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1. Introduction

Flax lignan-fortified nanoemulsions potentiate the
conversion of a-linolenic acid to n-3 LCPUFAs:

cumulative metabolic patterns in non-fasting mice
Lei Wang,? Xiao Yu,**® Chen Cheng,® Jiqu Xu,? Xia Xiang, €2 Li Chen,?
Xiaogiao Tang® and Qianchun Deng () *?

As an essential n-3 fatty acid required by the human body, a-linolenic acid (ALA) can be metabolically
converted in vivo into n-3 long chain polyunsaturated fatty acids (LCPUFAs) such as eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), exhibiting biological functions and resource sustainability,
and its conversion may be modulated by specific polyphenols. This study investigated the metabolic con-
version profile in non-fasted mice following the intake of flaxseed oil nanoemulsions and assessed the
potential regulatory effects of co-ingesting structurally distinct flax lignans. The results showed that co-
administration of the flax lignan macromolecule (FLM) increased serum EPA by 31.9%, DHA by 20.2%, and
hepatic EPA by 35.1%. Secoisolariciresinol diglucoside (SDG) increased serum EPA by 38% and hepatic
EPA by 47.4%. Secoisolariciresinol (SECO) elevated serum EPA by 30.0%, and hepatic EPA, docosapentae-
noic acid (DPA), and DHA by 57.9%, 19.7%, and 17.7%, respectively. Lipidomics revealed FLM/SECO
enriched ALA-derived phospholipids (e.g., PC 38:7|18:2_20:5), while SDG stimulated EPA/DHA-containing
triglycerides (e.g., TG 58:13]18:3_20:5_20:5), indicating lignan-specific effects. Furthermore, in vivo meta-
bolic studies and HepG2 cell experiments indicated that the structural characteristics of flax lignans might
determine their material basis of intestinal transport and hepatic metabolism, thereby modulating ALA
absorption, transport, and conversion, with the characteristic metabolites SDG and enterodiol (ENL)
further promoting downstream ALA-derived products (C20:4n-3, 48.6% or C20:3n-3, 48.1%), highlighting
their regulatory roles. This study provides a theoretical foundation for developing functional lipid delivery
systems based on lignan structural features and nutritional intervention strategies aimed at enhancing ALA
metabolic conversion.

strained by factors such as regional availability, resource limit-
ations, marine environmental concerns, and cost.> Global

N-3 long-chain polyunsaturated fatty acids (LCPUFAs), tra-
ditionally defined as those containing 20 or more carbon
atoms with the first double bond positioned at the n-3 carbon,
play crucial roles in maintaining human health by supporting
physiological functions and preventing disease."” Seafood
serves as their primary dietary source, but consumption is con-
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surveys indicate that fewer than one-quarter of countries meet
recommended n-3 LCPUFA intake levels from seafood, and
approximately 100 countries, representing 66.8% of the
world’s adult population, have an average daily intake below
100 mg.® Consequently, identifying green, sustainable alterna-
tive dietary sources of n-3 LCPUFAs is urgent. Dietary sup-
plementation with plant-derived o-linolenic acid (C18:3n-3,
ALA), an essential fatty acid for humans, represents a promis-
ing strategy to alleviate this global insufficiency. ALA exerts sig-
nificant health-promoting physiological effects and can be
metabolically converted in vivo into eicosapentaenoic acid
(C20:5n-3, EPA) and docosahexaenoic acid (C22:6n-3, DHA),
enabling endogenous nutritional fortification.” Flaxseed,
owing to its favorable ALA content and yield, is considered an
excellent source for dietary ALA supplementation.® However,
the efficacy of ALA intake faces significant bottlenecks, includ-
ing susceptibility to gastrointestinal oxidation, inadequate
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micellarization and absorption, and low metabolic conversion
efficiency. These limitations consequently restrict the physio-
logical availability of ALA substrates and impede the in vivo
accumulation of its beneficial metabolites.’

The metabolic conversion of ALA to n-3 LCPUFAs is a
sequential, multi-step process that alternates desaturation and
elongation reactions within the endoplasmic reticulum, fol-
lowed by partial B-oxidation in peroxisomes.'® These reactions
are catalyzed by A6-desaturase (FADS2), elongase of very long-
chain fatty acids (ELOVL5), A5-desaturase (FADS1), and
ELOVL2. Among these enzymes, Aé6-desaturase is widely
regarded as the rate-limiting step in the pathway, exerting a
major control over the metabolic flux from ALA to EPA and
DHA. Within the elongation system, f-ketoacyl synthase (KAS)
acts as the rate-limiting condensing enzyme that catalyzes the
first step of each elongation cycle, which is the condensation
of a long-chain acyl-CoA with malonyl-CoA to form p-ketoacyl-
CoA, thereby determining the efficiency of chain elongation.®
The liver is the principal site for these conversions, but extra-
hepatic tissues, including the brain, testes, and kidneys, also
exhibit measurable desaturase and elongase expression and
activity, contributing to tissue-specific synthesis of n-3
LCPUFAs." Additionally, nutritional factors such as the
dietary n-6/n-3 ratio, micronutrient status (e.g., zinc and iron),
and hormonal cues (such as insulin-mediated SREBP-1c acti-
vation) can modulate the transcription and activity of FADS
and ELOVL enzymes. Oxidative stress and metabolic disorders,
including non-alcoholic fatty liver disease (NAFLD), further
impair desaturase and elongase activities, resulting in reduced
tissue n-3 PUFA biosynthesis."®'* Notably, serum-based
measurements substantially underestimate whole-body DHA
synthesis compared with integrative flux analyses (for
example, approximately 0.2% versus 9.5% in mice, which rep-
resents about a 47-fold difference), highlighting the impor-
tance of tissue-specific regulation and the limitations of circu-
lating biomarkers in assessing true conversion efficiency."
Given these complexities, a comprehensive understanding of
dietary ALA supplementation necessitates investigating the
factors governing its bioavailability, metabolic conversion, and
tissue distribution. These encompass digestive and absorptive
kinetics, tissue-specific conversion efficiency, the regulation of
its metabolic partitioning (including synthesis, p-oxidation,
and storage) by co-ingested bioactive compounds, as well as
the influence of dietary composition, food matrix effects, and
potential interactions with other nutritional constituents.

Compared to pure oil, protein, or Tween-stabilized emul-
sions, phospholipid-stabilized oil-in-water nanoemulsions
offer advantages in enhancing the intestinal lipolysis, absorp-
tion, and transport rates of ALA."* Nevertheless, the signifi-
cantly increased lipid droplet surface area in such nanoemul-
sions may exacerbate interfacial oxidation during digestion
and increase the absorption of potentially harmful oxidation
products.’® Introducing specific polyphenols into nanoemul-
sion systems offers a potential solution. These compounds can
improve the gastrointestinal oxidative stability of ALA and may
achieve nutritional fortification by regulating the assembly
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and transport of ALA-containing chylomicrons (CMs), hepatic
metabolic allocation, and the expression of key converting
enzymes.’ Structure-activity relationships concerning existing
research on modulating ALA conversion to n-3 LCPUFAs
revealed key candidates, including curcumin,'®*” 1,8
sesamol,'®?*® flax lignans,?"?* quercetin,>® fucoxanthin,
and anthocyanins,>® which share core structural elements
(phenolic hydroxyls, aromatic rings and conjugated systems)
with distinct compound-specific features. Their potential regu-
latory targets are diverse, encompassing gastrointestinal diges-
tive enzyme activity, ALA micellarization and intestinal absorp-
tion, hepatic expression of elongases/desaturases, and hepatic
p-oxidation metabolism. Further assessment of the regulatory
advantages and potential efficacy of relevant phenolic sub-
stances highlighted flax lignans. These compounds attracted
particular attention due to their dual regulatory potential: as
primary phenolic constituents in flaxseed hulls, they may
enhance fatty acid uptake into hepatocytes, potentially promot-
ing hepatic ALA transport and increasing substrate availability
for conversion.>' Additionally, they may regulate lipid meta-
bolic distribution, potentially reducing ALA oxidative con-
sumption and directing more substrates towards enhanced n-3
LCPUFA synthesis.>* Furthermore, incorporating flax lignans
into flaxseed oil nanoemulsion systems offers inherent natural
homology advantages, forming a synergistic system. However,
current research in this area predominantly relies on cell-
based experiments, with regulatory mechanisms remaining
unclear and insufficiently explored in depth.

Flax lignans primarily exist as oligomers of secoisolariciresi-
nol diglucoside (SDG) concentrated in seed hulls,
accompanied by minor amounts of matairesinol, pinoresinol,
and isolariciresinol.>” SDG mainly occurs as the conjugated
diglucoside of secoisolariciresinol (SECO) and is ester-linked
with 3-hydroxy-3-methylglutaric acid (HMGA) to form oligo-
meric macromolecules known as flax lignan macromolecule
(FLM).>®?° Preliminary laboratory studies found that natural
FLM and its structural units (SDG and SECO) possess distinct
antioxidant activities and interfacial properties, leading to
differential effects on the gastrointestinal stability of nanoe-
mulsions.’® Simultaneously, flax lignans dose-dependently
influence the digestion, absorption, and lymphatic/blood
transport of ALA-containing lipids. Particularly, low-dose flax
lignans enhance ALA bioavailability via a “rate decelerating
but efficiency-enhancing” mechanism, potentially providing
substrate availability for hepatic conversion of ALA to n-3
LCPUFAs.*' Furthermore, compared to nanoemulsion intake
alone, co-administration with flax lignans regulates hepatic
ALA metabolic conversion in mice with “structure-activity
differences”, where FLM and SDG exhibit more pronounced
positive regulatory effects.”> However, a thought-provoking
phenomenon was observed in the group administered with
SECO-containing nanoemulsions: while it enhanced the
expression of hepatic FADS and ELOVL in mice, it concurrently
upregulated the rate-limiting enzyme for hepatic fatty acid
p-oxidation, carnitine palmitoyltransferase (CPT1a). This
finding strongly suggests that flax lignans may synchronously
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regulate both the hepatic metabolic conversion of ALA and its
subsequent metabolic partitioning. This raises a critical scien-
tific question regarding whether, after long-term intake, the
tissue fatty acid levels traditionally measured in the post-
absorptive (fasted) state reflect the true conversion capacity or
merely represent the net outcome masked by intense meta-
bolic partitioning such as p-oxidation for energy. The inability
to distinguish between these two scenarios hinders accurate
assessment of the actual regulatory effects and mechanisms of
different structural flax lignans, particularly the paradoxically
behaving SECO.

Building on this foundation, the present study constructed
flaxseed oil nanoemulsions incorporating structurally distinct
flax lignans, using sunflower phospholipids as the emulsifier,
and conducted long-term gavage experiments in mice. By
quantitatively assessing the levels of ALA and n-3 LCPUFAs in
the serum, liver, and peripheral tissues (including the adipose
tissue and brain) under non-fasting conditions after the final
administration, along with analyzing differences in serum
lipid configurations mediated by hepatic uptake and secretion,
the regulatory effects of flax lignans on ALA metabolic conver-
sion were further elucidated. Simultaneously, the metabolic
pathways and characteristic metabolites of lignans in the
mouse liver were analyzed following a single gavage of lignan-
flaxseed oil co-nanoemulsions. Furthermore, co-incubation
experiments using HepG2 cells were performed with character-
istic flax lignan metabolites and ALA to further clarify the
potential material basis underlying lignan-mediated regulation
of ALA metabolic conversion. Overall, this study aims to
further elucidate the specific roles and mechanisms of flax
lignans in regulating the in vivo metabolic conversion of ALA,
as well as to identify the potential active substances involved,
thereby providing theoretical support for dietary modulation
of ALA metabolism via flaxseed oil nanoemulsions. The find-
ings offer important evidence for optimizing dietary rec-
ommendations, supporting national nutrition policies, and
guiding population-level interventions targeting n-3 LCPUFA
deficiencies, while also contributing to the development of
functional foods and sustainable dietary patterns aimed at
improving global nutritional status and preventing chronic dis-
eases associated with fatty acid deficiencies.

2. Materials and methods

2.1. Chemicals and reagents

Flaxseed oil was acquired from Hongjingyuan Oil Co., Ltd
(Xilingol, Inner Mongolia, China). The flaxseed shell from the
cultivar Longya no. 9 was generously provided by the Gansu
Academy of Agricultural Sciences (Lanzhou, Gansu, China).
Sunflower phospholipid PC90 (~90% phosphatidylcholine)
and genistein were purchased from Macklin Biochemical
Technology Co., Ltd (Shanghai, China). SDG (purity > 98%),
SECO (purity > 98%), enterodiol (END, purity > 95%), and
enterolactone (ENL, purity > 95%) were obtained from Yuanye
Bio-Technology Co., Ltd (Shanghai, China). Methyl heptade-
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canoate (purity > 99%) and ALA (purity > 99%) were sourced
from Sigma-Aldrich (Saint Louis, MO, USA). A mixture of 37
fatty acid methyl ester standards was provided by ANPEL
Laboratory Technologies Inc. (Shanghai, China), and the
EquiSPLASH lipid standards mixture was obtained from Avanti
Polar Lipids, Inc. (Alabaster, AL, USA). DMEM and fetal bovine
serum were purchased from Gibco (Thermo Fisher Scientific,
Carlsbad, CA, USA). Penicillin/streptomycin was acquired from
Solarbio Science & Technology Co., Ltd (Beijing, China).
Bovine serum albumin (fatty acid-free) was obtained from
Yeasen Biotechnology Co., Ltd (Shanghai, China).
Chromatographic-grade n-hexane, chloroform, dichloro-
methane, and acetonitrile were acquired from Merck KGaA
(Darmstadt, Germany). Petroleum ether, ethanol, methanol,
hydrochloric acid, diethyl ether, toluene, sulfuric acid, and
other chemical reagents were procured from Sinopharm
Chemical Reagent Co., Ltd (Beijing, China).

2.2. Preparation of sunflower phospholipid-stabilized water-
in-flaxseed oil nanoemulsions

The extraction, purification, and purity determination of FLM
and nanoemulsion preparation were performed as previously
reported.*® Briefly, sunflower phospholipids were dispersed
and dissolved at 3% (w/w) in 5 mM phosphate-buffered saline
(PBS, pH 7.0) to form the aqueous phase. FLM, SDG, and
SECO were pre-dissolved in a minimal amount of 70% ethanol
(v/v), and then mixed with the aqueous phase (80% w/w) and
flaxseed oil (oil phase, 20% w/w). The final concentrations of
SDG and SECO in the emulsion were 300 pmol L™ each, while
the FLM addition amount was calculated based on the equi-
valent SDG mass. Initially, coarse emulsion was obtained
using a high-speed shear homogenizer (T25, IKA, Staufen,
Germany) at 10 000 rpm for 2 min. Subsequently, the nanoe-
mulsion was produced by processing through a high-pressure
microfluidizer (M-110EH30, Microfluidics, Newton, MA) for
four cycles at 10 000 psi.

2.3. Animal experiments

All animal protocols were approved by the Laboratory Animal
Management and Use Committee of the Hubei Provincial
Center for Disease Control and Prevention (approval no.:
202110106). Eight-week-old male C57BL/6] mice were supplied
by the Experimental Animal Center of Hubei Province (license:
SCXK-2020-0018) and Henan Skbex Biotechnology Co., Ltd
(license: SCXK-2020-0005). Mice were housed in individually
ventilated cages (6 mice per cage) under constant temperature
(22 ©C), constant humidity (40%-60%), and 12 h light/dark
cycle conditions, with free access to feed and water.
Customized standard diet (AIN93M) was provided by Trophic
Animal Feed High-Tech Co., Ltd (Nantong, Jiangsu, China),
and it contained casein, corn starch, corn dextrin, sucrose,
cellulose, corn oil, methionine, choline bitartrate, vitamin
mix, and mineral mix. Fatty acid composition of the diet deter-
mined by gas chromatography was: 12.5% palmitic acid
(C16:0), 28.1% oleic acid (C18:1n-9), 57.3% linoleic acid
(C18:2n-6, LA), and 0.8% ALA; fatty acid composition of flax-
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seed oil was: 5.7% palmitic acid, 3.8% stearic acid (C18:0),
19.0% oleic acid, 16.2% LA, and 54.2% ALA.

2.4. Experimental procedure for apparent cumulative ALA
absorption and conversion in the non-fasting state following
the final gavage

Mice were randomly divided into 5 groups, with 18 mice per
group and acclimated for one week. Subsequently, daily at 9:00
a.m., mice were administered by gavage: (1) control group
(control): physiological saline; (2) nanoemulsion (NanoE); (3)
FLM-containing nanoemulsion (FLM-N); (4) SDG-containing
nanoemulsion (SDG-N); and (5) SECO-containing nanoemul-
sion (SECO-N). The gavage dose was 300 pL per mouse per day
for 42 consecutive days, and changes in the body weight of the
mice were recorded throughout the period (as shown in
Fig. S1). Mice were euthanized in batches after 14, 28, and 42
days of gavage. Specifically, mice were fasted overnight (12 h),
anesthetized with ether 6 h after the final gavage, and blood
samples were collected. Subsequently, mice were euthanized
by cervical dislocation, and the liver, adipose tissue, brain,
small intestine, and other tissues were collected (the experi-
mental procedure is illustrated in Fig. 1). Blood samples were
centrifuged at 4000 rpm for 10 min at 4 °C to obtain the
serum. Liver and other tissue samples were immediately snap-
frozen in liquid nitrogen after collection and stored at —80 °C
for further analysis.

2.5. Experimental procedure for lignan metabolism and
hepatic transport following administration of flax lignan co-
delivered nanoemulsions

Mice were randomly divided into four groups (n = 20 per
group), with an additional five mice serving as the baseline
group. Following one week of environmental acclimation and
feeding on standard diet, mice were fasted for 12 h. The

AIN-93M feed
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animals were administered by gavage: (1) nanoemulsion
(NanoE); (2) FLM-containing nanoemulsion (FLM-N); (3) SDG-
containing nanoemulsion (SDG-N); and (4) SECO-containing
nanoemulsion (SECO-N) at a dose of 300 pL per mouse.
Subsequently, at 1 h, 3 h, 6 h, 12 h, and 24 h post-gavage, mice
were anesthetized with ether, blood samples were collected,
and mice were euthanized by cervical dislocation. Tissue
samples including those of the liver and small intestine were
collected (the experimental procedure is shown in Fig. 6A).
Serum samples were obtained by centrifugation at 4 °C and
4000 rpm for 10 min. Tissue samples were immediately snap-
frozen in liquid nitrogen and stored at —80 °C for further
analysis.

2.6. Determination of the fatty acid composition in serum
and tissues

The fatty acid composition in the serum, liver, adipose tissue,
and brain was measured according to previously described
methods with slight modifications.>® For serum samples,
100 pL was taken and mixed with 20 pL of an internal standard
(methyl heptadecanoate, 5 mg mL ™" dissolved in petroleum
ether), 2.0 mL of sulfuric acid-methanol solution (5%, v/v),
and 300 pL of toluene, and placed into a 10 mL screw-cap
glass tube. The mixture was then incubated at 95 °C for
90 min in a water bath, with manual shaking for 10 s every
30 min. After cooling to room temperature, 2.0 mL of physio-
logical saline and 1.0 mL of n-hexane were added, vortex-
mixed for 3 min, and allowed to stand for 10 min before cen-
trifugation at 4000 rpm for 10 min. The upper organic phase
was carefully transferred to another test tube, evaporated to
dryness under nitrogen gas, reconstituted in 200 pL of
n-hexane, filtered through a 0.22 pm membrane, and then ana-
lyzed. Tissue samples, after adding the internal standard,
underwent lipid extraction using a chloroform/methanol solu-

Acclimation Gavage administration (42 days) >
7 days > > >
14 days 14 days 14 days
@ Control
n=18 Day 42
® Nalng)-E 6 h after the
CO = Day 28 last gavage
\ﬁ“ﬁ Q@FLM-N| n=6 per group
- Day 14 6 h after th Blood
9-week-old @ SDG-N PR after the ‘00
male C57BL/6 n=18 aiter the last gavage Liver
last gavage | |, per group Brain
® SECO-N n=6 per group Adipose tissue
n=18 .
Blood P Blood :
Liver Liver ~°°

Fig. 1 Experimental procedure diagram for investigating the cumulative effects of ALA absorption and conversion in mice under non-fasting

conditions.
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tion. The extracted lipid phase was dried under nitrogen gas
before the subsequent methylation procedures.**

Fatty acid methyl esters (FAMEs) were analyzed by gas
chromatography (78904, Agilent Technologies, California,
USA) equipped with a capillary column (HP-FFAP, 30 m X
0.25 mm x 0.25 pm, Agilent) and a flame ionization detector
(FID). The initial oven temperature was set at 130 °C and held
for 3 min, then increased to 200 °C at 5 °C min~" and held for
10 min, and finally raised to 220 °C at 2 °C min~" and held for
3 min. The injector and detector temperatures were controlled
at 250 °C and 280 °C, respectively. The nitrogen flow rate was
1.8 mL min", the split ratio was adjusted according to the
lipid content in different samples, and the injection volume
was 2 pL.

2.7. Determination of the serum lipid configuration

The determination of the serum lipid configuration followed
the method previously described by Wang et al., with minor
modifications.*® Briefly, 100 mg of serum sample was weighed
into a 16 mL glass culture tube, to which 10 pL of an internal
standard solution (10 pg mL ") was added, followed by sequen-
tial addition of 2 mL of methanol and 2 mL of dichloro-
methane, vortexing for extraction over 30 min. Subsequently,
2 mL of dichloromethane and 1.6 mL of ultrapure water were
added, vortex-mixed for an additional 10 min, and centrifuged
at 4000 rpm. The lower clear layer was collected. The upper
layer was re-extracted twice with 4 mL of dichloromethane
each time. All lower layers were combined, evaporated under a
nitrogen stream, reconstituted with 150 pL of chloroform/
methanol (v/v, 2:1) and filtered through a 0.22 pm organic
membrane, and then injected for analysis. Lipid separation
was performed using an ultra-performance liquid chromato-
graphy (UPLC, Nexera X2, Shimadzu, Kyoto, Japan) system
equipped with a Phenomenex Kinetex C18 column (100 mm x
2.1 mm, 2.6 pm). Mobile phase A consisted of H,O/MeOH/ACN
(1:1:1, v/v, containing 5 mM NH,4AC) and mobile phase B was
IPA/ACN (5: 1, v/v, containing 5 mM NH,4AC). The flow rate was
0.4 mL min~" with a column temperature of 60 °C; the sample
tray and injector were maintained at 4 °C. Injection volumes
were 2 pL for the positive ion mode and 6 pL for the negative
ion mode. The gradient elution program was as follows:
0-0.5 min, 20% B; 0.5-1.5 min, 20-40% B; 1.5-3.0 min,
40-60% B; 3.0-13.0 min, 60-98% B; 13.0-13.1 min, 98-20% B;
13.1-17.0 min, 20% B. Mass spectrometric detection was
carried out using a quadrupole time-of-flight tandem mass
spectrometer (Triple TOF 6600 plus, AB Sciex, Framingham,
MA, USA). Primary scanning ranged from mj/z 100-1200 Da
and secondary scanning from m/z 50-1200 Da in both positive
and negative ion modes. Declustering potential (DP) was set at
80 V (+) and —80 V (—); collision energy (CE) was 10 V (+) and
—30 V (-); and ion spray voltage floating (ISVF) was 5500 V (+)
and —4500 V (-). Nebulizer gas (GS1) and heater gas (GS2)
were both 50 psi; curtain gas (CUR) was 35 psi; and the ion
source temperature was set at 600 °C, with nitrogen as the neb-
ulizing and auxiliary gas.
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LC-MS raw data files (.wiff) were converted into MS-DIAL
analysis files (.abf). Lipid identification was preliminarily per-
formed by using MS-DIAL software using the Lipid Blast data-
base for peak searching, alignment, and annotation. To
improve accuracy and avoid false positives, PeakView software
was used for manual verification, strictly screening and con-
firming results based on three criteria: molecular mass (error
< 5 ppm), retention time (error < 5%), and isotopic pattern
(error < 10%). Subsequently, Masterview software was
employed to establish quantitative methods using lipid
names, retention times (RT), and mass-to-charge ratios (m/z).
Finally, Multiquant software was used to integrate lipid peak
areas, with quantitative analysis of identified serum lipid
molecules performed using the internal standard method.

2.8. Identification and quantitative analysis of flax lignans
and metabolites in the liver

The analysis of flax lignans and metabolites in the liver was
performed following the methods of Bolca et al. and Garcia-
Mateos et al, with modifications.®>*® First, a genistein
internal standard solution was prepared by dissolving 5 mg in
4 mL of methanol to obtain a stock solution, which was sub-
sequently diluted 50-fold to prepare a working solution.
Subsequently, 250 mg of liver tissue was weighed into a 2 mL
centrifuge tube, and the internal standard (20 pL) was added,
followed by 1 mL of methanol/water (8:2, v/v) containing
200 mM hydrochloric acid. The mixture was homogenized and
ground for 2 min (two times, each for 1 min), and then trans-
ferred into a 10 mL high-speed centrifuge tube. An additional
4 mL of the same buffer solution was used for rinsing and
combined with the homogenate. The supernatant was col-
lected, concentrated under a nitrogen stream, transferred to a
2 mL centrifuge tube, evaporated to dryness under nitrogen,
reconstituted with 250 pL of methanol, filtered through a
0.22 pm membrane, and injected for analysis.

Lignan metabolites were detected using a UPLC-qTOF-MS
system (Agilent 1290 UPLC coupled with 6550 Q-TOFMS) with
a Waters BEH C18 column (2.1 x 100 mm, 1.7 pm). The mobile
phases consisted of water containing 0.1% formic acid (A) and
acetonitrile (B). The gradient elution program was: 0-10 min,
5-25% B; 10-20 min, 25-40% B; 20-24 min, 40-90% B; then
returning to 5% B and equilibrating for 4 min. The flow rate
was 0.3 mL min~", and the injection volume was 5 pL.

2.9. Invitro co-incubation experiment of the characteristic
flax lignan metabolites and ALA in HepG2 cells

The HepG2 cell co-incubation experiment was designed with
reference to previously described methods with minor
modifications.'®?” Human hepatocellular carcinoma HepG2
cells, supplied by Procell Life Science & Technology Co., Ltd
(Wuhan, Hubei, China), were cultured in DMEM containing
10% (v/v) fetal bovine serum and 1% penicillin/streptomycin
in a humidified incubator at 37 °C with 5% CO,. Experimental
procedures commenced when cells reached approximately
80% confluence, ensuring that the concentrations of lignans
(SDG, SECO, END, and ENL) and ALA used were within non-
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toxic ranges. The preparation for the ALA-BSA complex was as
follows: ALA stock solution was prepared by dissolving ALA in
1 M NaOH solution and vortexing for 10 min; separately, FFA-
free BSA was dissolved in serum-free DMEM. The ALA stock
solution was then added dropwise to the BSA solution, vor-
texed for 10 min, purged with nitrogen, and incubated at 37 °C
in a shaker for 2 h. Subsequently, the mixture was filtered
through a 0.22 pm membrane to obtain the ALA-BSA complex
at a molar ratio of 3:1 (final concentrations: ALA - 1 mM and
BSA - 0.33 mM). Flax lignan stock solutions were initially dis-
solved in DMSO and added to the culture medium at appropri-
ate ratios in the experiments; the control group received an
equivalent volume of DMSO solution. HepG2 cells were cul-
tured separately in DMEM containing ALA (100 pM) and
different flax lignans (100 uM) for 48 h. Subsequently, cells
and the culture medium were collected for lipid extraction, fol-
lowed by further determination and analysis of the fatty acid
content.

2.10. Qualitative and quantitative analyses of fatty acids in
the cell experiment samples

Gas chromatography-mass spectrometry (GC-MS, Agilent
7890A-5975C) was employed for the qualitative and quantitat-
ive analyses of fatty acids extracted and methylated from the
cell or culture medium samples. Sample pretreatment for
methylation was performed as described in section 2.6. The
chromatographic column used was a DB-WAX column (30.0 m
x 250 pm, 0.25 pm); the initial temperature was set at 100 °C
and held for 5 min, and then increased to 240 °C at 8 °C
min~" and held for 20 min. The injector temperature was set
at 250 °C, the transfer line temperature was 240 °C, helium
was utilized as the carrier gas at a flow rate of 1.0 mL min™",
the split ratio was 10:1, and the injection volume was 1 pL.
The mass spectrometry conditions were as follows: electron
ionization (EI) source; electron energy at 70 eV; ion source
temperature at 230 °C; quadrupole temperature at 150 °C; scan
mode; mass scan range of 33-500 u; and a solvent delay of
3 min.

2.11. Data analysis

The results were expressed as mean =+ standard deviation
(mean + SD). Data analysis was performed using SPSS software
(V20, SPSS Inc., USA). One-way analysis of variance (ANOVA)
followed by Duncan’s multiple comparison test (Duncan’s test)
was employed to determine the significant differences among
the sample groups. A p-value less than 0.05 (p < 0.05) was con-
sidered statistically significant.

3. Results and discussion

3.1. Time-cumulative effects of ALA absorption-conversion
in the serum and liver

In our previous report, the basic physical characteristics of the
emulsions currently used were described, including particle
size, zeta potential, microstructure, and TSI stability. The
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results showed that the particle size of the coarse emulsion
without microfluidization treatment was approximately
7.68 pm, while nanoemulsions in all groups ranged from 226
to 263 nm; the addition of flax lignans did not significantly
affect the physical stability of the nanoemulsions (Table S1
and Fig. $2).*"

Based on this established stable nanoemulsion system, the
present study investigated the time-dependent effects of co-
ingesting lignans (FLM, SDG, or SECO) on the serum levels of
ALA, EPA, docosapentaenoic acid (C22:5n-3, DPA), and DHA in
mice gavaged with nanoemulsions. As shown in Fig. 2A-D,
compared to the control group, intake of Nano-E significantly
increased the serum ALA content at all time points and further
elevated its conversion into EPA, DPA, and DHA, implying that
mice were unable to synthesize ALA endogenously and
required exogenous supplementation. In the Nano-E group,
the intestinal absorption, hepatic uptake, and secretion of ALA
induced dynamic changes in the serum levels. The ALA
content peaked at day 14, slightly declined at day 28, and then
modestly rebounded at day 42. This observed decline in the
serum ALA content may relate to real-time hepatic accumu-
lation and enhanced conversion metabolism. Compared with
Nano-E, lignan co-intake caused temporal fluctuations in ALA
content, but without significant changes. Serum EPA levels
showed limited cumulative effects over time, with minimal
overall variations. The elevated serum EPA levels observed in
the Nano-E group at day 28 might relate to enhanced con-
current conversion, corresponding to the reduction in serum
ALA. Meanwhile, serum DPA content showed obvious time-
cumulative effects, particularly in the FLM-N and SDG-N
groups, displaying continuous and steady increases. In con-
trast, serum DHA levels remained relatively stable throughout
the experiment, with only the FLM-N group showing a slight
upward trend, suggesting that FLM exerts time-cumulative
regulatory effects on the ALA to DHA conversion. Notably, pre-
vious studies showed that under moderate flaxseed diets, the
in vivo content of ALA and its conversion products (e.g., EPA,
DPA and DHA) gradually increased over time (0-15-30 days),
while whole-body retention and apparent conversion rates
gradually decreased, and oxidative metabolic rates progress-
ively increased.*® Simultaneously, other studies indicated that
increasing dietary ALA content (1%-5%) gradually elevated
ALA and n-3 LCPUFA levels in mice, but higher ALA doses
(7.5%) or co-intake of EPA (0.25%-1%) may reduce the conver-
sion efficiency of ALA to n-3 LCPUFAs through substrate inhi-
bition.>* Combining with the current results, the decreased
EPA content in the Nano-E group at day 42 may result from
product inhibition, while co-ingestion of lignans may mitigate
adverse impacts by slowing ALA absorption-transport rates,
thereby reducing the real-time metabolic rate in the liver.

Additionally, the time-dependent effects of co-intake flax
lignans (FLM, SDG, or SECO) on the hepatic levels of ALA,
EPA, DPA, and DHA in mice gavaged with nanoemulsions were
investigated over time. As shown in Fig. 2E-H, compared with
the control, intake of Nano-E significantly increased the
hepatic ALA content at each time point and further elevated

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo03469h

Open Access Article. Published on 27 November 2025. Downloaded on 12/25/2025 12:32:56 PM.

View Article Online

Food & Function Paper
A 030 B 006
—&— Control —@—Nano-E —A— FLM-N —#—Control ——Nano-E —A—FLM-N
025 —¥—SDG-N —4—SECO-N 0.05 4 —¥—SDG-N —4—SECO-N
502 =5 045
E E
oo )
8‘ 5 0.20 E 0.04
o) g g
3 g 0.5+ 5 0.03 4
£ =
B £ £
5 § 0.10 § 0.02
o g =
5 g g
o 3 0.05 - : 0.01
o < =
% 0.00 - 0.00 4
0]
E T T T T T T
IS 14 days 28 days 42 days 14 days 28 days 42 days
S C 0.030 D 030
('C) —#—Control —®—Nano-E —A—FLM-N —#— Control —®— Nano-E —A— FLM-N
o —¥—SDG-N —4—SECO-N —¥—SDG-N —4¢—SECO-N
z = 00251 3025
c
5] E £
5 £ 0.020 1 £
3 Eo. E 0201
= £ £
= = g
< 3 0.015+ 2 015
(] .15
c = £
o - <
E £ 00104 ]
Q 5 g 0.10
O S =
) < 0.005 - =
> I~ =
§ a 2 0.05
5 0.000
© T T T 0.00 T T T
)] 14 days 28 days 42 days 14 days 28 days 42 days
e E 10 F 12
> —=— Control ——Nano-E —A— FLM-N —=— Control —e— Nano-E —A— FLM-N
B ~¥—SDGN ——SECO-N 10| —TSDGN —e—sEcON
@ 3 '
—_ —_
o oh
= ) =2
o g Eos-
o 5 61 5
S Z =
= = ="
2 N £
= P
'E = = 04
S S
< 24 <
- & 02+
04 0.0
T T T T T T
— 14 days 28 days 42 days 14 days 28 days 42 days
2, G 12 H 75
—=— Control —@— Nano-E —A— FLM-N —&— Control —@—Nano-E —A— FLM-N
1.04 —¥—SDG-N —4—SECO-N —¥—SDG-N ——SECO-N
& %2 6.0
) W
E 038 )
1 13
2 245
= 0.6 =
pe <
5 g
2 044 = 301
s E },/},—/%
z 3
0.2 4
= Q154
0.0 4
T T T 0.0 T T T
14 days 28 days 42 days 14 days 28 days 42 days
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the EPA, DPA, and DHA content. In the NanoE group, hepatic 28, possibly relating to real-time serum secretion and
ALA uptake exhibited a slight increasing trend. Co-intake of enhanced conversion metabolism. For hepatic EPA, the

SDG or SECO resulted in reduced hepatic ALA content at day FLM-N, SDG-N, and SECO-N groups, all exhibited upward
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trends, demonstrating time-cumulative enhancement effects
on the ALA metabolic conversion. The decreased hepatic EPA
content in the Nano-E group at day 42 may result from
reduced ALA uptake and simultaneous enhancement in DPA
and DHA conversion. Meanwhile, slower intestinal absorption
and hepatic transport induced by lignan co-intake may allevi-
ate negative feedback inhibition effects caused by hepatic con-
version products. In contrast, hepatic DPA levels fluctuated
slightly over time but maintained a steady increase in the
FLM-N and SECO-N groups. Similarly, hepatic DHA levels
showed no significant fluctuations at days 14 and 28 but
modest increases at day 42, particularly in the SDG-N and
SECO-N groups. These results indicated that FLM, SDG, or
SECO all possess time-cumulative regulatory effects on enhan-
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cing ALA conversion to n-3 LCPUFAs, suggesting that they may
contain material basis components that promote the ALA
metabolic conversion.

3.2. Differential regulation of flax lignans on serum and
hepatic n-3 PUFA contents in non-fasted mice

Subsequently, the analysis of the fatty acid composition and
the quantified n-3 PUFAs in the sera and livers of mice 6 h
after the last gavage at day 42 was conducted. As shown in
Fig. 3A-E, significant differences were observed in the percen-
tage composition of serum fatty acids among the different
experimental groups. Oleic acid (C18:1n-9) was the predomi-
nant fatty acid in the serum across the groups, accounting for
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approximately 29%-36%, followed by stearic acid (C18:0, 22%-
25%), palmitic acid (C16:0, 18%-19%), LA (13%-15%), and
arachidonic acid (C20:4n-6, AA, 4%-6%). Compared with the
control group gavaged with physiological saline, nanoemul-
sion intake increased the serum ALA proportion from 0% to
2% and the DHA proportion from 1% to 3%. Simultaneously,
AA proportion decreased from 6% to 4%-5%. Quantitative ana-
lysis of serum n-3 PUFAs revealed significant differences in the
ALA, EPA, DPA, and DHA levels among the groups. Specifically,
ALA, EPA, and DPA were undetectable in the serum of control
group mice, while DHA levels were 0.13 mg mL™". In contrast,
n-3 PUFA levels significantly increased in all nanoemulsion-
gavaged groups, with the NanoE group showing ALA, EPA, and
DPA levels of 0.21 mg mL™, 0.025 mg mL™", and 0.025 mg
mL™", respectively, and DHA levels further increasing to
0.19 mg mL ™", Furthermore, compared with the NanoE group,
serum EPA (+31.9%) and DHA (+20.2%) levels were signifi-
cantly elevated in the FLM-N group (p < 0.05), indicating that
co-administration of FLM has certain advantages in promoting
the hepatic conversion of ALA and lipoprotein secretion. In
comparison, co-intake of SDG or SECO increased serum EPA
levels by 30.0%-38.0%, without significantly altering the DPA
or DHA levels, showing that SDG and SECO also exhibit regu-
latory effects in promoting the ALA metabolic conversion.

As shown in Fig. 3F-], the major hepatic fatty acids across
the groups were oleic acid (C18:1), accounting for 27%-31%,
followed by LA (26%-29%), palmitic acid (C16:0, 19%-23%),
AA (4%-7%), and palmitoleic acid (C16:1n7, 4%-6%).
Compared with the control group, nanoemulsion intake sig-
nificantly increased the hepatic ALA proportion from 0% to
5%-6% and the DHA proportion from 3% to 4%-6%, while
decreasing the AA proportion from 7% to 4%-5%. Similarly,
quantitative analysis showed lower hepatic levels of ALA, EPA,
and DPA in the control group, with DHA at 2.64 mg g . In
contrast, the nanoemulsion-gavaged groups exhibited signifi-
cantly elevated hepatic n-3 PUFA content, with the NanoE
group showing ALA, EPA, and DPA contents elevated to
6.26 mg mL™", 0.57 mg mL™", and 0.71 mg mL™*, respectively,
and DHA content further increased to 5.19 mg mL™".
Additionally, compared with the NanoE group, co-intake of
FLM or SDG further increased hepatic EPA levels (+35.1%-—
47.4%), whereas SECO co-intake simultaneously elevated EPA
(+57.9%), DPA (+19.7%), and DHA (+17.7%) levels, exhibiting
regulatory effects in enhancing ALA conversion to n-3
LCPUFAs. Our previous research also showed that co-adminis-
tration of SDG-containing nanoemulsions increased hepatic
EPA and DHA levels by 10%-13% in fasted mice. Furthermore,
combined intake of FLM and SDG elevated serum EPA concen-
trations by 52.7%-55.9%, indicating a positive regulatory effect
of flax lignans on the metabolic conversion of ALA into n-3
LCPUFAs.*?

3.3. Effects of flax lignans on the n-3 PUFA content in the
brains and adipose tissue of non-fasted mice

As shown in Fig. 4A-C, the fatty acid composition in the brain
tissue remained relatively stable across all experimental

This journal is © The Royal Society of Chemistry 2025
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groups, with major fatty acids including saturated fatty acids
(C16:0 and C18:0) collectively accounting for ~39%, mono-
unsaturated fatty acids (C18:1n-9) comprising ~20%, and AA
constituting ~9%. After ingestion of flaxseed oil nanoemul-
sion, ALA was undetectable in brain tissue, indicating its
inability to cross the blood-brain barrier. Compared with the
control group, all nanoemulsion-gavaged groups showed
modest increases in brain DHA (18% — 19%). Overall, nanoe-
mulsion intake exerted limited effects on the brain fatty acid
composition. Quantitative analysis revealed that compared
with the control group, nanoemulsion intake significantly
increased the brain EPA levels (0 — 0.1 mg g~*), but no signifi-
cant differences existed among the groups co-administered
lignan-containing nanoemulsions. Simultaneously, the brain
DHA levels significantly increased in the nanoemulsion groups
(6.2 — 6.58-6.74 mg g~ ') compared with the control group, but
lignan co-intake had no significant effect. These results indi-
cated that ingestion of nanoemulsion significantly elevated the
brain n-3 PUFA content in mice, whereas lignan co-adminis-
tration had limited effects on increasing the brain n-3 PUFA
levels.

As shown in Fig. 4D-H, major fatty acids in adipose tissue
across the groups were oleic acid (38%-40%), LA (32%-34%),
palmitic acid (15%-17%), and palmitoleic acid (5%-6%).
Compared with the control group, nanoemulsion intake sig-
nificantly increased adipose ALA proportion (0% — 3%), while
percentages of other fatty acids remained stable. Quantitative
analysis revealed low adipose tissue levels of ALA, EPA, DPA,
and DHA in the control mice, with DHA at 0.65 mg ¢~ In con-
trast, the nanoemulsion-gavaged groups exhibited significantly
elevated n-3 PUFA levels, with ALA, EPA, DPA, and DHA
increasing to 22.1, 0.38, 1.26, and 1.95 mg g, respectively.
Previous studies reported significant increases in the adipose
tissue levels of ALA, EPA, and DHA and a reduction in the n-6/
n-3 ratio following dietary administration of ALA-rich chia
seed oil in rats.*” Compared with the NanoE group, FLM-con-
taining nanoemulsion further increased the adipose EPA levels
(+23.7%) without significantly altering other n-3 PUFA levels.
Conversely, co-intake of SDG- or SECO-containing nanoemul-
sions elevated adipose ALA levels by 14%, without affecting
EPA, DPA, or DHA levels.

3.4. Lipidomic analysis of n-3 PUFA configurations in the
sera of non-fasted mice

Serum lipid profiles of mice administered saline (control),
nanoemulsion (NanoE), FLM-containing nanoemulsion
(FLM-N), SDG-containing nanoemulsion (SDG-N), and SECO-
containing nanoemulsion (SECO-N) were quantitatively ana-
lyzed using UPLC-Q-TOF-MS, with a focus on the configuration
and content changes of n-3 PUFA-containing lipids in the
emulsion groups. Lipidomic analysis identified 213 lipid
species based on internal standard quantification, encompass-
ing lipid classes including cholesteryl ester (CE, 8 species), cer-
amide (Cer, 2), diacylglycerol (DG, 22), lyso-phosphatidyl-
choline (LPC, 15), phosphatidylcholine (PC, 28), sphingomyelin
(SM, 10), TG (triacylglycerol, 79), FA (fatty acid, 21), LPE (lyso-
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administration over 42 days. (A—C) Percentage composition of fatty acids, and the levels of EPA and DHA in the brain. (D—H) Percentage composition
of fatty acids, and the levels of ALA, EPA, DPA, and DHA in the adipose tissue.

phosphatidylethanolamine, 6), PA (phosphatidic acid, 4), PE
(phosphatidylethanolamine, 11), and PI (phosphatidylinositol,
7). Further focusing on n-3 PUFA-containing lipids, 61 lipid
species were identified, involving CE (3), DG (5), FA (4), LPC (4),
LPE (2), PC (10), PE (2), PI (1), and TG (30). Fig. 5A shows the
heatmap analysis of serum n-3 PUFA-containing lipids across
the groups. Control group lipid levels were generally low, while
nanoemulsion intake increased the abundance of multiple
lipid configurations, showing elevated (red) patterns.
Compared with the NanoE group, co-intake of FLM-, SDG-, or
SECO-containing nanoemulsions further elevated multiple
lipid configurations, particularly enriching TG and PC lipids,
indicated by intensified red regions. Simultaneously, dendro-
gram clustering analysis (left of the heatmap) clearly distin-
guished the control group from all nanoemulsion groups,
suggesting that nanoemulsion administration significantly
altered serum lipid composition in the mice. The FLM-N,
SDG-N, and SECO-N groups clustered more closely than the
NanoE group, indicating similarity in lipidomic regulatory
effects, implying potential overlap in the action targets of
different flax lignans on n-3 lipid metabolic conversion.

Food Funct.

Configuration distribution based on the quantitative results
of n-3 PUFA-containing lipids is shown in Fig. 5B. In the
NanoE group, TG accounted for the highest proportion
(44.94%), followed by FA (28.56%) and PC (19.59%). Compared
with the Nano-E group, the FLM-N group showed reduced TG
proportion (39.38%), but increased PC proportion (24.32%)
and slightly decreased FA proportion (27.88%). Furthermore,
the SDG-N group had TG proportion at 40.26%, increased PC
proportion (24.07%), the highest LPC proportion (6.15%), and
slightly increased LPE proportion (1.87%). In contrast, the
SECO-N group exhibited the lowest TG proportion (38.57%),
highest FA proportion (32.80%) and relatively high PC pro-
portion (22.06%), but lower LPC (4.78%) and LPE (1.15%) pro-
portions. Additionally, DG, PE, PI, and CE proportions were
low or negligible in all groups (<1%). Therefore, lignan co-
intake significantly influenced the configuration distribution
of serum n-3 PUFA-containing lipids, particularly affecting the
proportions of TG, PC, and FA lipids.

Volcano plot analysis of differences in n-3 PUFA-containing
lipids among the groups is shown in Fig. 5C. Each point rep-
resents a specific lipid configuration, with red indicating signifi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Analysis of serum n-3 PUFA configurations in mice 6 h after the final intragastric administration over 42 days. (A) Heatmap analysis of n-3
PUFA-containing lipids; (B) configuration distribution of n-3 PUFA-containing lipids; (C) volcano plot of differential n-3 PUFA-containing lipids; and

(D) analysis of the characteristic differential n-3 PUFA-containing lipids.

cant upregulation (up), blue indicating significant downregula-
tion (down), and grey indicating no significant difference (NS).
Compared with the NanoE group, significantly upregulated lipids
in the FLM-N group primarily included TG 54:10|18:2_16:3_20:5,
TG 60:10|18:1_20:4_20:5, PC 38:7|18:2_20:5, DG 40:8|18:2_22:6,
and PI 40:6|18:0_22:6. The SDG-N group exhibited primarily upre-
gulated lipids including TG 58:13|18:3_20:5_20:5, TG 60:12|
18:2_20:4_22:6, TG 62:15|20:4_20:5_22:6, and TG 62:16|
20:5_20:5_22:6. The SECO-N group showed primarily upregulated
lipids including TG 60:10/18:1_20:4_22:5, TG  62:15|
20:4_20:5_22:6, PC 38:6|16:0_22:6, and PC 38:7|18:2_20:5. These
results indicated differential regulatory effects of structurally dis-
tinct lignans on the metabolites derived from hepatic ALA conver-
sion, wherein FLM and SECO may enhance hepatic synthesis and
very low-density lipoprotein (VLDL)-associated secretion of ALA

This journal is © The Royal Society of Chemistry 2025

conversion products in the form of TG and PC configurations,
while SDG preferentially targets enhanced synthesis and secretion
of TG-configured lipids.

Furthermore, integrating quantitative analysis of the charac-
teristic differential n-3 PUFA-containing lipids (Fig. 5D) clarified
the differentiated regulatory effects of co-administered lignans
on serum lipid metabolism in mice. Compared with the Nano-E
group, co-intake of FLM, SDG, or SECO all elevated specific n-3
PUFA-containing lipid configurations to varying degrees, exhibit-
ing distinct differential characteristics. Specifically, for PC-class
lipids, the FLM-N group significantly increased the levels of PC
38:7|18:2_20:5 configuration, suggesting FLM may promote EPA-
associated PC lipid generation, whereas the SECO-N group sig-
nificantly increased the levels of PC 38:6|16:0_22:6 configur-
ation, indicating a potentially stronger role in promoting the syn-
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thesis of DHA-containing PC lipids. Concerning TG-class lipids,
all lignan-containing emulsions exhibited distinct promoting
effects but with notable differences. The SDG-N group signifi-
cantly increased multiple TG lipids including TG 56:9]
18:2_18:2_20:5, TG 58:13|18:3_20:5_20:5, TG 60:10|
18:1_20:4 22:5, TG 60:12|18:2_20:4_22:6, and TG 62:15|
20:4_20:5_22:6, indicating promoted synthesis of EPA- and DHA-
featured TG configurations. The FLM-N group markedly upregu-
lated specific TG configurations like TG 58:8|18:1_18:2_22:5 and
TG 62:16|20:5_20:5_22:6, while the SECO-N group notably elev-
ated levels of TG 56:9 and TG 58:8 lipids, showing clear advan-
tages in promoting the synthesis of specific TG configurations.
Collectively, co-administered FLM, SDG, and SECO nanoemul-
sions exerted differentiated regulatory effects on lipid synthesis
pathways involving ALA metabolites, where FLM and SECO pre-
ferentially promoted conversion to PC and specific TG lipids,
while SDG predominantly promoted TG lipid synthesis.

3.5. Hepatic metabolism analysis of flax lignans based on
the nanoemulsion delivery system in mice

Previous in vitro gastrointestinal digestion and microbiota
simulation experiments, as well as animal studies, showed

View Article Online
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that FLM exhibits high stability during the gastric digestion
phase, with no significant structural changes observed. In the
intestinal phase, limited hydrolysis of the FLM backbone struc-
ture occurs under digestive enzymes, releasing structural pro-
ducts such as SDG. Only a minimal portion is absorbed
through the small intestine and reaches the liver via blood cir-
culation, while the majority reaches the colon for further
metabolism, with SDG deglycosylated to the aglycone SECO,
followed by microbial metabolism into the absorbable metab-
olites END and ENL.”

In the current study, the differential metabolic pathways
and hepatic accumulation of structurally different lignans were
further investigated through single-dose gavage experiments in
mice. Following pretreatment of the collected liver tissue, the
content of flax lignans and their metabolites was quantitatively
analyzed by LC-MS, and the representative chromatograms of
the target compounds are shown in Fig. 6B. The results indi-
cated that, as a polymeric macromolecule, FLM undergoes
limited gastrointestinal depolymerization, releasing trace
amounts of SDG, which can simultaneously be deglycosylated
to SECO and reach the liver in the early absorption stage. The
remaining components were metabolically depolymerized by
the gut microbiota, with no SDG detected in the liver tissue,
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indicating that depolymerization was accompanied by deglyco-
sylation to form SECO, which was further metabolized to END
and ENL (64.7%-93.8%) before reaching the liver. Generally,
the release of natural molecular-form flax lignans during gas-
trointestinal digestion is extremely limited (1% or less), and
only marginally influenced by intake forms.** Simultaneously,
previous in vitro fermentation results showed a positive corre-
lation between the released amount of SECO and its conver-
sion rate to ENL. Microbiota is a key factor influencing colonic
lignan metabolism, and adaptive modulation of the gut micro-
biota may increase plasma concentrations of the resultant
enterolignans.*?

Compared to FLM, the smaller molecular lignans, SDG and
SECO, exhibited faster absorption, metabolism, and transport
rates, reaching the liver rapidly via minor gastrointestinal
absorption in the initial intake stage. For SDG, parent sub-
strate levels existed in hepatic metabolites within 1-6 h
(52.9%-57.5%-16.1%), while SECO generated via gastrointesti-
nal enzymatic deglycosylation could be further absorbed,
accounting for 6.8%-43.3%-23.0% of hepatic metabolites
within 3-12 h. The remaining SDG was metabolized by the gut
microbiota into END and ENL, further absorbed and trans-
ported to the liver, with ENL constituting 32.0%-45.2% of
hepatic metabolites within 1-12 h. Previous studies reported
detectable SDG in rat serum samples 0-12 h after high-dose
SDG gavage, suggesting that SDG may enter the blood via
direct absorption or lymphatic absorption followed by transfer
into circulation, though specific mechanisms remain
unclear.” Regarding SECO, rapid hepatic uptake occurred
within 1 h post-administration, and parent SECO was present
throughout the 1-24 h monitoring period (57.1%-70.3%-—
23.5%), while END and ENL formed by gut microbiota metab-
olism were concurrently absorbed into the liver, with ENL pro-
portions ranging from 23.4%-59.1% during the monitoring
period, as shown in Fig. 6C. Therefore, the current data indi-
cate that structurally distinct flax lignans undergo differential
metabolic pathways in vivo (Fig. 6D), with SDG, SECO, END,
and ENL serving as the characteristic metabolites, providing
an experimental basis for elucidating the material basis of
hepatic metabolic conversion regulation.

Additionally, previous reports identified the presence of
phase II metabolites such as SECO-Glu, END-Glu, and
ENL-Glu in the sera and livers of mice fed lignan-containing
diets.®® In the current study, the differential generation of
END-Sul, ENL-Glu, SECO-Sul, and SECO-Glu was observed
across the lignan metabolism groups, although systematic
quantification was not performed. Further research is war-
ranted to explore the metabolic regulatory mechanisms and
biological significance of these phase II metabolites.

3.6. Analysis of the co-incubation results of the characteristic
flax lignan metabolites and ALA in HepG2 cells

Based on the in vivo metabolic results of structurally distinct
flax lignans, the regulatory effects of the characteristic flax
lignan metabolites on ALA metabolism in vitro were further
investigated by HepG2 cell co-incubation experiments. Cells

This journal is © The Royal Society of Chemistry 2025
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were co-incubated for 48 h with non-cytotoxic concentrations
of ALA and characteristic lignan metabolites. After incubation,
the cells and the culture medium were separately collected for
qualitative and quantitative fatty acid analyses. The results of
intracellular fatty acid determination (Fig. 7A and B) showed
that no chromatographic peaks for ALA or its conversion pro-
ducts were detected in the control group (without ALA). In the
ALA-added group, chromatographic peaks for ALA and its con-
version products (C20:3n-3 and C20:4n-3, ETA) were detected,
indicating the intracellular conversion of ALA to ETA involving
A6 desaturation and chain elongation processes. EPA and
DHA contents were undetectable under the current co-incu-
bation conditions, possibly due to low endogenous levels and
minimal conversion rates of ALA metabolites within cells.
Subsequently, quantitative analysis of intracellular ALA,
C20:3n-3, and ETA revealed that, compared to the ALA control
group, co-incubation with SDG, SECO, or END did not signifi-
cantly alter the intracellular ALA content. However, co-incu-
bation with ENL increased the intracellular ALA content by
23.1% (p < 0.05). Meanwhile, compared to the ALA control
group, co-incubation with SDG decreased the intracellular 20:3
n-3 content by 11.8%, and co-incubation with END increased
the C20:3n-3 content by 11.2%, though neither was significant.
Notably, co-incubation with ENL increased the intracellular
C20:3n-3 content by 48.6% (p < 0.05). Additionally, quantitat-
ive results for intracellular ETA showed a significant increase
of 48.1% upon co-incubation with SDG (p < 0.05), while a non-
significant increase of 9.2% was observed with SECO.
However, ETA was undetectable within cells co-incubated with
ENL.

Further quantitative analysis of fatty acids in the collected
culture medium after incubation (Fig. 7C and D) showed that
chromatographic peaks for ALA were detected in the media of
all experimental groups except the blank control group, but no
peaks for the ALA metabolic conversion products were
observed. The quantitative results revealed no significant
changes in the medium ALA content upon co-incubation with
SDG and END compared with the ALA control group, indicat-
ing unaffected cellular transport of ALA. However, co-incu-
bation with SECO or ENL significantly reduced ALA content in
the medium (p < 0.05), with the SECO group showing a
decrease by 10.2% and the ENL group by 40.1%, suggesting
enhanced intracellular ALA uptake during co-incubation, con-
sistent with the increased intracellular ALA content observed
with ENL co-incubation. The non-significant change in the
intracellular ALA content in the SECO group may imply
enhanced metabolic conversion or increased fatty acid con-
sumption due to cellular energy metabolism.

Integrative analysis of the medium ALA content and intra-
cellular ALA and metabolite levels indicated that SDG does not
affect cellular ALA uptake but promotes the simultaneous con-
version of ALA to C20:3n-3 and ETA. SECO promotes cellular
ALA uptake but had a limited effect on enhancing ALA conver-
sion to ETA, possibly simultaneously enhancing intracellular
ALA energy metabolism. END does not significantly influence
ALA transport or metabolic conversion. ENL markedly
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Quantitative analysis of fatty acids in the intracellular and culture media following co-incubation of the characteristic lignan metabolites—ALA

with HepG2 cells in vitro. (A) Chromatogram of the characteristic fatty acids in cells after co-incubation; (B) chromatogram of the characteristic fatty
acids in the culture medium after co-incubation; (C) the intracellular concentrations of ALA, 20:3 n-3, and 20:4 n-3 (ETA); and (D) the concentration

of ALA in the culture medium.

increases cellular ALA uptake and promotes conversion and
accumulation to C20:3n-3, but may limit further metabolic
conversion to ETA. Therefore, the current co-incubation results
showed that the characteristic flax lignan metabolites differen-
tially regulate ALA metabolism, potentially involving modu-
lation of ALA transport, conversion, and metabolic pathways.
SDG appears to be an effective material basis for regulating
ALA metabolic conversion, while SECO and ENL may mediate
ALA conversion regulation through multiple pathways, war-
ranting further mechanistic investigation.

3.7. Potential regulatory effects of flax lignans on the hepatic
metabolic conversion and secretory-circulation of ALA in
nanoemulsions

Firstly, the gastrointestinal absorption, lymphatic transport,
blood circulation, hepatic uptake, metabolism, and secretion
pathways of ALA-containing lipids are illustrated (Fig. 8). CMs
absorbed via intestinal uptake and lymphatic transport release
fatty acids under the action of lipoprotein lipase (LPL) for peri-
pheral uptake. Residual CM remnants are specifically recog-
nized by hepatocytes and internalized through endocytosis,

Food Funct.

followed by lysosomal degradation releasing free fatty acids
(FFAs), including ALA.***® Released ALA undergoes three
primary metabolic pathways within hepatocytes: (1) partici-
pation in lipid resynthesis pathways leading to VLDL for-
mation; (2) conversion into EPA, DPA, and DHA via desatura-
tion and elongation processes mediated by the endoplasmic
reticulum-Golgi apparatus system and peroxisomes; and (3)
oxidation via mitochondrial p-oxidation pathways to supply the
energy demands.*® The dynamic process of intestinal absorp-
tion, lymph-blood transport, hepatic uptake, metabolism and
secretion, and peripheral circulation and utilization of ALA-
containing lipids presents challenges for precise quantifi-
cation and evaluation of ALA metabolic conversion.

Based on multi-tissue dynamic monitoring and serum lipid
configuration analysis, the current study assessed ALA meta-
bolic conversion while analyzing the following potential
mechanisms for lignan regulation of ALA metabolism: (1) flax
lignans may alleviate product inhibition effects caused by
long-term intake potentially by delaying the intestinal absorp-
tion-transport rate of ALA, thereby reducing the real-time
hepatic metabolic load while facilitating gradual accumulation

This journal is © The Royal Society of Chemistry 2025
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of DPA and DHA; (2) flax lignans may exert potential differen-
tial regulatory effects on hepatic metabolic enzyme expression:
FLM and SDG may preferentially enhance A6 desaturase-
mediated DHA synthesis, whereas SECO may significantly
improve EPA and DPA conversion efficiency by synergistically
activating A5 desaturase and elongases; and (3) serum n-3
PUFA lipidomics revealed that lignans regulate metabolite dis-
tribution by remodeling lipid carrier configurations: FLM and
SECO promoted incorporation of EPA/DHA into PC, whereas
SDG specifically enriched EPA/DHA-containing TGs,
suggesting enhanced peripheral delivery via lipoprotein
secretion.

Therefore, flax lignans potentially achieve efficient syn-
thesis and tissue-specific distribution of n-3 LCPUFAs through
regulation of ALA absorption-metabolism dynamics, optimiz-
ing metabolic enzyme expression and remodeling lipid car-
riers. Simultaneously, integrating in vivo metabolic pathways
and cell co-incubation experiments further elucidated poten-
tial mechanisms underlying ALA metabolic conversion regu-
lated by structurally distinct flax lignans: (1) FLM is primarily
metabolized to ENL through gastrointestinal depolymeriza-
tion, deglycosylation, and microbial metabolism, providing the
hepatic material basis, while smaller lignans (SDG and SECO)
may directly enter the liver as parent compounds via absorp-
tion or transport, indicating that SDG, SECO, END, and ENL

This journal is © The Royal Society of Chemistry 2025

could all exert potential regulatory roles, and (2) at the cellular
metabolic level, ENL significantly promotes ALA cellular
uptake and conversion/accumulation of intermediate products
(C20:3n-3); SDG does not affect ALA absorption but signifi-
cantly promotes ALA conversion to ETA, while SECO enhances
cellular uptake of ALA but may promote ALA consumption
toward energy metabolism pathways. Consequently, these
differential mechanisms further show that the structural
characteristics of flax lignans likely determine their material
basis for gastrointestinal transport-hepatic metabolism,
thereby influencing ALA absorption, transport, and conversion
pathways, ultimately regulating n-3 fatty acid metabolic pro-
cesses, with ENL and SDG potentially serving as key material
bases for regulating ALA conversion to n-3 LCPUFAs.

Moreover, it should be specifically noted that the present
investigation was conducted exclusively in male mice. However,
potential sex differences in PUFA metabolism, particularly the
conversion of ALA to n-3 LCPUFAs, warrant serious consider-
ation. Accumulating evidence suggests that estrogen may modu-
late desaturation and elongation processes, potentially leading
to greater synthesis of n-3 LCPUFAs in females. Furthermore,
relatively lower rates of p-oxidation coupled with a greater pro-
pensity for lipid storage allocation in females may collectively
favor the channeling of ALA towards n-3 LCPUFA synthesis over
oxidative metabolism. These disparities likely originate from the
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regulatory effects of sex hormones on the gene expression of key
metabolic enzymes and overall lipid homeostasis.”*’
Consequently, the generalizability of the enhancing effects of
flax lignans on ALA conversion observed herein to females
remains to be elucidated. Future studies employing both female
and male animal models are imperative to comprehensively
assess the potential sex-dependent responses to lignan sup-
plementation and to clarify the underlying mechanisms. Such
research is crucial for providing a more complete understanding
of the nutritional implications of flax lignans across different
human populations.

4. Conclusion

This study showed that co-intake of flax lignans (FLM, SDG
and SECO) significantly enhanced the conversion of ALA to n-3
LCPUFAs in mice, exhibiting time-cumulative and tissue-
specific regulatory effects. Lignan co-intake facilitated sus-
tained accumulation of EPA, DPA, and DHA in the serum and
liver, potentially by modulating ALA absorption rates and alle-
viating the hepatic metabolic load. FLM and SDG notably
increased the serum DPA and DHA levels, while SECO synchro-
nously elevated the hepatic EPA, DPA, and DHA contents, high-
lighting differential regulatory targets among distinct lignans.
Lipidomic analyses revealed specific alterations in the serum
lipid profiles. FLM and SECO promoted the incorporation of
EPA/DHA into phospholipids, whereas SDG enriched EPA/
DHA-containing triglycerides, suggesting enhanced n-3
LCPUFA delivery via lipoprotein secretion pathways. Notably,
lignans exhibited minimal regulatory effects on the brain
DHA, underscoring the blood-brain barrier’s selective per-
meability. Consequently, further research is needed to clarify
the molecular mechanisms underlying lignan-induced regu-
lation of A5/A6 desaturase expression, the optimal dosage for
long-term intake, and strategies to enhance DHA delivery
across the blood-brain barrier. At the cellular level, ENL sig-
nificantly enhanced the cellular uptake of ALA and promoted
accumulation of its intermediate metabolite, C20:3n-3; SDG
effectively promoted the further conversion of ALA to ETA,
whereas SECO’s regulation might involve cellular uptake com-
bined with metabolic energy consumption. These findings
suggest that ENL and SDG may serve as key material bases for
regulating ALA conversion to n-3 LCPUFAs. Overall, flax
lignans positively regulated ALA metabolic conversion through
temporal orchestration of absorption-metabolism homeosta-
sis, optimization of enzymatic reactions, and remodeling of
lipid carriers. These findings provide valuable insights for
nutritional strategies aimed at enhancing the bioavailability
and metabolic conversion of ALA-based nanoemulsions.
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