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Nicotine-induced impairment of autophagic flux promotes the onset of myocardial remodelling, 
thereby exacerbating heart failure. In this study, we investigated the role and molecular mechanisms 
of the transcription factor CDX1 in cardiac fibroblasts (CFs) activation and cardiomyocyte hypertrophy 
induced by nicotine. We found that CDX1 expression was increased in response to nicotine. 
However, a decrease in CDX1 further exacerbated the nicotine-induced blockade of autophagic flux, 
thereby aggravating CFs activation and cardiomyocyte hypertrophy. This effect was attributed to 
the suppression of the autophagic regulator LAPTM4B transcription by CDX1 and the subsequent 
activation of the mTOR pathway. In contrast, CDX1 overexpression promoted LAPTM4B expression, 
resulting in the opposite effect. In conclusion, our study demonstrated that CDX1/LAPTM4B axis could 
alleviate nicotine-induced autophagy flux impairment by inhibiting mTORC1 pathway activation, 
thereby alleviating CFs activation and cardiomyocyte hypertrophy, and exerting cardioprotective 
functions.
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Heart failure (HF) is a condition of reduced cardiac output caused by various structural or functional diseases of 
the heart and is associated with a high mortality rate. Although some progress has been made in the treatment of 
heart failure in clinical practice, the prognosis of heart failure remains unsatisfactory1. Myocardial remodeling 
is the initiating factor in the development of heart failure, and the central events in this process arise from 
cardiomyocyte hypertrophy and cardiac fibroblast activation2. Numerous studies have shown that abnormal 
regulation of autophagy is involved in the pathological process of myocardial remodeling3–5. Macroautophagy 
(known as autophagy) is a highly conserved metabolic process in eukaryotic organisms that maintains the 
cycling and renewal of cellular nutrients in organisms through the selective degradation of proteins and the 
damaged organelles. Autophagic flux refers to the dynamic processes of autophagy within cells, encompassing 
the formation, fusion, degradation, and recycling of autophagosomes. Autophagy is a critical cellular mechanism 
that enables cells to eliminate damaged organelles, aggregated proteins, and various metabolic byproducts, thus 
maintaining cellular homeostasis and function. Specifically, in autophagy, vesicles with bilateral membrane 
structures engulf functionally impaired organelles or proteins to form early autophagic vesicles, which finally 
bind to lysosomes to form late autophagic lysosomes, which degrade and remove harmful substances while 
recycling them6,7. Similarly, activation of autophagy plays an important role in protecting the heart from nicotine 
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damage. Studies have shown that inhibition of normal autophagy levels can lead to the development of cardiac 
hypertrophy, which can be attenuated by restoring normal autophagy levels8–11. However, the specific molecular 
mechanism of autophagy regulation in this process remains unclear.

Smoking is an independent risk factor for cardiovascular disease. Nicotine, one of the main harmful 
substances in tobacco, has been shown to play an important role in the development of cardiac remodeling12,13. 
Autophagic flux blockade and myocardial hypertrophy occur in cardiomyocytes under the stimulation of 
nicotine13. Alleviation of autophagic flux impairment can inhibit myocardial remodeling and protect cardiac 
function14,15. This is consistent with our previous study16. However, other mechanisms of autophagy regulation 
involved in nicotine-induced myocardial remodeling remain to be elucidated. In the present study, we found that 
Caudal related homeobox 1 (CDX1) was responsively up-regulated in response to nicotine stimulation, but its 
role in nicotine-induced myocardial injury has not been reported.

CDX1 is a member of the CDX family17 and previous research focused on gastrointestinal tumors. CDX1 
is also a crucial transcription factor in the initial stages of heart development in the mammalian embryos18 
and it plays a role in regulating epicardial cell differentiation through the PI3K/AKT signaling pathway19. 
However, little is known about its function in the heart. Recently, CDX1 was found to promote proliferation and 
resist apoptosis in colon cancer stem cells by initiating autophagy, whereas its absence leads to a reduction in 
autophagic flux in these cells20. However, it is largely unknown whether CDX1 influences the process of nicotine-
induced myocardial injury by regulating autophagy. Cardiomyocyte injury is closely associated with lysosomal 
dysfunction and impaired clearance of autophagic vesicles21. Defects in lysosomal membrane proteins can lead 
to the accumulation of autophagosomes and the autophagic substrate. The role of lysosomal membrane proteins 
in nicotine-induced impairment of autophagic flux in cardiomyocytes is not fully understood. Lysosome-
associated transmembrane protein 4B (LAPTM4B), which was predicted to be a downstream target gene of the 
CDX1 transcription factor, plays a crucial role in modulating autophagic flux.

LAPTM4B, a member of the lysosomal transmembrane protein family, localizes to lysosomes and stabilizes 
lysosomal membranes22, and is highly expressed in cardiac muscle23. Down-regulation of LAPTM4B has 
been shown to prevent lysosomes from binding to autophagosomes to form autophagic lysosomes at the late 
stage of autophagy in starved breast cancer cells, thereby blocking autophagic flux24. LAPTM4B interacts with 
EGFR to initiate autophagy and promote tumour cell survival25. Overexpression of LAPTM4B can alleviate 
the autophagic flux impairment induced by myocardial ischemia/reperfusion in mice through the AKT/mTOR 
pathway and play a role in protecting cardiac function26. Recently, nicotine has been shown to stimulate the 
upregulation of LAPTM4B27. In lung cancer patients, LAPTM4B expression was significantly higher in smokers 
than in non-smokers28. Therefore, we speculated that CDX1 may play a cardioprotective role during nicotine-
induced myocardial remodelling by targeting and regulating LAPTM4B to participate in the autophagy process.

The mammalian target of rapamycin complex 1 (mTORC1) plays an important regulatory role in 
autophagy and is a key negative regulator of autophagy29,30. mTORC1 inhibits catabolic processes, including 
autophagy27,31. Inhibition of the mTORC1 pathway by pharmacological or genetic means increases autophagy 
in cardiomyocytes30,32–34. Lysosomal membrane proteins are important targets for mTOR, but whether CDX1/
LAPTM4B acts through this pathway remains unclear.

The aim of this study was to investigate the role and potential molecular mechanism of CDX1 in nicotine-
induced cardiomyocyte hypertrophy and activation of CFs by modulation of autophagy. The results of this study 
may provide potential new targets for myocardial remodeling and the prevention and treatment of heart failure.

Materials and methods
Reagents
Nicotine and BafA1 were purchased from Sigma-Aldrich. Type II collagen was purchased from Worthington 
Biochemical Company, USA. Taq Pro Universal SYBR qPCR Master Mix and Trizol Reagent were purchased 
from Hunan Accurate biology, HUNAN China. Protein molecular weight standards and lipo®2000 were 
purchased from Thermo Fisher, USA. Opti-MEM medium and fetal bovine serum were purchased from GIBCO, 
USA. Specific NC siRNA(5’-​U​U​C​U​C​C​G​A​A​C​G​U​G​U​C​A​C​G​U​T​T-3’; 3’-​A​C​G​U​G​A​C​A​C​G​U​U​C​G​G​A​G​A​A​T​T-5’), 
specific LAPTM4B siRNA (siRNA1: 5’-​T​G​T​C​A​T​C​C​T​T​C​T​C​T​T​C​A​T​A-3’) and specific CDX1 siRNA (siRNA: 
5’-​C​G​A​C​T​G​G​G​C​A​G​C​T​G​C​C​T​A​T-3’) were purchased from RIBOBIO (Guangzhou, China). Primers used for 
q-PCR and Antibodies are shown in key resources Tables 1 and 2.

Methods
Extraction of NRVMs and cardiac fibroblasts(CFs)
The CFs35 and NRVMs36 were prepared in accordance with the previously described methodology. In brief, 1- to 
3-day-old Wistar rats were anesthetized with 2% isoflurane, followed by euthanasia through cervical dislocation. 
After euthanasia, the skin of the pups was promptly disinfected, an incision was made, and the heart was 
carefully extracted. The ventricular tissues were then digested with phosphate-buffered saline (PBS) containing 
200 U type II collagenase and 0.4% horse serum for three cycles. Subsequently, the cells were suspended and 
centrifuged in medium containing 5% fetal bovine serum and 8% horse serum. The cell suspensions were 
incubated at 37°C with 95% O₂ and 5% CO₂ for 1.5 h. The NRVMs were suspended in the culture medium, 
while the CFs were adhered to the wall of the culture flasks. The suspended NRVMs were removed and plated 
in 1 × 10⁵ cells/ml of culture medium. Additionally, 0.1 mM 5-bromo-2-deoxyuridine (BrdU) was added to the 
medium to inhibit non-NRVMs. Prior to the experiment, the cells were cultured in serum-free medium for 24 h. 
The majority of cells (> 95%) were identified as NRVMs based on morphological examination and anti-actin 
antibody staining. With regard to the previously adherent CFs, cell suspensions were prepared after two days 
by digestion with 0.25% trypsin, cultured in medium containing 4% fetal bovine serum and passaged at a 1:4 
ratio. In subsequent experiments, third-generation cells were employed. All media were supplemented with 1% 
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streptomycin-penicillin. All methods were carried out in accordance with relevant guidelines and regulations 
and are reported in accordance with ARRIVE guidelines. The experimental procedures carried out in the present 
study were approved by the Animal Ethics Committee.

Method details
Adenoviral transfection and SiRNA transfection of cells
To obtain stable CDX1 and LAPTM4B overexpressing cells and corresponding negative control cells, we infected 
NRVMs and CFs with negative control(NC 1:3000 dilution), adenovirus-mediated LAPTM4B overexpression 
AdLAPTM4B 1:5000 dilution, NO.CON176) and adenovirus-mediated CDX1 overexpression (AdCDX1 1:3000 
dilution, NO. CON174) constructed by Genechem (Shanghai, China). After 8  h of incubation, the medium 
was replaced with normal medium, and PCR and WB were performed to detect transfection efficiency after 
24 and 48 h, respectively. NRVMs and CFs were transfected with recombinant adenovirus encoding mCherry-

Antibodies

Target antigen Vendor or source Catalog # Working concentration

phosphor-4EBP1 Cell signaling technology 2855s 1:1000 WB

phosphor-p70s6k Cell signaling technology 9204s 1:1000 WB

p70s6k Cell signaling technology 2708s 1:1000 WB

phosphor-mTOR Cell signaling technology 5536s 1:1000 WB

α-SMA ABclonal A1011 1:1000 WB

LAPTM4B abcam ab25631 1:1000 WB

4EBP1 Proteintech 60246-1-Ig 1:1000 WB

mTOR Proteintech 66888-1-Ig 1:1000 WB

p62 Proteintech 14600-1-AP 1:1000 WB

,LC3II Proteintech 66184-1-Ig 1:1000 WB

β-actin Proteintech 66009-1-Ig 1:2000 WB

Col1 Proteintech 66761-1-Ig 1:1000 WB

Col3 Proteintech 22734-1-AP 1:1000 WB

GAPDH Proteintech 60004-1-Ig 1:2000 WB

CDX1 Sigma-Aldrich PM045 1:100 WB

Table 2.  The sources, catalog numbers, and working concentrations of all antibodies used in this study are 
listed.

 

Primers used for q-PCR

Genes Sequences (5’-3’)

β-actin
5‘-​C​G​T​T​G​A​C​A​T​C​C​G​T​A​A​A​G​A​C​C-3’ (forward)

5’-​T​A​G​A​G​C​C​A​C​C​A​A​T​C​C​A​C​A​C​A-3 ‘(reverse)

BNP
5’-​G​C​T​G​C​T​T​T​G​G​G​C​A​G​A​A​G​A​T​A-3‘(forward)

5’-​G​G​A​G​T​C​T​G​C​A​G​C​C​A​G​G​A​G​G​T-3 ‘(reverse)

ANP
5’-​G​G​G​G​G​T​A​G​G​A​T​T​G​A​C​A​G​G​A​T-3‘(forward)

5’-​G​G​G​A​T​C​T​T​T​T​G​C​G​A​T​C​T​G​C​T​C-3 ‘(reverse)

β-MHC
5’-​C​G​C​T​C​A​G​T​C​A​T​G​G​C​G​G​A​T-3‘(forward)

5’-​G​C​C​C​C​A​A​A​T​G​C​A​G​C​C​A​T-3 ‘(reverse)

Col1
5’-​C​C​A​G​C​G​G​T​G​G​T​T​A​T​G​A​C​T​T​C​A-3‘(forward)

5’-​T​G​C​T​G​G​C​T​C​A​G​G​C​T​C​T​T​G​A-3 ‘(reverse)

Col3
5-​G​G​T​C​A​C​T​T​T​C​A​C​T​G​G​T​T​G​A​C​G​A-3’(forward)

5’-​T​T​G​A​A​T​A​T​C​A​A​A​C​A​C​G​C​A​A​G​G​C-3 ‘ (reverse)

a-SMA
5’-​C​A​T​C​C​G​A​C​C​T​T​G​C​T​A​A​C​G​G​A-3‘ (forward)

5’-​G​T​C​C​A​G​A​G​C​G​A​C​A​T​A​G​C​A​C​A-3 ‘ (reverse)

Fn
5’-​G​G​A​T​C​C​C​C​T​C​C​C​A​G​A​G​A​A​G​T-3‘ (forward)

5’-​G​G​G​T​G​T​G​T​G​G​A​A​G​G​G​T​A​A​C​C​A​G-3 ‘ (reverse)

CDX1
5’-​A​G​C​A​G​C​A​G​C​A​G​C​A​G​C​A​A​C​A​G − 3‘ (forward)

5’-​C​A​G​C​A​T​T​G​G​T​G​G​G​G​C​A​T​A​G​A​C​T​C − 3 ‘ (reverse)

LAPTM4B
5’-​C​C​T​G​A​T​C​A​T​C​A​A​T​G​C​C​G​T​G​G-3‘(forward)

5’-​C​A​T​G​A​G​G​A​G​A​G​A​G​A​T​C​G​C​G​A- 3‘ (reverse)

Table 1.  The reverse primer sequences and forward primer sequence of the target gene used for q-PCR.
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EGFP-LC3 (2 × 1010 PFU/ml stock solution, 1:5000 dilution) (HANBIO, Wuhan, China), and experiments were 
performed after 48 h of incubation.

Knockdown of CDX1 and LAPTM4B was performed by using siRNA. NRVMs and CFs were inoculated 
into 6-well plates at 1 × 105 cells per well. Cells were transfected with siLAPTM4B and siCDX1 in Opti-MEM 
medium with Lipo® 2000 reagent; negative controls were transfected scrambled RNA (si-NC). After 6 h, the 
medium was changed to normal medium, and cells were continuously cultured for 24 h for PCR and WB assays.

Western blot
Immunoblotting and quantification of relative protein levels were performed as described in a previous study37. 
The cells were lysed with protein lysate. The protein concentration of the homogenates was determined and 
quantified using the Kaumas Brilliant Blue protein assay. Protein extracts were electrophoresed in SDS-PAGE 
gels and then transferred to PVDF membranes. Anti-p62, anti-LC3, anti-Col1, anti-Col3, anti-α-SMA, anti-
LAPTM4B, anti-p-p70s6k, anti-p70s6k, anti-p-4EBP1, anti-4EBP1, anti-p-mTOR, anti-mTOR, anti-CDX1, anti-
GAPDH, and anti-β-ACTIN were added, and the above proteins were detected with horseradish peroxidase-
coupled IgG secondary antibodies (1:2000 dilution) to detect the above proteins. The immunoblotting signals of 
the protein bands were visualized using the Tanon imaging system. The bands were analyzed in greyscale using 
Image J software (version 1.46r, Wayne Rathband, National Institutes of Health, USA) and normalized to the 
level of β-actin or GAPDH.

Dual luciferase reporter gene test
293T cells were inoculated and cultured in 24-well plates. Cells were co-transfected with LAPTM4B promoter 
luciferase plasmid and CDX1 adenoviral vector (Promega, Madison, WI, USA) after 24 h and replaced with 
normal medium after 8 h. After 48 h, luciferase activity was analyzed using the Dual Luciferase Reporter Assay 
System (Promega). The values of luciferase activity of each group were normalized to the level of sea pansy 
luciferase.

Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA was extracted from NRVMs and CFs using Trizol, and cDNA was synthesized by reverse transcription 
using the method described previously36. cDNA was synthesized by applying fluorescence quantitative 
polymerase chain reaction using the ABI7500 system. The following primers were used in this study β-actin, 
BNP, ANP, β-MHC, Col1, Col3, α-SMA, Fn, CDX1, LAPTM4B, and the primer sequences are shown in Table 1. 
All the above primers were denatured at 95 °C (30 s) each, and PCR was performed with 40 cycles of annealing 
set (95 °C (5 s), 60 °C (30 s)) reaction, and the mRNA level of each target gene was normalized to the β-actin 
level.

Immunofluorescence
The culture medium was removed, and cells were washed three times with PBS, fixed with 4% paraformaldehyde 
for 20 min, washed with PBS and then permeabilized with 0.3% Triton X-100 for 3 min. After blocking with 10% 
donkey serum for 40 min, cells were incubated overnight at 4 °C with primary antibodies (1:200 dilution) against 
α-SMA. Following three PBS washes, cells were incubated.Nuclei were stained.

Collagen gel contraction (CGC) assay
The collagen gel contraction (CGC) assay was used to assess the contraction ability of CFs under nicotine 
stimulation. After being trypsinized, CFs were suspended in medium and mixed with collagen gel working 
solution (CBA-201, Cell Biolabs, San Diego, CA) on ice. The collagen mixture (1 × 10⁵ cells/mL) was then seeded 
in a 24-well plate. After incubating at 37 °C for 1 h, the collagen gel was allowed to solidify. The edges of the gel 
were separated from the well walls, and medium containing nicotine was added to the gel. Control groups were 
treated with medium without nicotine. The cell contractility was measured 12–24 h later. Finally, gel images were 
captured and analyzed using ImageJ software.

Hematoxylin-eosin staining (HE staining)
HE staining was used to evaluate cardiomyocyte area. After culturing, cells were treated with nicotine or vehicle 
for 48 h, fixed with 4% paraformaldehyde for 10 min, and washed with PBS three times. Following fixation, cells 
were stained with hematoxylin and eosin, dehydrated with graded ethanol, vitrified in xylene, and mounted with 
neutral gum. Microscopic images were captured for analysis.

Statistical analysis
An unpaired t-test were employed to statistically assess the differences between the two groups. Comparisons 
of differences between more than three groups were analyzed using one-way analysis of variance (ANOVA), 
Bonferroni test employed for post-hoc analyses. Comparative tests between multiple groups were applied using 
GraphPad Prism software (version 8.0.3, California, USA). The data were processed using Adobe Photoshop 
CS 6 software (version 13.0, California, USA). The mean value was derived from at least three independent 
biological experiments, with each experiment performed in triplicate to ensure stable and reliable results.The 
normality of the data was assessed using the Shapiro-Wilk test, and the homogeneity of variances was evaluated 
with Brown-Forsythe test. The data in this study were tested for normality and found to satisfy the assumption 
of homogeneity of variance. Detailed data are provided in the supplementary explanatory document. The data 
are expressed as mean ± standard deviation. P values less than 0.05 were considered statistically significant 
differences.
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Results
Nicotine induces cardiomyocyte hypertrophy and activation of CFs by impairing autophagic 
flux
To confirm the effect of nicotine on CFs, we applied nicotine (0.1 nM, 10 nM, 100 nM, 500 nM) to stimulate 
CFs for 48 h. As shown in Fig. 1A, the mRNA levels of myocardial fibrosis markers Col1, Col3, α-SMA and FN 

Fig. 1.  Nicotine causes activation of CFs and hypertrophy of NRVMs by inducing autophagic flux blockade. 
The mRNA expression of myocardial fibrosis markers Col1, Col3, α-SMA, FN (A) and myocardial hypertrophy 
markers ANP, BNP, β-MHC (C) were detected by qPCR. The protein expression of myocardial fibrosis markers 
was detected by Western blot (WB) (B). Expression of autophagy marker LC3II and its specific substrate p62 
in nicotine-stimulated CFs was detected by WB (D). The mRNA level of CDX1 was detected by qPCR in CFs 
stimulated with different concentrations of nicotine (E), and the protein expression level of CDX1 was detected 
by WB (F). Results are given as mean ± SD, P value was determined by one-way AVONA with Bonferroni test, 
**** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 3.
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were significantly increased in a concentration-dependent manner as detected by PCR under the stimulation of 
nicotine. Elevated α-SMA is a marker of cardiac fibroblast activation. Meanwhile, Col1, Col3 and α-SMA were 
examined at the protein level and the results showed the existence of similar trends (Fig. 1B). Similarly, after 
applying exposure doses of nicotine (0.1 µM, 10 µM, 100 µM, 500 µM) to stimulate NRVMs for 48 h, the mRNA 
levels of cardiac hypertrophy markers ANP, BNP and β-MHC were significantly increased as detected by applying 
qRT-PCR (Fig. 1C). CFs exhibited a clear tendency to differentiate into α-SMA-positive myofibroblasts under 
nicotine stimulation(Figure S1A). The collagen gel contraction assay confirmed that CFs exhibited a significant 
increase in contractile ability under nicotine treatment.(FigureS1B). As shown in Supplementary Fig. 1 C, the 
cardiomyocytes surface area were significantly increased after treatment with nicotine. The results indicated 
that nicotine induced the activation of CFs and the development of cardiomyocyte hypertrophy. It has been 
confirmed16. LC3II, an insoluble autophagosome-associated form, often represents the activation of autophagy, 
and p62 is a selective substrate for autophagy. In the present study, LC3II was significantly increased in CFs under 
nicotine stimulation (Fig. 1D). To distinguish whether the increase in LC3II was due to activation of autophagy 
or impairment of autophagic flux, we examined the levels of the autophagic substrate p62 and showed that p62 
also showed significant accumulation (Fig. 1D). In NRVMs, both LC3II and p62 showed nicotine concentration-
dependent accumulation (Figure S1D). Thus, in CFs and NRVMs, nicotine may contribute to the developmental 
process of CFs activation and myocardial cell hypertrophy by impairing autophagic flux.

Under nicotine stimulation, both mRNA and protein levels of CDX1 appeared to be concentration-
dependently increased in CFs (Fig. 1E and F), and showed the same changes in NRVMs (Figure S1E,1 F). These 
findings indicate that CDX1 is potentially involved in mediating nicotine-induced damage to cardiomyocytes.

CDX1 is a critical regulator of nicotine-induced activation of CFs and cardiomyocyte 
hypertrophy
To further clarify the biological function of CDX1 in CFs and NRVMs, we applied CDX1 siRNA and its negative 
control to transfect CFs, which resulted in a significant downregulation of CDX1 mRNA levels in cells compared 
with the control(Figure S1G ), and the same effect was shared in NRVMs(Figure S1I). CFs were stimulated with 
500 nM nicotine, while NRVMs were treated with 100µM nicotine. To our surprise, after knockdown of CDX1, 
the mRNA levels of Col1, Col3, α-SMA and FN appeared to be more significantly upregulated in response 
to nicotine. Notably, the reduction in CDX1 expression alone also showed a slight upregulation compared to 
controls and was statistically significant (Fig. 2A). Subsequently, the protein levels of Col1, Col3, α-SMA showed 
the same changes (Fig. 2B). Similarly, the mRNA levels of ANP, BNP and β-MHC all showed a more significant 
increase after CDX1 downregulation in nicotine-exposed NRVMs (Fig. 2C).We then used adenovirus-mediated 
CDX1 overexpression (AdCDX1) and negative control vector (NC) to transfect CFs and NRVMs, which resulted 
in a significant upregulation of CDX1 mRNA levels in the cells (Figure S1H, Figure S1J). CDX1 overexpression 
reduced the gene levels of Col1, Col3, α-SMA and FN in nicotine + Ad-CDX1 groupcompared to the nicotine 
group (Fig.  2D), which was similarly confirmed by protein level assays of Col1, Col3, α-SMA (Fig.  2E). In 
NRVMs, it was observed that the overexpression of CDX1 significantly inhibited the upregulation of ANP, BNP, 
and β-MHC induced by nicotine (Fig. 2F). The above data suggest that nicotine-stimulated downregulation of 
CDX1 expression further promotes CF activation and cardiomyocyte hypertrophy. However, the overexpression 
of CDX1 partially reversed the nicotine-induced activation of CFs and cardiomyocyte hypertrophy. Therefore, 
the increase in CDX1 expression in response to nicotine stimulation appears to initiate a protective mechanism.

CDX1 improves nicotine-induced activation of CFs and cardiomyocyte hypertrophy by 
alleviating autophagic flux impairment
Nicotine has been shown to impair autophagic flux, leading to activation of CFs and hypertrophy of NRVMs16. 
However, whether CDX1 involves in this process is unknown. CDX1 has been shown to be involved in the 
regulation of autophagy. Therefore, we speculated that CDX1 may be involved in the regulation of activation of 
CFs and cardiomyocyte hypertrophy by modulating autophagy. As shown in Fig. 3A, after downregulation of 
CDX1 expression in CFs in response to nicotine, the protein level of LC3II was significantly increased compared 
to the nicotine group. Similarly, p62 expression was significantly accumulated in the nicotine-stimulated 
siCDX1 group. At the same time, we observed that LC3II and p62 were also significantly increased after CDX1 
downregulation alone compared to the control group. This phenomenon was similar in NRVMs, suggesting 
that autophagic flux may be impaired after downregulation of CDX1(Figure S2A). In contrast, after CDX1 
overexpression, LC3II was increased in cells compared to controls and further increased in response to nicotine. 
In contrast to LC3II, nicotine-induced p62 accumulation after AdCDX1 was significantly attenuated compared 
to the nicotine group (Fig. 3B). We observed the same trend in NRVMs (Figure S2B).

To further assess the effect of CDX1 on autophagosome accumulation and autophagolysosome formation, 
we differentiated between early autophagosomes and acidified autophagolysosomes by transfecting CFs and 
NRVMs with adenoviral-mediated mCherry-EGFP tandem-tagged with LC3, which is readily degraded in the 
acidic environment of autophagosomes fused with lysosomes and quenched by green light. Therefore, autophagy 
normally proceeds with the process being detected mainly by red light particles. When the autophagic process 
is blocked, cells express both red and green light and show yellow fluorescent particles, representing the lack 
of autophagic lysosomes and the accumulation of autophagosomes. We used BafA1 and rapamycin (Rapa), a 
commonly used autophagy activator that inhibits mTOR, respectively, as controls. In CFs, CDX1 overexpression 
led to a significant increase in red light particles, which was similar to what was observed in the rapamycin 
group. In contrast, down-regulation of CDX1 resulted in a significant increase in yellow light particles, indicating 
an accumulation of autophagic vesicles and a blockage of the autophagic flux. Under nicotine stimulation, 
the upregulation of CDX1 led to a decrease in yellow fluorescent particles and an increase in red fluorescent 
particles, thereby inhibiting nicotine-induced accumulation of autophagic vesicles and blockage of autophagic 
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Fig. 2.  CDX1 is upregulated in response to nicotine, and downregulation of CDX1 exacerbates nicotine-
induced activation of CFs and cardiomyocyte hypertrophy. The mRNA expression of cardiac fibrosis markers 
Col1, Col3, α-SMA, FN in CFs with CDX1 knockdown (siCDX1) (A) and cardiac hypertrophy markers ANP, 
BNP, β-MHC in NRVMs (C) were detected by applying qPCR. The protein expression of Col1, Col3, α-SMA, 
FN upon downregulation of CDX1 was detected by WB (B). The mRNA expression of Col1, Col3, α-SMA, 
FN in CFs during CDX1 overexpression (AdCDX1) (D) and the mRNA expression of ANP, BNP, β-MHC in 
NRVMs were detected by qPCR (F). WB was used to detect the protein expression of Col1, Col3, α-SMA, FN 
in AdCDX1 (E). Results are given as mean ± SD, P value was determined by two-way AVONA with Bonferroni 
test, **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 3.
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Fig. 3.  CDX1 exacerbates nicotine-induced CFs activation and cardiomyocyte hypertrophy by inducing 
autophagic flux blockade . Expression of autophagy markers LC3II and p62 after CDX1 downregulation 
(siCDX1) was detected in CFs by WB (A), and expression of LC3II and p62 after CDX1 overexpression 
(AdCDX1) was similarly detected (B). Results are given as mean ± SD, P value was determined by two-way 
AVONA with Bonferroni test, **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 3. Representative images 
of autophagosomes (yellow dots) and autolysosomes (red dots) in each cell after CDX1 overexpression 
(AdCDX1) or knockdown (siCDX1) in the presence or absence of nicotine stimulation conditions, using Baf 
A1 (100 nM) and Rapa (10µM) as control, and mCherry-EGFP-LC3 transfected CFs (C). Representative of 
n = 3 experiments, scale bar = 100 μm.
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flux. Conversely, the knockdown of CDX1 showed the opposite tendency, further exacerbating the accumulation 
of autophagic vesicles, similar to the results observed in the Baf A1group (Fig. 3C). These findings were also 
observed in NRVMs (Figure S2C).

We next investigated whether CDX1 protects cardiomyocytes by alleviating nicotine-stimulated autophagic 
flux impairment. In CFs and NRVMs overexpressing CDX1, we applied Baf A1 to block autophagic flux. BafA1 
acts as an inhibitor of late autophagy by preventing the fusion of autophagic vesicles with autophagic lysosomes. 
Our results showed that Baf A1 treatment resulted in a significant accumulation of LC3II and p62 in both 
the control and nicotine groups. Moreover, it abolished the protective effect of CDX1 overexpression on p62 
accumulation in the presence of nicotine (Fig.  4A, Figure S3A). Furthermore, rapamycin exhibited a slight 
increase in LC3II levels in control cells, while a slight decrease was observed in cells with siCDX1(Fig. 4B). The 
elevated levels of LC3II and p62 proteins were significantly diminished in CFs in which rapa had downregulated 
CDX1 in response to nicotine stimulation (Fig. 4B). The same changes were observed in NRVMs (Figure S3B). 
The above results suggest that CDX1 plays a key role in nicotine-induced autophagic flux injury.

Additionally, we observed that protective effects conferred by CDX1 overexpression in the activation of 
CFs and hypertrophy of NRVMs were negated by BafA1 stimulation, as evidenced by the evaluation of the 
expression levels of Col1, Col3, α-SMA, and FN, as well as ANP, BNP, and β-MHC (Fig. 4C and D). Therefore, 
the reduction in CDX1 expression in response to nicotine resulted in further impairment of autophagic flux, 
thereby exacerbating the damage caused by nicotine. Conversely, as shown in Fig.  S3C, downregulation of 
CDX1 expression exacerbates the nicotine-induced increase in Col1, Col3, α-SMA, and FN. However, this effect 
induced by nicotine alone or in combination with CDX1 downregulation was alleviated under the influence of 
the autophagy activator rapamycin. We observed a similar phenomenon in NRVMs, where the elevated levels 
of ANP, BNP, and β-MHC induced by nicotine alone or in combination with siCDX1 were reduced under the 
influence of rapamycin (Fig. S3D). Consequently, the elevation of CDX1 levels during nicotine exposure may 
serve as an optimization mechanism of cardiac development, potentially alleviating the blockade of autophagic 
flux.

LAPTM4B is a downstream target gene of CDX1 and is positively regulated by CDX1
According to the target gene-promoter prediction website, CDX1 is predicted to be a potential transcription 
factor of the LAPTM4B promoter. This finding suggests a potential regulatory relationship between CDX1 
and LAPTM4B. Notably, LAPTM4B has been implicated in smoking-related processes and the regulation of 
autophagy. To further clarify the relationship between CDX1 and LAPTM4B, a dual luciferase reporter gene 
assay was conducted. The results, as shown in Fig. 5A, showed that the CDX1 transcription factor promoted the 
transcription of LAPTM4B, suggesting that CDX1 functions as an upstream transcription factor of LAPTM4B. 
As shown, there was a concentration-dependent upregulation of the protein level of LAPTM4B in CFs (Fig. 5B) 
and NRVMs (Figure S3E) in response to nicotine. Subsequent analysis of mRNA levels revealed a consistent 
pattern (Fig.  5C, Figure S3F). To further elucidate the relationship between CDX1 transcription factors and 
LAPTM4B, we examined the expression levels of LAPTM4B following up- or down-regulation of CDX1. The 
results demonstrated that the RNA level (Fig.  5D) and the protein level (Fig.  5E and F) of LAPTM4B were 
significantly elevated in CFs after CDX1 up-regulation. The down-regulation of CDX1 had the opposite result. 
Similarly, the same changes were also found at the protein(Figure S4A, 4B)and gene(Figure S4C, 4D) levels in 
NRVMs, indicating a positive regulatory relationship on the expression of LAPTM4B by CDX1.

The downregulation of LAPTM4B exacerbates the blockade of autophagic flux induced 
by nicotine, thereby accelerating the progression of activation of CFs and hypertrophy of 
cardiomyocytes
To further investigate the role of LAPTM4B in the heart, adenovirus-mediated overexpression of LAPTM4B and 
small interfering RNA-mediated down-regulation of LAPTM4B were utilized to transfect CFs (Figure S4E) and 
NRVMs (Figure S4F).Given that LAPTM4B is localized in the lysosomal membrane, it is probable that it plays 
a role in regulating the autophagic processes stimulated by nicotine. The results showed that downregulation of 
LAPTM4B expression in response to nicotine stimulation induced further upregulation of mRNA levels and 
protein levels of Col1, Col3, α-SMA and FN in CFs (Fig. 6A and B). The same results were shared in NRVMs, 
where nicotine-activated siLAPTM4B resulted in an increase in myocardial hypertrophic markers, ANP, BNP, 
and β-MHC mRNA levels (Fig. 6C). In contrast, the opposite result was observed after upregulation of LAPTM4B 
expression. Overexpression of LAPTM4B significantly attenuated nicotine-induced mRNA levels of Col1, Col3, 
α-SMA and FN (Fig. 6D), and the same results were observed at the protein level (Fig. 6E). AdLAPTM4B also 
decreased ANP, BNP and β-MHC mRNA levels in nicotine-stimulated NRVMs (Fig. 6F). Thus, downregulation 
of LAPTM4B exacerbates nicotine-induced activation of CFs and hypertrophy of NRVMs, which is similar to 
the effect of CDX1.

We then examined the effect of LAPTM4B in autophagy. It was found that downregulation of LAPTM4B in 
CFs further exacerbated nicotine-induced accumulation of LC3II and the autophagy substrate p62 (Fig. 7A). 
In contrast, upregulation of LAPTM4B alleviated nicotine-induced p62 accumulation, while LC3II expression 
remained unchanged (Fig.  7B). As illustrated in Figure S4G and 4  H, the same outcome was observed in 
NRVMs. The aforementioned data indicated that overexpression of LAPTM4B mitigated the nicotine-induced 
blockage of the autophagic process by promoting autophagy, whereas silencing LAPTM4B further impeded the 
autophagic flux and exacerbated CFs activation and cardiomyocyte hypertrophy.
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CDX1 affects cardiomyocyte hypertrophy and cardiac fibroblast activation by regulating 
LAPTM4B-mediated autophagy
To further investigate the relationship between CDX1 and LAPTM4B in the regulation of autophagy and the 
mechanism of cardioprotective effects, we applied AdCDX1 and siLAPTM4B to co-transfect CFs and NRVMs. 
The results demonstrated that AdCDX1 alleviated nicotine-induced activation of CFs and cardiomyocyte 

Fig. 4.  Up-regulation of CDX1 alleviates autophagic flux blockade and down-regulation of CDX1 exacerbates 
autophagic flux blockade. WB detection of LC3II and p62 expression in CFs after AdCDX1 stimulation by Baf 
A1 and nicotine alone or in combination (A). WB detection of LC3II and p62 expression in CFs after siCDX1 
stimulation by Rapa and nicotine alone or in combination (B). Results are given as mean ± SD, P value was 
determined by two-way AVONA with Bonferroni test, **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 3. 
Under nicotine and Baf A1 (100 nM) stimulation alone or in combination, qPCR was performed to detect 
mRNA expression of Col1, Col3, α-SMA and FN in CFs after CDX1 overexpression (C) and mRNA expression 
of ANP, BNP, β-MHC in NRVMs (D). Results are given as mean ± SD, P value was determined by one-way 
AVONA with Bonferroni test, **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 3.
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hypertrophy under nicotine stimulation. Compared to the AdCDX1 group, the mRNA levels of Col1, Col3, 
α-SMA, FN (Fig. 7C) and ANP, BNP, β-MHC (Fig. 7D) were elevated in the AdCDX1 + siLAPTM4B group, 
indicating that the downregulation of LAPTM4B counteracted the protective effect caused by the upregulation 
of CDX1.

In response to nicotine, AdCDX1 was observed to alleviate the accumulation of LC3II and p62. However, LC3II 
levels were found to increase further following AdCDX1 + siLAPTM4B treatment, while p62 also demonstrated 

Fig. 5.  LAPTM4B is upregulated in response to nicotine stimulation and CDX1 regulates LAPTM4B 
transcription. A dual luciferase reporter gene assay was used to analyse the relationship between the CDX1 
transcription factor and the LAPTM4B promoter (A). Results are given as mean ± SD, P value was determined 
by one-way AVONA with Bonferroni test, **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 6. After 
nicotine stimulation of CFs, protein expression of LAPTM4B was detected by WB (B). qPCR was performed 
to detect mRNA expression of LAPTM4B (C). Results are given as mean ± SD, P value was determined by one-
way AVONA with Bonferroni test, **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 3. After up- or down-
regulation of CDX1 expression, mRNA expression of LAPTM4B was detected by qPCR in CFs with or without 
nicotine (D). After up- or down-regulation of CDX1 expression, protein expression of LAPTM4B was detected 
by WB (E–F). Results are given as mean ± SD, P value was determined by two-way AVONA with Bonferroni 
test, **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 3.
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Fig. 6.  Down-regulation of LAPTM4B promoted nicotine-induced activation of CFs and cardiomyocyte 
hypertrophy, whereas up-regulation of LAPTM4B had the opposite effect. qPCR was used to detect the mRNA 
expression of myocardial fibrosis markers Col1, Col3, α-SMA, FN in CFs when LAPTM4B was downregulated 
(A) and the mRNA expression of cardiac hypertrophy markers ANP, BNP and β-MHC in NRVMs (C). WB 
detected the expression of Col1, Col3, α-SMA after siLAPTM4B (B). Application of qPCR to detect the 
expression of Col1, Col3, α-SMA, FN in CFs (D) and the expression of ANP, BNP and β-MHC in NRVMs 
when LAPTM4B was overexpressed (F). WB was used to assess the protein expression levels of Col1, Col3, 
andα-SMA after AdLAPTM4B (E). Results are given as mean ± SD, P value was determined by two-way 
AVONA with Bonferroni test, **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 3.
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Fig. 7.  CDX1 blocks autophagic flux and induces CFs activation and cardiomyocyte hypertrophy by regulating 
LAPTM4B downregulation. WB detection of LC3II and p62 expression levels in LAPTM4B knockdown (A) 
or overexpression (B) in CFs. Results are given as mean ± SD, P value was determined by two-way AVONA 
with Bonferroni test, **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 3. After co-transfection of CFs 
and NRVMs by application of AdCDX1 and siLAPTM4B, qPCR was applied to detect the expression of Col1, 
Col3, α-SMA, FN (C) and ANP, BNP, β-MHC (D). WB was used to detect the expression of LC3II and p62 
in CFs co-transfected with AdCDX1 and siLAPTM4B (E). qPCR was used to detect the mRNA expression of 
LAPTM4B in CFs (G) and NRVMs (F) co-transfected with AdCDX1 and siLAPTM4B. Results are given as 
mean ± SD, P value was determined by one-way AVONA with Bonferroni test, **** p < 0.0001; *** p < 0.001; ** 
p < 0.01; * p < 0.05, n = 3.
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further accumulation. This indicated that the downregulation of LAPTM4B in response to nicotine stimulation 
resulted in the elimination of the restoration of autophagic flux brought about by overexpression of CDX1, and 
the re-emergence of the blockage of the autophagic process (Fig. 7E). The same results were observed in NRVMs 
as well (Figure S4I). As demonstrated in Fig. 7F-G, siRNA-mediated knockdown of LAPTM4B decreased its 
mRNA levels to about 70% compared to the control group.  These results indicated that CDX1 upregulation can 
safeguard the myocardium by regulating autophagy and restoring the impaired autophagic flux. This protective 
mechanism can be negated by LAPTM4B downregulation. Taken together, in the context of nicotine-induced 
cardiomyocyte hypertrophy and cardiac fibroblast activation, CDX1 exerted a similar action to LAPTM4B in the 
regulation of autophagy, and CDX1 positively regulates LAPTM4B.

CDX1/LAPTM4B affects autophagy flux through the mTORC1 signaling pathway
Following our findings on the role of CDX1 and LAPTM4B in nicotine-induced myocardial remodeling, we 
proceeded to investigate the signaling pathways involved in the regulation of autophagic flux by CDX1 and 
LAPTM4B. One key protein in this pathway is mTOR, which is a target of rapamycin. mTOR can form the 
mTORC1 complex, and its activation is closely linked to the blockade of autophagic flux. However, it remains 
unclear whether CDX1/LAPTM4B regulates autophagy by modulating the mTORC1 signaling pathway. As 
illustrated in Fig. 8A, the phosphorylation levels of mTOR, 4EBP1 and p70s6K were markedly elevated in response 
to nicotine stimulation. However, overexpression of CDX1 was observed to effectively reverse the nicotine-
induced activation of mTOR, 4EBP1 and p70s6K. Conversely, the downregulation of CDX1 expression resulted 
in the overactivation of the phosphorylation levels of mTOR, 4EBP1 and p70s6K, which were further activated 
by nicotine, thereby blocking the process of autophagy (Fig. 8B). Similarly, the up-regulation of LAPTM4B in 
response to nicotine stimulation resulted in the alleviation of the activation of the mTORC1 complex caused 
by nicotine damage (Fig. 8C). Following the silencing of LAPTM4B, a comparable effect was observed on the 
mTOR signaling pathway to that observed with siCDX1 (Fig. 8D). It is therefore evident that CDX1/LAPTM4B 
may be involved in the regulation of autophagy and may reverse the nicotine-induced blockade of autophagic 
flux, thereby protecting the cardiomyocytes by modulating the mTORC1 signaling pathway.

Discussion
In the present study, we demonstrated for the first time that CDX1 restores the nicotine-induced blockade of 
autophagic flux and reverses the nicotine-induced activation of CFs and hypertrophy of NRVMs. This action 
protects cardiomyocytes function by promoting the transcription of LAPTM4B and thus inhibiting the 
mammalian target of rapamycin (mTOR) signaling pathway. First, the present study demonstrated that nicotine 
induces CFs activation and cardiomyocyte hypertrophy by impairing autophagic flux. Research predicts that 
heart failure will remain one of the most important diseases affecting human health by 203034,38, and improving 
myocardial remodeling has become an important part of the prevention and treatment of heart failure. The search 
for new targets to reverse myocardial remodeling has become the focus of current research. Studies have shown 
that nicotine is involved in the development of many cardiovascular diseases such as heart failure, hypertension 
and atherosclerosis39–41. In contrast, the study on the pathophysiological process of nicotine-regulated 
autophagy is not yet comprehensive. As the main alkaloid in cigarette smoke, nicotine is rapidly absorbed into 
the circulatory system, with blood levels reaching 40–100 ng/mL (about 240–610 nmol/L) after smoking one 
cigarette42. Among habitual smokers, the average plasma nicotine concentration usually ranges from 10 to 40 ng/
mL, and tissue levels in the brain and heart can exceed plasma levels by 2–3 times41. In our experimental protocol 
using neonatal rat ventricular myocytes (NRVMs), we utilized a nicotine concentration of 100 µmol/L, which has 
been pharmacologically validated in previous investigations16,43. Interestingly, in cardiac fibroblasts (CFs), we 
demonstrated that cellular activation could be induced at substantially lower nicotine concentrations. Therefore, 
based on empirical evidence from prior studies44, we established an optimal stimulation concentration of 500 
nmol/L for CFs experiments.In this process, we observed a notable increase in CDX1 levels in response to nicotine 
stimulation, whereas CDX1 is minimally expressed in the heart in the normal state. The CDX1 gene encodes a 
transcriptional regulator that is highly expressed in the early stages of the embryo and plays a crucial role in heart 
development18. However, there are no reports on the effects of CDX1 on heart disease. The present study confirms 
that decreased CDX1 exacerbates nicotine-induced CFs activation and cardiomyocyte hypertrophy. Elevated 
CDX1 expression antagonizes nicotine-induced damage to cardiomyocytes and alleviates the development of 
CFs activation and cardiomyocyte hypertrophy. CDX1 is activated and upregulated during stress and can play 
a transcriptional regulatory role to protect the damaged myocardium. Abnormalities in autophagy have been 
shown to play a key role in myocardial remodeling. In tumor cells, CDX1 can inhibit apoptosis in colon cancer 
cells by activating autophagy20. In cardiomyocytes, whether CDX1 affects the heart by regulating autophagy has 
not been reported. Our study found that autophagic vesicles accumulated and autophagic flux was blocked after 
CDX1 reduction and aggravated nicotine-induced autophagic flux blockade. The classical autophagy activator 
Rapa mitigated these effects. The opposite trend was observed after increased CDX1 expression. However, BafA1 
abrogated the protective effect on cardiomyocytes after CDX1 overexpression. Thus, CDX1 is involved in the 
process of influencing CFs activation and cardiomyocyte hypertrophy by regulating autophagic flux and exerts a 
protective effect on CFs and cardiomyocytes by alleviating the blockage of autophagic processes.

LAPTM4B is a 4-fold transmembrane structure on the lysosome that has been shown to be highly expressed 
in myocardium23 and upregulated in response to nicotine stimulation22,28. By site prediction, we hypothesised 
that the CDX1 transcription factor and LAPTM4B might be correlated, but the specific relationship has not 
been reported in related studies. In this study, we found that the CDX1 transcription factor promotes LAPTM4B 
transcription.CDX1 transcription factor may specifically bind to the promoter of LAPTM4B and positively 
regulate the expression of LAPTM4B at the transcriptional level. And LAPTM4B was similarly upregulated 
in response to nicotine stimulation. Recent studies have reported that LAPTM4B can alleviate autophagic flux 
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Fig. 8.  CDX1/LAPTM4B affects autophagy levels through the mTORC1 signalling pathway. With or without 
nicotine stimulation, Westernblot was applied to detect the phosphorylation level of p70s6k,4EBP1,mTOR after 
overexpression of CDX1 (A) or inhibition of CDX1 expression (B). expression of LAPTM4B was up-regulated 
(C) or down-regulated (D), and Westernblot was applied to detect the p70s6k,4EBP1,mTOR phosphorylation 
levels. Results are given as mean ± SD, P value was determined by two-way AVONA with Bonferroni test, **** 
p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05, n = 3.
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blockade by enhancing autophagic lysosomes and promoting autophagosomal clearance during myocardial 
I/R injury, thereby reducing myocardial injury26. The role of LAPTM4B in nicotine-induced myocardial injury 
remains unknown. The results of the present study show that downregulation of LAPTM4B exacerbates the 
activation of CFs and hypertrophy of myocardial cell in response to nicotine, whereas an increase in LAPTM4B 
reverses this detrimental effect of nicotine. Thus, our results show that LAPTM4B is also involved in the process 
of CFs activation and cardiomyocyte hypertrophy by regulating autophagy: autophagic vesicles accumulate and 
autophagic flux is blocked by a decrease in LAPTM4B, whereas an increase in LAPTM4B restores nicotine-
blocked autophagic flux and protects the myocardium. Importantly, the protective effect on cardiomyocytes that 
occurs with upregulation of CDX1 can be abolished by downregulation of LAPTM4B, and the autophagic flux 
that is restored after CDX1 overexpression is blocked again by reduced expression of LAPTM4B. It is therefore 
clear that CDX1 promotes the restoration of autophagic flux under the influence of nicotine by positively 
regulating the transcription of LAPTM4B, thereby exerting a protective effect on cardiomyocytes.

mTORC1 is the classical pathway of autophagy and studies have shown that inhibiting the activation of 
mTORC1 can improve the progression of heart failure by promoting autophagy and inhibiting apoptosis45. 
In the heart, LAPTM4B can reduce cardiac injury in ischaemia/reperfusion by inhibiting the activation of 
mTORC126. During in the embryonic stage, CDX1 also regulates stem cell differentiation through the mTOR 
pathway19. And whether CDX1/LAPTM4B regulates the onset of CFs activation and myocardial cell hypertrophy 
through the mTORC1 signaling pathway during nicotine-induced myocardial injury is unknown. Our study 
found that during nicotine-induced CFs activation and myocardial cell hypertrophy, nicotine could block the 
normal autophagic process by promoting the activation of mTORC1, which induced the activation of CFs and 
the development of cardiomyocyte hypertrophy. Rapa alleviates nicotine-induced CFs activation and NRVMs 
hypertrophy by activating autophagy. However, the transcription factor CDX1 and its downstream target 
protein, LAPTM4B, can reverse this effect and slow down the development of CFs activation and myocardial 
cell hypertrophy by inhibiting the activation of mTORC1. This function is broadly similar to their role in tumour 
cells, where high levels of both CDX1 and LAPTM4B inhibit tumor cell proliferation and are associated with a 
better prognosis46,47. It is worth noting that the up-regulation of CDX1 and LAPTM4B in response to nicotine 
stimulation was small and this level may not be sufficient to completely antagonize the effects of nicotine, but 
they remain important as a link in the self-protection mechanism of cardiomyocytes. In our study, we observed 
that although overexpression of CDX1 can mitigate nicotine-induced cardiomyocyte injury in both CFs and 
NRVMs, cardiomyocytes still exhibit detrimental responses to nicotine stimulation. This suggests that, in 
addition to the CDX1/mTOR signaling pathway, nicotine stimulation may activate multiple other signaling 
pathways independent of CDX1, which are involved in the processes of cardiomyocyte hypertrophy and 
fibroblast activation. Further investigation is required to elucidate these additional mechanisms. As the present 
study was only carried out at the cellular level and has not been validated at the animal level, there are some 
limitations that need to be confirmed by more and deeper studies in the future.

In conclusion, the results of the present study suggest that the transcription factor CDX1 and its downstream 
target protein LAPTM4B alleviate nicotine-induced autophagic flux impairment by inhibiting the activation 
of the mTOR pathway, thereby reversing cardiomyocyte hypertrophy and fibroblast activation and exerting 
cardioprotective functions. This provides new targets and ideas for investigating the mechanism of myocardial 
remodeling.

Data availability
The data supporting the findings of this study are included in this published article. Raw data generated and/or 
analysed during the current study are available from the corresponding author, upon reasonable request.
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