, is
required to catabolize lipid compounds in body cells [17].

The further reduction in RER following e-cigarette inhalation was
observed in older females may be due to hormonal changes associated
with the aging process. One of the main physiological actions of nicotine
is to stimulate lipolysis and lipid metabolism [3,7,8,31]. Female sex
hormones may regulate the action of nicotine and nicotine, which in
turn can influence metabolism (Fig. 1; [32-34]. In females, nicotine is
metabolized at a faster rate, likely due to the influence of estrogen [44,
45]. At the same time, nicotine reduces plasma estrogen in premeno-
pausal women [40] so that the overall effect of nicotine on lipid meta-
bolism depends on the balance of nicotine and estrogen. Nicotine
metabolism is expected to slow as estrogen secretion declines in
post-menopausal mice beginning at about age 480 days (~1.3 years;
[34]. The lower rate of nicotine metabolism in post-menopausal females
translates to a lower rate of degradation of nicotine into cotinine so that
a smaller amount of nicotine can exert observable pharmacological [45],
and possibly metabolic effects (Fig. 4). The faster rate of nicotine
degradation expected in younger females means that a greater concen-
tration of nicotine may be necessary to produce a significant metabolic
shift. Future studies could include assignment of treatment groups
defined by their exposure to different concentrations of e-cigarette
vapor. This modification would help evaluate the effect of a varied
e-cigarette “burden” on metabolism as a function of gender and age. The
measurement of plasma cotinine levels could also help quantify the
clearance rate of nicotine as a function of age.

Analyses of current data also support a “time of day effect” for fe-
males. Females exposed to e-cigarette vapor in the afternoon demon-
strated a greater reduction in median RER (0.797) compared to females
tested during the morning hours (0.830; Fig. 3C), though the difference
in median RER between controls and exposed animals was only signif-
icant in the afternoon (Fig. 3C). Diurnal variability in metabolism is a
widely reported phenomenon, including variation in basal metabolic
rate and the exchange of respiratory gases [16,42]. Higher Oz con-
sumption and increased physical activity during the morning hours is
reported in female C57BL/6J [42] and female rats [46,47]. Conclusions
about how the time of day of e-cigarette inhalation may influence
metabolism are tentative until a greater sample size can be evaluated,
especially for AM comparisons (Table 1) where there were uneven
sample sizes between young (Y) and old (O) females for AM data (Y =
14, O = 19) and PM data (Y = 17, O = 63). The greater proportion of
older females in the PM data may explain the lower RER for afternoon
exposure (Fig. 3D). Future work will require greater sample sizes
distributed more equally across experimental treatments.

The effect of e-cigarette inhalation on RER in males was influenced
by time of day and age. A significant decrease in RER for males was
documented when inhalation occurred in the morning, despite similar
sample sizes for AM/PM and older/younger age comparisons. Males
may have a greater nicotine sensitivity in the morning due to an absti-
nence interval as found in studies with human subjects [48]. Older males
(aged >737.5 days) demonstrated the greatest RER reduction during the
morning, like the pattern observed in older females (Fig. 3E and F). The
reduced RER in older males during the morning may be due to a com-
bination of nicotine sensitivity and the effect of nicotine on physiology.
Nicotine has a dose-dependent effect on reducing plasma testosterone
[49]. Normal testosterone production decreases with age, leading to
changes in body composition that can precipitate the development of
metabolic syndrome [50]. Nicotine inhalation in older males further
reduces plasma testosterone, making the shift to lipid metabolism more
likely.

Study findings advance the understanding of e-cigarette effects on
metabolism in several ways. Inhalation of e-cigarette vapor by C57BL/
6J produced effects that are expected to mirror those in humans [3,9].
The study adds to the handful of studies [15,51] that reveal metabolic
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Fig. 4. Hypothesized connections between age, nicotine metabolism and RER
in female C57BL/6J examined in the current study.

impacts from e-cigarette use. Our results show that metabolic impacts of
e-cigarette inhalation are not equal across gender or age groups.
Comparatively few studies have explicitly examined gender differences
in the physiological response of e-cigarette inhalation [52-54]. Concern
about the physiological effects of e-cigarette use on adolescents has
focused much on pulmonary [4,6] and neurological [55] effects. How-
ever, our study shows that metabolic effects from e-cigarette inhalation
can also be considerable and be more pronounced in older animals. These
findings have potentially significant ramifications for long-term e-ciga-
rette use in human subjects and demonstrate the need for more
long-term studies. Additional data in this area can help inform future
policies regarding the potential health risks from e-cigarette use and
how changes manifest over time.
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