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Fructose Induces Pulmonary Fibrotic Phenotype Through Promoting Epithelial-Mesenchymal Transition Mediated by ROS-Activated Latent TGF-β1
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Fructose is a commonly used food additive and has many adverse effects on human health, but it is unclear whether fructose impacts pulmonary fibrosis. TGF-β1, a potent fibrotic inducer, is produced as latent complexes by various cells, including alveolar epithelial cells, macrophages, and fibroblasts, and must be activated by many factors such as reactive oxygen species (ROS). This study explored the impact of fructose on pulmonary fibrotic phenotype and epithelial-mesenchymal transition (EMT) using lung epithelial cells (A549 or BEAS-2B) and the underlying mechanisms. Fructose promoted the cell viability of lung epithelial cells, while N-Acetyl-l-cysteine (NAC) inhibited such. Co-treatment of fructose and latent TGF-β1 could induce the fibrosis phenotype and the epithelial-mesenchymal transition (EMT)-related protein expression, increasing lung epithelial cell migration and invasion. Mechanism analysis shows that fructose dose-dependently promoted the production of total and mitochondrial ROS in A549 cells, while NAC eliminated this promotion. Notably, post-administration with NAC or SB431542 (a potent TGF-β type I receptor inhibitor) inhibited fibrosis phenotype and EMT process of lung epithelial cells co-treated with fructose and latent TGF-β1. Finally, the fibrosis phenotype and EMT-related protein expression of lung epithelial cells were mediated by the ROS-activated latent TGF-β1/Smad3 signal. This study revealed that high fructose promoted the fibrotic phenotype of human lung epithelial cells by up-regulating oxidative stress, which enabled the latent form of TGF-β1 into activated TGF-β1, which provides help and reference for the diet adjustment of healthy people and patients with fibrosis.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive idiopathic lung disease that destroys the dynamic balance of alveolar epithelial cells by endogenous or microenvironmental stimulation, resulting in abnormal repair of alveolar epithelial cells (1, 2). However, there is no specific treatment for IPF, and the two approved drugs (nintedanib and pirfenidone) have limited therapeutic effects. Thus, daily dietary intervention is critical in preventing chronic diseases. Pulmonary fibrosis has been characterized by progressive deposition of extracellular matrix (ECM) proteins such as collagen and fibronectin (3, 4). Epithelial-mesenchymal transition (EMT) has been identified in the alveolar and airway epithelium. One of the driving forces behind various series of fibrosis events is EMT, which is a process in which epithelial cells gain interstitial morphology by increasing the expression of interstitial markers and decreasing the expression of epithelial markers (4, 5). The EMT process is accompanied by down-regulated epithelial markers such as E-cadherin and up-regulated mesenchymal markers including vimentin, N-cadherin, α-smooth muscle actin (α-SMA), and collagen (6, 7). EMT can be induced by various extracellular media alone or in combination, such as TGF-β, epidermal growth factor, fibroblast growth factor-2, insulin-like growth factor-2, Wnt ligand, and hepatocyte growth factor (8, 9).

TGF-β, a multifunctional cytokine, regulates the morphogenesis and differentiation of tissues by affecting cell proliferation, differentiation, apoptosis, and ECM production (10). TGF-β is considered the “master switch” to induce fibrosis in many tissues, such as the lung, and it is involved in many core processes of pulmonary fibrosis, such as epithelial injury, proliferation, and differentiation of myofibroblasts and production of ECM (6, 11). Unlike most growth factors, TGF-β1 is deposited in the ECM as a latent complex (12). It is known that αv integrin, low pH, thrombospondin-1, and reactive oxygen species (ROS) can activate the latent form of TGF-β1. ROS can activate latent TGF-β1 (LTGF-β1) through direct oxidation of latency-related peptide (LAP) or indirect activation of matrix metalloproteinase-2 (MMP-2) and MMP-9 (12, 13).

Additionally, TGF-β1 is the primary inducer of EMT in development, carcinogenesis, and fibrosis (6). It can change the morphology of human lung epithelial cells from oval (epithelial morphology) to fusiform (interstitial morphology) (14). TGF-β1-induced lung epithelial cells, such as A549 or BEAS-2B cells, are usually used as a model for constructing the lung fibrotic phenotype and EMT.

With the significant changes in the human diet, high sugar, high salt, and high-fat intakes increase the incidence of chronic inflammatory diseases (15). For example, high salt intake increases autoimmune diseases, while high glucose intake promotes mitochondria to produce oxidized free radicals, which worsens autoimmune diseases such as inflammatory bowel diseases and experimental autoimmune encephalomyelitis (EAE) (16–18). The main carbohydrate in the typical western diet is fructose, consumed in sucrose (50% fructose) or high fructose corn syrup (42% or 55% fructose). Currently, teenagers consume more than 72.8 grams (12.1% of total calories) of fructose per day (19). 25% or more of the total calories consumed by 20% of teenagers are fructose (20). Americans consume 180 grams of sugar a day, half of which is fructose (21). Excessive fructose intake can lead to metabolic syndrome, including insulin resistance, impaired glucose tolerance, hyperinsulinemia, hypertriglyceridemia, and hypertension (22–25). Fructose also can induce oxidative stress, inflammation, and fibrosis in the liver, heart, and kidney and the growth and metastasis of pancreatic tumors (26–30). However, it is still unclear whether fructose contributes to the development of lung-related diseases such as IPF.

Thus, in this study, we used the TGF-β1-induced lung epithelial cell model in vitro to explore the effect of fructose on the lung fibrosis and EMT process and the underlying mechanism.



MATERIALS AND METHODS


Materials

D-Fructose (Fru, #F108335) and N-Acetyl-l-cysteine (NAC, #A105422) were from Shanghai Aladdin. SB431542 (HY-10431) was obtained from MCE. Recombinant human latent TGF-β1 (LTGF-β1, #299-LT) and human TGF-β1 (#240-B) were purchased from R&D Systems. Nitrocellulose membranes (#66485) were obtained from Pall. DCFH-DA (#MX4802) and MitoSOX™ Red mitochondrial superoxide indicator (#M36008) were purchased from Shanghai Maokang and ThermoFisher, respectively.



Cell Culture

A549 cells (acquired from ATCC) and BEAS-2B cells (acquired from meilunbio®, Dalian, China) were grown in DMEM (Solarbio®, Beijing, China) medium with 1000 mg/L D-Glucose and 10% fetal bovine serum (Biological Industries, Israel) and cultured in an incubator with a temperature of 37°C and 5% CO2. After starvation for 24 h, A549 cBEAS-2B ells were treated at the indicated conditions to evaluate cell viability, fibrotic phenotype, and EMT-related protein with or without TGF-β1 (5 ng/ml) or latent TGF-β1 (10 ng/ml) under different fructose concentrations (0, 10, 25 and 50 mM) with or without N-Acetyl-l-cysteine (NAC, 5 mM) (Aladdin, Shanghai, China), or SB431542 (5 μM) to induce the fibrotic phenotype of A549 cells.



Cell Viability Assay

A549 and BEAS-2B cells were inoculated in a 96-well round plate at 1 × 104 cells/well density. After cells starved for 24 h, we added fructose at the indicated concentration (0, 10, 25, and 50 mM) with or without NAC (5 mM) into each well for 24 h to evaluate the cell viability. Finally, the CCK-8 solution was added to each well and then incubated at 37°C for another 1 h. We used a microplate reader (SpectraMax i3x, Molecular Devices, US) to obtain the absorbance value at 450 nm. The formula of cell viability is as follows: [(absorbance of drug-treated sample – absorbance of Blank group) / (absorbance of control sample – absorbance of Blank group)] ×100%.



Latent TGF-β1 or TGF-β1 Measurement

After A549 cells were treated with the indicated fructose with latent TGF-β1 at 10 ng/ml for 24 h, the cell-free supernatants were collected to the latent TGF-β1 or TGF-β1 concentration using the Human latent TGF-β1 ELISABASIC kit (#3550-1H, Mabtech, Sweden) or the Human/Mouse TGF-β1 ELISA kit (#88-8350, eBioscience, San Diego, CA, USA), respectively, following the manufacturer's instructions.



Wound-Healing Assay

After A549 cells were inoculated in a 6-well plate to ensure that the cells fused up to more than 90% before scratching, we used the sterile 200 μl straw tip to draw three parallel lines in each petri dish and then treated the cells under the indicated conditions for 24 h. Finally, we utilized the inverted light microscope to observe the scratches and obtain images.



Transwell Assay

Transwell analysis was performed using a Transwell chamber (Corning). Briefly, we inoculated A549 cells in the upper chamber with different reagents at the indicated conditions into a serum-free DMEM medium and added a DMEM medium with 10% FBS into the lower chamber. The cells on the top side of the chamber were removed after being cultured for 24 h; migrated cells from the bottom surface of the upper chamber were fixed with 4% paraformaldehyde solution for 30 min and subsequently stained with 0.1% crystal violet solution for 30 min. Finally, an inverted microscope was utilized to photograph migrating cells, and then the cell numbers were counted in four random fields of vision, with a magnification of ×100.



Western Blot Assay

After the cells were treated with different reagents at the indicated concentration for 24 h, they were washed with cold PBS, and then total proteins were extracted by RIPA lysis buffer containing PMSF and phosphatase inhibitors. After that, BCA was used to quantify the protein concentration. The same amount of protein was added to the SDS-PAGE gel for electrophoresis and transferred to nitrocellulose. After the nitrocellulose membrane was blocked with 5% skim milk for 1 h, the following primary antibodies: β-actin (1:10,000, Sigma-Aldrich), α-SMA (1:1,000, Sino Biological Inc., Beijing, China), type I collagen (1:1,000, Bioss, Beijing, China), E-cadherin (1:1,000), N-cadherin (1:1,000), vimentin (1:1,000, Snail (1:1,000), p-Smad3 (1:1,000), and Smad3 (1:1,000) (all from Cell Signaling Technology, Inc., Rosemont, IL) were incubated on a shaker at 4°C overnight. Then, the second antibody (goat anti-rabbit or goat anti-mouse horseradish peroxidase binding antibody) was incubated at room temperature for 1 h. The protein bands were visualized by a chemiluminescence gel imaging system (Universal Hood II, Bio-Rad, Hercules, CA). ImageJ analyzed the protein bands to detect the expression level of the target protein.



Immunofluorescence Staining

After A549 cells were incubated at the indicated conditions, they were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 in PBS, blocked with 0.5% FBS in PBS, and incubated with specific primary antibodies α-SMA (1:500) or vimentin (1:200) overnight at 4°C. Then, they were incubated with FITC-conjugated anti-rabbit IgG (Solarbio, Beijing, China). The nucleus was stained with DAPI (Biolegend, San Diego, CA). The fluorescence intensity was observed, and the image was obtained by fluorescence microscope (Olympus, Tokyo, Japan).



Hydroxyproline (HYP) Evaluation

A549 cells were treated under the indicated conditions, and then the cell-free supernatant was collected, and the HYP content was determined by a hydroxyproline kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).



ROS Measurement

A549 cells were seeded (1 × 104 cells/well) in a 96-well plate and incubated overnight to measure total and mitochondrial ROS in the cells. After the cells were incubated with the indicated concentrations of fructose (0, 10, 25, and 50 mM) for 24 h, they were treated with DCFH-DA for 20 min or MitoSOXRed for 10 min at 37°C in the dark. Cell fluorescence was taken by fluorescence microscope (Olympus, Tokyo, Japan), and a microplate reader read the optical density (OD) value. The formula of DCFH-DA and MitoSOX value is as follows: (OD value of fructose-treated group)/(OD value of control group).



Statistical Analysis

Mean ± SEM expresses data. We utilized one-way analysis of variance (ANOVA) to analyze the statistical data utilizing prism 9.0 software (Graphpad software) followed by Tukey's test. The difference was set to be statistically significant at P < 0.05.




RESULTS


Fructose Promotes the Cell Viability of lung epithelial Cells

To explore the effect of fructose on the proliferation of A549 and BEAS-2B cells, we used different concentrations of fructose (0, 10, 25, and 50 mM) to treat A549 cells and then evaluated cell viability using a CCK-8 colorimetric assay. As shown in Figure 1A, fructose at 10, 25, and 50 mM increased the viability of A549 cells compared with 0 mM fructose, but no dose-dependent effect was observed among three doses (10, 25, and 50 mM) in A549 cells. Meanwhile, fructose also enhanced human bronchial epithelial BEAS-2B cell viability (Figure 1B).


[image: Figure 1]
FIGURE 1. Fructose promotes the cell viability of lung epithelial cells. A549 (A) and BEAS-2B (B) cells were cultured with different concentrations of fructose (0, 10, 25, and 50 mM) for 24 h, and then a CCK-8 assay was performed to detect the cell viability. Data were expressed as Mean ±S.E.M (n = 3) and analyzed using one-way ANOVA followed by Tukey's test. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 0 mM fructose.




Fructose Impacts the Morphological Changes of A549 Cells Induced by Latent TGF-β1

TGF-β1, the most potent fibrogenic mediator to induce pulmonary fibrosis, is produced on the alveolar surface extracellular matrix in a latent form (latent TGF-β1) (31). To explore the effect of fructose on the morphology of A549 cells induced by latent TGF-β1, we cultured A549 cells at the indicated condition for 24 h and then observed the morphological changes of A549 cells under an optical microscope. Compared to the control group, TGF-β1 significantly altered the cell morphology (fusiform and long spindle fibrosis phenotype) (Figure 2), but fructose administration or latent TGF-β1 did not affect cell morphology. Although latent TGF-β1 did not affect A549 cell morphology, it induced the cell morphological changes post-supplementation with fructose at 10 mM, similar to TGF-β1-treated A549 cells. The results showed that the co-culture of latent TGF-β1 and fructose could cause the morphology of A549 cells to be fibrotic.


[image: Figure 2]
FIGURE 2. The effect of fructose on the morphology of A549 cells treated with latent TGF-β1. Images are representative pictures of the A549 cells treated with the indicated condition. These experiments were repeated three times. Control, 0 mM fructose; Fru, 10 mM fructose; LTGF-β1, latent TGF-β1; LTGF-β1+Fru, latent TGF-β1 + 10 mM fructose.




Fructose Increases the Expression of Fibrosis-Related Proteins in Lung Epithelial Cells-Induced by Latent TGF-β1

To further explore whether co-administration with fructose and latent TGF-β1 can cause the fibrotic phenotype of A549 cells, we detected the expressions of fibrosis-related proteins, including collagen I and α-SMA, by Western blot. TGF-β1 significantly increased the expression of collagen I and α-SMA compared with the control group, but latent TGF-β1 or fructose alone did not change these protein expressions (Figures 3A–C). Interestingly, with fructose, latent TGF-β1 up-regulated fibrosis-related proteins such as collagen I and α-SMA. Similar findings were also found in BEAS-2B cells (Supplementary Figure S1). Finally, we used immunofluorescence staining for α-SMA to confirm these results in A549 cells (Figure 3D). However, our preliminary study did not find any difference in fibrosis-related proteins between TGF-β1 and co-treatment with fructose and TGF-β1 (data not shown).


[image: Figure 3]
FIGURE 3. Effect of fructose on fibrosis-related proteins in A549 cells induced by latent TGF-β1. (A–C) Expression of collagen I (A,B) and α-SMA (A,C) in the lysates of A549 cells treated under the indicated condition was analyzed by Western blot. Representative gels were shown, and data were summarized from three independent experiments and analyzed using one-way ANOVA followed by Tukey's test. The relative value was set as fold induction to the control set at 1, normalized to β-actin. (D) Additionally, the α-SMA expression was determined by immunofluorescence (200×). * p < 0.05, ** p < 0.01 vs. control group. Control, 0 mM fructose; Fru, 10 mM fructose; LTGF-β1, latent TGF-β1; LTGF-β1+Fru, latent TGF-β1 + 10 mM fructose.




Fructose Enhances the EMT Process of Lung Epithelial Cells Induced by Latent TGF-β1

The EMT is epithelial cells transforming into stromal cell phenotypes (32). To study the effect of fructose on the latent TGF-β1-induced EMT process of A549 cells, we measured EMT-related protein expression by Western blot. Data showed that co-administration of latent TGF-β1 and fructose resulted in a decreased expression of the epithelial marker E-cadherin while an increase of the mesenchymal markers N-cadherin and vimentin (Figures 4A–D), which was observed in TGF-β1-induced A549 cells. However, compared to the control group, we did not find any difference in these protein expressions from fructose or latent TGF-β1 alone treatment. Finally, we used immunofluorescence to confirm this effect on the vimentin change (Figure 4E). This result was further confirmed in BEAS-2B cells (Supplementary Figure S2).
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FIGURE 4. Effect of fructose on the latent TGF-β1-induced EMT process in A549 cells. Expression of E-cadherin, (A and B) N-cadherin, (A and C) and Vimentin (A and D) in the lysates of A549 cells treated under the indicated condition was assessed by Western blot. Representative gels were shown, and data were presented as the Mean ±S.E.M (n = 3) and analyzed using one-way ANOVA followed by Tukey's test. The relative value was set as fold induction to the control set at 1, normalized to β-actin. (E) Additionally, the vimentin expression was determined by immunofluorescence (200×). * p < 0.05, vs. control group. Control, 0 mM fructose; Fru, 10 mM fructose; LTGF-β1, latent TGF-β1; LTGF-β1 + Fru, latent TGF-β1 +10 mM fructose.




Fructose Increases the Level of ROS in A549 Cells in a Dose-Dependent Manner

Protein fucosylation of fructose in cells can produce ROS (33, 34), which can activate TGF-β1 by oxidation of the latent TGF-β1 form in vitro (13). Since we have found that the co-culture of fructose and latent TGF-β1 could promote the fibrosis phenotype of A549 cells, we hypothesized that fructose might increase the production of ROS in cells and then activate TGF-β1. We cultured A549 cells with different fructose concentrations (0, 10, 25, and 50 mM) to verify the above hypothesis. As shown in Figure 5, fructose increased total and mitochondrial ROS levels in A549 cells in a dose-dependent manner.


[image: Figure 5]
FIGURE 5. Effects of fructose on total and mitochondria ROS levels in A549 cells. A549 cells were cultured with different concentrations of fructose (0, 10, 25, and 50μM) for 24 h and then were stained with MitoSOX and DCFH-DA, respectively, as described in the “Materials and Methods” section. The morphology of cells was observed under a fluorescence microscope, and representative images for total and mitochondria ROS are represented in (A,C), respectively. Additionally, the absorbance value of MitoSOX (B) and DCFH-DA (D) was obtained using the enzyme meter. The value of MitoSOX and DCFH-DA (D) is obtained by the following formula: (OD value of fructose-treated group)/ (OD value of control group). One-way ANOVA followed by Tukey's test was used for comparison between groups. These experiments were repeated three times. *p < 0.05, ** p < 0.01, and *** p < 0.001.




NAC Inhibits the Fibrotic and EMT Process Lung Epithelial Cells Induced by Fructose and Latent TGF-β1

NAC is a potent antioxidant with a free radical scavenging function, removing ROS, ROS's precursors, and inhibiting ROS generation (35, 36). To further verify whether ROS produced by fructose is involved in the activation of TGF-β1, we added NAC to the cells treated with fructose and latent TGF-β1 and then detected the expression of fibrosis- and EMT- related proteins. Compared with the latent TGF-β1 + fructose group, administration of NAC suppressed the unregulated expression of fibrosis-related proteins collagen I and α-SMA (Figures 6A,B). Meanwhile, mesenchymal markers N-cadherin and vimentin decreased significantly, while the expression of epithelial markers E-cadherin increased in the presence of NAC (Figures 6C,D). This result was also confirmed in BEAS-2B cells (Supplementary Figure S3). The α-SMA and vimentin expression was further verified by immunofluorescence (Figure 6E). The results suggested that NAC could prevent the fibrosis and EMT process of lung epithelial cells induced by fructose and latent TGF-β1 by eliminating ROS.
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FIGURE 6. Effect of NAC scavenging fructose-induced ROS on the fibrosis and EMT process of A549 cells treated by latent TGF-β1. A549 cells were treated under the indicated treatment for 24 h, and then the expression of fibrosis-related proteins (A and B) (Collagen 1 and α-SMA) and EMT-related proteins (C and D) (N-cadherin, E-cadherin, and Vimentin) were assessed by Western blot. Data are expressed as the Mean ± S.E.M (n = 3) and analyzed using one-way ANOVA followed by Tukey's test. The relative value was set as fold induction to that of the control set at 1, normalized to β-actin. *p < 0.05 and ** p < 0.01 vs. control group; #p < 0.05, ##p < 0.01, compared with the LTGF-β1 + Fru group. Additionally, the vimentin or α-SMA expression was determined by immunofluorescence (200×). (E) Control, 0 mM fructose; Fru, 10 mM fructose; LTGF-β1+Fru, latent TGF-β1 + 10 mM fructose; NAC, N-Acetyl-l-cysteine.




TGF-β1 Specific I Receptor Inhibitor Impairs the Effect of Fructose on Fibrotic and EMT Process of A549 Cells Induced by Latent TGF-β1

To further confirm whether fructose-generated ROS activates latent TGF-β1 and consequently mediates at least a component of the consequent fibrogenesis and EMT of A549 cells, we added a potent TGF-β type I receptor inhibitor, SB431542, into the A549 cells treated under the indicated conditions and then determined the expression of fibrosis- and EMT-related proteins by Western blot. As expected, administration of SB43152 significantly inhibited the fibrosis-related proteins collagen I and α-SMA and EMT-related proteins, including mesenchymal markers N-cadherin and vimentin, while preventing the downregulation of epithelial markers E-cadherin in the A549 cells co-supplemented with fructose and latent TGF-β1 (Figure 7).


[image: Figure 7]
FIGURE 7. Effect of SB431542 on fibrotic- and EMT- related protein expression of A549 cells induced by fructose and latent TGF-β1. A549 cells were treated under the indicated conditions, and then the expression of collagen I, (A and B) α-SMA, (A and B) N-cadherin, (C and D) E-cadherin, (C and D) and vimentin (C and D) was assessed by Western blot. Data are set as the Mean ± SEM (n = 3). The relative value was set as fold induction to that of the control set at 1, normalized to β-actin. Comparisons between groups were achieved using a one-way ANOVA by Tukey's test. *p < 0.05 and **p < 0.01 vs. control group; #p < 0.05, ##p < 0.01, compared with the LTGF-β1+Fru group. Control, 0 mM fructose; LTGF-β1+ Fru, latent TGF-β1 + 10 mM fructose; LTGF-β1+10 mM Fru+SB, latent TGF-β1 + 10 mM fructose + SB431524.




Effect of Fructose on the Content of Hydroxyproline

HYP is one of the amino acids and one of the main components of collagen tissue. We used the HYP kit to verify the above conclusion further to determine the cell supernatant. As shown in Figure 8, the content of HYP in the latent TGF-β1 plus fructose group and TGF-β1 group increased significantly compared with the control group, and the addition of NAC and SB43154 inhibited the production of HYP. The results further confirmed that fructose could induce latent TGF-β1-induced fibrosis in A549 cells, which could be inhibited by scavenging ROS or blocking the TGF-β signal.
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FIGURE 8. Effect of fructose on the content of hydroxyproline. A549 cells were treated under the indicated conditions, and then the cell supernatant was collected, and the hydroxyproline kit determined the hydroxyproline content. Data are set as the Mean ± SEM (n = 3). Comparisons between groups were achieved using a one-way ANOVA followed by Tukey's test. **p < 0.001, ***p < 0.001 vs. control group; #p < 0.05, ##p < 0.01, compared with the LTGF-β1+Fru group. Control, 0 mM fructose; LTGF-β1 + Fru, latent TGF-β1 + 10 mM fructose; LTGF-β1+Fru+NAC, latent TGF-β1 + 10 mM fructose + N-Acetyl-l-cysteine; LTGF-β1+Fru+SB, latent TGF-β1 + 10 mM fructose + SB431524.




Fructose Promotes the Expression of the TGF-β1/Smad3 Pathway, Snail, and Latent TGF-β1 Converted to TGF-β1 in A549 Cells Treated With Latent TGF-β1

The TGF-β1 signal pathway is closely related to forming the fibrotic phenotype of A549 cells. Smad3 plays a crucial role in signal activation, and the Snail1 is a downstream transcription factor of Smad3 (32, 37). To further study the underlying mechanism of fructose causing the fibrotic phenotype of A549 cells, we first tested the expression of Smad3 phosphorylation and Snail after A549 cells were treated under the indicated condition. TGF-β1 increased the p-Smad3 and Snail expression compared to the control group, which was also observed in the fructose and latent TGF-β1 co-treated group (Figures 9A–C). However, the upregulation of p-Smad3 and Snail1 in the fructose and latent TGF-β1 group was reversed by administrating NAC (Figures 9D–F) or TGF-β specific I receptor inhibitor SB431542 (Figures 9G–I). Next, we measured the expression of p-Smad3 from A549 cells co-treated with latent TGF-β1 in the different concentrations of fructose and found that fructose dose-dependently increased the phosphorylated Smad3 expression (Figure 9J). Finally, we determined whether fructose could promote the latent TGF-β1 converted to activated TGF-β1. Since we could not detect the TGF-β1 level in the cell-free supernatants from cells co-treated with latent TGF-β1 in different doses of fructose, we speculate that the activated TGF-β1 should be utilized during the fibrotic process of lung epithelial cells. Thus, we directly evaluated the leftover latent TGF-β1 and found that the latent TGF-β1 was undetectable in the absence of latent TGF-β1 or the presence of fructose alone (Data not shown). However, there was 9.336 ng/ml TGF-β1 in the latent TGF-β1 group alone, whereas co-treatment of latent TGF-β1 and fructose at 10, 25, and 50 mM had 6.236, 5.496, and 4.488 ng/ml TGF-β1, indicating that fructose could promote 3.745, 4.324, 5.652 ng/ml latent TGF-β1 converted to activated TGF-β1, respectively, which could be involved in the TGF-β1-induced fibrotic and EMT process of lung epithelial cells (Figure 9K).
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FIGURE 9. Effect of fructose on the P-Smad3 and Snail expression and latent TGF-β1 converted to TGF-β1 in latent TGF-β1-induced A549 cells. A549 cells were treated under the indicated condition for 24 h, and then western blot analyzed the P-Smad3 and Snail protein levels (A–J), and ELISA measured the leftover latent TGF-β1 level (K). Data are set as the Mean ± S.E.M (n = 3). Comparisons between groups were achieved using a one-way ANOVA followed by Tukey's test. *p < 0.05, ** p < 0.01, **p < 0.001 vs. the control group; #p < 0.05, ##p < 0.01, compared with the LTGF-β1+10 mM Fructose group. LTGF-β1, latent TGF-β1; NAC, N-Acetyl-l-cysteine.




Effect of Fructose on Migration and Invasion Ability of Latent TGF-β1-Induced A549 Cells

Compared with the control group, cell migration (Figures 10A,B) and invasion (Figures 10C,D) in the TGF-β1 or latent TGF-β1 + fructose group were significantly enhanced, while there was no significant change in cell migration and invasion in the fructose or latent TGF-β1 alone group. However, fructose combined with latent TGF-β1's effect was impaired post-administration with NAC.


[image: Figure 10]
FIGURE 10. Effect of fructose on latent TGF-β1-induced A549 cell migration and invasion. (A) Wound healing assays of A549 cells, the wound closure was photographed at 24 post-scratching (40× magnification). (B) Wound healing distance = (the initialized width of the scratch) – (the final width). (C,D) Invasion Chambers (40× magnification) and counts of cells under the microscope. Control, 0 mM fructose; Fru, 10 mM fructose; LTGF-β1, latent TGF-β1; LTGF-β1+Fru, latent TGF-β1 + 10 mM fructose; LTGF-β1+Fru+NAC, latent TGF-β1 + 10 mM fructose + N-Acetyl-l-cysteine.





DISCUSSION

IPF is a chronic, progressive idiopathic lung disease that destroys the dynamic balance of alveolar epithelial cells by endogenous or microenvironmental stimulation, resulting in abnormal repair of alveolar epithelial cells (1). EMT actively participates in the progress and maintenance of IPF (25). Diet is considered a potential environmental risk factor for the increased incidence of inflammatory diseases, but its underlying mechanism is unclear (18). Fructose is usually used as a food additive, which has the characteristics of high sweetness. However, studies have found that fructose has many potential hazards to our bodies. e.g., fructose can promote the formation of fatty liver by promoting the synthesis of fat (24, 38) and the growth of the tumor (breast cancer, pancreatic cancer, and small bowel cancer) by increasing the flow of pentose phosphate pathway (30, 39). In this study, we first demonstrated that fructose increased the viability of lung epithelial cells, including A549 and BEAS-2B cells, but could be prevented by administration with NAC. Secondly, fructose at 10 mM significantly resulted in morphological alteration, increased fibrosis- and EMT- related protein expression (α-SMA, collagen I, N-cadherin, and vimentin), invasion and migration, and the decreased epithelial marker E-cadherin expression of lung epithelial cells treated with latent TGF-β1. Mechanism analysis found that fructose-producing ROS mediated latent TGF-β1-induced lung fibrotic phenotype and EMT process, and such effects were prevented post-administration with NAC. Finally, our results reveal that fructose-activated TGF-β1 promoted Smad3 phosphorylation and Snail expression, whereas these effects could be controlled by a TGF-β type I receptor inhibitor.

ROS, a normal byproduct of various cellular processes, can modulate gene expression in growth, development, and apoptosis (40). ROS has a double-edged sword effect on cell metabolism as a signal transducer. e.g., ROS promotes cell growth, invasion, and migration at low to moderate levels (41, 42), while high ROS concentrations result in cell death via direct or indirect mechanisms (43). Fructose has two stereoisomeric forms: linear ketal and fructofuranose (5 membered rings) form. The molecular instability of the five-membered furanose ring can lead to a protein fucosylation reaction and the release of superoxide radical (33, 34). Fructose enters cells through a fructose transporter (GLUT5) and is oxidized and utilized. GLUT5, encoded by SLC2A5, is a unique fructose transporter in mammalian cells. It has been found that the utilization of fructose by cells depends mainly on the expression level of SLC2A5, and fructose has different effects on the viability of different cells (44). Studies have shown that low or moderate ROS can promote cell proliferation (45). In the present study, ROS induced by fructose did not lead to the cell death of human lung epithelial cells (A549 and BEAS-2B) but increased A549 and BEAS-2B cell viability in a non-dose dependent manner since the elimination of ROS by NAC impaired the cell proliferation promoted by ROS-induced by fructose (Supplementary Figure S5). These data suggest that fructose induces moderate ROS levels that promotes human lung cell growth.

TGF-β, a potential inducer of ECM proteins, could be produced by numerous cells in a latent form by binding a latent associated peptide that must be activated by αv integrins, ROS, plasmin, and MMPs for TGF-β1 (46–48) and then initiate its multiple biological functions. Evidence has proved that glucose, another monosaccharide, at 25 mM, can activate latent TGF-β1 for TGF-β1 by an increased ROS in T cells, subsequently promoting the differentiation of Th17 cells in the presence of IL-6 and ultimately resulting in an aggravation of EAE (18). However, glucose could not promote Th17 cell differentiation induced by TGF-β1 and IL-6 (18). Since fructose can produce 100 times more ROS than glucose (21), we speculate that ROS-induced by fructose should activate TGF-β1 by oxidation of the latent associated peptide. As expected, we found that fructose dose-dependently increased total and mitochondria ROS but did not affect cytoplasm ROS production (data not shown), indicating that the production of ROS promoted by fructose might be mainly derived from mitochondria.

Additionally, fructose at 10 mM could also produce more total and mitochondrial ROS than that of the control treatment, which might subsequently initiate TGF-β1 activation. Indeed, when administered with fructose at 10 mM, latent TGF-β1 could induce the morphology change, the expression of fibrosis- and EMT-related proteins of human lung epithelial cells. In contrast, NAC could prevent such alteration, indicating that ROS-induced by fructose treatment at 10 mM can make latent TGF-β1 into activated TGF-β1.

Although it is still unclear for the pathogenesis of pulmonary fibrosis, the TGF-β1 signal pathway is considered the key to the formation of pulmonary fibrosis (37, 49). The activity level of the TGF-β1 signaling pathway is associated with mortality in patients with pulmonary fibrosis. TGF-β1/Smad signal plays a vital role in tumor progression and the EMT process. Studies have shown that the Smad3 signaling pathway is involved in the EMT process of A549 cells induced by TGF-β1 (50). Additionally, the TGF-β1/Snail signal involves the EMT process in pulmonary fibrosis (32). Snail is a zinc finger protein and a regulatory factor of EMT-related gene expression, inhibiting epithelial genes and activating the mesenchymal phenotype, and could be up-regulated in patients with fibrous diseases (14, 51, 52). This study found that co-administration with fructose and latent TGF-β1 up-regulated the Smad3 phosphorylation in a dose-dependent manner and the Snail expression, which the TGF-β type I receptor inhibitor could inhibit. These findings suggested that ROS-activated TGF-β1 involved the TGF-β1-induced fibrotic phenotype and EMT process via TGF-β1/Smad/Snail signals. However, whether dietary fructose influences pulmonary fibrosis in vivo needs to be investigated.

Overall, this study has shown that fructose can promote latent TGF-β1-induced fibrosis and EMT in human epithelial cells. The mechanisms reveal that fructose's effects may be due to total and mitochondrial ROS accumulation, leading to latent TGF-β1 activation and pulmonary fibrosis (Figure 11). Thus, a deeper understanding of the molecular mechanism of ROS homeostasis defect may provide more options for treating pulmonary fibrosis.


[image: Figure 11]
FIGURE 11. The mechanism of fructose promoting pulmonary epithelial cell fibrosis and EMT.
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