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Previous studies have demonstrated that cis9,trans11,cis15-CLNA (c9,t11,c15-CLNA), a metabolite of
Bifidobacterium breve CCFM683, possesses anti-inflammatory properties in the intestine. However, its safety
profile remains unexplored. This study establishes the safe dose range for c9,t11,c15-CLNA and investigates the
potential damage pathways. The results indicate that the maximum safe dose for mice is lower than 625 mg/kg,
primarily due to hepatocyte damage. In cellular experiments revealed that an overdose of ¢9,t11,c15-CLNA
activates peroxisome proliferator-activated receptor gamma (PPAR-y), leading to hepatic lipid accumulation.
The addition of the PPAR-y inhibitor partially mitigated this effect. In summary, this study established that
the maximum tolerated dose of c9,t11,c15-CLNA in healthy adult C57BL/6N mice is 625 mg/kg. For human
application, the estimated safe dose is below 50.62 mg/kg. Additionally, ¢9,t11,c15-CLNA was found to
activate the PPAR-y protein in the liver, leading to lipid accumulation within hepatic tissue.

© 2026 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.

This is an open access article under the CC BY-NC-ND license
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1. Introduction

Fatty acids, as an important and indispensable part of the diet,
play a vital role in human growth and development, energy supply,
and physiological metabolism™. Among them, EPA and DHA are
2 fatty acids that can lower blood triglyceride levels and reduce the
risk of cardiovascular disease™. Conjugated linolenic acids (CLNAs)
are a newly discovered class of polyunsaturated fatty acids with
a special structure in which the carbon-carbon double bonds are

arranged in a conjugated manner” ™. Recent studies have shown
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that CLNAs not only have antioxidant, anti-inflammatory, and
energy metabolism regulating effects but also may have potential
benefits in preventing metabolic diseases such as obesity, diabetes,
and cancer”™. This makes CLNAs promising candidates for the
development of health foods and food additives, an area of increasing
scientific interest™™,

CLNAs were initially discovered and isolated from certain plant
seed oils, such as perilla seed oil and blue rhamnus seed oil. Their
main isomers include a-eleostearic acid (cis9,trans11,trans13-18:3),
calendic acid (trans8,trans10,cis12-18:3), and catalpic acid
(cis9,trans11,cis13-18:3). Recent research has shown that
microorganisms can also generate CLNAs through metabolic
pathways. In our previous study, we found that CLNAs were produced
by different mechanisms in strains such as Lactobacillus plantarum
782058 and Bifidobacterium breve CCFM683. This study focuses
on the conjugated linolenic acid produced by B. breve CCFM683".
Previous studies inferred its structure to be cis9,trans11,cis15-CLNA
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(c9,t11,c15-CLNA) based on enzymatic catalytic characteristics and
reported that it could alleviate dextran sulfate sodium (DSS)-induced
colitis in mice at a dose of 400 pg/day, with effects superior to those
of punicic acid (PA)". In vitro studies demonstrated that 20 pumol/L
of ¢9,t11,c15-CLNA could effectively inhibit the proliferation
of colon cancer cells Caco-2, SW480, and HT-29". Its analogs
cis9,trans11,cis13-CLNA and cis9,trans11,trans13-CLNA also exhibited
anti-oxidation and immune enhancement effects'. Consequently,
the ¢9,t11,c15-CLNA exhibits promising potential for addition into
postbiotic formulations or other functional food products. Regrettably,
a structurally analogous compound, pomegranate seed oil (rich in
cis9,trans11,cis13-CLNA), has been demonstrated to impair high-
density lipoprotein levels when consumed daily at a dose of 0.15 mL
over an extended period”. Another isomer, cis9,cis12,cis15-
conjugated linolenic acid, has been identified in Moringa oleifera,
exhibiting cardiovascular protective and neuroprotective properties’”.
However, excessive intake may lead to skin allergies and hepatotoxicity.
Therefore, if the safe dosage range for octadecatrienoic acids cannot be
clearly defined, it will significantly limit their application in food products.
Consequently, this study aims to thoroughly evaluate the appropriate
dosage range for c9,t11,c15-CLNA, laying the groundwork for its
subsequent research and development in food applications.

The primary of this paper is to investigate the safe dosage range
for ¢9,t11,c15-CLNA, along with its potential adverse effects and
mechanisms. We will conduct safety dose experiments focusing on
assessing acute and subchronic toxicity experiments. Acute toxicity
is primarily evaluated by determining the median lethal dose (LDsy),
whereas subchronic toxicity is assessed through organ coefficients,
hematological indices, biochemical indices, and histological
examinations. Furthermore, we will examine potential mechanisms
underlying adverse reactions by focusing on affected organs and target
proteins of ¢9,t11,c15-CLNA analogs. Specifically, we will explore
whether ¢9,t11,c15-CLNA activates peroxisome proliferator-activated
receptor gamma (PPAR-y) and whether excessive activation is the
primary cause of harm. Our goal is to gather data on the safe dosage
of ¢9,t11,c15-CLNA and comprehend the mechanism of harm after an
overdose for its in-depth development. This study will also establish
a robust foundation for the future development and application of
c9,t11,c15-CLNA in food products or other areas.

A ™

2. Materials and methods
2.1 Acquisition of ¢9,t11,c15-CLNA

The source, preparation, and characterization of ¢9,t11,c15-CLNA
were based on Ren’s article'”. The procedure involved activating the
CCFM683 strain using modified de Man, Rogosa and Sharpe medium
(mMRS) plate medium followed by inoculation in liquid mMRS for
incubation. After 18 h, the bacterial solution was introduced into 4 L
of mMRS medium with an inoculum volume of 2% and a final
substrate concentration of 0.5 mg/mL. The fermentation lasted for
24 h before being halted. The extraction process involved a mixture
of fermentation broth, isopropanol, and hexane in a 1:1:2 ratio. The
n-hexane layer was collected and dried by spin evaporation before
undergoing liquid phase purification to yield purified oils. The
purified fats were tested for purity using gas chromatography-mass
spectrometry (GC-MS) under specific conditions: initial temperature
at 150 °C for 3 min, increasing at 10 °C/min to 190 °C for 5 min,
then at 5 °C/min to 220 °C for 16 min. Mass spectra conditions
included an MS transfer line temperature of 250 °C, ion source
temperature of 220 °C, ionization mode: EI, ion polarity: positive, and
scan time: 0.2 s The purified ¢9,t11,c15-CLNA were then dissolved
in 10% skim milk powder for gavage'”.

2.2 Animal management and experimental procedures

A total of 56 C57BL/6N mice (25 males, 31 females;
6-8 weeks old; 15-19 g body weight) were used for acute and
subchronic toxicity testing of ¢9,t11,c15-CLNA. Mice were housed
in accredited SPF facilities (license SYXK(Su)-2021-0056). The
barrier environment met conditions including a temperature of
20-26 °C, relative humidity of 40%-70%, noise below 60 dB, and
12-h light-dark cycles with an illuminance intensity in dark places
of 10-20LX"). The animals were fed normal rodent maintenance
feed provided by Jiangsu Co-creation Pharmaceutical Biotechnology
Co., Ltd., containing 18.6% crude protein, 4.8% crude fat, and 60%
carbohydrates. The experimental design followed OECD guidelines
425 and 407 (Fig. 1A)""". LDy, data were obtained through acute
toxicity tests to design subsequent subchronic toxicity tests based
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Fig. 1 The figure displays the experimental flow and mass spectrometry information of ¢9,t11,c15-CLNA. (A) Flowchart of the entire experiment.
(B, C) Mass spectrometry data for ¢9,t11,c15-CLNA; (B) Total ion current diagram. (C) Mass spectrometry fragment information diagram for
c9,t11,c15-CLNA, with the horizontal axis ranging from 30 to 300 Da.
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Fig. 1 (Continued)

on LDy, values. A 12-week experiment was conducted according
to corresponding gavage doses to collect parameters such as body
weight, organ coefficient, blood indicators, biochemistry, and tissue
pathology to determine the toxicity range. The animal ethics number
for this study was JN.N020211130c0600429[470].

2.3 Acute toxicity test

Acute toxicity was evaluated with single-dose administration
(control group vs. group receiving 5 g/kg) followed by monitoring
for 14 days post-dose to assess mortality!'”. Before gavage, mice
were fasted for 12 h with food provided 2 h after administering the
test substance. Observations of gait, fur condition, feces quality, and
neurological reflexes were made at intervals ranging from 30 min to
72 h post-gavage (0.5, 1, 2, 4, 8, 12, 24, 48, and 72 h); abnormalities
prompted a pole-climbing test. After the 14-day acute toxicity test
period, LD;, data were obtained along with measurements of mortality
rates, body weight changes, and organ coefficients for the heart, liver,
brain, spleen, lung, kidney, and ovary.

2.4 Subchronic toxicity test
2.4.1 Changes in body weight and organ coefficients

Based on the previously obtained LDs,, we conducted subchronic
toxicity testing at doses of LDs,, LDsg4, LDsgs, and LDy, referring
to the OECD407 standard"". The experiment spanned 12 weeks.
We weighed the animals biweekly and, on the final day of the
experiment, fasted the mice for 12 h before recording their final
weight. Subsequently, we collected mouse blood and excised their
heart, liver, brain, spleen, lung, kidney, testis, and ovary organs. We
later calculated the corresponding organ coefficients.

2.4.2 Hematology testing, plasma biochemistry testing and
histopathology analysis

We collected mouse blood via orbital bleeding into anticoagulant
tubes containing lithium heparin (10 IU/mL). A fully automatic
blood cell analyzer (Shenzhen Mindray Bio-Medical Electronics Co.,
Ltd., BC-5000 Vet) provided data on immune cell counts, red blood
cell and hemoglobin-related indicators, and platelet values. Immune

cell count indicators included white blood cell (WBC), neutrophil
count (Neu#), lymphocyte count (Lym#), monocyte count (Mon#),
neutrophil percentage (Neu%), lymphocyte percentage (Lym%),
and monocyte percentage (Mon%). Red blood cell and hemoglobin-
related indicators were red blood cell count (RBC), hemoglobin
concentration (HGB), hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC), and platelet count (PLT). After
blood cell analysis, we prepared plasma by centrifuging blood samples
at 3 500 r/min for 15 min at 4 °C and collected the supernatant. A
biochemical analyzer (Shenzhen Mindray Bio-Medical Electronics
Co., Ltd., BS-480) measured liver function, kidney function, blood
glucose and lipid indicators, and inorganic ion concentration. Liver
function tests included total protein (TP), albumin (ALB), alanine
transaminase (ALT), and aspartate transaminase (AST). Kidney
function tests measured urea nitrogen (Urea-N) and creatinine (CRE).
Blood glucose and lipid indicators were glucose (Glu), triglyceride (TG),
total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C),
and low-density lipoprotein cholesterol (LDL-C). Inorganic ion
concentration tests measured calcium (Ca), phosphorus (P), potassium (K),
sodium (Na), and chloride (Cl). After collecting animal organ
coefficients, we fixed tissues in 4% polyformaldehyde for 24 h
before sectioning. We dehydrated tissues with ethanol of increasing
concentration, replaced ethanol with xylene, and embedded them
in paraffin. After cooling, we sectioned the embedded blocks to a
thickness of 2 um. Hematoxylin and eosin staining followed, with
sections sealed on glass slides'”. A digital slide scanner (Hungary
3DHISTECH Co., Ltd. PANNORMIC MIDI) scanned the sections for
tissue morphology analysis. Assign corresponding histopathological
scores to the abnormalities observed in tissue sections.

2.5 Cell-based experiments

2.5.1
docking

c9,t11,c15-CLNA and PPAR-y protein molecular

We obtained the human PPAR-y structure (ID:3ADT) from the
Research Collaboratory for Structural Bioinformatics (RCSB) and
selected chain A for molecular docking studies. Using Avogadro, we
acquired the 3D structure of ¢9,t11,c15-CLNA and optimized it with
General AMBER Force Field. Before docking with Auto Dock Tools
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(ADT version 1.5.7), we added non-polar hydrogen and Gasteiger
charges to the protein and ligand. We defined the center coordinates
of the PPAR-y active pocket as x = 14.8A, y = 62.3A, z = 9.5A, with
dimensions of 31.2 x 24.3 x 24.0 A based on Waku et al."”. Vina
software performed molecular docking; PyMOL 2.5 (Open-source,
Schrédinger, New York, USA) and Discovery Studio Visualizer
Client (Open-source, BIOVIA, San Diego, USA) analyzed results.

2.5.2 Cell cultivation

HepG?2 liver cells, provided by the Shanghai Institute of Cellular
Sciences, Chinese Academy of Sciences, were employed in this
study. The cell culture techniques were primarily based on the
protocols described by Ren et al.”™). The cells were maintained in
DMEM medium supplemented with 10% fetal bovine serum and
1% antibiotics (streptomycin and penicillin) at 37 °C with a 5% CO,
atmosphere. Cells were seeded in 10 cm diameter culture dishes
(Fisher, Ottawa, ON, Canada), with the medium refreshed every 48 h.
Upon reaching 80%—-95% confluence, cells were passaged. Prior
to passaging, cell morphology and density were assessed under a
microscope to ensure suitability for subculturing. For passaging, cells
were initially digested with trypsin; Subsequently, remove trypsin
and 3 mL of pre-warmed (37 °C) medium was added and blown apart
the cells. The resulting cell suspension was transferred to a 15 mL
sterile centrifuge tube and centrifuged at 1 000 x g for 5 min. After
discarding the supernatant, fresh medium was used to resuspend the
cells. Cell concentration and number were then adjusted according to
the specific requirements of each experiment.

2.5.3 Excessive c9,t11,c15-CLNA induces lipid accumulation
in HepG?2 cells

To prepare the ¢9,t11,c15-CLNA solution, the pH of DMEM
medium containing 10% BSA was adjusted to 10 before adding
c9,t11,c15-CLNA (final concentration of 1 mmol/L, dissolved in
1 mmol/L sodium hydroxide solution)®®. The mixture was subjected
to ultrasonic treatment in a 37 °C water bath until bubbles formed
upon shaking, at which point ultrasonication was halted. The
pH was then adjusted to between 7.2 and 7.4 to obtain the
c9,t11,c15-CLNA stock solution. The maximum tolerated dose of
c9,t11,c15-CLNA for HepG2 cells was established using the CCK-8
assay. At this dose, the compound’s effect on lipid accumulation
in HepG2 cells was investigated. For determining the maximum
tolerated dose, HepG2 cells were counted and seeded into a 96-well
plate (utilizing only the central 60 wells) at a density of approximately
10 000 cells per well in 200 pL of DMEM medium. After a 24-h
incubation at 37 °C with 5% CO, to facilitate cell adhesion, varying
concentrations of ¢9,t11,c15-CLNA were administered, followed
by another 24-h culture period. The CCK-8 kit instructions were
followed to assess cell viability and establish the maximum tolerated

dose!™!

. At this dose, lipid accumulation assays were performed on
HepG2 cells seeded into a 6-well plate at approximately 200 000
cells per well in 2 mL of DMEM medium. The lipid accumulation
experiment consisted of 3 groups: a control group, a treatment group,

and a treatment group with the GW9662 inhibitor. Cells were seeded

in 6-well plates and allowed to attach for 24 h. The control group
was then treated with the vehicle solution, while the treatment group
received the specified concentration of ¢9,t11,c15-CLNA. In the
treatment group with the GW9662 inhibitor, cells were allowed to
attach for 20 h before being pre-treated with 5 umol/L of GW9662
for 4 h. After 24 h of culture, cells from all groups were harvested for
experimental data analysis.

2.5.4 Measurement of lipid deposition

The objective of this experiment was to quantify ¢9,t11,c15-
CLNA-induced lipid deposition in cells and investigate potential
target protein effects using cell staining, Western blot (WB), and
other techniques. The procedure for quantifying lipid accumulation
was as follows: cells treated with ¢9,t11,c15-CLNA were washed
thrice with PBS and fixed with 4% paraformaldehyde for 10 min.
They were then permeabilized with 0.1% Triton X-100 for 15 min
at room temperature". Nile red working solution and Hoechst’s
working solution were added and incubated for 15 min in a cell
culture incubator, with agitation every 5 min"*"". The working
solutions of Nile red and Hoechst were prepared by diluting their
respective 1 mmol/L stock solutions with serum-free DMEM at
a ratio of 1:1 000. Afterward, cells were washed 3 times with serum-
free DMEM medium and examined using a Zeiss laser confocal
microscope (LSM880, Carl Zeiss AG, Germany).

Protein detection methods were employed to determine the
expression of potential target proteins and to verify with the
corresponding inhibitor: SDS-PAGE and Western blot were used to
separate and detect proteins in cells. RIPA lysis buffer and protease
inhibitor (protease and phosphorylation inhibitor) were utilized to
lyse the cells and extract proteins''®. The cells induced by ¢9,t11,c15-
CLNA were washed 3 times with PBS, and 200 pL of RIPA lysis
buffer and protease inhibitor were added to each well. The cells were
lysed by ultrasound on ice, with an ultrasonic intensity of 30%, on for
3 s and off for 4 s, for a total of 1 min. Then 5 x Loading buffer was
added to 200 pL of lysis buffer, mixed well, and boiled for 10 min at
100 °C. After centrifugation, SDS-PAGE was performed to separate
the proteins. The gel was then transferred to a PVDF (infiltrated
with methanol) membrane using a membrane transfer device. After
blocking with skim milk for 1 h, the corresponding primary antibody
was added and incubated overnight at 4 °C in a chromatography
cabinet. The membrane was subsequently washed 3 times with TBST,
and the corresponding secondary antibody was added and incubated
at room temperature for 1 h. Finally, protein expression was detected
with a chemiluminescent staining solution. The WB procedure

primarily referred Vallejo-Illarramendi et al.".

2.6 Data analysis

All data were analyzed and plotted using GraphPad Prism 8.0
Windows software (GraphPad software, San Diego, USA). Data were
presented as mean = SD. A One-way analysis of variance (ANOVA)
was used to test the significance. * in tables and figures indicated
significant differences between groups and their corresponding
gender-matched controls, P < 0.05.
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3. Results and discussion

3.1 Acute toxicity test results of c9,t11,c15-CLNA

This experiment first performed substance identification of the
extracted compound, confirming that its parent ion mass-to-charge
ratio (m/z 292.16) and the type and intensity of secondary mass
spectrometry fragments were consistent with those of the previously
identified compound, as shown in Figs. 1B and C"""*. The prepared
¢9,t11,c15-CLNA was then used for subsequent experiments. The
acute toxicity test aimed to observe acute poisoning reactions and
obtain the LDs, of animals receiving excessive test substances,
providing a reference for subsequent observation indicators and
subchronic toxicity test dose selection. The international standard
OECD 425 was utilized for acute toxicity testing. The guideline
recommends an initial conventional dose of 2 000 mg/kg to
commence the experiment. However, the consumption history of
analogs of ¢9,t11,c15-CLNA indicates a relatively broad range of safe
doses. Consequently, the maximum recommended dose of 5 000 mg/kg,
as specified in the guidelines, was employed for the study. Female mice
were selected as experimental animals due to their typically higher
sensitivity. The results indicated that a single dose of 5 000 mg/kg
c9,t11,c15-CLNA did not cause animal mortality within 15 days
(Table 1). According to food toxicity grading, compounds with a
dose greater than 5 000 mg/kg are considered almost non-acutely
toxic, with an LDy, greater than 5 000 mg/kg"*"”. No abnormalities
such as gait, hair condition, or neurological reflexes were observed
in test animals post-administration, except for slightly thin feces
at 8 h that returned to normal after 24 h. Animal weight and organ
coefficient data during the acute toxicity test are shown in Table
1, with no significant differences observed. Therefore, ¢9,t11,c15-
CLNA was considered a non-acutely toxic compound. Based on this,
doses for the subsequent subchronic toxicity test were designed as

Table 1
Body weight and organ coefficients of mice in acute toxicity.

LDsy, (2 500 mg/kg), LDsg, (1 250 mg/kg), LDss (625 mg/kg), and
LDy (312.5 mg/kg)™".

3.2 Changes in body weight, organ coefficients, food and
water intake in subchronic toxicity test

In toxicological studies, changes in body weight and organ
coefficients are crucial indicators for evaluating the effects of test
substances on biological organisms. Typically, changes in body
weight are closely related to nutritional status and physiological
functions. Organ-to-body weight ratios are generally stable; however,
toxic compounds can affect organs, causing congestion, edema,
hyperplasia, hypertrophy, or even tissue cell apoptosis, which will

impact organ coefficients or body weight**"

. These changes can
better reflect the comprehensive toxicity of the test substance on
organs and provide important clues regarding the target organs of
toxic effects based on pathological histological changes” ", These
data are listed in Tables 2 and 3. The table shows no significant
differences in body weight or organ coefficients for the heart,
lungs, kidneys, brain, testes, and ovaries. Significant differences
were observed in some groups’ liver and spleen coefficients. The liver
coefficient increased in both female and male groups at the 2 500 mg/kg
dose group, while the spleen coefficient decreased significantly in
both female and male groups at the same dose level (Tables 2 and 3).
The liver is the primary organ for lipid processing and was
significantly up-regulated in the 2 500 mg/kg group, which may be
due to lipid metabolism’s influence on liver function™”. Previous
studies have also found that ¢9,t11,c15-CLNA analogues affect the
immune system, potentially leading to spleen damage®™. However,
the organ coefficients only reflect changes in the weight of the organs
and do not identify the specific damage that may have occurred in the
liver and spleen. Further verification is needed to confirm whether
these changes are consistent with pathological alterations.

Group Initial weight (g)  Final weight (g) Brain (mg/g) Hepatic (mg/g)  Spleen (mg/g) Heart (mg/g) Lung (mg/g) Kidney (mg/g) Ovary (mg/g)
Control 5g/kg Control 5g/kg Control 5g/kg Control 5g/kg Control 5g/kg Control 5g/kg Control 5g/kg Control 5g/kg Control 5 g/kg

Median 15.14 1542 1724 1739 2334 2473 53.09 57.05 3.83 4.26 6.12 6.48 8.15 8.37 16.59  16.68  0.62 0.66
Mean 1545 1529 17.70 1729 2355 2431 5411 56.87 3.87 4.12 6.14 6.42 7.98 8.34 16.59 1648  0.60 0.64
SD 0.81 0.53 0.88 0.64 0.72 1.23 2.93 1.02 025 0.30 0.08 0.37 0.32 0.04 0.25 036  0.06 0.07
Minimum  14.84 1471 17.14 16.61 2297 2293 51.82 5578 3.64 3.77 6.07 6.02 7.61 8.29 16.34 16.07 0.53 0.56
Maximum 1637 1576  18.72  17.88 2436 2529 57420 57.80 4.14 4.34 6.24 6.76 8.18 8.38 16.84 1671  0.65 0.70

Note: Summarizes the acute toxicity study results, including the change of body weight and organ coefficients. Results are expressed as mean £ SD (male/female n = 3). *Represents a
significant difference compared to the control group, P < 0.05.

Table 2

Changes in body weight of mice in subchronic toxicity.

Gender Group Initial weight (g) 2 weeks weight (g) 4 weeks weight (g) 6 weeks weight (g) 8 weeks weight (g) 10 weeks weight (g) 12 weeks weight (g)
Control 17.61 £ 0.99 18.63 +1.09 19.78 £1.23 20.44+1.18 22.5+1.14 2337+ 1.04 24.32+0.98
312.5 mg/kg 17.4£0.55 18.49+0.74 19.86 +0.84 20.65 +1.02 2245+1.22 23.47+1.05 24.16 = 1.07
Female 625 mg/kg 17.10£1.10 18.50 +0.69 19.65+1.13 20.83 +£0.78 22.45+0.9 23.63+0.85 24.13+0.86
1250 mg/kg 17.50 £0.72 18.51+0.66 20.05+1.29 20.76 £0.89 22.14£1.31 23.03+1.43 23.54+1.46
2 500 mg/kg 17.83 +£0.76 18.47 +0.76 19.87 +£0.97 20.54 +0.94 21.71+£0.9 22.45+0.8 22.98 +0.94
Control 18.73+£1.39 21.09+£1.16 23.68+1.15 25.09 £1.52 28.39 £ 1.64 30.08 +1.45 31.18 £ 1.65
312.5 mg/kg 19.08 £0.92 21.47+£1.15 23.48+1.14 25.06 + 1.62 28.03 + 1.66 29.83+2.17 31.24+1.78
Male 625 mg/kg 18.86 + 1.02 21.23+1.22 23.76 £ 1.52 25.41+1.56 27.92+1.36 29.95+1.45 31.04+1.48
1250 mg/kg 18.68 +1.39 21.06 +£0.72 23.56 + 1.47 2501 +1.16 2728 +1.15 29.15+1.45 3049+ 1.1
2500 mg/kg 18.45+1.22 21.25+0.96 22.84+0.95 23.96+1.26 26.32+1.51 27.72 +1.38 29.41+ 1.41

Note: Presents the results of the subchronic toxicity study, including the findings of body weight. Results are expressed as mean = SD (male/female n = 5). *Represents a significant

difference compared to the control group, P < 0.05.
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Table 3

Z.H. Wu et al. / Food Science and Human Wellness 15 (2026) 9250444

Changes in organ coefficients of mice in subchronic toxicity.

Gender Group Heart (mg/g)  Hepatic (mg/g) Brain (mg/g) Spleen (mg/g) Lung (mg/g) Kidney (mg/g) Ovary (mg/g)  Testis (mg/g)

Control 6.42+0.19 52.86 £ 1.44 12.76 £0.75 3.33+0.11 6.64 +0.47 12.73 £1.38 0.74 £ 0.05
312.5 mg/kg 6.50+0.27 50.14 +£3.32 12.91 +0.67 3.12+0.18 6.79+0.8 1292+ 1.4 0.72+0.12
Female 625 mg/kg 6.53+0.28 51.76 £2.55 12.86 +0.77 3.28+0.13 6.72 +0.62 12.8+0.74 0.68+0.13
1250 mg/kg 6.64 +0.53 53.73 £ 1.76 12.95+1.05 3.13+0.27 6.59+0.72 12.52+£0.61 0.71 £0.09
2 500 mg/kg 6.75+0.17 57.65 +1.43* 12.92 +0.70 3.03 £0.19% 7.15+0.87 12.58 +0.87 0.74 +0.07

Control 6.41+0.15 53.18 + 1.66 13.28£0.78 3.66 £ 0.32 5.63£0.36 13.26 +1.26 5.59+0.26

312.5 mg/kg 6.45+0.14 51.97 +1.02 12.88+£0.83 3.51£0.51 5.36+0.31 13.12+0.89 5.53£0.16

Male 625 mg/kg 6.63+0.17 51.66+4.18 13.07 £0.58 3.31£0.14 5.54£0.31 13.12+0.65 5.89£0.16

1250 mg/kg 6.67+0.4 54.71+2.79 13.38+£0.71 3.53£0.21 5.59+0.7 12.91 £ 0.44 5.86+0.26

2 500 mg/kg 6.68 +£0.57 57.38 £2.53* 13.43 £0.69 3.25+0.20* 5.8+0.77 13.22 £ 1.06 5.86+0.29

Note: Presents the results of the subchronic toxicity study, including the results of organ coefficients. Results are expressed as mean = SD (male/female n = 5). *Represents a significant
difference compared to the control group, P < 0.05. Groups were control, 312.5, 625, 1 250 and 2 500 mg/kg.

3.3 Changes in blood and biochemical parameters

In this study, we employ blood tests and biochemical tests, both of

[23-24

which are crucial in toxicological investigations™ ", These indicators

often change before organ function is significantly impaired, as organ
coefficients can only indicate organ enlargement or atrophy™ ",
Blood cell analysis can reveal variations in the number, morphology,
and function of blood cells, potentially indicating impacts on
organismal health such as immune system function and nutritional
status®. This study focused on WBC count, WBC differential
count, red blood cells, hemoglobin, and platelets[24’25]. The results,
presented in Table 4, revealed significant differences in MCV
between the 2 500 mg/kg dose groups for both male and female
mice and their respective control groups. Similarly, MCHC showed
significant differences at 1 250 and 2 500 mg/kg doses in male mice
and at the 2 500 mg/kg dose in female mice compared to their sex-
matched control groups. The abnormal indicators were MCV and
MCHC, with no significant differences observed in other parameters.
MCYV indicates the average volume of individual red blood cells,
which helps assess red blood cell size and potential anemia* "),
MCHC measures the concentration of hemoglobin within red blood
cells® ). The observed decrease in MCV and increase in MCHC
could potentially be due to malnutrition in mice caused by high
concentrations of ¢9,t11,c15-CLNA. Generally, these changes are
thought to be indicative of anemia, which can result from digestive
system damage, impaired nutrient reabsorption due to kidney damage,

or reduced nutrient synthesis capacity due to liver damage™**".

According to current literature, a decrease in RBC or HGB is the
reference value for anemia, while MCV and MCHC are the indicators
used to classify anemia®?". Thus, the abnormal MCV and MCHC
values observed in this study could potentially be false positives
caused by excessive lipid intake®”. Therefore, the mice may not be
anemic as a result of the ¢9,t11,c15-CLNA overdose, but rather the
abnormal MCV and MCHC values due to other factors. This cannot
be determined solely from the blood data and requires analysis in
conjunction with additional data.

Biochemical parameters serve as another critical indicator,
reflecting an individual’s blood metabolism and internal environment
stability, and assessing the impact of toxins on murine health™,
For instance, liver function markers, kidney function markers, and
blood lipid markers provide insights into the functioning and extent
of damage to vital organs such as the liver and kidneys'”**"\. The
results indicated significant differences in TP and ALB levels in the
2 500 mg/kg male group compared to the control group (Table 5).
Alanine aminotransferase (ALT) levels were significantly different
in the 1 250 and 2 500 mg/kg female groups and the 2 500 mg/kg
male group compared to their respective control groups (Table 5).
Additionally, aspartate aminotransferase (AST) levels in the 2 500 mg/kg
female group differed significantly from the control group (Table 5).
TP represents all proteins, including ALB and globulin, reflecting
nutritional status, liver synthetic function, and kidney excretion
capacity® . ALB, synthesized by the liver, is essential for
maintaining colloid osmotic pressure and pH in blood vessels,
transporting metabolites, and regulating physiological effects™* ™.

Table 4
Blood analysis of mice in subchronic toxicity.
Female Male
Group Control 3125mgke  625mghg 1250 mgkg 2500 mke Conrol  3125mgke  625mghks  1250mghkg 2500 mgke
WBC(I07L) 58 £086  533+056 584126 5142044  567+12 6165072 594064  567£077 6024091  621%121
New# (10L)  0.85£0.12 0824005 0944026 0.8+0.19 0.86+0.2 1014021 099+0.08  101+0.08  1.09£039 1114024
Lym# (10°L)  463+08 42+0.56 456+105 4042025 45098 47£058  449+072 426072  453£098  47+092
Mon (I0L)  0.17+0.02 017003  017£006  0.15£002  0.17=0.04 0.18£005 084007  0.17£006  0.19%007  0.18+0.04
Neu% 14844224 155642 1618+3.53  1534%265 1524199 1642288 170639 1816401 186469  17.86= 148
Lym% 79564246  787+225 7794342 787261 7938423 76444393 7578441  T486+£359 74824596  T5.64+2.29
Mon% 3004029  3.16+057 284067 288049  292+0.19 296+054 3164135  31+1.07 316077  3.00+0.66
RBC(10%L)  8.55+0.61 84+0.55 846+075  833£024  8.68+08 89+046 885403 9134048 8924042  9.00+058
HGB (L) 126404829 12680554  127.00£7.81  125.60+4.16 131.00=10.77 12880716 13260434 1236041293 125404727  130.60+9.66
HCT 0394002  036+002 036005 036001 0344006 044002  038+001 0364003 036001  0370.05
MCV (fL)  45.14£202 43044095  4345:079  43.08+075  3944508% 45084206 43284107 39.94=401  434+372 4098 +3.92%
MCH(pg) 14784051 15124044 15064059  1506+0.01 15124047  145+083 154031  13.56%159 14084108  14.52+041
MCHC (/L) 3282+1482 35064439 360843209 350004696 389.0+55.80% 32104592  3464+7.16 33924928 3558 1636 3564+ 30.66*
PLT(10°L) 10284+1804 1132842663 10622+1680 1030.6+1274 116121892 13074+1019 1225=1884 1288=188.5 1405+3118 1378=3653

Note: Describes the results of a subchronic toxicity investigation, including the findings of blood analysis. Results are expressed as mean = SD (male/female n = 5). *Represents a
significant difference compared to the control group, P < 0.05. Recording blood test results in subchronic toxicity experiments.



Z.H. Wu et al. / Food Science and Human Wellness 15 (2026) 9250444 7

Table 5
Biochemical data of mice in subchronic toxicity.
Female Male
Group Control 312.5mg/kg 625 mg/kg 1250 mg/kg 2 500 mg/kg Control 312.5 mg/kg 625 mg/kg 1250 mg/kg 2 500 mg/kg
TP (g/L) 49.94+£523 50.08+295 50.64+493 46.3+4.32 43.8+3.64 51.14+4.02  4946+25 51.38+4.37 4834+3.97 46.16+3.26%
ALB (g/L) 3295+5.11 31.54£458 3247+346 2991+396 2678+2.7 31.34+£3.02  30.8+2.37 30.85+4.19 31.03+2.76 27.16+2.39%
TG (mmol/L) 1.36£0.14 1.28£0.13 1.31£0.17 1.42£0.14 1.63+£0.24 1.6+0.25 1.65+0.26 1.59£0.15 1.69 £0.26 1.92+0.21
TC (mmol/L) 3.18 £0.63 299+046 2.86+035 3.07+0.56 3.16 £0.37 2.95+0.39 2.86+0.42 2.84+0.49 2.85+0.41 3.35+0.48
ALT (U/L) 38.3£6.05 37.1+371  40.1+395 51.4+891% 71.1+6.83* 35.4+8.53 34.9+6.17 40.1£5.91 4277+£536  62.6+ 11.25%
AST (U/L) 1129+11.71  123.9+6.31 121.1+12.83 132.74+11.82 147.1 +18.88* 119.6+8.63 1225+1535 11281175 1253+18.02 137.5+13.63
HDL-C (mmol/L)  1.25+0.26 1.27+£0.16  1.27+0.26 1.26+0.22 1.14+0.15 1.78 £0.17 1.64+£0.21 1.72£0.48 1.79+0.33 1.46£0.33
LDL-C (mmol/L)  0.39 +0.06 0.34+0.07  0.39+0.09 0.4 +0.08 0.47 £ 0.1 0.53+0.07 0.51+0.07 0.52+0.1 0.56 +0.09 0.64 +0.09
Glu (mmol/L) 6.95£0.82 6.87+139 7.23£059  6.78+0.76 7.23+0.61 7.47+0.71 7.35+0.69 7.6+0.8 7.48 £0.67 7.64 +0.56
Ca (mg/dL) 11.74£059 11.44+0.52 11.94+09 12.08+1.15 11.98=0.69 11.72+£0.77 1184+ 1.15 12.14£0.75 124+£097 12.18+1.23
P (mg/dL) 1226 £1.18  1226+1.32 11.32+1.51 13.28+0.69 11.68+1.26 15.84+ 1.4 14.18 £2.22 16.6+1.48  16.18+229 15.02+2.61
K (mg/dL) 2.48 £0.39 2.6+0.38 256+038  2.38+0.33 2.3+0.39 2.7+0.2 2.54+0.27 2.68+0.16 2.52+0.47 2.58 +0.28
Na (mg/dL) 7292+495 7092+504 71.12+£684 70.56+557 71.26+7.1 70.42+533  69.58 +£2.05 7256 +4.44  70.7+£533  69.98+£3.94
Cl (mg/dL) 4398+1.8 4396+2.58 46.12+£1.94 4546+228 4498+3.23 425+£227  43.14+223 4394+£245 429+298 44.94+3.06
Urea (mg/dL) 13.44+£3.62 11.06+1.52 10.7+2.13 14.44+442 13.54+3.88 12.94+£294  15.64+2.58 13.28+2.83 11.76+£1.98 15.92+2.99
CRE (umol/L) 25.11+£532  2677+435 2742+486 2553+132 28.15+246 2744+333 25.03+4.82 2751381 27.58+4.21 27.09+3.57

Note: Presents the results of the subchronic toxicity study, including the result of biochemical data. Results are expressed as mean + SD (male/female n = 5). *Represents a significant

difference compared to the control group, P < 0.05.

Low TP and ALB levels may result from decreased synthesis due to
liver cell damage or excessive protein loss after kidney damage®™**".
However, the main indicators of kidney damage, including CRE,
urea and ion levels, did not exhibit substantial changesm]. Therefore,
the decrease in TP and ALB may be attributable to a reduced ability
to synthesize proteins following liver injury, and elevated ALT and
AST levels may also indicate hepatocyte damage. Additionally, the
increase in MCHC could be attributed to heightened lipid levels in
the bloodstream™. MCHC is calculated based on the relationship
between HGB and HCT. It is noteworthy that lipids in the blood
can cause an elevated HGB test result, which in turn can lead to an
increase in MCHCP. While there was no significant difference in
TG, it was apparent that TG values increased with higher c9,t11,c15-
CLNA concentrations. Meanwhile, there were no significant threats to
other blood and biochemical parameters.

A

Control 625 mg/kg

Female

Male

3.4 Histopathological evaluation

Histopathological evaluation provided direct observation of tissue
cell morphology changes due to ¢9,t11,c15-CLNA exposure™* ",
Histopathology is considered the “gold standard” for assessing
tissue damage caused by exposure to compounds™ ™. For instance,
liver cell degeneration, lipid accumulation, or glomerular atrophy
can be directly observed™. In this study, sections of the heart,
liver, brain, spleen, lungs, kidneys, testes, and ovaries were examined
(Fig. 2). The results showed intact structures of the digestive
tract and kidneys with no signs of absorption disorder or kidney
function impairment (Fig. 2B). However, liver sections exhibited
abnormalities in the 2 500 and 1 250 mg/kg groups (Fig. 2A). Circular
vacuoles were evident in the hepatocyte cytoplasm, indicating lipid
accumulation, and perisinusoidal space outlines were observed in
the 1 250 mg/kg group, signaling liver tissue damage (Fig. 2A). We

1250 mg/kg 2 500 mg/kg

Fig. 2 The figure presents results from molecular docking of ¢9,t11,c15-CLNA with PPAR-y. (A) Binding site on PPAR-y ; (B) 3D binding result between
¢9,t11,c15-CLNA and PPAR-y; (C) 2D interaction diagram between c9,t11,c15-CLNA and amino acid residues surrounding PPAR-y within a 5 A radius.
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Male 2.5g/kg
B

Female 2.5g/k;

C Control Male 2.5g/kg

Intestinal

Testes

Ovaries

Fig.2 (Continued)

systematically assessed the histopathological slides of the liver using
the Steatosis, Activity, Fibrosis (SAF) scoring system proposed
by the European Association for the Study of the Liver in 2015%%.
In the SAF scoring system, hepatocellular steatosis is scored 0-3,
hepatocellular ballooning degeneration scored 0-2, inflammatory
activity scored 0-2, and fibrosis scored 0—4. The histological
slides primarily exhibited steatosis and ballooning degeneration.
The scoring range for steatosis is 0-3: 0 indicates no steatosis;
1 indicates mild steatosis (1%—33% of hepatocytes); 2 indicates
moderate steatosis (34%—66% of hepatocytes); and 3 indicates
severe steatosis (67% or more of hepatocytes)””. The scoring range
for hepatocellular ballooning degeneration is 0-2: 0 indicates no
ballooning; 1 denotes mild ballooning (a small number of ballooned
hepatocytes); and 2 indicates severe activity (a significant number of
ballooned hepatocytes)™. After performing SAF analysis on all liver
slices, we found that the blank group and the 625 mg/kg group scored 0.
In contrast, the 1 250 and 2 500 mg/kg groups received cumulative
scores of 1 and 2, respectively, with results being consistent across
both sexes. For the other tissues examined, we did not observe any
obvious structural changes, cell apoptosis, nuclear condensation, or
alterations in intercellular spaces (Figs. 2B and C). Therefore, we
did not perform additional quantitative analyses on these tissues.
The aforementioned data suggested that increased organ coefficients
might be related to liver damage causing lipid accumulation, thus

increasing liver weight™*"!. Biochemical test data supports the notion
that liver damage can lead to decreased protein levels by affecting
protein synthesis™". Additionally, the relative increase in LDL-C and
lipid accumulation are also related. Excessive lipid intake may cause
excessive lipid accumulation in the liver™”. The liver may synthesize
a large amount of LDL-C to alleviate the pressure caused by lipid
accumulation and efficiently transport sufficient lipids to the tissues
of the whole body"”. Although LDL-C did not show significant
differences in biochemical results, it exhibited an upward trend. No
spleen damage was observed in histological sections; other indicators
did not suggest spleen damage either (Fig. 2B). Previous studies have
shown that excess lipids can cause splenomegaly™. Furthermore,
other studies have found that excess lipids can lead to immune
abnormalities™". These findings suggest that the spleen may be at
risk. Although no damage was found in the sections, we classified
the 2 500 mg/kg group as potentially detrimental to health due to the
abnormalities in the organ coefficients.

In summary, liver damage was observed in the 1 250 and 2 500 mg/kg
groups, along with abnormalities in blood indicators, biochemical
indicators, and organ coefficients. Consequently, a dose of 625 mg/kg
is relatively safe for mice. Utilizing the FDA’s guidance document on
the maximum recommended starting dose (MRSD) and converting
the no observed adverse effect level (NOAEL) from mice to the
human equivalent dose (HED) based on body surface area differences
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between species, we infer that ¢9,t11,c15-CLNA is relatively safe
for humans at a dose level of 50.62 mg/kg"”. This provides some
reference values for later incorporation and utilization of CLNA in
food products. However, it is important to note that these values are
only converted and do not indicate the precise amount of c9,t11,c15-
CLNA that should be added in human daily diet.

3.5 Investigation of cellular level mechanisms

The above study showed some abnormalities in the liver and
spleen of mice at a dose of 2 500 mg/kg. The subsequent phase
of the study was devoted to the investigation of the underlying
mechanisms responsible for liver damage resulting from excessive
consumption of ¢9,t11,c15-CLNA, with the objective of identifying
potential mitigation strategies. The decision to exclude the spleen
from further investigation was based on the absence of significant
morphological abnormalities in histopathological examinations,
despite minor alterations in the organ coefficient. In contrast,
hepatic tissue demonstrated marked cellular deformation and subtle
lipid accumulation. These hepatic alterations prompted our focus
on liver pathology, particularly the observed lipid accumulation
phenomena. For our experimental model, we selected HepG2 cells.
Although derived from hepatocellular carcinoma, HepG2 cells
exhibit lipid metabolic pathways analogous to those of normal
human hepatocytes, coupled with stable genetic background™".
These characteristics render HepG2 cells a suitable model for our
preliminary investigations.

The PPAR family of proteins plays a crucial role in lipid
metabolism regulation. Notable members of this family include

A

PPAR-a, PPAR-y, and PPAR-B, each with distinct but overlapping
functions in lipid homeostasis™'”. Among them PPAR-y overexpression
is closely associated with lipid synthesis!'"*. The PPAR-y protein
exhibits inconsistent effects across various tissues. In adipose tissue,
PPAR plays a crucial role in lipid synthesis and enhances insulin
sensitivity'*”. However, its overexpression in hepatic tissues promotes
the accumulation of intracellular lipids within hepatocytes, resulting
in the development of nonalcoholic fatty liver disease (NAFLD),
which may subsequently progress to steatohepatitis'”!. Meanwhile,
several studies have demonstrated that 18-carbon unsaturated fatty
acids, such as cis9,trans11,cis13-CLNA and cis9,trans11,trans13-
CLNA, can activate PPAR-y expression”’. Therefore, we hypothesize
that excessive ¢9,t11,c15-CLNA may over-activate PPAR-y, leading
to aberrant lipid accumulation in the liver. To test this hypothesis, we
employed molecular docking software to determine whether CLNA
can bind to the PPAR-y protein. The PPAR-y protein activation sites
in docking are the binding sites of CYS285, MET364, TYR473,
SER289, HIS323, TYR327, LYS367, and HIS449, among others">*.
Subsequent cellular experiments confirmed that CLNA can bind
to amino acid residues, such as CYS285, MET364, and TYR473, in
the PPAR-y activation site, as shown in Fig. 3", However molecular
docking alone cannot accurately reflect the true situation. Therefore, it
was essential to verify at the cellular level whether ¢9,t11,c15-CLNA
activate PPAR-y and lead to lipid accumulation. HepG2 cells, which
serve as an experimental model for the liver, were used to determine
the maximum safe dose of ¢9,t11,c15-CLNA for liver cells. This is
because the liver is the primary organ affected by excessive intake of
this compound. The maximum safe dose of ¢9,t11,c15-CLNA to cells
was obtained from the results of CCK-8 experiments as 80 umol/L

LEU
A:384

5 LEU ILE
LYS SE A:330AZ326L.EU @
A7 4080 TYR LYS
- g A327 A230
A:364 A:285 ALA
HIg, Ai233 AR asp
PHE A:323 A:381
A:363
HIS
A:286 A:449A.47EEU
A:469
Interactions .
1 van der Waals 1 Pi-Alkyl

B Conventional hydrogen bond

Fig.3 Molecular docking of ¢9,t11,c15-CLNA with PPAR-y. (A) Binding site on PPAR-y ; (B) 3D binding result between ¢9,t11,c15-CLNA and PPAR-y ;
(C) 2D interaction diagram between c9,t11,c15-CLNA and amino acid residues surrounding PPAR-y within a 5 A radius.
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(Fig. 4C). After 24 h of treatment with 80 umol/L ¢9,t11,c15-CLNA,
HepG2 cells exhibited significant lipid accumulation, positive Nile red
staining, and observable lipid droplets under bright-field microscopy.
The group treated with the PPAR-y inhibitor (GW 9662) showed
reduced lipid accumulation in Fig. 4A™. Furthermore, protein
expression analysis indicated that ¢9,t11,c15-CLNA significantly
activated PPAR-y expression, while the inhibitor group effectively
suppressed both PPAR-y expression and lipid accumulation, as shown
in Fig. 4.

In conclusion, our findings suggest that excessive consumption
of ¢9,t11,c15-CLNA can activate PPAR-y, leading to aberrant lipid
accumulation and subsequent liver damage. Therefore, it is crucial
to limit the intake of ¢9,t11,c15-CLNA in daily dietary practices. In
the event of an inadvertent overdose of ¢9,t11,c15-CLNA, PPAR-y
inhibitors could serve as potential antidotes. Concurrently, ¢9,t11,c15-
CLNA can effectively activate PPAR-y and may be suitable for
scenarios that require moderate PPAR-y activation, such as the
treatment of liver fibrosis or diabetes.

A Bright field

CLNA 80 umol/L Control

CLNA 80 pmol/L
+ GW9962

4. Conclusion

c9,t11,c15-CLNA is a metabolite of CCFM683, with a safe
oral dose for mice determined to be 625 mg/kg, corresponding to a
human equivalent dose of 50.62 mg/kg. Doses exceeding 1 250 mg/kg
exacerbate liver metabolic disorders in mice. Molecular docking
and cellular experiments suggest that liver damage may result from
excessive activation of the PPAR-y protein by overconsumption
of ¢9,t11,c15-CLNA, leading to aberrant lipid accumulation in
the liver. The addition of a PPAR-y inhibitor effectively alleviated
lipid accumulation in the liver. These results provide a reference
for the safe dosage range and the primary organ-specific toxicity of
c9,t11,c15-CLNA consumption, laying a foundation for subsequent
applications. Nevertheless, this study has limitations; for instance,
it utilized healthy mice, leaving the safety of ¢9,t11,c15-CLNA for
individuals with lipid metabolism disorders, glucose metabolism
disorders, or cardiovascular diseases undetermined. These issues
warrant further exploration in follow-up research. Moreover, the

Hoechst Merge

[
w

10;2

10 pm
-

10 pm
-

PPAR-y

[-Actin

Control

80 umol/L CLNA

80 umol/L CLNA
+GW9962

Fig. 4 Lipid accumulation and its potential target protein WB after excessive intake of ¢9,t11,c15-CLNA. (A) c9,t11,c15-CLNA after excessive intake and stained
with Nile red. Bright field means the cell image taken under white light, Nile red group means the lipid image after staining with dye, the brighter the red, the
more lipid accumulation. Hoescht group is the stained cell nucleus, which plays the role of locating the cell, merge group is the image of the two groups merged
together. (B) Western blot results for PPAR-y protein expression in cell lysates; S-Actin serves as an internal reference protein. Darker bands indicate higher protein
expression levels. CLNA represents ¢9,t11,c15-CLNA, while GW9662 is a specific PPAR-y inhibitor. (C) Relative content of fluorescence intensity in Fig. C,, the
relative grayscale value in the WB results in Fig. C, and toxicity of ¢9,t11,c15-CLNA on HepG2 cells (CCK-8 method in C;).
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efficacy of PPAR-y inhibitors was only verified at the cellular level,
their ability to alleviate liver damage caused by overconsumption of
¢9,t11,c15-CLNA in vivo remains unclear.
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