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Abstract 34 

Background/Aims: Fatty acid synthase (FASN) is a multi-enzyme complex that synthesizes endogenous fatty 35 

acids. The overexpression of FASN has been reported in variety of cancers, including breast, ovarian, prostrate, 36 

and colon cancers, which strongly indicates the involvement of FASN in cancer progression. α-Linolenic acid 37 

(ALA) has many biological activities, including anti-cancer effects. The aim of the present study was to 38 

investigate the inhibitory effect of ALA on fatty acid synthesis pathway and apoptosis of human breast cancer 39 

cells. 40 

Methods: Cytotoxicity of ALA in human breast cancer cells (MDA-MB-231 and MCF-7 cells) was assessed 41 

by MTT assay. Changes in protein expression were detected by immunoblot analysis. Cell migration was 42 

detected by wound healing and cell transwell assay. Apoptotic effects, mitochondrial membrane potential and 43 

cell cycle analysis were detected by flow cytometry. Molecular docking was carried out with the AutoDockTools 44 

program suite to analyze the binding abilities of ALA on thioesterase (TE) domain of FASN. 45 

Results: We found that the expression levels of FASN decreased significantly in ALA treated breast cancer 46 

cells. Compared with palmitic acid (PA), ALA reduced cell viability in a dose-dependent manner. ALA showed 47 

a higher affinity with the TE domain than PA. ALA induced breast cancer cells apoptosis, which effects were 48 

similar with the knockdown of FASN. In addition, ALA inhibited the invasion and metastasis, and arrested cell 49 

cycle in breast cancer cells.  50 

Conclusion: We propose a hypothesis that ALA could contribute to the treatment of human breast cancer by 51 

inhibiting FASN.  52 

 53 

Key words: Fatty acid synthase; α-Linolenic acid; Inhibitor; Breast cancer cells; Cell apoptosis. 54 
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Background 56 

Breast cancer is one of the most serious diseases to threaten female’s health [1]. Although some of them who 57 

suffered from breast cancer could be cured, however, there are lots of people has poor prognosis which leading 58 

to death [2]. It has high risk to invade other tissues and organs. Breast cancer invasion and metastasis are the 59 

main reasons to cause of patient’s death [3, 4]. Until now, plenty of drugs have been developed to treat breast 60 

cancer, however breast cancer remains a complex health problem for woman around the world [5]. Therefore, 61 

development of effective drug to treat breast cancer is an urgent need. 62 

Many researches have explored that fatty acid synthase (FASN, EC 2.1.3.85) expression in breast cancer cell 63 

various from normal to overexpressed in cancer cell [6, 7]. High levels of FASN expression and activity provide 64 

favorable conditions for tumor growth and progression [8, 9]. FASN is considered as a marker of poor prognosis 65 

[10]. FASN is an enzyme that catalyzes the synthesis of long-chain fatty acid using acetyl-coenzyme A (CoA), 66 

malonyl-CoA, and NADPH as its substrates [9]. As the only enzyme that endogenously synthesizes fatty acids 67 

in cells, FASN plays a vital role in cell growth. Fatty acids are irreplaceable factors in cell growth and important 68 

parts of cell membranes. In addition, some intermediate fatty acids metabolites could directly stimulate cell 69 

growth [11]. Previous study revealed that 93% of the fatty acids which consumed by cancer cells are catalyzed 70 

by FASN, meanwhile the main fatty acids which used by normal cells come from diets [12]. Since FASN plays 71 

an essential role in breast cancer and it is totally contrasting between normal cells and cancer cells, FASN is 72 

considered as a new target. It has been identified that inhibiting FASN could induce cancer cell apoptosis, but 73 

the mechanism remains to be studied [13, 14]. Palmitic acid (PA), the main product of FASN catalyzed reaction, 74 

is reduced after inhibition of FASN, which then leads to apoptosis of cancer cells [15]. Malonyl-CoA will be 75 

accumulated after the suppression of FASN. Excess malonyl-CoA will repress acylcarnitine transferase 1, and 76 

the apoptosis pathway will be triggered [16]. Many studies have illustrated the relationship between FASN and 77 
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molecular pathway signaling, such as P53 pathway PI3K-AKT and MAPK etc. [17, 18]. Therefore, the 78 

discovery of FASN inhibitors would bring new opportunity for metabolically combating cancer.     79 

α-Linolenic acid (ALA) is a long chain fatty acid with 18 carbon and three cis double bonds. Most of the ALA 80 

comes from plant seeds, especially from flax and peony seeds. ALA is an essential fatty acid for human being 81 

but cannot be synthesized by the human body [19]. ALA assists human to keep health by direct and indirect 82 

way. If there is a lack of ALA in the diet, the person may suffer from chronic diseases such as obesity, 83 

atherosclerosis and cardiovascular disease [20, 21]. ALA can improve leptin levels and decrease epididymal 84 

adiposity, as well as adipocyte size in mice [22]. ALA administration prevents diabetes and its complications 85 

via PI3K/AKT signaling [23]. Besides, many studies indicate that ALA exerts anti-inflammatory and 86 

antioxidant effects through increasing the expression level of Nrf2 [24, 25]. In addition, ALA transforms other 87 

biological substances such as DHA and EPA, as a precursor. These biological molecules could contribute to the 88 

metabolism of saturated fatty acids, which reduces the risk of atherosclerosis [26]. Recently, more and more 89 

evidence prove that ALA has an anti-cancer effect, but the mechanism remains unknown [27, 28]. 90 

Since ALA could reduce adipose tissue size and induce cancer cell apoptosis, meanwhile FASN plays a 91 

significant role in fat synthesis and cancer, therefore it is proposed that ALA induces apoptosis of breast cancer 92 

cell by inhibiting FASN. To investigate whether ALA-mediated cancer cell apoptosis is related to FASN, firstly, 93 

the effect of ALA on FASN expression in breast cancer cells was tested. Cytotoxicity of ALA was explored, 94 

subsequently, we detected whether ALA affects breast cancer cell invasion and metastasis. The discovery of 95 

ALA as a new FASN inhibitor will provide one of the potential perspective anticancer treatments. 96 

 97 

Methods 98 

Reagents 99 
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ALA, PA, DMSO, and 5-tetradecyloxy-2-furoic acid (TOFA) were purchased from Sigma (St. Louis, MO, 100 

USA). RPMI 1640 Medium basic and phosphate-buffered saline (PBS) were purchased from Biological 101 

Industries (Israel). Fetal bovine serum (FBS) was purchased from South America sterile filtered. Antibodies of 102 

FASN, IRE1, ATF6, PERK, and CHOP were purchased from Cell Signaling Technology (Denvers, MA, USA). 103 

GAPDH was purchased from Lablead (Beijing, China). 104 

Cell lines and culture  105 

The human breast cancer cell lines MDA-MB-231 and MCF-7 cells were purchased from the Type Culture 106 

Collection of the Chinese Academy of Sciences, Shanghai, China. Cells were grown in DMEM, supplemented 107 

with 10% FBS and were maintained in a humidified atmosphere containing 95% air and 5% CO2 at 37 °C.  108 

Cell viability assay 109 

Cell viability assays were performed in 96-well plates. MDA-MB-231 and MCF-7 cells were cultured in the 110 

plates until confluence and were incubated with either DMSO (1:1000) or increasing doses of ALA for 24 h at 111 

37 °C. Cell medium was then changed to a fresh one within 500 µg/mL MTT. After 4 h incubation at 37 °C, the 112 

plates were decanted and added 150 µL DMSO to solubilize the formazan crystals. The plate was analyzed by 113 

a microplate spectrophotometer (Multiskan, MK3) at the wavelength of 492 nm. All experiments were carried 114 

out five times on three different occasions. 115 

Analysis of apoptosis 116 

At 24 h after ALA treatment, the cells were collected and washed twice with cold PBS, and then resuspended 117 

at a density of 1 × 106 cells per mL. The cell suspension (500 μL) was incubated with Annexin-V-FITC (5 μL) 118 

and PI (10 μL) for 15 min in dark, and analyzed with FACScalibur instrument (Becton–Dickinson, San Jose, 119 

US) within 1 h. 120 

Western blot analysis 121 
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Following treatment of breast cancer cells with corresponding concentration of ALA for 24 h, cells were 122 

collected using trypsin-EDTA and washed twice with PBS. Then, a particle free supernatant was obtained by 123 

centrifuging at 12,000 g for 20 min at 4 °C. The protein concentration of cell lysates was measured by Pierce 124 

BCA protein analysis kit. Comparable amounts of protein were separated using a 10%-12% SDS-PAGE and 125 

transferred to PVDF membranes. Then probed with primary antibodies dilution overnight at 4 °C. After washing 126 

thrice with TBST solution, cells were incubated with corresponding secondary antibody for 1 h, and developed 127 

with a commercial kit. Western blotting was performed with anti GAPDH antibody to control protein loading 128 

and transfer. All experiments were carried out at least three times. 129 

Mitochondrial membrane potential test  130 

The mitochondrial membrane potential (ΔΨm) was detected as described previously [15]. Briefly, after treating 131 

with ALA (0, 25, 50, 75, and 100 µM) for 24 h, cells were digested with trypsin, resuspended at a density of 1 132 

× 106 cells per mL. After washing thrice with cold PBS, the cells were then stained and incubated with 25 µM 133 

JC-1 for 30 min at 37 °C. Finally, the fluorescence shift of JC-1 was measured by flow cytometry to evaluate 134 

mitochondrial dysfunction.  135 

Immunofluorescence 136 

The FASN expression and distribution in the cell were investigated by immunofluorescence confocal 137 

microscopy, after treating with ALA for 24 h, breast cancer cells were planted in the 24-well plate for 12 h. 138 

Cultured cells were exposed with various concentrations of ALA for 24 h and then fixed with 4% 139 

paraformaldehyde for 10 min, PBST was used to wash cells twice, permeabilized with 0.1% Triton X-100 and 140 

then blocked in 3% BSA for 1 h at room temperature. Before staining cell nucleus by DAPI for 1 h without 141 

light, incubation with FASN antibodies dilution at a concentration of 1:100 overnight at 4 °C. After that, the 142 

image was analyzed by confocal microscopy. 143 
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RNA interference 144 

The FASN-targeted siRNA (TGG AGC GTA TCT GTG AGA ATT) and the negative RNA (UUC UCC GAA 145 

CGU GUC ACG UTT) were purchased from GenePharma (Shanghai, China). The siRNA was transfected into 146 

cells using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s instructions. 147 

Wound healing 148 

Breast cancer cells were seeded into 6-well plates (2× 106 cells per well) in DMEM with 10% FBS overnight. 149 

Cells were scratched for a straight line by 200 µL pipette tip and then PBS buffer was used to clean cells for 150 

three times. DMEM containing different ALA concentrations was used to treat cells for 24 h. The cell migration 151 

was observed by microscope.  152 

Cell migration assay  153 

Transwell assay was applied to measure cell migration. Breast cancer cells were plated in the upper chamber 154 

overnight till to an 80% confluency. Then, different concentrations of ALA were added into DMEM to culture 155 

cells at upper chamber while DMEM with 10% FBS was used in bottom chamber. After 24 h, the upper chamber 156 

cell should be removed, migrated cells which appears on under chamber were stained by crystal violet. The 157 

results were shown by microscope. 158 

Cell cycle assay 159 

Cells were seeded in the 6-plates overnight till at a density of 80%. Cells were cleaned three times using PBS 160 

buffer and then virous concentrations of ALA were used to treat cells for 24 h. After that, cells were harvested 161 

to analysis cell cycle by flow cytometry according to the instruction provided by the manufacturer strictly.  162 

Molecular docking 163 

The occupied position of polyunsaturated fatty acyl adduct in the crystal structure of the human FASN 164 

thioesterase (TE) domain (PDB_ID:3TJM) was used as the grid box center (70×70×70Å) for docking. 165 
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AutoDockTools program suite was used to pretreat the structure of inhibitors and receptors for docking (see 166 

http://mgltools.scripps.edu). Two hundred independent docking runs of inhibitors was carried out. After the 167 

molecular docking was completed, we clustered analysis of the lowest-energy positions for the inhibitor and 168 

then saved the lowest-energy position of the inhibitor in the binding sites of the TE domain. 169 

Statistical analysis 170 

Data were obtained from the mean ± standard deviation (SD). One-way analysis of variance (ANOVA) and 171 

Tukey’s post-test were performed by Origin8.5 software (Originlab, MS, USA) to determine the statistical 172 

differences among three or more groups. The statistical significance was at P < 0.05 level. 173 

 174 

Results 175 

ALA reduced the cell viabilities of MDA-MB-231 and MCF-7 cells 176 

To evaluate the cytotoxicity of ALA on human breast cancer cells, MDA-MB-231 and MCF-7 cells were 177 

incubated with various concentration of ALA for 24 h. After that, the cell viabilities were detected by MTT 178 

assay. ALA treatment for 24 h decreased breast cancer cell viability in a dose-dependent manner, as shown in 179 

the Figure 1. The half inhibition concentration (IC50) values of ALA in MDA-MB-231 cells and MCF-7 cells 180 

were 45 µM and 70 µM, respectively. These results exhibited that ALA could reduce breast cancer cell viability 181 

and suppress cell growth.  182 

ALA induced MDA-MB-231 and MCF-7 cells apoptosis 183 

In this study, the apoptotic potential for ALA was assessed in both MDA-MB-231 cells and MCF-7 cells using 184 

Annexin V FITC/PI dual staining assay. As shown in the Figure 2A and 2B, the outcomes from the flow 185 

cytometric analysis revealed that MDA-MB-231 cells and MCF-7 cells treated with 100 µM ALA exhibited a 186 

significant rise in the percent of Annexin V-FITC positive (Annexin V+) apoptotic cells within both early (from 187 
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2.9% to 23.5% and from 5.5 to 16.7%, respectively) and late (from 0.6% to 3.4% and from 2.0 to 13.8%, 188 

respectively) apoptotic phases, which involves obvious increase with respect to untreated control cells. We next 189 

measured the apoptosis marker proteins PARP and BCL-2. Cells were treated with ALA for 24 h, and then the 190 

protein levels were detected by Western blot. As shown in the Figure 2C and 2D, the cleavage PARP increased 191 

markedly at 75 µM in MCF-7 cells and 100 µM in MDA-MB-231 cells. BCL-2, the anti-apoptotic protein, was 192 

down-regulated.  193 

ALA inhibited intercellular FASN in MDA-MB-231 and MCF-7 cells 194 

FASN is concerned to play an important role in breast cancer cell growth. The FASN protein levels were 195 

detected by western blot and visualized by immunofluorescence. As shown in the Figure 3A, ALA at a 196 

concentration of 80 µM down-regulated FASN expression significantly in both MDA-MB-231 and MCF-7 cells. 197 

To observe the location of FASN at the cytoplasm, the immunofluorescence technology was applied. Results 198 

were shown in the Figure 3B, the green fluorescence weakened gradually with the increased of ALA 199 

concentration, it indicated that ALA decreased FASN expression with a dose-dependent pattern.   200 

ALA induced endoplasmic reticulum (ER) stress in MDA-MB-231 cells 201 

In order to detect the effect of ALA on ER stress, the expression levels of ER stress markers were detected by 202 

Western blot. As shown in Figure 4A, ALA administration for 24 h significantly down-regulated the expression 203 

level of FASN, while up-regulated the expression levels of IRE1, ATF6, PERK, and CHOP in MDA-MB-231 204 

cells. To investigate the effect of ALA on mitochondria, mitochondrial membrane potential was measured after 205 

ALA treatment. As shown in Figure 4B and 4C, ALA decreased the mitochondrial membrane potential of both 206 

MDA-MB-231 cells and MCF-7 cells. 207 

FASN knockdown induced ER stress and decreased cell viability  208 

To identify whether the cell viability and ER stress were related with FASN expression in the breast cancer cells, 209 
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we specificity knocked down FASN expression in MDA-MB-231 by siRNA. As shown in the Figure 5, the 210 

FASN expression was decreased sharply and cell viability was reduced significantly after treat with siRNA for 211 

24 h. The result demonstrated that decreasing FASN expression could reduce cell viability. Besides, to study 212 

whether ER stress will be induced by silencing FASN expression in breast cancer cell, we knocked down the 213 

FASN expression in the MDA-MB-231 cells, and then we determined the ER stress level by western blot, the 214 

result is shown in Figure 5B. 215 

The cell viability and FASN expression were decreased by ALA rather than PA 216 

In order to confirm whether the effect of ALA on cell viability and FASN expression level is specific, we 217 

determined the activity of PA on breast cancer cells as a comparison. After treating with different concentrations 218 

of PA or ALA, the cell viabilities of both MDA-MB-231 and MCF-7 cells were detected. The results are shown 219 

in Figure 6A, ALA indicated stronger cytotoxicity on breast cancer cells in comparison with PA. Besides, we 220 

detected the FASN expression, as shown in Figure 6B, ALA could decrease the FASN expression significantly, 221 

while PA did not present the ability to inhibit FAS expression. Those results demonstrate that ALA could inhibit 222 

FASN expression and cell viability which could not be affected by PA.  223 

Acetyl-CoA carboxylase inhibition enhanced the cytotoxicity of ALA 224 

For FASN synthesized reaction, acetyl-CoA, malonyl-CoA, and NADPH are applied to product palmitic acid. 225 

Malonyl-CoA comes from acetyl-CoA carboxylase in the cell. For detailed research, TOFA was consumed to 226 

inhibit acetyl-CoA carboxylase and to decrease the malonyl-CoA concentration. TOFA is a specific inhibitor of 227 

acetyl-CoA carboxylase. As shown in the Figure 7, malonyl-CoA concentration was reduced by TOFA, however, 228 

ALA showed no significant effect on malonyl-CoA concentration. Besides, the cell viability was decreased a 229 

lot after combining with ALA and TOFA.  230 

ALA inhibited the invasion and metastasis, and arrested cell cycle in MDA-MB-231 cells  231 
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We next detected the invasion of breast cancer cells after treating with ALA for 24 h. Results showed that the 232 

cell invasion was inhibited significantly. The cell invasion was almost completely suppressed by 75 µM ALA. 233 

Cell metastasis was measured by transwell assay. Incubation MDA-MB-231 cells with ALA for 24 h, resulted 234 

in a dose-dependent inhibition of MDA-MB-231 cells metastasis ability (Figure 8B). 235 

To evaluate cell survival, we further checked the effect of ALA on the cell cycle. Incubation MDA-MB-231 236 

cells with ALA for 24 h, the result demonstrated that ALA inhibited cell cycle. As the concentration of ALA 237 

continues to increase, the proportion of cells in the second peak (G2 phase) decreased. Therefore, ALA could 238 

significantly inhibit cell cycle from G2 phase to S phase. 239 

Acetyl-CoA, and malonyl-CoA were not affected after treating with ALA 240 

To further explore whether the substrates of FASN were accumulated after treating ALA for 24 h, intracellular 241 

acetyl-CoA, malonyl-CoA, and NADPH concentrations were measured by corresponding kits (Acetyl-CoA kit, 242 

Malonyl-CoA kit, and NADPH kit). The result showed that ALA treatment could not increase or decrease the 243 

concentrations of both acetyl-CoA and malonyl-CoA. 244 

ALA showed higher affinity with the TE domain than PA 245 

To evaluate the affinity of ALA with TE domain (one of FASN domain). We calculated the binding energy that 246 

ALA and PA with TE respectively. Results were shown as the Figure 10A. ALA occupies hydrophobic pocket 247 

A and forms a broad hydrophobic interaction with GLU2366, TYR2351, LEU24277, PHE2370, PHE2423, 248 

ILE2250, TYR2309 and VAL2344. In addition, the carboxyl group of the ALA forms a salt bridge with the 249 

guanidyl groups of ARG2352 and ARG2428. Ser2308-His2481-Asp2338 catalytic triad does not contribute to 250 

the binding of ALA. Thus, the primary driving force for the binding of ALA to the TE domain is electrostatic 251 

interactions and hydrophobic interactions.  252 

The carboxyl group of the PA forms a salt bridge with the guanidyl groups of ARG2352 and ARG2428, and 253 
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forms a broad hydrophobic interaction with the residues of pocket A. However, the binding ability of PA is 254 

lower than that of ALA in the TE domain. 255 

 256 

Discussion 257 

Fatty acids are important sources of energy production and structural components of cells, and also important 258 

regulators of gene expression by interacting with various transcription factors. Intake of different types of fatty 259 

acids, as well as the total amount of fat, will cause metabolic changes. ALA is an essential omega-3 fatty acid 260 

needed for human health. Essential fatty acids are thought to affect several metabolic processes, including 261 

regulation of energy supply, enzyme activity and gene expression. Therefore, it is believed that the decrease or 262 

imbalance of these lipid levels will have a pathogenic effect on many human diseases. In particular, a large 263 

amount of evidence suggests that ALA intake is negatively correlated with coronary and carotid atherosclerotic 264 

diseases, and is associated with neuroprotective, antidepressant and antidepressant effects. Many biological 265 

functions of ALA have been reported, including cardiovascular protection, neuroprotection, anti-cancer, anti-266 

osteoporosis, anti-inflammatory and antioxidant effects [29]. However, the detailed mechanisms involved 267 

remain unclear. In the present study, we proved that ALA could reduce survival rate, induce apoptosis, inhibit 268 

cell invasion and metastasis, and block cell cycle in human breast cancer cells.  269 

To gain further insight into the mechanism underlying the anti-cancer effect of ALA, the effect of ALA on 270 

intracellular FASN was investigated. Lots of studies proved that ALA could reduce fat accumulation and keep 271 

body slim, which provided evidence that ALA could affect fatty acid metabolism [30]. Coincidentally, FASN is 272 

a dual target of anti-obesity and anti-cancer [31]. In this study, we found that ALA could down-regulate the 273 

expression level of FASN. ALA exhibited higher binding ability to the TE domain of FASN than PA. In order 274 

to determine the specificity of ALA on intracellular FASN, we used RNA interference to down-regulate FASN 275 
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expression in breast cancer cells. The viability of breast cancer cells decreased significantly after the expression 276 

of FASN was down-regulated, which was similar to that of ALA treatment. Therefore, ALA may reduce breast 277 

cancer cells viability through inhibiting FASN.  278 

ER has multiple functions, especially in the synthesis, folding, modification, and transportation. Several 279 

enzymes related to lipid metabolism are located in the ER [32, 33]. The ER homeostasis will be destroyed after 280 

cells are stimulated, for maintain the balance of microenvironment, apoptosis procedure will be triggered [34]. 281 

According to our results, the ER stress related proteins were up-regulated, which means ER stress was activated 282 

by both ALA treatment and FASN knocking down. The change of ER stress markers is an important mean to 283 

reflect mitochondrial stress. We also investigated the effect of ALA on mitochondria. The results showed that 284 

ALA induces mitochondrial stress or injury. ER stress response is essential for the survival of cancer cells under 285 

some circumstances. However, long-term ER stress and UPR pathway activation can lead to apoptosis. In this 286 

study, we found that ALA induced both ER stress and mitochondrial membrane potential reduction. It is strongly 287 

suggested that ER stress was involved in ALA induced breast cancer cell death. 288 

FASN substrates accumulation should be considered for breast cancer cell apoptosis while FASN was inhibited. 289 

NADPH and malonyl-CoA have been reported the apoptosis effect on cancer cells. Excess malonyl-CoA has 290 

cytotoxicity for cancer cells. Malonyl-CoA was produced by acetyl-CoA carboxylase and consumed by FASN, 291 

malonyl-CoA will be accumulated due to the inhibition of FASN. CPT1 will be inhibited by excess malonyl-292 

CoA, which could trigger apoptosis procedure [35, 36]. We aim to identify whether ALA could induce apoptosis 293 

via this way. Acetyl-CoA carboxylase was suppressed by TOFA to decreased the accumulation of malonyl-CoA. 294 

According to previous study, cell viability will be remedy by TOFA after inhibiting FASN. One unanticipated 295 

finding was that TOFA increased the apoptosis effect which induced by ALA. It is totally different with our 296 

prospect. Malonyl-CoA was measured by malonyl-CoA kit, however, the T-test showed that these results were 297 
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not statistically significant. A series of experiments show that ALA induced breast cancer cell apoptosis by 298 

inhibiting FASN independent malonyl-CoA accumulation. Besides, acetyl-CoA and NADPH also were 299 

explored by measuring its concentrations, the result did not present significant difference. 300 

Consistent with the previous research, we found that ALA can also block cell cycle, inhibit the invasion and 301 

metastasis of tumor cells [37]. These results prove that ALA can inhibit the development of tumor cells. This 302 

also provides a theoretical basis for the development of ALA as an anti-tumor drug or an anti-tumor adjuvant 303 

drug. At the same time, it also reminds people that the proper addition of ALA in daily diet is very helpful for 304 

maintaining good health. Although we demonstrated the mechanism of ALA induced cancer cell apoptosis, this 305 

study remains some limitation. Further animal experiments are urgently needed to determine the feasibility of 306 

ALA as an anticancer drug.  307 

 308 

Conclusions 309 

In summary, this study suggests that ALA is a novel FASN inhibitor and could induce breast cancer cell 310 

apoptosis via inhibiting FASN.  311 
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Figure Legends 430 

Figure 1. Effect of ALA on breast cancer cell viabilities. 431 

MDA-MB-231 cells (A) and MCF-7 cells (B) were treated by different concentrations of ALA (0, 10, 30, 50, 432 

60, 70, 80, 90, and 100 µM) for 24 h, cell viability was measured by MTT assay. Data represented the mean ± 433 

SD of three independent experiments. MBA-MB-231 cells.  434 

 435 

 436 

Figure 2. Apoptotic effect of ALA on MCF-7 and MDA-MB-231 cells.  437 

(A) MDA-MB-231 cells and MCF-7 cells were treated with various concentrations of ALA for 24 h, then 438 

incubated and stained with annexin V/PI, analyzed by flow cytometry. (B) Apoptosis in MDA-MB-231 cells 439 

and MCF-7 cells was assessed by PARP cleavage and BCL-2 expression. GAPDH was chosen as a loading 440 

control. 441 
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 442 

 443 

Figure 3. ALA down-regulated intercellular FASN expression in breast cancer cells.  444 

(A) The expression levels of FASN after ALA treatment for 24 h in MDA-MB-231 and MCF-7 cells were 445 

detected. FASN was stained by FASN antibody with FITC (green fluorescence), nucleus was stained by DAPI 446 

(blue fluorescence). The image was analyzed by fluorescence microscope. (B) The expression levels of FASN 447 

were analyzed by western blot after ALA treatment. 448 
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 449 

 450 

Figure 4. The effects of ALA on ER stress in MDA-MB-231 cells.   451 

(A) At 24 h after ALA (100 µM) treatment, the relative expression levels of FASN, ATF6, IRE1, PERK, and 452 

CHOP were analyzed by western blot. (B) MDA-MB-231 cells and (C) MCF-7 cells were treated with ALA (0, 453 

25, 50, 75, and 100 µM) analyzed by measuring the fluorescence shift of JC-1 with a flow cytometer to assess 454 

the mitochondrial dysfunction.  455 

 456 

Figure 5. Down-regulating FASN expression reduced cell viability and induced ER stress in MDA-MB-457 

231 cells. 458 

(A) MDA-MB-231 cells were transfected with FASN targeted siRNA for 24 h. The survival rate of cells was 459 
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measured by MTT assay. (B) The relative expression levels of ATF6, IRE1, PERK, and CHOP in MDA-MB-460 

231 cells were analyzed by Western blot. The density of proteins was quantified by ImageJ software. *p < 0.05. 461 

 462 

 463 

Figure 6. The effects of ALA, PA on cell viability and FASN expression level in breast cancer cells. 464 

Various concentration of ALA or PA (0, 25, 50, 70, and 100 µM) treated MDA-MB-231 cells (A) and MCF-7 465 

cells (B) for 24 h, cell viabilities were measured by MTT assay. *p < 0.05, **p < 0.01. (C) and (D) FASN 466 

expression was analyzed by western blot after treating with ALA or PA for 24 h.  467 

 468 

 469 

Figure 7. The effects of ALA and TOFA on cell viability in breast cancer cells.  470 

MDA-MB-231 cells and MCF-7 cells were treated with ALA alone or ALA accompany with TOFA for 24 h, 471 
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cell viabilities were measured by MTT assay. *p < 0.05, **p < 0.01. 472 

 473 

 474 

Figure 8. ALA inhibited the invasion and arrested the cell cycle of MDA-MB-231 cells. 475 

MDA-MB-231 cells were treated with ALA (0, 25, 50, 75, and 100 µM) for 24 h. (A) Wound healing experiment. 476 

(B) Transwell assay. (C) Cell cycles were analyzed. 477 
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 478 

 479 

Figure 9. Effects of ALA on the FASN substrate.  480 

Three substrates involved in the FASN reaction. MDA-MB-231 and MCF-7 cells were treated ALA (0, 25, 50, 481 

75, and 100 µM) for 24 h, corresponding kits (Acetyl-CoA kit, Malonyl-CoA kit, and NADPH kit) were used 482 

to measure acetyl-CoA, malonyl-CoA, and NADPH, respectively. *p < 0.05, **p < 0.01. 483 
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 484 

 485 

Figure 10. Molecular docking for ALA and PA with TE domain of FASN. 486 

(A) The distribution of binding energy for ALA with TE domain which calculated by Autodock Vina, the red 487 

column was analyzed by Pymol. (B) The binding model of ALA with TE domain. (C) The distribution of binding 488 

energy for PA with TE domain which calculated by Autodock Vina, the red column was analyzed by Pymol as 489 

shown in the figure D. (D) The binding model of PA with TE domain. 490 
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Figures

Figure 1

Effect of ALA on breast cancer cell viabilities. MDA-MB-231 cells (A) and MCF-7 cells (B) were treated by
different concentrations of ALA (0, 10, 30, 50, 60, 70, 80, 90, and 100 μM) for 24 h, cell viability was
measured by MTT assay. Data represented the mean ± SD of three independent experiments. MBA-MB-
231 cells.



Figure 2

Apoptotic effect of ALA on MCF-7 and MDA-MB-231 cells. (A) MDA-MB-231 cells and MCF-7 cells were
treated with various concentrations of ALA for 24 h, then incubated and stained with annexin V/PI,
analyzed by �ow cytometry. (B) Apoptosis in MDA-MB-231 cells and MCF-7 cells was assessed by PARP
cleavage and BCL-2 expression. GAPDH was chosen as a loading control.



Figure 3

ALA down-regulated intercellular FASN expression in breast cancer cells. (A) The expression levels of
FASN after ALA treatment for 24 h in MDA-MB-231 and MCF-7 cells were detected. FASN was stained by
FASN antibody with FITC (green �uorescence), nucleus was stained by DAPI (blue �uorescence). The
image was analyzed by �uorescence microscope. (B) The expression levels of FASN were analyzed by
western blot after ALA treatment.

Figure 4

The effects of ALA on ER stress in MDA-MB-231 cells. (A) At 24 h after ALA (100 μM) treatment, the
relative expression levels of FASN, ATF6, IRE1, PERK, and CHOP were analyzed by western blot. (B) MDA-



MB-231 cells and (C) MCF-7 cells were treated with ALA (0, 25, 50, 75, and 100 μM) analyzed by
measuring the �uorescence shift of JC-1 with a �ow cytometer to assess the mitochondrial dysfunction.

Figure 5

Down-regulating FASN expression reduced cell viability and induced ER stress in MDA-MB-457 231 cells.
(A) MDA-MB-231 cells were transfected with FASN targeted siRNA for 24 h. The survival rate of cells was
measured by MTT assay. (B) The relative expression levels of ATF6, IRE1, PERK, and CHOP in MDA-MB-
231 cells were analyzed by Western blot. The density of proteins was quanti�ed by ImageJ software. *p <
0.05.

Figure 6



The effects of ALA, PA on cell viability and FASN expression level in breast cancer cells. Various
concentration of ALA or PA (0, 25, 50, 70, and 100 μM) treated MDA-MB-231 cells (A) and MCF-7 cells (B)
for 24 h, cell viabilities were measured by MTT assay. *p < 0.05, **p < 0.01. (C) and (D) FASN expression
was analyzed by western blot after treating with ALA or PA for 24 h.

Figure 7

The effects of ALA and TOFA on cell viability in breast cancer cells. MDA-MB-231 cells and MCF-7 cells
were treated with ALA alone or ALA accompany with TOFA for 24 h, cell viabilities were measured by MTT
assay. *p < 0.05, **p < 0.01.



Figure 8

ALA inhibited the invasion and arrested the cell cycle of MDA-MB-231 cells. MDA-MB-231 cells were
treated with ALA (0, 25, 50, 75, and 100 μM) for 24 h. (A) Wound healing experiment. (B) Transwell assay.
(C) Cell cycles were analyzed.



Figure 9

Effects of ALA on the FASN substrate. Three substrates involved in the FASN reaction. MDA-MB-231 and
MCF-7 cells were treated ALA (0, 25, 50, 75, and 100 μM) for 24 h, corresponding kits (Acetyl-CoA kit,
Malonyl-CoA kit, and NADPH kit) were used to measure acetyl-CoA, malonyl-CoA, and NADPH,
respectively. *p < 0.05, **p < 0.01.



Figure 10

Molecular docking for ALA and PA with TE domain of FASN. (A) The distribution of binding energy for
ALA with TE domain which calculated by Autodock Vina, the red column was analyzed by Pymol. (B) The
binding model of ALA with TE domain. (C) The distribution of binding energy for PA with TE domain
which calculated by Autodock Vina, the red column was analyzed by Pymol as shown in the �gure D. (D)
The binding model of PA with TE domain.
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