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The lipolysis inhibitor acipimox 
reverses the cardiac phenotype 
induced by electronic cigarettes
Jorge Espinoza‑Derout 1,2*, Jose Mari Luis Arambulo 1, William Ramirez‑Trillo 1, 
Juan Carlos Rivera 1, Kamrul M. Hasan 1,2, Candice J. Lao 1,2, Maria C. Jordan 2, Xuesi M. Shao 1,2, 
Kenneth P. Roos 2, Amiya P. Sinha‑Hikim 1,2 & Theodore C. Friedman 1,2

Electronic cigarettes (e‑cigarettes) are a prevalent alternative to conventional nicotine cigarettes 
among smokers and people who have never smoked. Increased concentrations of serum free fatty 
acids (FFAs) are crucial in generating lipotoxicity. We studied the effects of acipimox, an antilipolytic 
drug, on e‑cigarette‑induced cardiac dysfunction. C57BL/6J wild‑type mice on high fat diet were 
treated with saline, e‑cigarette with 2.4% nicotine [e‑cigarette (2.4%)], and e‑cigarette (2.4%) plus 
acipimox for 12 weeks. Fractional shortening and ejection fraction were diminished in mice exposed 
to e‑cigarettes (2.4%) compared with saline and acipimox‑treated mice. Mice exposed to e‑cigarette 
(2.4%) had increased circulating levels of inflammatory cytokines and FFAs, which were diminished 
by acipimox. Gene Set Enrichment Analysis revealed that e‑cigarette (2.4%)‑treated mice had gene 
expression changes in the G2/M DNA damage checkpoint pathway that was normalized by acipimox. 
Accordingly, we showed that acipimox suppressed the nuclear localization of phospho‑p53 induced by 
e‑cigarette (2.4%). Additionally, e‑cigarette (2.4%) increased the apurinic/apyrimidinic sites, a marker 
of oxidative DNA damage which was normalized by acipimox. Mice exposed to e‑cigarette (2.4%) had 
increased cardiac Heme oxygenase 1 protein levels and 4‑hydroxynonenal (4‑HNE). These markers of 
oxidative stress were decreased by acipimox. Therefore, inhibiting lipolysis with acipimox normalizes 
the physiological changes induced by e‑cigarettes and the associated increase in inflammatory 
cytokines, oxidative stress, and DNA damage.

Electronic cigarettes (e-cigarettes) are battery-powered appliances that generate an aerosol by heating a solution 
containing nicotine, glycerol, propylene glycol, and  flavors1. Delivering nicotine to users without burning tobacco, 
e-cigarettes became the most frequently used tobacco product among U.S.  adolescents2. In addition, e-cigarettes 
have become progressively attractive to  adults3. The detrimental effects of e-cigarettes on the heart have been 
reported in rodent models and  humans1,4. Therefore, there is a pressing need for a mechanistic understanding 
of the cardiac effects of e-cigarettes.

Free fatty acids (FFAs) released by adipose tissue are critical elements in ectopic lipid accumulation, lipotoxic-
ity, mitochondrial dysfunction, and  cardiomyopathy5. Nicotine-induced sympathetic activation led to lipolysis 
and increased serum levels of  FFAs6. Systemic increase of nicotine produces the release of catecholamines that 
bind to β-adrenergic receptors found in adipocytes, leading to  lipolysis1. Also, in adipocytes, the activation of 
nicotinic acetylcholine receptors (nAChRs) by nicotine produces AMPK activation and the release of  FFAs7. 
Increased FFAs led to an inflammatory state characterized by infiltration and expansion of lymphocytes and 
macrophages, which produce proinflammatory  cytokines8. The nicotine modulation of cytokines in smokers 
compared to non-smokers may have a profound impact on the cardiovascular  system9–11.

FFAs can increase mitochondrial generation of reactive oxygen species (ROS), which have been proposed 
as a significant mechanism of cardiomyopathy and metabolic  syndrome5. Accordingly, e-cigarettes produce 
increased oxidative biomarkers and sympathetic dominance in  humans12 and mouse  models13. Increased ROS 
can lead to activation of proapoptotic signaling resulting in cardiac remodeling and mitochondrial  dysfunction6. 
Mitochondria is a crucial source of ROS and also one of the main targets of ROS damage. DNA damage produced 
by oxidative stress has a solid mechanistic link to the pathophysiology of metabolic  disease14. E-cigarettes induce 
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DNA damage in the lungs, and hearts of  mice15. Also, the liver of mice exposed to e-cigarettes has increased 
apurinic/apyrimidinic (AP) sites, indicating DNA  damage16.

Acipimox is a nicotinic acid analog that binds to hydroxycarboxylic acid receptor 2 (HCA2/GPR109) 
 receptor17. HCA2 receptors are highly expressed in adipose  tissue17. The activation of HCA2 receptors in adipose 
tissue leads to inhibition of adenylate cyclase and a decreased cAMP response, followed by the suppression of 
adipocyte triglyceride lipase (ATGL)18. In adipocytes, the rate-limiting enzyme for lipolytic activity is ATGL. In 
addition, inhibition of lipolysis with acipimox normalized the hepatic metabolic changes induced by the treat-
ment with high-fat diet (HFD) plus  nicotine19.

In the right ventricle, nicotine treatment leads to a7nAChR activation and fibroblast proliferation, collagen 
production, and extracellular matrix  remodeling11. In a mouse model of systemic hypertension, nicotine sup-
plied via mini osmotic pump can increase angiotensin II-induced cardiovascular  remodeling20. In a nicotine-
dependent manner, e-cigarette treatment for 12 weeks led to cardiac dysfunction and atherosclerosis in ApoE 
knockout mouse  model4. This cardiac phenotype was associated with increased ultrastructural abnormalities 
indicative of cardiac dysfunction and MDA generation, a marker of oxidative  stress4. The ventricular transcrip-
tomic analysis exposed changes in genes associated with metabolism, circadian rhythm, and inflammation in 
e-cigarette-exposed  mice4. In C57BL/6 wild-type mice on HFD, echocardiographic data showed that mice treated 
with e-cigarettes had decreased left ventricular fractional shortening (LV%FS) and ejection fraction compared to 
controls associated with an inflammatory phenotype in e-cigarette-treated  mice19. This nicotine-dependent phe-
notype was associated with increased plasma levels of FFAs and oxidative stress, without cardiac  hypertrophy19. 
A comparable phenotype produced by e-cigarettes in rats reported fibrosis, oxidative stress, and inflammation 
but with cardiac  hypertrophy21.

In developed countries, obesity is highly prevalent among the adolescent and adult populations. Importantly, 
the combination of smoking and obesity results in increased mortality  risk22. Obese individuals have a higher 
probability of using e-cigarettes23. The C57BL/6 mouse in HFD model is widely used for studies of diet-induced 
obesity and its cardiac complications. Non-obese C57BL/6 mice in normal chow diet (NCD) mice have been 
exposed to e-cigarettes for eight months without showing a significant change in LV%FS or ejection  fraction13. 
The induction of cardiac dysfunction by e-cigarettes has been characterized in C57BL/6 mice fed a  HFD19. 
Therefore, we used this diet-induced obesity model to study the role of lipolysis inhibition with acipimox in 
e-cigarette-induced cardiac dysfunction.

Results
Eight-week-old wild-type mice on a HFD were exposed to saline aerosol, e-cigarettes with nicotine (2.4%) 
[e-cigarette (2.4%)], e-cigarette (2.4%) plus acipimox [e-cigarette (2.4%) + ACIP] for 12 weeks as described 
 before4,16,19. In this model, we have described the levels of nicotine and cotinine in the plasma measured by 
LC–MS/MS are in ranges similar to those found in habitual  smokers19.

Echocardiographic assessment of acipimox effects on e‑cigarette‑induced cardiac dysfunction
To study the physiological and morphological effects of acipimox on e-cigarette-treated mice, we performed 
echocardiographic measures. Figure 1A displays representative images of the M-mode echocardiogram. M-mode 
analysis of LV dimensions showed no changes among saline, e-cigarette (2.4%), and e-cigarette (2.4%) + ACIP 
(Fig. 1B). We did not observe heart/body ratio changes after 12-week treatment between the three groups 
(Fig. 1B). Figure 1B displays the effects of these three treatments on LV%FS, LV ejection fraction (LVEF), and 
velocity of circumferential fiber shortening (VcF). LV%FS, LVEF, and VcF were all reduced in mice exposed to 
e-cigarette (2.4%) compared with those in saline and e-cigarette (2.4%) + ACIP groups. Aortic ejection time 
(Ao-ET) lengthened in the e-cigarette (2.4%) group compared to the saline group. We did not detect significant 
changes in the left ventricular diastolic function parameters, for example, peak early diastolic (E), atrial filling 
velocity (A), and E/A ratio. The heart rate (HR) was alike between each group. Then, at 12 wk, mice treated with 
e-cigarette (2.4%) developed a diminished ventricular systolic function without change in diastolic function, 
and this systolic dysfunction was rescued by acipimox.

Acipimox effects on serum lipid profile
Conventional smoking and e-cigarette vaping are associated with detrimental changes in HDL, triglycerides, and 
 FFAs24. Table 1 shows that serum cholesterol, HDL, and LDL levels did not significantly change in e-cigarette 
(2.4%) and e-cigarette (2.4%) + ACIP groups in comparison with saline. Triglycerides were increased by e-ciga-
rette (2.4%) (P < 0.01). The e-cigarette (2.4%) + ACIP group does not have a statistically significant difference from 
saline and e-cigarette (2.4%) groups for triglycerides. High levels of serum FFAs correlate with an increased risk 
for cardiac  dysfunction5. Table 1 shows that mice exposed to e-cigarettes (2.4%) had increased levels of serum 
FFAs in comparison with saline (P < 0.01) and e-cigarette (2.4%) + ACIP (P < 0.05). Serum FFAs levels of mice 
exposed to saline and e-cigarette (2.4%) + ACIP were similar. Therefore, levels of FFAs were strongly associ-
ated with e-cigarette-induced cardiac dysfunction. Additionally, since white adipose tissue control serum FFAs 
via lipolysis, we measured FFAs levels within the epididymal adipose fat pads. Supplement Fig. S2 shows that 
e-cigarettes increased the levels of FFAs in adipose tissue and this increase was reduced by acipimox.

Acipimox effects on inflammatory levels of serum cytokines induced by e‑cigarettes
Numerous studies have shown that increased FFAs activate inflammatory cytokines exerting important effects 
on cardiovascular  disease8. Therefore, we used a mouse cytokine Multiplex Assay to determine changes in 
blood serum inflammatory cytokines induced by e-cigarettes and rescued by acipimox. In Fig. 2, we showed 
the serum cytokines that significatively change with the acipimox treatment. For a full report of the cytokine 
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Multiplex Assay, see Supplementary Table S1. Figure 2A shows that e-cigarette-induced an increase in levels 
of IL-6 (P < 0.01), which are rescued by Acipimox (P < 0.05). Figure 2B shows that e-cigarettes produced an 
increase in serum IL-1α (P < 0.01). The increased levels of IL-1α were normalized in the e-cigarette (2.4%) + ACIP 
group (P < 0.05). Interestedly, IL-6 and IL-1α are associated with inflammatory response and oxidative  stress25,26. 
Figure 2C shows that serum IL-12(p70) was decreased in e-cigarette (2.4%) group in comparison with saline 
(P < 0.05) and e-cigarette (2.4) + ACIP groups (P < 0.05). Accordingly, cigarette smoke-induced oxidative stress 
suppressed the expression of IL-12(p70)10. Figure 2D shows that e-cigarette (2.4%) reduced IL-2, and acipimox 
did not affect this change. Interestedly, nicotine inhibits the production of IL-2 form mononuclear  cells9.

Transcriptome analysis of acipimox‑mediated rescue of the e‑cigarette‑induced cardiac dys‑
function in mice
To identify the molecular pathways that mediate the effects of acipimox on e-cigarette-induced cardiac dys-
function, we used RNA-Seq analysis to profile the hearts of mice treated with saline, e-cigarette (2.4%), and 
e-cigarette (2.4%) + ACIP. We identified the differentially expressed genes (DEGs) of saline versus e-cigarette 
(2.4%). We observed 59 DEGs composed of 21 upregulated and 38 downregulated genes. The heat maps of the 
groups were analyzed by clustering. Probe set signal assessments were standardized to the mean throughout 
the mice, and the relative reading of gene expression is represented from the maximum downregulated (green) 
to the maximum upregulated (red). Supplement Fig. S3A displays the 2-dimensional hierarchical clustering of 
saline versus e-cigarette (2.4%). For saline versus e-cigarette (2.4%) + ACIP, we observed 149 altered transcripts. 
The 149 DEGs were composed of 23 upregulated and 126 down-regulated genes. Supplementary Fig. S3B shows 

Figure 1.  Evaluation of the cardiac function of mice treated with saline aerosol, e-cigarette (2.4% nicotine), and 
e-cigarette (2.4% nicotine) plus acipimox. (A) Representative images of M-mode echocardiogram. (B) Table of 
echocardiographic data. VST, ventricular septal thickness; EDD, end-diastolic dimension; PWT, posterior wall 
thickness; ESD, end systolic dimension; Ao-Et, aortic ejection time; LV%FS, left ventricle fractional shortening; 
VcF, velocity of circumferential fiber shortening; LvEF, left ventricle ejection fraction; LV Mass, left ventricle 
mass; E, early diastole (LV filling); A, atrial systole; HR, heart rate; H/B ratio, heart body ratio. Saline N = 19; 
e-cigarette (2.4%) N = 15; e-cigarette (2.4%) + ACIP N = 10. (Saline aerosol vs. e-cigarette (2.4%),*P < 0.05, 
**P < 0.01; e-cigarette (2.4%) vs. e-cigarette (2.4%) + ACIP, #P < 0.05 ##P < 0.01).

Table 1.  Serum lipid profile of mice exposed to saline, e-cigarette (2.4%), and e-cigarette (2.4%) plus 
acipimox. HDL high-density lipoprotein cholesterol, LDL low-density lipoprotein cholesterol, FFAs free fatty 
acids. (N = 5 per group, saline aerosol versus e-cigarette (2.4%) **P < 0.01; e-cigarette (2.4%) versus e-cigarette 
(2.4%) + ACIP, #P < 0.05). All values are means ± SEM.

Saline e-cig (2.4%) e-cig (2.4%) + ACIP

Cholesterol 184 ± 10 200 ± 26 190 ± 39

Triglycerides 78 ± 5 147 ± 18** 130 ± 17

HDL 74 ± 4 71 ± 3 78 ± 10

LDL 16 ± 2 26 ± 10 29 ± 12

FFAs 0.65 ± 0.08 1.1 ± 0.06**# 0.75 ± 0.06
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the two-dimensional hierarchical clustering of saline versus e-cigarette (2.4%) + ACIP. The acipimox-rescued 
DEGs were defined as DEGs between saline versus e-cigarette (2.4%), but not statistically different between saline 
versus e-cigarette (2.4%). The Venn diagram (Fig. 3A) depicts the identification of the 14 genes that were DEGs 
between saline versus e-cigarette (2.4%) but were not differentially expressed between saline versus e-cigarette 
(2.4%) + ACIP. Figure 3B shows heat maps of the 14 genes associated with the functional rescue of acipimox. 
The fold changes (FC) in gene expression were reported in Supplementary Table S2. The IPA software analysis 
of saline and e-cigarette (2.4%) + ACIP (normal cardiac phenotype) versus e-cigarette (2.4%) shows differential 
expression of circadian rhythms, ferroptosis, adipogenesis pathways, G2/M DNA damage checkpoint signaling, 
and atherosclerosis (Supplementary Table S3).

For the threshold-free  method27, GSEA analysis exposed an enrichment of G2/M DNA damage checkpoint in 
the e-cigarette (2.4%) compared with saline and e-cigarette (2.4%) + ACIP groups. Figure 3C shows the enrich-
ment plot for G2/M DNA damage checkpoint (NES = normalized enrichment score) = 1.85; P value < 0.01; false 

Figure 2.  Effects of e-cigarette and acipimox on cytokines. (A) Interleukin 6 (B) Interleukin 1α (C) Interleukin 
12(P70) (D) Interleukin 2. (N = 10 per group; Saline vs. e-cigarette (2.4%), *P < 0.05, **P < 0.01; e-cigarette (2.4%) 
vs. e-cigarette (2.4%) + acipimox, #P < 0.05).
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discovery rate [FDR] < 0.15). Figure 3D shows the 20 top upregulated genes in the enrichment plot in Fig. 3D. 
For instance, TRAIP is an e-cigarette (2.4%)-upregulated gene that is ameliorated by acipimox. TRAIP is not only 
necessary for cell cycle progression, but it also promotes the DNA damage response following DNA  replication28. 
Similarly, the mRNA of TPX2 (see Fig. 3D), which is involved in the early stages of the DNA damage response, 
increased in e-cigarette (2.4%) but was rescued in the e-cigarette (2.4%) + ACIP group. Therefore, e-cigarette 
(2.4%) induces transcriptional changes associated with the activation of DNA damage response in the heart, and 
this response is absent in mice exposed to e-cigarette (2.4%) + ACIP.

Validation of RNA‑seq data by qPCR
We performed qPCR analysis of DEGs that were rescued by acipimox (Fig. 3B and Supplementary Table S2). 
Among the 14 genes rescued by acipimox, we identified Heme oxygenase 1 (HO-1), a commonly used marker of 
oxidative  stress29. HO-1 is part of the response of the cells to oxidative stress and plays a role in cytoprotection 

Figure 3.  (A). Venn diagram representing data summary of differentially expressed genes in saline versus 
e-cigarette (2.4%) and saline versus e-cigarette + acipimox. (B) Heatmap of the genes contributing to the recue 
of e-cigarette induced cardiac dysfunction by acipimox. (C) GSEA enrichment plot presenting e-cigarette 
(2.4%)-induced dysregulation of genes involved with the G2/M DNA damage checkpoint as compared with 
saline and e-cigarette (2.4%) + ACIP. (D) Heatmaps of the top 20 genes from G2/M DNA damage checkpoint, as 
inferred from GSEA. NES = normalized enrichment score; P = nominal P value; FDR Q = false discovery rate Q 
value.
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against oxidative  stress30. Figure 4 shows that e-cigarette (2.4%) increased the expression of HO-1 mRNA, and 
this increase was normalized in e-cigarette (2.4%) + ACIP. Tumor protein p53-inducible protein 11 (Trp53i11), 
one of the direct transcriptional targets of p53, is upregulated in apoptosis induced by multiple DNA damage 
 agents31. Figure 4 shows that e-cigarette (2.4%) increased Trp53i11 mRNA expression in saline (P < 0.01) and 
e-cigarette (2.4%) + ACIP(P < 0.05). Another relevant gene rescued was Matrix Metallopeptidase 14 (MMP14), 
which is associated with cardiac fibrosis and is increased by angiotensin  II32. E-cigarette (2.4%) increased MMP14 
mRNA expression in comparison with saline (P < 0.01). The changes in cryptochrome Circadian Regulator 1 
(CRY1), a circadian factor that connects DNA damage response with circadian  clock33, were rescued by acipi-
mox. Figure 4 shows that e-cigarette (2.4%) reduced the CRY1 expression in comparison with saline (P < 0.05) 
and e-cigarette (2.4%) (P < 0.05). B-type Natriuretic Peptide (BNP) is a marker for the diagnosis and prognosis 
of various cardiovascular diseases and is decreased in the obese  population34. Cardiac BNP mRNA in treated 
e-cigarette (2.4%) was normalized by acipimox in comparison with saline (P < 0.05) and e-cigarette (2.4%) + ACIP 
(P < 0.05). Pde7a hydrolyzes the cyclic nucleotide second messenger with a role in autoimmune  diseases35. We 
did not observe significant changes in Pde7a mRNA in the three groups.

Acipimox normalizes oxidative stress induced by e‑cigarettes
We have identified HO-1, a marker of oxidative stress among the 14 genes rescued by acipimox. The normaliza-
tion of increased expression of HO-1 was validated by qPCR. Therefore, we determined whether these changes 

Figure 4.  Validation of relative expression of genes obtained from RNA-seq by qPCR. Relative quantification 
normalized to 18 s. (A) HO-1, Heme oxygenase 1. (B) Trp53i11, Transformation related protein 53 inducible 
protein 11. (C) Mmp14, Matrix metallopeptidase 14. (D) CRY1, Cryptochrome circadian regulator 1. (E) BNP, 
B-type Natriuretic Peptide. (F) Pde7a, Phosphodiesterase 7A. (N = 10 per group, *P < 0.05, **P < 0.01).
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in mRNA levels led to increased protein levels. Western blot analysis shows that HO-1 levels were increased 
in e-cigarettes (2.4%)-treated hearts (Fig. 5A, B). Acipimox normalized the increased protein levels of HO-1 
induced by e-cigarettes. Lipid peroxidation and the consequent generation of highly electrophilic aldehydes, 
such as 4-hydroxynonenal (4-HNE) are used as a marker of oxidative stress. The increased levels of HO-1 were 
accompanied by an increase in the immunostaining of 4-HNE in left ventricular sections, which was normalized 
in the e-cigarette (2.4%) + ACIP group (Fig. 5C). Malondialdehyde (MDA) is used as a marker of a lipid peroxi-
dation and oxidative stress. Figure 5D shows that e-cig (2.4%) increased MDA in cardiac tissue. This increase 
in MDA was normalized by acipimox. Overall, Fig. 5 shows that oxidative stress was exacerbated by e-cigarette 
(2.4%) and normalized by inhibition of lipolysis with acipimox.

E‑cigarette (2.4%)‑induced DNA damage was normalized by acipimox
The unbiased analysis of the RNA-seq data by GSEA and IPA analysis shows a phenotype associated with DNA 
damage that is rescued by acipimox. Since TRP53i11 is a direct target of P53, we study the phosphorylation of 
P53 in ser15 (p-P53), a marker of DNA  damage16. To determine the effects of chronically increased lipolysis 
on P53 pathway activation, we performed immunohistochemistry of p-P53. Figure 6A shows representative 
ventricular sections of mice with different treatments stained to determine the fraction of cells with nuclear-
localized p-P53. The black arrows in Fig. 6A show the nuclear localization of p-P53 staining. Figure 6B shows 
the nuclear-localized p-P53 calculated from examining 1000 nuclei for each animal and graphed. Therefore, 
mice exposed to e-cigarettes had increased p-P53 staining, which was normalized by acipimox. We showed 
that acipimox reduced oxidative stress induced by e-cigarettes. Apurinic/apyrimidinic (AP) sites are a marker 
of oxidative DNA damage. Therefore, after extracting cardiac genomic DNA, we studied the nuclear contents 
of AP site lesions. Figure 6C shows that AP site lesions were increased in mice exposed to e-cigarette (2.4%). In 
contrast, in e-cigarette (2.4%) + ACIP, the levels of AP site lesions were not significantly changed compared with 
saline. These data suggest that the effects of e-cigarettes on cardiac DNA base damage were due to increased level 
of ROS in a lipolysis-dependent manner.

Figure 5.  Acipimox rescues the e-cigarette induced oxidative stress. (A) Western blot of heart tissue showing 
HO-1 levels. β-actin was included as a loading control. (B) quantification of Western blots of HO-1 (C). 
Immunohistochemistry of ventricular sections shows increased expression of 4-HNE in e-cigarette (2.4%) 
compared with saline or e-cigarette (2.4%) + ACIP. (D) Levels of malondialdehyde (MDA). (N = 4 per group, 
e-cigarette (2.4%) vs. e-cigarette (2.4%) + ACIP, #P < 0.05). All values are means ± SEM.
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Acipimox rescued e‑cigarette (2.4% nicotine)‑induced cardiac ultrastructural abnormalities
We then tested if the e-cigarette (2.4%)-induced cardiac structural changes described in our prior  publication4 
were normalized by acipimox. We used transmission electron microscopy (TEM) to assess left ventricular myofi-
brillar composition in the experimental groups. Cardiomyocytes (CMs) from saline-treated mice showed normal 
myofibrillar architecture and sarcomeric pattern with normal mitochondria shown in Fig. 7A, D. In contrast, CMs 
treated with e-cigarette (2.4%)-exposed mice exhibited vacuolated mitochondria with crystolysis and myofbrillar 
thinning, derangement, and destruction (Fig. 7B, E). However, e-cigarette (2.4%) + ACIP mice-treated hearts 
showed normalization of mitochondrial ultrastructure as well as myofibrillar architecture and sarcomeric pattern 
(Fig. 7C, F). Therefore, acipimox normalized cardiac ultrastructural abnormalities associated with e-cigarette-
induced cardiac dysfunction.

Discussion
Obese adolescents have a higher rate of e-cigarette  use3,23. In mice fed with a NCD, nicotine produces a modest 
impact on the cardiovascular system. For example, C57BL/6J mice on NCD have been exposed to e-cigarettes 
for 60  weeks36 without showing a decrease in LV%FS, but with impaired  vasodilation36. Therefore, to study the 
cardiac effects of e-cigarettes, we used a relevant model with a reliable phenotype, wild-type mouse model on 
 HFD19. In the cardiovascular system, the synergistic effect of HFD and nicotine have been studied by our and 
other  groups1,37. Using the HFD mice model to study synergistic factors that increase morbidity or mortality 
in obese people who vape has relevance to the vaping company’s young target population and the health of 
the general population. We have previously established a protocol for the induction of cardiac dysfunction by 
e-cigarettes in a nicotine-dependent  manner4,19,38.

Acipimox is a derivative of Nicotinic acid (Niacin). The receptor for this family has been named in several 
ways HCA2/ GPR109A/ HM74/ PUMA-G18. Humans have two isoforms of niacin receptor, whereas rodents have 
only  one18. The nicotinic acid-induced decrease in FFAs is reduced in mice lacking HCA2/PUMA-G. Therefore, 
the effect on FFAs of the niacin compound family is mediated through the HCA2/PUMA-G39. Several groups 
have shown that HCA2 is localized mainly in macrophages and adipose  tissue39–41, and the molecular details 
of the acipimox binding to this receptor are well  established17,40. In the current study, mice were exposed to 
e-cigarette aerosol in a chronic intermittent protocol with 2.4% nicotine for 12 weeks. In this model, we have 

Figure 6.  E-cigarette-induced DNA damage is inhibited by acipimox. (A) Representative heart sections 
from mice treated with saline, e-cigarette (2.4%), and e-cigarette (2.4%) + ACIP. (B) Quantification of the data 
showing that e-cigarette (2.4%) exposure increases p-P53-positive nuclei, and acipimox reduces the e-cigarette 
(2.4%) induced p-P53 increase. (C) E-cigarette (2.4%) exposure increases AP sites, and acipimox blunt the 
e-cigarettes induced AP sites increase. P-P53, N = 10 per group. AP sites, N = 5, per group, *: P < 0.05, **: P < 0.01, 
saline aerosol versus e-cigarette (2.4%). #: P < 0.05, e-cigarette (2.4%) versus e-cig (2.4%) + ACIP.
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shown nicotine and cotinine levels similar to clinically relevant concentrations found in e-cigarette users and 
 smokers19. At 12 weeks of e-cigarette (2.4%) treatment, echocardiography showed a marked decrease in systolic 
function without changes in gross cardiac morphologic parameters. The treatment with acipimox rescued the 
parameters associated with systolic dysfunction (LV%FS, LvEF, and VcF) showing that the inhibition of lipolysis 
normalized systolic dysfunction induced by e-cigarettes. E-cigarette (2.4%)-treated mice displayed prolonged 
Ao-ET, and acipimox showed a tendency to normalize Ao-ET. However, we did not observe a full rescue of Ao-ET 
by acipimox. Therefore, a small component of e-cigarette effects on Ao-ET may be lipolysis-independent. Overall, 
these data suggest that acipimox protects most of the cardiac function from the detrimental effects of e-cigarettes.

FFAs have been broadly studied for their contribution to the induction of metabolic changes that lead to 
metabolic syndrome and adverse cardiovascular  outcomes5. Inhibition of lipolysis using acipimox reduced nico-
tine plus HFD-induced hepatic  steatosis42. In this model, we have shown that nicotine is necessary to produce 
the e-cigarette-induced FFAs  increase19. In Table 1, we showed that e-cigarettes produce an increase in FFAs and 
triglycerides, and acipimox fully normalized this increase in FFAs. Likewise, we observe an increase of FFAs in 
epididymal adipose fat pads, which was reduced by acipimox (Supplement Fig. S2).

The systemic activation of nAChRs by nicotine produces a complex mix of anti-inflammatory and proin-
flammatory effects. Nicotine binding to nAChRs led to a release of adrenaline from the adrenal medulla and 
noradrenaline from postganglionic sympatric nerves, activating the sympathetic nervous  system1. Interleukin-6 
(IL-6) signaling mediates inflammation leading to cardiovascular complications. IL-6 is independent predictor 
of Type 2 diabetes and associated cardiovascular  events43. E-cigarettes increase the release of IL-6 from fibro-
blasts, macrophages, and epithelial  cells25. Additionally, the FFA palmitate increases expression of IL-6 in human 
coronary artery endothelial  cells44.

Figure 2A shows that the reduction of FFAs with acipimox led to normalizing IL-6 levels. The proinflamma-
tory cytokine IL-1α is present in virtually all cell types and released by dying cells, including  CMs45. Additionally, 
IL-1α is reported to increase upon e-cigarette  exposure25. Figure 2B shows that increased levels of IL-1α induced 
by e-cigarettes were normalized by acipimox. IL-12p70 protein production was suppressed by cigarette smoke 
extract in a nicotine-dependent manner, and this reduction was normalized by anti-oxidants10. NF-E2–related 
factor 2 (Nrf2), an oxidative stress sensor, represses the expression of IL-12p70. We observed that e-cigarettes 
not only repressed IL-12p70 expression (Fig. 2C), but also increased oxidative stress. Therefore, since acipimox 
normalized oxidative stress generated by e-cigarette exposure, the normalization of IL-12p70 by acipimox may 
be produced by this reduction of oxidative stress.

IL-2 signaling promotes the development and homeostasis of regulatory T cells, a subpopulation of lym-
phocytes. Regulatory T cells inhibit excessive and uncontrolled immune responses. Therefore, in clinical trials, 
IL-2 has been used to treat several cardiovascular conditions, including cardiac remodeling after myocardial 
 infarction46 and vascular  inflammation47. Nicotine and cigarette smoke extracts inhibit the production of IL-2 
in human mononuclear  cells9. Figure 2D shows that e-cigarettes reduced the expression of IL-2. However, we 
did not observe a significant difference between e-cigarette (2.4%) and e-cigarette (2.4%) + ACIP. Therefore, the 
inhibitory effect of e-cigarette (2.4%) on IL-2 was, at least in part, independent of nicotine-induced lipolysis.

This study was designed to identify early cardiac transcriptomic changes during the induction of e-cigarette-
induced cardiac dysfunction, which were rescued by inhibition of lipolysis. Therefore, mice were euthanized 

Figure 7.  The E-cigarette induced ultrastructural abnormalities are normalized by acipimox. Representative 
TEM images of left ventricular myofibrillar architecture in various treatment groups (A–C, lower magnification. 
Scale bar = 1 μm) (D–F, higher magnification. Scale bar = 800 nm). CMs from saline- (A and D) exposed 
mice show normal myofibrillar architecture and sarcomeric pattern with abundant mitochondria (M). In 
contrast, CMs from e-cigarette (2.4%)-exposed (B and E) show varying degrees of abnormalities indicative 
of cardiomyopathy, including myofbrillar thinning, derangement, destruction (asterisk), mitochondrial 
vacuolization with crystolysis (arrow) These abnormalities were rescued in mice exposed to e-cigarette (2.4%) 
plus acipimox (C and F).
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immediately after the early detection of systolic dysfunction to identify the mechanisms underlying the onset 
of e-cigarette (2.4%)-induced cardiac dysfunction. The differential gene expression analysis of the e-cigarette 
(2.4%) treatment led to the dysregulation 59 genes in comparison with saline (Fig. 3A). Additionally, e-cigarette 
(2.4%) + ACIP treatment led to the dysregulation of 149 genes in comparison with saline. Further analysis 
revealed that 14 genes were changed by e-cigarette (2.4%) and rescued by the acipimox treatment. Nevertheless, 
despite its normalizing effects, acipimox induced the change of 104 genes that were not altered by e-cigarette 
(2.4%) treatment. Therefore, we cannot exclude an unnoticed physiological change by acipimox independent of 
the e-cigarette functional rescue.

Among the rescued genes, we observed increases in HO-1, TRP53i11, and MMP14. HO-1, an Nrf2-regulated 
gene, is part of the cellular response to oxidative stress and is commonly used as a marker of  ROS29. We observed 
that HO-1 was increased by e-cigarettes and normalized by acipimox. Together with the e-cig (2.4%)-induced 
increase of MDA levels, which were reduced by acipimox, these finding suggests that the rescue of oxidative 
stress by acipimox reversed the e-cigarette-induced phenotype. TRP53i11/Tp53i11 is a direct p53 target gene. 
P53 is activated by phosphorylation, leading to the transcription of genes critical for the cellular response to DNA 
damage. Consistent with the differential gene expression analysis, GSEA and IPA analysis showed an increased 
G2/M DNA damage checkpoint in the e-cigarette (2.4%)-treated heart compared with saline and e-cigarette 
(2.4%) + ACIP. The heart is composed of 30–35% of CMs, with the remaining 65–70% being composed mostly 
of non-muscular cells that undergo  mitosis48. Therefore, a DNA damage stimulus, which exerts its effects on 
cardiomyocyte and non-cardiomyocyte cells, may produce an effect on the G2/M DNA damage checkpoint. In 
the development of cardiac remodeling associated with fibrosis, the matrix metalloproteinase, MMP14, stimulates 
cardiac fibroblast  migration32. These changes have a profound effect on cardiac physiology. Consistent with the 
echocardiographic changes, we have shown that e-cigarette (2.4%) increased MMP14 mRNA, which was normal-
ized by acipimox. In contrast, among the rescued genes in the RNA-seq analysis, we observed a decrease in CRY1 
and BNP genes. Circadian genes control not only circadian rhythms but also control inflammatory pathways. 
CRY1 is postulated as a mediator of the cross-talk between the circadian clock and the immune system. CRY1 
can reduce inflammation through inhibition of TNF-α transcriptional  activation49. Additionally, inflammatory 
response of patients with an increase in IL-6 was associated with a decrease in CRY1 mRNA. Accordingly, we 
have found that e-cigarette (2.4%) decreased CRY1 mRNA, and this decrease was normalized by acipimox. 
Overall, of the 6 genes tested, acipimox-normalized 4 genes tested with qPCR. Although we established a cor-
relation between specific genes with the rescue of e-cigarette-induced cardiac dysfunction, their precise role in 
phenotype induction will need further investigation.

The BNP levels and body mass index are inversely  correlated50. In humans, higher circulating levels of BNP 
are associated with greater insulin sensitivity, in addition to their association with heart  failure51, especially if 
it is uncompensated. Accordingly, mice overexpressing BNP are protected against glucose intolerance induced 
by HFD via increased mitochondrial biosynthesis and fat  oxidation52. Since we have observed that e-cigarettes 
induced cardiac dysfunction through mechanisms shared with metabolic disease, inhibiting BNP mRNA in 
this phenotype was not unexpected, especially as the mice in our study did not have hemodynamically unstable 
heart  failure51.

FFAs can increase the mitochondrial generation of ROS. Increased ROS by FFA-induced mitochondrial 
dysfunction has been postulated as a major mechanism of diabetic  cardiomyopathy5. We observed a rescue 
of HO-1 protein levels induced by e-cigarette (2.4%). Accordingly, e-cigarette induction of lipid peroxidation 
product 4-HNE, was rescued by acipimox treatment. Oxidative stress activates a wide variety of signaling kinases 
and transcription factors associated with cardiac dysfunction and stimulates extracellular matrix remodeling 
and DNA  damage5.

The induction of DNA damage by e-cigarettes has been shown in several  tissues16, including the  heart15. 
The p53 pathway senses oxidative DNA damage and modulates base excision repair in response to persistent 
oxidative stress. Consistently, in the lungs of e-cigarette users, nuclear localization of p53 staining is  increased53. 
GSEA analysis suggested an increase in DNA damage associated with e-cigarette treatment, and qPCR showed 
increased transcription of a P53 target, TRP53i11, normalized by acipimox. Therefore, we studied the DNA 
damage-dependent phosphorylation of P53 at Ser-15 and its nuclear localization immunostaining. We showed 
that e-cigarette treatment increases nuclear localization of p-P53, which is reversed by acipimox. We showed 
increased levels of AP sites in the hearts of mice treated with e-cigarettes, and acipimox rescued the levels of 
AP sites. The activation of P53 promotes apoptosis. Consistently, e-cigarettes promote apoptosis in IPS-derived 
 cardiomyocytes54 and we have shown the role of apoptosis in the model used in this  work19. Consistently, FFA-
induced ROS produce DNA damage and cardiac  dysfunction5. In hearts exposed to e-cigarettes, we observed 
CMs ultrastructural abnormalities indicative of cardiomyopathy and contractile dysfunction. The ultrastructural 
changes in CMs are structural manifestations of altered cardiac LV function in response to e-cigarette (2.4%) 
exposure. Acipimox normalized these ultrastructural abnormalities in direct correlation with echocardiographic 
data. Altogether, these observations suggest the reduction of e-cigarette-induced lipolysis by acipimox reversed 
ultrastructural abnormalities and oxidative stress associated with subsequent oxidative DNA damage and P53 
activation.

E-cigarettes have many effects on the cardiovascular system due to their various  components1. Nicotine 
has proinflammatory and anti-inflammatory effects. Also, e-cigarettes produce an inflammatory activation of 
neutrophils and  macrophages55,56. Here, we have dissected the specific effect of nicotine associated with lipolysis 
and increased FFAs. Our results demonstrate that increased lipolysis is necessary for several adverse effects of 
e-cigarettes on cardiac structure and function in mice. These studies suggest that lipolysis inhibitors such as acipi-
mox could effectively reduce the cardiovascular effects of e-cigarettes. Future studies are needed to evaluate the 
effects of lipolysis inhibitors on e-cigarette users in clinical settings. Further work will be needed to understand 
if inhibition of DNA damage or oxidative stress is sufficient to rescue the effects of e-cigarettes. The strengths 
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of our study include using an e-cigarette delivery technology mimicking human vaping with a commercially 
available brand of e-cigarettes. Furthermore, the HFD mice model represents common chronic diseases among 
e-cigarette  users3,23.

E-cigarettes are relatively new, and studies are needed to determine their long-term effects. This study was pri-
marily focused on determining the role of lipolysis on the cardiac effects of e-cigarettes in the context of obesity. 
Since we have described mechanisms for the effect of e-cigarettes on the heart, which is shared with metabolic 
disease, it was plausible to foresee a robust effect in the HFD mice model. Therefore, these shared mechanisms 
described here call for future studies investigating the impact of e-cigarettes on cardiovascular disease in the 
obese human population.

Methods
Animals
Animal handling and experimentation were in accordance with the recommendation of the American Veterinary 
Medical Association and were approved by The Lundquist Institute Institutional Animal Care and Use Commit-
tee. The animal study is reported in accordance with ARRIVE guidelines (https:// arriv eguid elines. org). Male 
C57BL/6J wild type mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were housed 5 
per cage under controlled temperature (22 °C) and photoperiod (12-h light and 12-h dark cycle). At eight weeks 
of age, mice were started on a HFD with 60% of calories derived from fat (D12492; Research Diets). Mice were 
exposed to e-cigarette aerosol from bluCig PLUS Classic tobacco E-cigarettes containing high (2.4% nicotine) 
(purchased on blu.com website) for 12 weeks. For controls, mice were exposed to saline aerosol (Afasci Inc, 
Burlingame, CA). Acipimox (0.05%) was administered via the drinking water as  described42. After isoflurane 
anesthesia, mice were decapitated. Supplementary Figure S1 shows the schematic and timeline of the experi-
mental model.

E‑cigarette aerosol generation and rodent exposure system
We described the e-cigarette aerosol generation  before4,38. In short, the system encompasses an aerosol expo-
sure chamber that keeps up to five free-moving mice, an activation control unit, and e-cigarette holders. The 
e-cigarette activation is intermittent and fresh airflow is kept. The vaping event was every 30 min. For each vaping 
event, E-cigarette exposure protocol: activation for 4 s is a puff; 6 puffs per vaping event with an inter-puff interval 
of 26 s. Mice were treated with intermittent e-cigarette aerosol (24 vaping episodes) for 12 h at night. When mice 
were not treated with e-cigarettes, mice were placed in their home cages without any aerosol exposure. Water 
and food were provided ad-lib during both dark and light phases.

Lipid profile
Blood was collected from overnight-fasted mice at the time of euthanasia. For serum preparation, blood was 
allowed to clot prior to centrifugation at 10,000× g for 10 min on ice. Analysis of the lipid panel (6290 rodent 
lipid panel) was performed at the W. Sacramento IDEXX BioAnalytics. Cholesterol, triglycerides, HDL, and LDL 
were determined using standard clinical chemistry Laboratory from serum samples run on a Beckman Coulter 
AU680 automated chemistry analyzer validated for rodent serum samples. FFAs levels were quantified using the 
manufacturer’s protocol (BioVision, Cat# K612-100).

Echocardiography
Following the 12-week exposure period, the mice were screened by echocardiography at the Mouse Physiology 
Core Laboratory at UCLA Department of Physiology. Cardiac function was evaluated by non-invasive ultrasound 
echocardiography under light isoflurane sedation (0.5–1.0%) to prevent movement and cardio-depression. Data 
were acquired using a 2D-guided M-Mode and spectral Doppler imaging with a Siemens Acuson Sequoia Model 
C256 equipped with a 15L8 15 MHz probe (Siemens Medical Solutions, Malvern, CA). Mice were evaluated to 
obtain heart dimension and function measurements including LV chamber size, wall thickness, end-diastolic 
dimension (EDD), end-systolic dimension (ESD), LV fractional shortening (LV%FS), velocity of circumferential 
fiber shortening (VCF) and LV ejection fraction (LVEF)57–59.

RNA‑seq analysis
RNA was isolated from left ventricles (n = 5 in each group). RNA quality was assessed with an Agilent 2100 
Bioanalyzer. RNA samples exhibited clear 28S and 18S rRNA peaks and demonstrated an RNA integrity number 
(RIN) greater than 8. Libraries for RNA-Seq were prepared with KAPA Stranded RNA-Seq Kit. The workflow 
consists of mRNA enrichment, cDNA generation, and end repair to generate blunt ends, A-tailing, adaptor 
ligation and PCR amplification. Different adaptors were used for multiplexing samples in one lane. Sequencing 
was performed on Illumina HiSeq 3000 for a single read 50 run. Data quality check was done on Illumina SAV. 
Demultiplexing was performed using the Illumina Bcl2fastq2 v 2.17 program.

We sequenced more than 15,000 genes for RNA-seq analysis. The reads were first mapped to the latest UCSC 
transcript set using Bowtie2 version 2.1.060 and the gene expression level was estimated using RSEM v1.2.1561. 
TMM (trimmed mean of M-values) was used to normalize the gene expression. The data were analyzed in two 
ways to define a gene list from omics data: For the IPA analysis and identity rescued genes, we filtered the data 
by a threshold (P < 0.01 and fold-change > 1.5), and for Gene Set Enrichment Analysis (GSEA), we studied all 
genes based on their differential expression rank without prior gene filtering. Differentially expressed genes 
were identified using the edgeR  program62. Genes showing altered expression with P < 0.05 and more than 1.5 
fold changes were considered differentially expressed. The pathway and network analysis was performed using 

https://arriveguidelines.org


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18239  | https://doi.org/10.1038/s41598-023-44082-x

www.nature.com/scientificreports/

Ingenuity Pathway Analysis (IPA). The canonical pathways generated by IPA are the most significant for the 
uploaded data set.

Quantitative PCR
Left ventricular RNA from mice treated with saline, e-cigarette (2.4%), and e-cigarette (2.4%) + ACIP was 
extracted with TRIzol Reagent (Invitrogen) using a Pyrex homogenizer. Purity of RNA was determined by 260/ 
280 ratio using NanoDrop 2000 (Thermo Fisher Scientific) and 260/280 ratio greater than 1.9 was considered as 
highly purified RNA. The cDNA was prepared using the High Quality RNA to cDNA kit (Applied Biosystems). 
The quantitative PCR (qPCR) was done using Step-One plus RT-PCR system (Life Technology) with an SYBR 
Green PCR Master Mix (Applied Biosystems). All reactions were analyzed in triplicate, and 10 mice from each 
group were tested. Data were normalized to 18S RNA transcripts using the  2−ΔΔCt method for relative quantita-
tion of gene expression. The primers used for real-time PCR are as follows: HO-1: (F) 5′-GCC GAG AAT GCT 
GAG TTC ATG-3′ and (R) 5′-TGG TAC AAG GAA GCC ATC ACC-3′; Trp53i11: (F) 5′-GGG GCT CAG GGT CTG 
GCA GT-3′ and (R) 5′-CCG TAG AGG CGG ATG GGG GT-3′; Mmp14:(F) 5′-CCC TAG GCC TGG AAC ATT CT-3′ 
and (R) 5′-TTT GGG CTT ATC TGG GAC AG-3′;

CRY1:(F) 5′-CAC TGG TTC CGA AAG GGA CTC-3′ and (R) 5′-CTG AAG CAA AAA TCG CCA CCT-3′;BNP: (F) 
5′-AAG CTG CTG GAG CTG ATA AGA-3′ and (R) 5′-GTT ACA GCC CAA ACG ACT GAC-3′; Pde7a: (F) 5′-GCA 
GAG ACG TGG AGC TAT TTC-3′ and (R) 5′-CTC AAA TGC AGC ATT GGC ATC-3′; and 18s (F) 5′-GTA ACC CGT 
TGA ACC CCA TT-3′ and (R) 5′-CCA TCC AAT CGG TAG TAG CG-3′.

Serum cytokine analyses
A DropArray 96-well plate (Curiox) and mouse Milliplex magnetic bead kit with a panel of 32 analytes (Milli-
pore, Cat # MCYTMAG-70K-PX32) was utilized following manufacturer’s instructions. In short, 5 μL of serum 
were mixed with 5 μL magnetic beads and incubated overnight at 4°C while shaking. After washing the plates 
with wash buffer (PBS with 0.05% Tween-20 and 0.1% BSA) in a DropArray LT Washing Station MX96, 5 μL 
of detection antibody was put in and incubated for 1 h at room temperature. 5 μL streptavidin–phycoerythrin 
conjugate was then added to the mix and incubated for another 30 min. Following 3× washes, we resuspended 
the beats in sheath fluid. Fluorescence was measured using a Luminex 200. A MILLIPLEX Analyst 5.1 software 
was used to analyze the data.

Electron microscopy
For transmission electron microscopic studies, ventricles were dissected, and portions of the left ventricles were 
fixed in 2.5% glutaraldehyde in 0.05 M sodium cacodylate buffer (pH 7.4). Portions of glutaraldehyde-fixed left 
ventricles were further diced into small pieces, post-fixed in 1% osmium tetroxide, and embedded in Epon 812 as 
described  previously42,63. Thin sections from selected tissue blocks were cut with an LKB ultramicrotome, stained 
with uranyl acetate and lead citrate, and examined with a Hitachi electron microscope (Hitachi, Indianapolis, 
IN, USA). Special emphasis were given to key structural changes associated dilated cardiomyopathy, including 
nuclear abnormalities, myofibrillar derangement, thinning and destruction, intramyocardial lipid accumulation, 
mitochondrial vacuolization and crystolysis, and  mitophagy64.

Immunohistochemistry
For determining lipid peroxidation, a final product of oxidative stress, the 4-HNE staining was performed. Hearts 
from each group were fixed with a 4% paraformaldehyde solution. Paraffin-embedded left ventricular sections 
were immunostained with mouse monoclonal 4-HNE antibody (1:200, Abcam Cat# ab48506). 4-HNE antibody 
was with biotinylated secondary antibodies (and VECTASTAIN Elite ABC HRP kits (Vector Laboratories, Cat# 
PK6100) and developed with DAB (Vector, SK-4100) according to the provider’s instructions.

For p53 translocation to the nucleus, Paraffin-embedded sections were incubated with an antibody against 
phosphorylated p53 (p-p53) as a biomarker of DNA damage. Slides were first incubated with anti-p-p53 mouse 
antibody (1:100, Catalog #9284, Cell Signaling Technology, Boston, MA) and then incubated with anti-rabbit 
(1:200, Catalog #PK-6101, Vector Laboratories, Newark, CA) antibody, followed by application of DAB substrate 
(Catalog #SK-4100, Vector Laboratories, Newark, CA) to induce immunostaining visualization. Slides were finally 
counterstained with Harris Modified Hematoxylin (Catalog #SH26-500D, Fisher Scientific, Hampton, NH) and 
mounted. The data was quantified with ImageJ software.

Western blot analysis
The heart tissue was homogenized using T-PER Tissue Protein buffer (Thermo Fisher, 78510), supplemented with 
protease and phosphatase inhibitors (Thermo Fisher, A32959) and proteins were separated by polyacrylamide 
electrophoresis and transferred onto nitrocellulose membrane as  described16. After incubation withthe primary 
antibody, detection was performed using secondary horseradish peroxide–coupled ECL Western Blotting Sub-
strate (Pierce, #32106). The following antibodies were used: rabbit anti-beta actin (Abcam, #ab8227), and rabbit 
anti–HO-1 (Abcam, # ab13243). The quantification of the data was performed with NIH ImageJ program.

Oxidative DNA damage analysis
Genomic DNA was isolated using the genomic-tip 20/G (Qiagen,#10223) and DNA Buffer Set (Qiagen, #19060). 
The detection of apurinic/apyrimidinic (AP) sites was performed using an aldehyde-reactive probe (ARP) kit 
(Kamiya Biomedical, #DN-002), according to the manufacturer’s instructions.
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MDA levels
The protocol for the Oxiselect MDA Adduct Competitive Elisa kit was performed by the procedure described 
by the manufacturer (STA-832, Cell biolabs).

Statistical analyses
Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA). Data are 
expressed as mean ± standard error of the mean (SEM). All parameters were analyzed using one-way ANOVA 
followed by Holm-Sidak method for multiple comparison.

Data availability
All data generated or analyzed during this study are included in this published article and its Supplementary 
information files. Further inquiries can be directed to the corresponding author. The RNA-seq data have been 
deposited in the NCBI Sequence Read Archive under BioProject accession number PRJNA953428.

Received: 19 April 2023; Accepted: 3 October 2023

References
 1. Espinoza-Derout, J. et al. Electronic cigarette use and the risk of cardiovascular diseases. Front. Cardiovasc. Med. 9, 879726. https:// 

doi. org/ 10. 3389/ fcvm. 2022. 879726 (2022).
 2. Kristjansson, A. L., Mann, M. J. & Smith, M. L. Prevalence of substance use among middle school-aged e-cigarette users compared 

with cigarette smokers, non-users and dual users: Implications for primary prevention. Subst. Abuse https:// doi. org/ 10. 1080/ 08897 
077. 2017. 13432 18 (2017).

 3. Sanchez, R., Ranjit, N., Kelder, S. H., Gill, M. & Hoelscher, D. M. Intention to lose weight and use of electronic cigarettes among 
adolescents. Prev. Med. Rep. 23, 101406. https:// doi. org/ 10. 1016/j. pmedr. 2021. 101406 (2021).

 4. Espinoza-Derout, J. et al. Chronic intermittent electronic cigarette exposure induces cardiac dysfunction and atherosclerosis in 
apolipoprotein-E knockout mice. Am. J. Physiol. Heart Circ. Physiol. 317, H445–H459. https:// doi. org/ 10. 1152/ ajphe art. 00738. 
2018 (2019).

 5. Brookheart, R. T., Michel, C. I. & Schaffer, J. E. As a matter of fat. Cell Metab. 10, 9–12. https:// doi. org/ 10. 1016/j. cmet. 2009. 03. 011 
(2009).

 6. Yu, X. Y., Song, P. & Zou, M. H. Obesity paradox and smoking gun: A Mystery of statistical confounding?. Circ. Res. 122, 1642–1644. 
https:// doi. org/ 10. 1161/ CIRCR ESAHA. 118. 312897 (2018).

 7. Wu, Y. et al. Activation of AMPKalpha2 in adipocytes is essential for nicotine-induced insulin resistance in vivo. Nat. Med. 21, 
373–382. https:// doi. org/ 10. 1038/ nm. 3826 (2015).

 8. Ferrante, A. W. Jr. The immune cells in adipose tissue. Diabetes Obes. Metab. 15(Suppl 3), 34–38. https:// doi. org/ 10. 1111/ dom. 
12154 (2013).

 9. Madretsma, G. S. et al. Nicotine inhibits the in vitro production of interleukin 2 and tumour necrosis factor-alpha by human 
mononuclear cells. Immunopharmacology 35, 47–51. https:// doi. org/ 10. 1016/ 0162- 3109(96) 00122-1 (1996).

 10. Kroening, P. R. et al. Cigarette smoke-induced oxidative stress suppresses generation of dendritic cell IL-12 and IL-23 through 
ERK-dependent pathways. J. Immunol. 181, 1536–1547. https:// doi. org/ 10. 4049/ jimmu nol. 181.2. 1536 (2008).

 11. Vang, A. et al. alpha7 Nicotinic acetylcholine receptor mediates right ventricular fibrosis and diastolic dysfunction in pulmonary 
hypertension. JCI Insight https:// doi. org/ 10. 1172/ jci. insig ht. 142945 (2021).

 12. Moheimani, R. S. et al. Increased cardiac sympathetic activity and oxidative stress in habitual electronic cigarette users: implica-
tions for cardiovascular risk. JAMA Cardiol. 2, 278–284. https:// doi. org/ 10. 1001/ jamac ardio. 2016. 5303 (2017).

 13. Olfert, I. M. et al. Chronic exposure to electronic cigarettes results in impaired cardiovascular function in mice. J. Appl. Physiol. 
1985(124), 573–582. https:// doi. org/ 10. 1152/ jappl physi ol. 00713. 2017 (2018).

 14. Shimizu, I., Yoshida, Y., Suda, M. & Minamino, T. DNA damage response and metabolic disease. Cell Metab. 20, 967–977. https:// 
doi. org/ 10. 1016/j. cmet. 2014. 10. 008 (2014).

 15. Lee, H. W. et al. E-cigarette smoke damages DNA and reduces repair activity in mouse lung, heart, and bladder as well as in human 
lung and bladder cells. Proc. Natl. Acad. Sci. U. S. A. 115, E1560–E1569. https:// doi. org/ 10. 1073/ pnas. 17181 85115 (2018).

 16. Espinoza-Derout, J. et al. Hepatic DNA damage induced by electronic cigarette exposure is associated with the modulation of 
NAD+/PARP1/SIRT1 Axis. Front. Endocrinol. (Lausanne) 10, 320. https:// doi. org/ 10. 3389/ fendo. 2019. 00320 (2019).

 17. Soudijn, W., van Wijngaarden, I. & Ijzerman, A. P. Nicotinic acid receptor subtypes and their ligands. Med. Res. Rev. 27, 417–433. 
https:// doi. org/ 10. 1002/ med. 20102 (2007).

 18. Ahmed, K. Biological roles and therapeutic potential of hydroxy-carboxylic Acid receptors. Front. Endocrinol. (Lausanne) 2, 51. 
https:// doi. org/ 10. 3389/ fendo. 2011. 00051 (2011).

 19. Hasan, K. M. et al. Electronic cigarettes cause alteration in cardiac structure and function in diet-induced obese mice. PLoS ONE 
15, e0239671. https:// doi. org/ 10. 1371/ journ al. pone. 02396 71 (2020).

 20. Colombo, E. S. et al. Effects of nicotine on cardiovascular remodeling in a mouse model of systemic hypertension. Cardiovasc. 
Toxicol. 13, 364–369. https:// doi. org/ 10. 1007/ s12012- 013- 9217-z (2013).

 21. Mayyas, F. et al. Comparison of the cardiac effects of electronic cigarette aerosol exposure with waterpipe and combustible cigarette 
smoke exposure in rats. Life Sci. 251, 117644. https:// doi. org/ 10. 1016/j. lfs. 2020. 117644 (2020).

 22. Koster, A. et al. The combined relations of adiposity and smoking on mortality. Am. J. Clin. Nutr. 88, 1206–1212. https:// doi. org/ 
10. 3945/ ajcn. 2008. 26298 (2008).

 23. Delk, J., Creamer, M. R., Perry, C. L. & Harrell, M. B. Weight status and cigarette and electronic cigarette use in adolescents. Am. 
J. Prev. Med. 54, e31–e35. https:// doi. org/ 10. 1016/j. amepre. 2017. 09. 007 (2018).

 24. Kim, C. Y. et al. Dual use of electronic and conventional cigarettes is associated with higher cardiovascular risk factors in Korean 
men. Sci. Rep. 10, 5612. https:// doi. org/ 10. 1038/ s41598- 020- 62545-3 (2020).

 25. Masso-Silva, J. A., Byun, M. K. & Crotty Alexander, L. E. Acute and chronic effects of vaping electronic devices on lung physiology 
and inflammation. Curr. Opin. Physiol. 22, 100447. https:// doi. org/ 10. 1016/j. cophys. 2021. 06. 001 (2021).

 26. Di Paolo, N. C. & Shayakhmetov, D. M. Interleukin 1alpha and the inflammatory process. Nat. Immunol. 17, 906–913. https:// doi. 
org/ 10. 1038/ ni. 3503 (2016).

 27. Reimand, J. et al. Pathway enrichment analysis and visualization of omics data using g:Profiler, GSEA, Cytoscape and Enrichment-
Map. Nat. Protoc. 14, 482–517. https:// doi. org/ 10. 1038/ s41596- 018- 0103-9 (2019).

 28. Harley, M. E. et al. TRAIP promotes DNA damage response during genome replication and is mutated in primordial dwarfism. 
Nat. Genet. 48, 36-43B. https:// doi. org/ 10. 1038/ ng. 3451 (2016).

https://doi.org/10.3389/fcvm.2022.879726
https://doi.org/10.3389/fcvm.2022.879726
https://doi.org/10.1080/08897077.2017.1343218
https://doi.org/10.1080/08897077.2017.1343218
https://doi.org/10.1016/j.pmedr.2021.101406
https://doi.org/10.1152/ajpheart.00738.2018
https://doi.org/10.1152/ajpheart.00738.2018
https://doi.org/10.1016/j.cmet.2009.03.011
https://doi.org/10.1161/CIRCRESAHA.118.312897
https://doi.org/10.1038/nm.3826
https://doi.org/10.1111/dom.12154
https://doi.org/10.1111/dom.12154
https://doi.org/10.1016/0162-3109(96)00122-1
https://doi.org/10.4049/jimmunol.181.2.1536
https://doi.org/10.1172/jci.insight.142945
https://doi.org/10.1001/jamacardio.2016.5303
https://doi.org/10.1152/japplphysiol.00713.2017
https://doi.org/10.1016/j.cmet.2014.10.008
https://doi.org/10.1016/j.cmet.2014.10.008
https://doi.org/10.1073/pnas.1718185115
https://doi.org/10.3389/fendo.2019.00320
https://doi.org/10.1002/med.20102
https://doi.org/10.3389/fendo.2011.00051
https://doi.org/10.1371/journal.pone.0239671
https://doi.org/10.1007/s12012-013-9217-z
https://doi.org/10.1016/j.lfs.2020.117644
https://doi.org/10.3945/ajcn.2008.26298
https://doi.org/10.3945/ajcn.2008.26298
https://doi.org/10.1016/j.amepre.2017.09.007
https://doi.org/10.1038/s41598-020-62545-3
https://doi.org/10.1016/j.cophys.2021.06.001
https://doi.org/10.1038/ni.3503
https://doi.org/10.1038/ni.3503
https://doi.org/10.1038/s41596-018-0103-9
https://doi.org/10.1038/ng.3451


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18239  | https://doi.org/10.1038/s41598-023-44082-x

www.nature.com/scientificreports/

 29. Kamalvand, G., Pinard, G. & Ali-Khan, Z. Heme-oxygenase-1 response, a marker of oxidative stress, in a mouse model of AA 
amyloidosis. Amyloid 10, 151–159. https:// doi. org/ 10. 3109/ 13506 12030 89989 97 (2003).

 30. Otterbein, L. E., Foresti, R. & Motterlini, R. Heme oxygenase-1 and carbon monoxide in the heart: The balancing act between 
danger signaling and pro-survival. Circ. Res. 118, 1940–1959. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 116. 306588 (2016).

 31. Liang, X. Q., Cao, E. H., Zhang, Y. & Qin, J. F. A P53 target gene, PIG11, contributes to chemosensitivity of cells to arsenic trioxide. 
FEBS Lett. 569, 94–98. https:// doi. org/ 10. 1016/j. febsl et. 2004. 05. 057 (2004).

 32. Siddesha, J. M. et al. Angiotensin II stimulates cardiac fibroblast migration via the differential regulation of matrixins and RECK. 
J. Mol. Cell Cardiol. 65, 9–18. https:// doi. org/ 10. 1016/j. yjmcc. 2013. 09. 015 (2013).

 33. Papp, S. J. et al. DNA damage shifts circadian clock time via Hausp-dependent Cry1 stabilization. Elife https:// doi. org/ 10. 7554/ 
eLife. 04883 (2015).

 34. Clerico, A., Giannoni, A., Vittorini, S. & Emdin, M. The paradox of low BNP levels in obesity. Heart Fail. Rev. 17, 81–96. https:// 
doi. org/ 10. 1007/ s10741- 011- 9249-z (2012).

 35. Redondo, M. et al. Effect of phosphodiesterase 7 (PDE7) inhibitors in experimental autoimmune encephalomyelitis mice. Discovery 
of a new chemically diverse family of compounds. J. Med. Chem. 55, 3274–3284. https:// doi. org/ 10. 1021/ jm201 720d (2012).

 36. El-Mahdy, M. A. et al. Long-term electronic cigarette exposure induces cardiovascular dysfunction similar to tobacco cigarettes: 
role of nicotine and exposure duration. Am. J. Physiol. Heart. Circ. Physiol. 320, H2112–H2129. https:// doi. org/ 10. 1152/ ajphe art. 
00997. 2020 (2021).

 37. Gao, J. et al. Nicotine aggravates vascular adiponectin resistance via ubiquitin-mediated adiponectin receptor degradation in 
diabetic Apolipoprotein E knockout mouse. Cell Death Dis. 12, 508. https:// doi. org/ 10. 1038/ s41419- 021- 03772-y (2021).

 38. Shao, X. M. et al. A mouse model for chronic intermittent electronic cigarette exposure exhibits nicotine pharmacokinetics resem-
bling human vapers. J. Neurosci. Methods 326, 108376. https:// doi. org/ 10. 1016/j. jneum eth. 2019. 108376 (2019).

 39. Tunaru, S. et al. PUMA-G and HM74 are receptors for nicotinic acid and mediate its anti-lipolytic effect. Nat. Med. 9, 352–355. 
https:// doi. org/ 10. 1038/ nm824 (2003).

 40. Soga, T. et al. Molecular identification of nicotinic acid receptor. Biochem. Biophys. Res. Commun. 303, 364–369. https:// doi. org/ 
10. 1016/ s0006- 291x(03) 00342-5 (2003).

 41. Feingold, K. R., Moser, A., Shigenaga, J. K. & Grunfeld, C. Inflammation stimulates niacin receptor (GPR109A/HCA2) expression 
in adipose tissue and macrophages. J. Lipid Res. 55, 2501–2508. https:// doi. org/ 10. 1194/ jlr. M0509 55 (2014).

 42. Friedman, T. C. et al. Additive effects of nicotine and high-fat diet on hepatic steatosis in male mice. Endocrinology 153, 5809–5820. 
https:// doi. org/ 10. 1210/ en. 2012- 1750 (2012).

 43. Ridker, P. M. & Rane, M. Interleukin-6 signaling and anti-interleukin-6 therapeutics in cardiovascular disease. Circ. Res. 128, 
1728–1746. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 121. 319077 (2021).

 44. Staiger, H. et al. Palmitate-induced interleukin-6 expression in human coronary artery endothelial cells. Diabetes 53, 3209–3216. 
https:// doi. org/ 10. 2337/ diabe tes. 53. 12. 3209 (2004).

 45. Lugrin, J. et al. Cutting edge: IL-1alpha is a crucial danger signal triggering acute myocardial inflammation during myocardial 
infarction. J. Immunol. 194, 499–503. https:// doi. org/ 10. 4049/ jimmu nol. 14019 48 (2015).

 46. Zeng, Z. et al. Interleukin-2/anti-interleukin-2 immune complex attenuates cardiac remodeling after myocardial infarction through 
expansion of regulatory T cells. J. Immunol. Res. 2016, 8493767. https:// doi. org/ 10. 1155/ 2016/ 84937 67 (2016).

 47. Sriranjan, R. et al. Low-dose interleukin 2 for the reduction of vascular inflammation in acute coronary syndromes (IVORY): 
Protocol and study rationale for a randomised, double-blind, placebo-controlled, phase II clinical trial. BMJ Open 12, e062602. 
https:// doi. org/ 10. 1136/ bmjop en- 2022- 062602 (2022).

 48. Nag, A. C. Study of non-muscle cells of the adult mammalian heart: A fine structural analysis and distribution. Cytobios 28, 41–61 
(1980).

 49. Hashiramoto, A. et al. Mammalian clock gene Cryptochrome regulates arthritis via proinflammatory cytokine TNF-alpha. J. 
Immunol. 184, 1560–1565. https:// doi. org/ 10. 4049/ jimmu nol. 09032 84 (2010).

 50. Madamanchi, C., Alhosaini, H., Sumida, A. & Runge, M. S. Obesity and natriuretic peptides, BNP and NT-proBNP: Mechanisms 
and diagnostic implications for heart failure. Int. J. Cardiol. 176, 611–617. https:// doi. org/ 10. 1016/j. ijcard. 2014. 08. 007 (2014).

 51. Doust, J., Lehman, R. & Glasziou, P. The role of BNP testing in heart failure. Am. Fam. Phys. 74, 1893–1898 (2006).
 52. Miyashita, K. et al. Natriuretic peptides/cGMP/cGMP-dependent protein kinase cascades promote muscle mitochondrial biogenesis 

and prevent obesity. Diabetes 58, 2880–2892. https:// doi. org/ 10. 2337/ db09- 0393 (2009).
 53. Marshall, K., Liu, Z., Olfert, I. M. & Gao, W. Chronic electronic cigarette use elicits molecular changes related to pulmonary 

pathogenesis. Toxicol Appl. Pharmacol. 406, 115224. https:// doi. org/ 10. 1016/j. taap. 2020. 115224 (2020).
 54. Basma, H. et al. Electronic cigarette extract induced toxic effect in iPS-derived cardiomyocytes. BMC Cardiovasc. Disord. 20, 357. 

https:// doi. org/ 10. 1186/ s12872- 020- 01629-4 (2020).
 55. Higham, A. et al. Electronic cigarette exposure triggers neutrophil inflammatory responses. Respir. Res. 17, 56. https:// doi. org/ 10. 

1186/ s12931- 016- 0368-x (2016).
 56. Davis, E. S. et al. Chronic E-cigarette exposure alters human alveolar macrophage morphology and gene expression. Nicotine Tob. 

Res. 24, 395–399. https:// doi. org/ 10. 1093/ ntr/ ntab1 86 (2022).
 57. Roos, K. P. et al. Hypertrophy and heart failure in mice overexpressing the cardiac sodium-calcium exchanger. J. Card. Fail. 13, 

318–329. https:// doi. org/ 10. 1016/j. cardf ail. 2007. 01. 004 (2007).
 58. Schroeder, A. M. et al. Cardiac dysfunction in the BACHD mouse model of Huntington’s disease. PLoS ONE 11, e0147269. https:// 

doi. org/ 10. 1371/ journ al. pone. 01472 69 (2016).
 59. Parvatiyar, M. S. et al. Sarcospan regulates cardiac isoproterenol response and prevents duchenne muscular dystrophy-associated 

cardiomyopathy. J. Am. Heart Assoc. https:// doi. org/ 10. 1161/ JAHA. 115. 002481 (2015).
 60. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357–359. https:// doi. org/ 10. 1038/ 

nmeth. 1923 (2012).
 61. Li, B. & Dewey, C. N. RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC 

Bioinform. 12, 323. https:// doi. org/ 10. 1186/ 1471- 2105- 12- 323 (2011).
 62. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: A bioconductor package for differential expression analysis of digital gene 

expression data. Bioinformatics 26, 139–140. https:// doi. org/ 10. 1093/ bioin forma tics/ btp616 (2010).
 63. Sinha-Hikim, I. et al. Nicotine in combination with a high-fat diet causes intramyocellular mitochondrial abnormalities in male 

mice. Endocrinology 155, 865–872. https:// doi. org/ 10. 1210/ en. 2013- 1795 (2014).
 64. Rapti, K. et al. Opposite effects of catalase and MnSOD ectopic expression on stress induced defects and mortality in the desmin 

deficient cardiomyopathy model. Free Radic. Biol. Med. 110, 206–218. https:// doi. org/ 10. 1016/j. freer adbio med. 2017. 06. 010 (2017).

Acknowledgements
TCGB at UCLA and AXIS technology core at CDU are acknowledged for excellent technical assistance with 
the RNA-seq data.

https://doi.org/10.3109/13506120308998997
https://doi.org/10.1161/CIRCRESAHA.116.306588
https://doi.org/10.1016/j.febslet.2004.05.057
https://doi.org/10.1016/j.yjmcc.2013.09.015
https://doi.org/10.7554/eLife.04883
https://doi.org/10.7554/eLife.04883
https://doi.org/10.1007/s10741-011-9249-z
https://doi.org/10.1007/s10741-011-9249-z
https://doi.org/10.1021/jm201720d
https://doi.org/10.1152/ajpheart.00997.2020
https://doi.org/10.1152/ajpheart.00997.2020
https://doi.org/10.1038/s41419-021-03772-y
https://doi.org/10.1016/j.jneumeth.2019.108376
https://doi.org/10.1038/nm824
https://doi.org/10.1016/s0006-291x(03)00342-5
https://doi.org/10.1016/s0006-291x(03)00342-5
https://doi.org/10.1194/jlr.M050955
https://doi.org/10.1210/en.2012-1750
https://doi.org/10.1161/CIRCRESAHA.121.319077
https://doi.org/10.2337/diabetes.53.12.3209
https://doi.org/10.4049/jimmunol.1401948
https://doi.org/10.1155/2016/8493767
https://doi.org/10.1136/bmjopen-2022-062602
https://doi.org/10.4049/jimmunol.0903284
https://doi.org/10.1016/j.ijcard.2014.08.007
https://doi.org/10.2337/db09-0393
https://doi.org/10.1016/j.taap.2020.115224
https://doi.org/10.1186/s12872-020-01629-4
https://doi.org/10.1186/s12931-016-0368-x
https://doi.org/10.1186/s12931-016-0368-x
https://doi.org/10.1093/ntr/ntab186
https://doi.org/10.1016/j.cardfail.2007.01.004
https://doi.org/10.1371/journal.pone.0147269
https://doi.org/10.1371/journal.pone.0147269
https://doi.org/10.1161/JAHA.115.002481
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1210/en.2013-1795
https://doi.org/10.1016/j.freeradbiomed.2017.06.010


15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18239  | https://doi.org/10.1038/s41598-023-44082-x

www.nature.com/scientificreports/

Author contributions
J.E.-D., J.M.L.A., W.R., J.C.R., K.M.H., C.J.L., M.C.J., and X.M.S., performed the experiments. J.E-D., X.M.S., 
K.P.R., A.P.S-H, and T.C.F., conceived and planned the experiments. J.E.D., A.P.S-H., X.M.S., and T.C.F., con-
tributed to the interpretation of the results. J.E-D., X.M.S., A.P.S-H., and T.C.F., wrote the manuscript. T.C.F., 
supervised the project.

Funding
JE-D work was supported by the NIH Grants: NIGMS (SC2GM135127), NIMHD (S21MD000103), the CDU 
Accelerating Excellence in Translational Science (AXIS) (U54MD007598-14S2), and a voucher from UCLA 
CTSI (UL1TR001881). TF was supported by the California TRDRP Grant (28CP-0040), DODCDMRP Grant 
(PR190942) and NIDA (R25DA050723) Grants. KPR was supported by DODCDMRP Grant (PR190942-P1). 
X.M.S was supported by a NIDA (R42DA044788) Grant.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 44082-x.

Correspondence and requests for materials should be addressed to J.E.-D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-44082-x
https://doi.org/10.1038/s41598-023-44082-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The lipolysis inhibitor acipimox reverses the cardiac phenotype induced by electronic cigarettes
	Results
	Echocardiographic assessment of acipimox effects on e-cigarette-induced cardiac dysfunction
	Acipimox effects on serum lipid profile
	Acipimox effects on inflammatory levels of serum cytokines induced by e-cigarettes
	Transcriptome analysis of acipimox-mediated rescue of the e-cigarette-induced cardiac dysfunction in mice
	Validation of RNA-seq data by qPCR
	Acipimox normalizes oxidative stress induced by e-cigarettes
	E-cigarette (2.4%)-induced DNA damage was normalized by acipimox
	Acipimox rescued e-cigarette (2.4% nicotine)-induced cardiac ultrastructural abnormalities

	Discussion
	Methods
	Animals
	E-cigarette aerosol generation and rodent exposure system
	Lipid profile
	Echocardiography
	RNA-seq analysis
	Quantitative PCR
	Serum cytokine analyses
	Electron microscopy
	Immunohistochemistry
	Western blot analysis
	Oxidative DNA damage analysis
	MDA levels
	Statistical analyses

	References
	Acknowledgements


