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Abstract 29 

The probiotic bacterial strain Lactobacillus plantarum ZS2058 has been proved to 30 

manifest comprehensive functions, which were due to ability to synthesise conjugated 31 

fatty acids (CFAs). To investigate the specific functions of CFAs produced by this 32 

probiotic bacterium, α-linolenic acid was isomerized by Lactobacillus plantarum strain 33 

ZS2058, and two different conjugated α-linolenic acid (CLNA) isomers were 34 

successfully isolated. These isoforms, CLNA1 (c9, t11, c15-CLNA, purity 97.48%) and 35 

CLNA2 (c9, t11, t15-CLNA, purity 99.00%), both showed the ability to inhibit the 36 

growth of three types of colon cancer cells in a time- and concentration-dependent 37 

manner. In addition, the expression of MDA in Caco-2 cells was increased by CLNA1 38 

or CLNA2, which indicated lipid peroxidation was related to the antiproliferation 39 

activity of CLNAs. Examination of the key protein of pyroptosis showed that CLNA1 40 

induced the cleavage of caspase-1 and gasdermin-D, while CLNA2 induced the 41 

cleavage of caspase-4, 5 and gasdermin-D. The addition of relative inhibitors could 42 

alleviate the pyroptosis by CLNAs. CLNA1 and CLNA2 showed no effect on caspase-43 

3, 7, 9 and PARP-1, which were key proteins associated with apoptosis. And no sub-44 

diploid apoptotic peak appeared in the result of PI single staining test. In conclusion, 45 

CLNA1 activated caspase-1 and induced Caco-2 cell pyroptosis, whereas CLNA2 46 

induced pyroptosis through the caspase-4/5-mediated pathway. The inhibition of Caco-47 

2 cells by the two isomers was not related to apoptosis. This is the first report showing 48 

the ability of CLNAs to activate antioxidant defenses resulting in pyroptosis. 49 

 50 

1. Introduction 51 

Conjugated fatty acids (CFAs) are positional and geometric isomers of unsaturated fatty 52 

acids that contain one or more non-methylene interrupted double bonds in either the cis 53 

or trans forms.[1-3] One CFA that has been intensively investigated is conjugated 54 
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linoleic acid (CLA). Numerous studies have reported that CLA exhibits a variety of 55 

health benefits, including anti-cancer[4,5], anti-oxidation[6], anti-atherosclerotic[7], 56 

anti-diabetic[8],[9] and anti-obesity effects.[10,11]  57 

In addition to CLA, another group of conjugated fatty acids, the conjugated α-58 

linolenic acid (CLNA) isomers, have recently received increased attention for 59 

biological properties similar to those of CLA. Several plant-derived CLNAs have been 60 

studied, including punicic acid (PUA) from pomegranate and trichosanthes; α-61 

eleostearic acid (α-ESA) and β-eleostearic acid (β-ESA) from tung, bitter ground and 62 

snake gourd seed; catalpic acid (CA) from catalpa, jacaric acid (JA) from jacaranda; α-63 

calendic acid (α-CDA) and β-calendic acid (β-CDA) from pot marigold.[12] The 64 

chemical structure of plant-derived CLNA was shown in Figure.1.  65 

The anti-cancer activity on cells of plant-derived CLNA isomers depends on the 66 

position and cis-trans configuration of the conjugated double bonds.[13] The descending 67 

order of CLNA isomer cytotoxicity on the colon cancer cell line HT-29 is trans9, trans11, 68 

trans13-CLNA followed by cis9, trans11, trans13-CLNA, then trans11, trans13-18:2, 69 

trans9, trans11-18:2, cis9, trans11-18:2.[14] Further, β-eleostearic acid (t9, t11, t13-70 

CLNA) and β-calendic acid (t8, t10, t12-CLNA), which have all-trans-conjugated 71 

double bonds, exerted stronger growth inhibition than α-eleostearic acid and α-calendic 72 

acid with the cis configuration in the human colon cancer cell line Caco-2.[15] Based 73 

on the aboved reports, all-trans conjugated fatty acids may have more effective tumor 74 

suppressing activity. The lethal mechanism of plant-derived CLNAs has been 75 

extensively studied, mainly focusing on lipid peroxidation and induction of 76 

apoptosis.[16]
, 
[5,17] Michael et al. found that cis9, trans11, cis13-CLNA can inhibit the 77 

growth of breast cancer cells through lipid peroxidation and the PKC pathway.[18] This 78 

cis9, trans11, trans13-CLNA can induce apoptosis in breast cancer cells by blocking the 79 

G2-M phase of mitosis, or by oxidative reactions.[19] The omega-3 fatty acid DHA has 80 

been reported to induce cancer cell pyroptosis, however, the interaction between 81 

pyroptosis and CLNAs which is also a type of omega-3 fatty acids is unknown. 82 

CLNAs can also be extracted from microbial sources, and it could be that 83 

Lactobacillus-derived CLNAs and plant-derived CLNAs have different anticancer 84 
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activities due to structural differences. With Lactobacillus-derived CLNAs, Coakley et 85 

al. and Hennessy et al. obtained a CLNA mixture (55.6% c9, t11, c15-CLNA) from 86 

bifidobacterial fermentation; this mixture inhibited SW480 cells with a lethality of 85% 87 

at a concentration of 180 μM, which is more toxic than both α-linolenic acid (ALA) 88 

and CLA.[20]
 Studies on the mechanism of action of this inhibitory activity indicate 89 

potential roles for increased cellular lipid peroxidation, altered cellular phospholipid 90 

composition, and reductions in the cellular content of Bcl-2.[21] In our previous work, 91 

Lactobacillus plantarum ZS2058 was capable of isomerising α-linolenic acid into 92 

CLNA.[22] The structures of Lactobacillus-derived CLNA are c9, t11, c15-CLNA 93 

(CLNA1) and t9, t11, c15-CLNA (CLNA2), respectively, where the second or third 94 

double bond is in a different position compared with plant-derived CLNA. No studies 95 

have reported the efficacy of Lactobacillus-derived CLNA sole isomers, perhaps due to 96 

the difficulty of screening high-yield CLNA strains and the complexity of extracting 97 

and separating CLNA isomers. This study explores the function and cell-inhibitory 98 

effects of a bacterial-derived CLNA single isomer on colon cancer cells, evaluates the 99 

anti-cancer activities of conjugated linolenic acid, and provides a medical basis for the 100 

use of conjugated fatty acids as adjuvants in the treatment of cancer. 101 

 102 

2. Material and Methods  103 

2.1. Microorganism Cultivation and Preparation of CLNA Mixture.  104 

L. plantarum ZS2058 were sub-cultured twice in de Man, Rogosa and Sharpe (mMRS) 105 

medium at 37 ℃ for 24 h, then inoculated into 2 L of mMRS with α-linolenic acid (Nu-106 

check Prep, Elysian, MN) at a final concentration of 30 mg/ml, and cultured for 48 h. 107 

After culturing, the fermentation broth was placed in a pear-shaped separatory funnel 108 

with the ratio of fermentation broth: isopropanol: n-hexane=3:2:3 (v/v/v), shaken 109 

thoroughly, and allowed to stand for 15 min. The solution was layered, and the upper 110 

transparent n-hexane layer was collected. The n-hexane layer was then evaporated on a 111 

rotary evaporator and re-dissolved in methanol (chromatography grade) to the 112 

concentration of 40 mg/mL. 113 

 114 
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2.2. Separation of CLNA and Purity Detection.  115 

The crude extracts were separated by RP-HPLC on an Ultimate® 5 μm C30 Semi-116 

preparative column (10×250 mm) (Yuexu Technology, Shanghai, China) by a Waters 117 

2545 RP-HPLC. The CLNA isomers were separated in methanol/water/formic acid 118 

(80:20:0.01, vol/vol) at a flow rate of 5 mL/min-1 with an injection volume of 700 μL. 119 

The CLNA fragments were detected by a UV detector at an absorbance of 205 nm and 120 

233 nm, and fractions containing the single isomer were collected automatically when 121 

both absorbances were detected. The methanol and water from the pooled fractions 122 

were removed by rotary evaporation (37 ℃), then the single CLNA isomer was re-123 

extracted with methanol for storage. The purity of the extracted CLNA1 124 

(cis9,trans11,cis15-CLNA) and CLNA2 (trans9,trans11,cis15-CLNA) were determined 125 

by GC-MS as previously described.[23]  126 

 127 

2.3. Cell Culture.  128 

Caco-2 colon cancer cells (Shanghai Institute of Cellular Sciences, Chinese Academy 129 

of Sciences, China) were cultured in DMEM high-glucose complete medium 130 

supplemented with 5% fetal calf serum (Gibco company, New York, USA), 1% sodium 131 

pyruvate, 1% non-essential amino acids, and 1% penicillin. SW480 and HT-29 colon 132 

cancer cells (Shanghai Institute of Cellular Sciences, Chinese Academy of Sciences, 133 

Shanghai, China) were cultured in RPMI 1640 complete medium supplemented with 134 

5% fetal calf serum, and 1% sodium pyruvate. Caco-2 cells were seeded onto a 96-well 135 

plate (Fisher, Ottawa, ON) at a concentration of 8000 cells/well in 100 μL complete 136 

culture medium. Similarly, SW480 and HT-29 cells were seeded at a concentration of 137 

5000 cells/well or 3000 cells/well, respectively. The concentration of Caco-2 cells was 138 

adjusted to 4×105 cells/well when the cells were grown in 6-well plates with 2 ml 139 

complete medium. All of the media and supplements for tissue culture were purchased 140 

commercially (Gibco, New York, USA). All cells were maintained in a 37°C humidified 141 

incubator with 5% CO2. 142 

 143 

2.4. MTT Cell Viability Assay.  144 
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The 1% FBS medium with CLNA concentrations of 0 μM, 10 μM, 20 μM, 30 μM, 40 145 

μM, and 50 μM were added to a 96-well plate and cultured for 48 h. At the end of 146 

treatment, culture media were removed and 3-(4,5-dimethylthiazol-2-yl)-2,5-147 

diphenyltetrazolium bromide (MTT) (Sigma Aldrich, Saint Louis, USA) was added to 148 

the cells at a concentration of 0.5 mg/ml. After 4 h incubation at 37°C, the MTT reagent 149 

was removed and DMSO was used to solubilize the formazan dye formed by viable 150 

cells. 151 

 152 

2.5. Cell Growth Inhibition Assay.  153 

Caco-2 cells seeded on a 96-well plate were stimulated by inhibitors added as follows. 154 

After treatment for 48 h, the MTT experiment was carried out to determine the cell 155 

viability. The working concentrations of Vitamin E, Z-VAD-FMK, 3-Methyladenine, 156 

VX-765, GSK-872 (MedChemExpress, USA), Necrosulfonamide and Nec-1s (Selleck, 157 

USA) were 30, 10, 10, 5, 10, 0.5, and 10 μM, respectively. The inhibitors were dissolved 158 

in DMEM (1% BSA+0.1% DMSO) and combined with the CLNAs at their IC50. 159 

 160 

2.6. PI Staining Assay.  161 

Cells were exposed for 48 h in a 6-well plate to solvent (negative) control medium 162 

containing 1% FBS, 0.1% DMSO, and CLNA isomers at half the IC50 or the IC50 163 

concentrations. Cells were collected for fixation and stored at 4 °C prior to cell cycle 164 

analysis. The cells were then harvested with 70% ethanol, centrifuged, washed twice 165 

with PBS and then stained with a solution containing 100 μg/ml RNase A, 0.2% Triton 166 

X-100 and 50 μg/ml propidium iodide (Sigma-Aldrich, St. Louis, USA) for 1 hour at 167 

4 ℃ in darkness before the cell cycle was measured with a flow cytometer within 1 168 

h.[24] 169 

 170 

2.7. Annexin-V/PI Staining Assay.  171 

Cells were exposed for 48 h in a 6-well plate to medium containing 1% FBS, 0.1% 172 

DMSO, and CLNA isomers at either half the IC50, the IC50, and two times the IC50 173 

concentration, respectively. The Annexin V-FITC/propidium iodide (PI) apoptosis 174 
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detection kit was purchased from BD Pharmingen (San Diego, USA), and cell aliquots 175 

containing 1 ×105 cells in 100 μl buffer were stained with 5 μl PI solution and 5 μl 176 

FITC-conjugated Annexin V for 15 min at 37 °C. After staining, 400 μl Binding buffer 177 

was added to the cells, and samples were stored on ice until data acquisition.[24] All 178 

analyses were performed using the software FlowJo_V10. 179 

 180 

2.8. Western Blotting Analysis.  181 

Proteins were extracted using Lysis Buffer (Biyuntian, Shanghai, China) and Protease 182 

and Phosphatase Inhibitor (Biyuntian, Shanghai, China). The protein concentrations 183 

were determined by the bicinchoninic acid (BCA) method (Biyuntian, Shanghai, China). 184 

12% polyacrylamide gels were transferred to PVDF membranes using a semi-dry 185 

system. The membrane was blocked for 1 hour and incubated overnight at 4 °C with 186 

the primary antibody (Anti-caspase-1/3/4/5/7/9, anti-cleaved N-terminal GSDMD, 187 

Abcam, Cambrige, UK). The membrane was then incubated for 2 hours with secondary 188 

antibody (Jackson ImmunoResearch). The anti-β-actin antibody (ZSGB-BIO, Beijing, 189 

China) was used as a loading control. The bands were analyzed using Alpha View 190 

software (Version 3.4.0) for densitometry analysis. 191 

 192 

2.9. RNA Extraction and RT-qPCR.  193 

Cells were collected in the logarithmic growth phase. After washing twice with PBS 194 

buffer, 500 μL of prechilled TRIZOL was added to each well. Cells were incubated on 195 

ice for 20 min and scraped into an enzyme-free tube using a cell scraper. RNA extraction 196 

and reverse transcription were carried out as described previously.[25] GAPDH was 197 

used as the reference gene for real-time fluorescence quantitative PCR analysis, and the 198 

primer sequences are shown in Table.1. 199 

 200 

2.10. Statistical Analysis.  201 

All data are presented as mean ± SEM, and were performed at least in triplicate before 202 

analysis with GraphPad Prism 6 statistical software (GraphPad Software, Inc). An 203 

independent t-test was used to determine significant differences using SPSS 19.0 204 
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software (SPSS Inc, Chicago, IL) or GraphPad Prism 6 (GraphPad Software, Inc). A p 205 

value <0.05 was considered statistically significant. 206 

 207 

3. Results 208 

3.1. Preparation and Purity Detection of CLNA1 and CLNA2.  209 

The α-linolenic acid was isomerized by L. plantarum ZS2058, and the CLNA mixtures 210 

were collected from the fermentation. The CLNA1 and CLNA2 were isolated by 211 

preparative liquid chromatography (Figure 2a) and their purity were detected by GC-212 

MS. The purity of CLNA1 and CLNA2 reached 97.48% and 99.99% respectively. The 213 

mass spectrum and chemical structures of CLNA1 (c9, t11, c15-CLNA) and CLNA2 214 

(c9, t11, t15-CLNA) are shown in Fig.2b, and the position of the double bond differed 215 

from that of plant-derived CLNAs (Figure 1). 216 

 217 

3.2. Anti-proliferative Activity of CLNA1, CLNA2 Against Colon Cancer Cells.  218 

The anti-proliferative effects of CLNA isomers on three types of colon cancer cells 219 

were measured after incubation with the CLNA isomers for 24 h, 48 h, and 72 h, 220 

respectively. Both of the CLNA isomers exhibited antiproliferative activity on the three 221 

types of colon cancer cells in a dose-dependent manner, with a half maximal inhibitory 222 

concentration (IC50) ranging from 18.26 μM (for CLNA1 on Caco-2) to 67.52 μM (for 223 

CLNA2 on HT-29) after 48 h treatment (Figure 3a). Among the tested cell lines, Caco-224 

2 cells were most inhibited, corresponding to an IC50 ranging from 18.26 to 19.75 μM, 225 

therefore, it was chosen for further investigation. CLNA1 and CLNA2 inhibited the 226 

proliferation of Caco-2 cells at concentrations of approximately 20 μM, whereas ALA, 227 

with an IC50 of 38.93 μM, had weaker antiproliferative activity. Taking into 228 

consideration that cell death is characterized by typical morphological features, we 229 

analyzed the morphology of Caco-2 cells either untreated or treated with CLNAs at the 230 

IC50 for 24–48 h. The CLNAs treatment reduced the cell density and induced 231 

remarkable morphological changes. The majority of cells displayed an increase in size 232 

and evidence of cytoplasmic swelling, which are characteristic features of pyroptosis 233 

(Figure 3b). 234 
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To determine the possible mechanisms of the anti-proliferative effects of 235 

Lactobacillus-derived CLNAs, Annexin-V/PI staining was used to examine apoptosis 236 

in Caco-2 cells treated by CLNA1 or CLNA2. The proportion of cells in late apoptosis 237 

or necrosis increased with the concentration of CLNA1 added. At the IC50 of CLNA1, 238 

apoptosis had progressed to the middle and late stages, the early apoptosis rate of cells 239 

was 2.47%, and the rate of late apoptosis or necrosis was 23.5%. Treatment with 240 

CLNA2 (1/2 IC50-2 IC50) for 48 h led to a dose-dependent increase in the percentages 241 

of cells in late apoptosis, as demonstrated by Annexin V and PI double-positive cells. 242 

When the concentration of CLNA2 reached twice the IC50, the occupancy rate of living 243 

cells and early apoptosis was less than 10%, and most cells were in the late stages of 244 

apoptosis or necrosis (Figure 3c).  245 

 246 

3.3. Induction of Lipid Peroxidation by CLNA1 and CLNA2 in Caco-2 Cells.  247 

To investigate the mechanism underlying the cytotoxic effects by Lactobacillus derived 248 

CLNAs, Caco-2 cells were incubated with CLNAs and the inhibitor Vitamin E, which 249 

can block oxidative reactions. When the cells were treated with CLNAs in the presence 250 

of Vitamin E, the growth inhibition by CLNA1 and CLNA2 was attenuated, with the 251 

cells retaining 76% and 88% of their proliferation potential (Figure 4a). Therefore, the 252 

mechanism of the cytotoxicity of CLNA is likely to involve lipid peroxidation. Then 253 

the protein level of typical lipid peroxidation index MDA was determined. Increased 254 

expression levels of MDA were observed in CLNA-treated Caco-2 cells (Figure 4b). 255 

The expression level of MDA in the CLNA1 group reached its highest level at 24 h, 256 

while the MDA expression level in the CLNA2 group reached its highest level at 36 h, 257 

suggesting that Caco-2 cells have different reaction modes to these two different fatty 258 

acids. In summary, CLNA1 and CLNA2 stimulated Caco-2 cells to produce excessive 259 

MDA, resulting in cell death. To investigate the mode of death in Caco-2 cells treated 260 

by lactobacillus derived CLNA, apoptosis, autophagy, necroptosis, and pyroptosis were 261 

investigated in the Caco-2 cell line. 262 

 263 

3.4. CLNA1 and CLNA2 Induce Caco-2 Cell Death Independent of Apoptosis 264 
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and Autophagy.  265 

The lethal mechanism of plant-derived CLNAs has been extensively studied, mainly 266 

focusing on the induction of apoptosis via lipid peroxidation.[4,26,27] To determine 267 

whether the mechanism of cell death from bacterial-derived CLNAs involves apoptosis, 268 

signaling genes and proteins known to be involved in apoptosis were analyzed by RT-269 

qPCR (Figure 5a). PI single staining and Western blotting were also performed. There 270 

was no change in the mRNA expression of transcription factors PPARγ, TNF-α and 271 

TGF-β in Caco-2 cells (Figure 5b), which indicated that CLNA1 and CLNA2 did not 272 

play toxic role through the TGF-β/Smad3/IRS -1 pathway.[28] The plant-derived cis9, 273 

trans11, trans13-CLNA inhibits Caco-2 cells by up-regulating the transcriptional level 274 

of PPARγ.[29] Thus, the mechanisms of cell death between plant-derived and 275 

lactobacillus-derived CLNA are distinct. In comparison, CLNA1 and CLNA2 cannot 276 

induce Caco-2 cell death by affecting the transcriptional levels of PPARγ, TNF-α, and 277 

TGF-β genes. In addition, similar tendencies were found in the expression levels of 278 

poly (ADP-ribose) polymerase 1 (PARP-1), caspase-3, caspase-7 and caspase-9 after 279 

Caco-2 cells were treated with CLNA1 and CLNA2 at different times and 280 

concentrations. The cleavage of PARP-1, caspase 3, caspase 7 and caspase 9 was not 281 

observed at any time point or concentration, which corresponds to the effect of the 282 

inhibitor Z-VAD (Figure 5d). These results amply demonstrate that CLNA1 and 283 

CLNA2 do not induce Caco-2 cell death through apoptosis.  284 

A PI single staining test was used to determine whether lactobacillus-derived CLNA 285 

affects the cell cycle in Caco-2 cells (Figure 5c). Because CLNA1 and CLNA2 at 286 

concentrations of twice the IC50 were highly toxic to Caco-2 cells after 48 h, we used 287 

the concentrations of half the IC50 and the IC50 to detect the cell cycle stage. We 288 

determined that no sub-diploid apoptotic peak appeared and that no significant 289 

distinction in the proportion of Caco-2 cells in any cell cycle stage was observed with 290 

increase of CLNA1 and CLNA2 concentrations (Figure 5c). Thus, we conclude that 291 

CLNA1 and CLNA2 do not affect the cell cycle and induce Caco-2 cell apoptosis. In 292 

addition, other death mode inhibitors 3-MA, Nec-1s, and GSK-872 were not effective 293 

in relieving Caco-2 cell death from CLNA1. With CLNA2 treatment, we observed that 294 
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cell death was enhanced or occurred more often when autophagy was inhibited by 3-295 

MA. Similarly, the Caco-2 cell death induced by CLNA2 was slightly strengthened 296 

when RIPK3 was inhibited by the necroptosis inhibitor GSK-872. Nec-1s also had a 297 

significant effect on Caco-2 cells treated by CLNA2, unlike cell treated with CLNA1 298 

(Figure 5d). Interestingly, the MLKL inhibitor NSA significantly enhanced the vitality 299 

of Caco-2 cells during CLNA1 or CLNA2 treatment, which indicates that the mode of 300 

CLNA action on Caco-2 cells may be related to the necroptosis pathway. 301 

 Taken together, the two CLNA isomers induce Caco-2 cell death by non-apoptotic 302 

or non-autophagic pathways, and the mechanism of death is likely to be related to 303 

necroptosis.  304 

 305 

3.5. CLNA1 and CLNA2 Induce Caco-2 Pyroptosis by Different Pathways.  306 

To investigate whether the inhibitory mechanism of Caco-2 cells after CLNA treatment 307 

is connected with pyroptosis, the key proteins known to be involved such as caspase-1, 308 

caspase-4, caspase-5, and GSDMD were assayed by Western Blotting. CLNA1 (IC50) 309 

significantly increased the expression levels of cleaved caspase-1 and GSDMD 310 

compared with control (Figure 6a). To confirm that CLNA1-induced cell death was 311 

characterized by classical pyroptosis, the inhibitor VX-765 targeting caspase-1 was 312 

applied. VX-765 can inhibit the death of Caco-2 cells induced by CLNA1(Figure 6b), 313 

and the protein expression of cleaved caspase-1 and GSDMD was decreased in cells 314 

treated by VX-765 compared with untreated cells (Figure 6c). Additionally, Western 315 

Blotting analysis of caspase-4 and caspase-5 confirmed that CLNA1 caused Caco-2 cell 316 

death by the caspase-1 classical pyroptosis pathway, rather than the caspase 4/5 317 

nonclassical pyroptosis pathway (Figure 6d).  318 

The corresponding protein expression levels in Caco-2 cells treated with CLNA2 319 

were different. Exposure to CLNA2 (IC50) significantly increased the expression of 320 

cleaved caspase-4, caspase-5, and GSDMD compared with controls (Figure 6d), but 321 

cleaved caspase-1 showed no difference compared with controls (Figure 6a), which is 322 

different from the results of CLNA1. To confirm that CLNA2-induced cell death was 323 

characterized by nonclassical pyroptosis, the caspase-4/5 inhibitor AC was applied. The 324 
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AC inhibitor significantly inhibited the death of Caco-2 cells caused by CLNA 325 

treatment (Figure 6e). The protein levels of cleaved caspase-4/5 and GSDMD were both 326 

inhibited in cells treated with AC compared with cells only treated by CLNA2 (Figure 327 

6f). 328 

Furthermore, to confirm that lipid peroxidation is a direct cause for Caco-2 cell 329 

pyroptosis, we investigated whether addition of Vitamin E could suppress pyroptosis 330 

by CLNA1 and CLNA2. Protein expression of cleaved caspase-1 and GSDMD were 331 

inhibited in cells treated with VE during CLNA1 treatment (Figure 6c). Meanwhile, the 332 

protein levels of cleaved caspase-4, caspase-5, and GSDMD were inhibited in cells 333 

treated with VE during CLNA2 treatment (Figure 6f). In summary, VE can increase cell 334 

viability and attenuate key protein activation, which indicates that lipid peroxidation is 335 

a direct cause for Caco-2 pyroptosis. 336 

 337 

4. Discussion  338 

Probiotics have been claimed to possess functions such as suppressing inflammation, 339 

protecting the intestinal barrier, and increasing the body’s antioxidant capacity.[30,31] 340 

In some cases, the benefits of probiotics have been attributed to certain beneficial 341 

metabolites produced by them. In this study, we used the Lactobacillus plantarum 342 

ZS2058 to isomerise α-linolenic acid and assess the function of the CLNA produced. 343 

The structure of lactobacillus-derived CLNA is different from that of plant-derived 344 

CLNA, and they can be defined as a new material synthesized by bacteria. Until now, 345 

lactobacillus-derived CLNA has not been comprehensively studied, and there are no 346 

functional studies on any lactobacillus-derived single isomers of CLNA.  347 

We succeeded in separating the CLNA mixture and demonstrated that CLNA1 (c9, 348 

t11, c15-CLNA) and CLNA2 (c9, t11, t15-CLNA) inhibit the growth of three types of 349 

colon cancer cells in a time- and concentration-dependent manner. Our results and the 350 

lethal concentrations are similar to previous reports, which demonstrated that plant-351 

derived CLNAs exerted potent anti-proliferation effects on a wide range of human and 352 

murine cancer cell lines in vitro.[4,26,27] In addition, the IC50 of ALA on Caco-2 cells is 353 

about two times that of CLNA1 and CLNA2, which suggests that CLNA isomers have 354 
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a stronger inhibitory effect on Caco-2 cells, and that Lactobacillus plantarum ZS2058 355 

was capable of producing a type of more toxic fatty acid. 356 

The inhibitory mechanism of Caco-2 cells by Lactobacillus-derived CLNA was also 357 

unknown, so we investigated whether CLNAs could inhibit Caco-2 cells through 358 

triggering of cell cycle arrest. Our results showed that CLNAs did not trigger cell cycle 359 

arrest. This is different from jacaric acid (c8, t10, c12-CLNA), which can trigger cell 360 

cycle arrest at the G0/G1 phase.[26,27] With Annexin-V/PI staining, we found that most 361 

Caco-2 cells were in the late stage of apoptosis or necrosis, which can be considered a 362 

characteristic of pyroptosis.[32]  363 

Pyroptosis can be induced by the canonical caspase-1 inflammasomes, or by 364 

activation of caspase-4, -5 and -11 by cytosolic lipopolysaccharide.[33] The activated 365 

caspases cleave gasdermin D (GSDMD) at its middle linker domain to release 366 

autoinhibition on its gasdermin-N domain, which executes pyroptosis via its pore-367 

forming activity.[34-36] Interestingly, CLNA1 and CLNA2 cause Caco-2 cell death by 368 

different pathways, although their structures are almost identical. It has been found that 369 

VX-765, a targeted inhibitor of caspase-1, can suppress Caco-2 cell death induced by 370 

CLNA1 and CLNA2, and the broad-spectrum caspase inhibitor AC is also effective. 371 

Further Western Blotting experiments showed that caspase-1 and GSDMD in Caco-2 372 

cells stimulated by CLNA1 showed a cleavage band, but caspase-4 and caspase-5 did 373 

not show a cleavage band. However, Caco-2 cells treated with CLNA2 displayed 374 

caspase-4, caspase-5, and GSDMD cleavage bands, while caspase-1 did not show 375 

cleavage bands. Addition of the inhibitors VX-765 and AC dramatically diminished the 376 

inhibitory effects of CLNA on cell viability and cleavage of the above-mentioned 377 

pyroptosis-related proteins. Therefore, these results demonstrated that CLNA1 causes 378 

Caco-2 cell pyroptosis through the caspase-1 mediated classical pathway, and that 379 

CLNA2 causes Caco-2 cell pyroptosis through caspase-4 and caspase-5 mediated non-380 

canonical pathways. These findings are in line with recent studies on the mechanism of 381 

DHA on cancer cells. Several studies have found that the omega-3 polyunsaturated fatty 382 

acid DHA can trigger caspase-1 and GSDMD activation to cause pyroptosis in breast 383 

cancer cells, and enhance the secretion of IL-1β.[37] BV-2 microglial cells also undergo 384 
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a proinflammatory cell death program like pyroptosis when treated with DHA.[38]  385 

We also found that lipid peroxidation may serve as an accelerator of pyroptosis in 386 

Caco-2 cells during treatment with CLNA1 and CLNA2. MDA can be regarded as an 387 

index of lipid peroxidation,[39] and the lipid peroxidation in Caco-2 cells was enhanced 388 

during the treatment of CLNAs. This is consistent with previous reports of 389 

bifidobacterially produced CLNA and most plant-derived CLNAs on cancer 390 

cells.[26,40,41] To the best of our knowledge, this is the first report to show the ability 391 

of CLNAs to activate antioxidant defenses to result in pyroptosis. 392 

In addition, the growth-inhibitory effects of lactobacillus-derived CLNAs on Caco-393 

2 cells were reduced upon the addition of the antioxidant VE. Western Blotting analysis 394 

showed that VE could protect key proteins related to pyroptosis from CLNA. We 395 

concluded that the CLNAs induced pyroptosis via lipid peroxidation. The antioxidant 396 

defense enzyme glutathione peroxidase 4 (GPX4) is a negative regulator of the 397 

pyroptotic cell death pathway, and plays an important role in inhibiting lethal 398 

inflammation associated with sepsis,[42,43] which suggests that lipid peroxidation can 399 

drive GSDMD-mediated pyroptosis. 400 

Numerous studies have confirmed that plant-derived CLNAs can cause 401 

apoptosis.[26,44] Jacaric acid induced cell death of LNCaP cells through activation of 402 

intrinsic and extrinsic apoptotic pathways, resulting in cleavage of PARP-1 and 403 

increased cleavage of caspase-3, -8, and -9.[5] Punicic acid was also found to result in 404 

intrinsic apoptosis via a caspase-dependent pathway.[44] However, we found that the 405 

pan-caspase inhibitor Z-VAD had no effect on CLNA-induced Caco-2 cell death, and 406 

that apoptosis-related proteins caspase-3/7/9 and PARP-1 also did not show any 407 

cleavage products, so the inhibition of Caco-2 cells by Lactobacillus-derived CLNAs 408 

is not via apoptosis. These results confirm that there is a difference in inhibitory 409 

mechanisms of lactobacillus-derived CLNAs and plant-derived CLNAs, which may be 410 

due to their structural differences. 411 

As for the necroptosis, we found that the necrotic apoptosis inhibitor NSA can 412 

significantly inhibit the toxic effects of CLNAs on Caco-2 cells. NSA usually block 413 

necroptosis by selectively targeting MLKL, but further studies have found that the 414 
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necrotic inhibitors GSK-872 and Nec-1s (controlling RIPK3 and RIPK1, respectively) 415 

have no effect on this pathway. Although NSA inhibitors have significant inhibitory 416 

effects on Caco-2 cell viability, we could not conclude that CLNA1 induces necrotic 417 

apoptosis of Caco-2 cells through RIPK1-RIPK3-MLKL pathway. NSA inhibitors can 418 

bind to the GSDMD protein, making it impossible to expose the N-terminus and 419 

forming holes on the cell membrane leading to pyroptosis.[45] This can explain the 420 

result that NSA can inhibit the death of Caco-2 cells from CLNA. Therefore, there may 421 

be some interaction between necroptosis and pyroptosis induced by CLNA that must 422 

be further investigated. Unlike CLNA1, the RIPK1 inhibitor Nec-1s was significantly 423 

effective in inhibiting CLNA2-induced Caco-2 cell death, which indicates that the 424 

pyroptosis induced by CLNA2 was related to necroptosis. 425 

In summary, the in-vitro antiproliferative effects of two conjugated linolenic acid 426 

isomers derived from lactic acid bacteria were studied, and pyroptosis was confirmed 427 

as the inhibitory mechanism of Caco-2 cancer cells when treated with these 428 

microbially produced conjugated linolenic acid isomers. However, there were some 429 

differences in the inhibitory mechanism between CLNA1 isomer and CLNA2 isomer, 430 

which emphasized the importance of structure in CLNAs. 431 
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Figure Legends 598 

Table 1. Primers for RT-qPCR 599 

Figure.1 Chemical structure of plant-derived CLNAs. 600 

Figure.2 Preparation and purity detection of CLNA1 and CLNA2. (a) Separation of 601 

CLNA1 and CLNA2 by liquid chromatograph. The purity of CLNA1 and CLNA2 602 

detected by GC-MS (C17:0 was added as a standard). (b) Mass spectrum and chemical 603 

structures of conjugated linolenic acid (CLNA) isomers used in this study (CLNA1: c9, 604 

t11, c15-CLNA, CLNA2: t9, t11, c15-CLNA). 605 

Figure.3 Anti-proliferative activity of CLNA1, CLNA2 against colon cancer cells. (a) 606 

Anti-proliferative effects of ALA, CLNA1, CLNA2 on three kinds of colon cancer cell 607 

lines and the corresponding IC50. (b) Morphology and quantity of Caco-2 cells treated 608 

by CLNA1 and CLNA2 at different time points. (c) Flow cytometry of propidium 609 

iodide and annexin V-fluorescein isothiocyanate (FITC)-stained Caco-2 cells 610 

stimulated by different concentrations of CLNA1 or CLNA2 for 48h. Data are 611 

presented as mean ± SEM and at least three separate experiments were performed in all 612 

studies. *, p < 0.05, **, p < 0.01 and ***, p < 0.001 compared with control. 613 

Figure.4 Induction of lipid peroxidation by CLNA1 and CLNA2 in Caco-2 cells. (a) 614 

The effects of inhibitor VE on the Caco-2 cells treated with CLNA1 and CLNA2 615 

respectively(n=6). (b) The changes of MDA protein expression in Caco-2 cells during 616 
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the treatment with CLNA isomers(n=3). NC indicated control group without CLNA 617 

treatment. Data are presented as mean ± SEM and at least three separate experiments 618 

in all studies. *, p < 0.05, **, p < 0.01 and ***, p < 0.001 compared with control. 619 

Figure.5 CLNA1 and CLNA2 induce Caco-2 cell death independent of apoptosis and 620 

autophagy. (a) The effects of CLNA1 and CLNA2 on relative transcription levels of 621 

apoptosis-related factors PPARγ, TNF-α and TGF-β in Caco-2 cells. (b) The effects of 622 

CLNA1 and CLNA2 on expression of apoptosis proteins PARP-1, caspase-3, caspase-623 

7 and caspase-9 in Caco-2 Cells. (c) Ratio of Caco-2 cells at each stage of different cell 624 

cycles after treatment with CLNA1 and CLNA2 under different concentrations for 48 625 

h. (d) The effects of different inhibitors on Caco-2 cells treated by CLNA1 and CLNA2 626 

(n=6). NC indicated control group without CLNA treatment. Data are presented as 627 

mean ± SEM and at least three separate experiments were performed in all studies. *, p 628 

< 0.05, **, p < 0.01 and ***, p < 0.001 compared with control. 629 

Figure.6 CLNA1 and CLNA2 induce Caco-2 pyroptosis by different pathways. (a, d) 630 

The expression of proteins associated with pyroptosis in colon cancer cells treated by 631 

CLNA1 or CLNA2. (b, c) The effects of caspase-1 inhibitor VX-765 and lipid 632 

peroxdation inhibitor VE on Caco-2 cells treated by CLNA1. (e, f) The effects of 633 

caspase-4/5 inhibitor AC and lipid peroxdation inhibitor VE on Caco-2 cells treated by 634 

CLNA2. a, b, c indicate parallel tests. NC indicated control group without CLNA 635 

treatment. Data are presented as mean ± SEM and at least three separate experiments 636 

were performed in all studies. *, p < 0.05, **, p < 0.01, and ***, p < 0.001 compared 637 

with control. 638 

Table and Figure 639 

Table 1. Primers for RT-qPCR 640 

 Tab.1 Primers for RT - qPCR 

Primers Sequence (5’-3’) 

GAPDH-F CCTGGCCAAGGTCATCCATG 

GAPDH-R GGAAGGCCATGCCATGGAGC 

PPARγ-F ATGGAGCCCAAGTTTGAGTTT 
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PPARγ-R TGTCTGAGGTCCGTCATTTTC 

TNF-α-F ATGAGCACAGAAAGCATGATC 

TNF-α-R TACAGGCTTGTCACTCGAATT 

TGF-β-F GGCCAGATCCTGTCCAAGC 

TGF-β-R GTGGGTTTCCACCATTAGCAC 

 641 

Figure.1 Chemical structure of plant-derived CLNAs. 642 

 643 

Figure.2 Preparation and purity detection of CLNA1 and CLNA2 644 

(a) 645 

 646 

(b) 647 
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 648 

Figure.3 Anti-proliferative activity of CLNA1, CLNA2 against colon cancer 649 

cells 650 

(a) 651 
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 652 

 653 

(b) 654 
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 655 

(c) 656 

 657 

Figure.4 Induction of lipid peroxidation by CLNA1 and CLNA2 in Caco-2 cells. 658 

(a) 659 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 January 2020                   doi:10.20944/preprints202001.0320.v1

https://doi.org/10.20944/preprints202001.0320.v1


 

 660 

(b) 661 

 662 

Fig.5 CLNA1 and CLNA2 induce Caco-2 cell death independent of apoptosis 663 

and autophagy 664 

(a) 665 

 666 

(b) 667 
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 668 

(c) 669 

 670 

 671 

Figure.6 CLNA1 and CLNA2 induce Caco-2 pyroptosis by different pathways 672 

(a) 673 

 674 

(b) 675 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 January 2020                   doi:10.20944/preprints202001.0320.v1

https://doi.org/10.20944/preprints202001.0320.v1


 

 676 

 (c) 677 

 678 

(d) 679 

 680 

(e) 681 
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 682 

(f) 683 

 684 

TOC Graph 685 

 686 
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