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Abstract: Fatty acid esters of hydroxy fatty acids (FAHFAs) are a new class of endogenous lipids with
interesting physiological functions in mammals. Despite their structural diversity and links with
nuclear factor erythroid 2-related factor 2 (NRF2) biosynthesis, FAHFAs are less explored as NRF2
activators. Herein, we examined for the first time the synthetic docosahexaenoic acid esters of 12-
hydroxy stearic acid (12-DHAHSA) or oleic acid (12-DHAHOA) against NRF2 activation in cultured
human hepatoma-derived cells (C3A). The effect of DHA-derived FAHFAs on lipid metabolism was
explored by the nontargeted lipidomic analysis using liquid chromatography-mass spectrometry.
Furthermore, their action on lipid droplet (LD) oxidation was investigated by the fluorescence
imaging technique. The DHA-derived FAHFAs showed less cytotoxicity compared to their native
fatty acids and activated the NRF2 in a dose-dependent pattern. Treatment of 12-DHAHOA with
C3A cells upregulated the cellular triacylglycerol levels by 17-fold compared to the untreated group.
Fluorescence imaging analysis also revealed the suppression of the degree of LDs oxidation upon
treatment with 12-DHAHSA. Overall, these results suggest that DHA-derived FAHFAs as novel and
potent activators of NRF2 with plausible antioxidant function.

Keywords: FAHFAs; DHA; NRF2; lipid droplet; HRMS; LC/MS

1. Introduction

Fatty acid esters of hydroxy fatty acids (FAHFAs) are a family of endogenous lipids
composed of a fatty acid esterified with a hydroxy fatty acid at various positions. They
are structurally diverse, with more than 51 families and 300 regioisomers identified [1].
FAHFAs are reported to exhibit important biological properties such as antidiabetic, anti-
inflammatory, anti-apoptotic, and antioxidant activities [2—4]. Several in vitro and in vivo
studies demonstrated the FAHFAs de novo synthesis in mammals by the transferring a
fatty acid from a fatty acid-CoA to a hydroxy fatty acid via lipid acyltransferases [5]. They
are also present in dietary plant sources as well as animal meats. In addition, FAHFAs
are known to be the endogenous substrates for hydrolases such as ADTRP (androgen-
dependent TFPI-regulating protein), AIG1 (androgen-induced gene 1 protein), and pan-
creatic lipase CEL (carboxy-ester lipase) [6,7]. The most studied FAHFAs are the palmitic-
hydroxy stearic acid (PAHSA) with ester linkage at Cs to Cy3 [1,5,8]. PAHSAs augmented
intestinal crypt Paneth cell bactericidal potency via GPR 120 and reduced the colonic T-cell
activation and pro-inflammatory cytokine or chemokine expression [9]. Oral administra-
tion of 5/9-PAHSAs improved glucose tolerance and enhanced insulin sensitivity in insulin
resistant mice on a high-fat diet [10].

Polyunsaturated fatty acid (PUFA) esterified FAHFA such as 13-docosahexaenoic acid
hydroxy linoleic acid (13-DHAHLA) is also inhibited lipopolysaccharide-induced secretion
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of pro-inflammatory cytokines and stimulated the immune cells to limit macrophage
activation during the inflammatory responses [11]. Importantly, dietary supplementation
of docosahexaenoic acid (DHA) in diabetic patients increased the blood levels of DHAHLA
and played a protective role as antidiabetic agents [11]. Hence, PUFAs derived FAHFAs
are demonstrated to be more potent anti-inflammatory properties than saturated ones. To
defend against oxidative stress induced cellular damages in various pathological conditions
such as chronic kidney diseases, inflammatory bowel disease, pulmonary hypertension, and
cardiovascular and neurodegenerative disorders, NRF2 activation is needed [12]. Hence,
there is a growing need for the most promising NRF2 activators. The activated NRF2
is known to be involved in upregulation of antioxidant enzymes and plays a protective
cellular function. Biosynthesis of FAHFAs can be augment oxidative stress via the NRF2-
mediated antioxidant defense system [13]. Although the studies on antioxidant properties
of FAHFAs are limited, our recent report demonstrated that eicosapentaenoic acid esterified
12-hydroxy stearic acid (12-EPAHSA) or oleic acid (12-EPAHOA) activated NRF2 signaling
and also suppressed the oxidation of small lipid droplets (LDs) and oxidative stress induced
by HyO, [4]. Despite the numerous biological activities of PUFA-derived FAHFAs, a limited
number of molecular species were explored. In this study, we aim to study the effect of
novel synthetic docosahexaenoic acid esters of 12-hydroxy stearic acid (12-DHAHSA) or
oleic acid (12-DHAHOA) on NRF2 activation, lipid metabolism, and LDs oxidation in
human hepatocytes.

2. Results

The synthesis of docosahexaenoic acid (DHA) esters of 12-hydroxy stearic acid (12-
HSA) and 12-hydroxy oleic acid (12-HOA) was performed by the method developed earlier
in our laboratory for EPA-derived FAHFAs [4]. The column chromatographic purified
compounds 12-DHAHOA and 12-DHAHSA were subjected to LC/MS analysis to confirm
their structure. The extracted ion chromatograms, high-resolution masses, and MS/MS
fragmentation pattern of 12-DHAHOA and 12-DHAHSA were provided in Figure 1. The
compound 12-DHAHOA elutes at 18.3 min and is ionized in negative mode to produce
[M-H]™ ion having the acquired mass 607.4732 (theoretical m/z: 607.4732, mass error:
0 ppm). The MS/MS spectra of 12-DHAHOA showed that the two major fragment ions at
m/z 297 and m/z 327 correspond to their free fatty acids 12-HOA and DHA, respectively.

The 12-HOA (m/z 297) loses a neutral molecule of water (18 Da) and produces a
peak at m/z 279, whereas DHA (m/z 327) loses a neutral molecule of carbon dioxide
(44 Da) to produce a peak at m/z 283, respectively. Hence, the observed MS and MS/MS
patterns confirm the structure as 12-DHAHOA. Similarly, the compound 12-DHAHSA
elutes at 18.8 min and is ionized in negative mode to produce [M-H]~ ion having acquired
m/z 609.4886 (theoretical m/z: 609.4888, mass error: —0.32 ppm). The MS/MS spectra
of 12-DHAHSA showed that the two product ions at m/z 299 and m/z 327 corresponds
to 12-HSA and DHA, respectively. These fragment ions are further ionized and lose
their neutral molecules of HO and CO, to produce m/z 281 and m/z 283 fragment ions,
respectively. This type of saturated/polyunsaturated fatty acid-specific fragmentation is
quite commonly observed in previous reports [14]. Overall, both the acquired MS and
MS/MS fragmentation patterns confirm the structure as 12-DHAHSA.
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The cytotoxicity of DHA, 12-HSA, 12-DHAHSA, and 12-DHAHOA was evaluated
against cultured C3A cells by CCK-8 assay and the values are found to be 124.5 uM,
161 uM, 252 uM, and 225 uM, respectively. The percentages of cell viability logarithmic
plots for the compounds are shown in Figure 2. However, cytotoxicity of 12-HOA is not
evaluated in the current study but it should be expected to be similar to 12-HSA. The
results show that DHA-derived FAHFAs are almost two-folds less toxic when compared
to their respective free fatty acids. The ability of each DHA-derived FAHFAs towards the
activation of NRF2 was examined with a reporter gene assay using the Dual-Glo Luciferase
Reporter Assay System (Promega) by the protocols established in our lab [4,15]. In this
assay, the antioxidant response element (ARE) was applied and drove the transcription of
the luciferase reporter gene. If the NRF2 is activated, then it translocated to the nucleus
where it binds to ARE protein and activates antioxidant signaling. Hence, higher luciferase
activity refers to the strong activation of NRF2. The results of the reporter gene assay are
shown in Figure 3A,B. These data suggest the dose-dependent activation of NRF2 by both
12-DHAHOA and 12-DHAHSA. However, the 12-DHAHOA seems to have a more potent
activator of NRF2 compared to 12-DHAHSA. Furthermore, cellular reactive oxygen species
(ROS) levels were determined by the protocol established earlier in our lab with minor
modifications [15]. The oxidative stress in C3A cells was induced by treatment with the
known concentration of hydrogen peroxide (0.25 mM) and the effect of 12-DHAHOA on
ROS levels was measured. These data are shown in Figure 3C The results show a significant
decrease in ROS levels at 125 uM treatment of 12-DHAHOA compared to the hydrogen
peroxide treated group.
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Figure 1. Structural characterization of DHA-derived FAHFAs. (A) Extracted ion chromatograms of 12-DHAHOA, 12-
DHAHSA (left panel), and their respective high-resolution mass spectra (right panel). (B) MS/MS spectra of 12-DHAHOA

and 12-DHAHSA.
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Figure 2. Cytotoxicity of DHA-derived FAHFAs and their free fatty acids. (A) 12-DHAHOA, (B) 12-
DHAHSA, (C) DHA and (D) 12-HSA (mean + SD (n = 6)).
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Figure 3. Evaluation of the antioxidant potential of DHA-derived FAHFAs in C3A cells. Reporter gene assay results of
12-DHAHOA (A) and 12-DHAHSA (B) treatment. (C) The fluorescence intensity responses to oxidative stress induced by
H,0O; and the effect of 12-DHAHOA treatment. * p < 0.05, *** p < 0.001, ns: not significant (one-way ANOVA) (1 = 6, mean
+ SEM).

Next, in order to investigate the effect of DHA-derived FAHFAs on cellular lipid
pathways, the cells were treated with the known concentration of 12-DHAHOA (77 uM) and
incubated at 37 °C for 24 h. After that, cells were extracted for total lipids and untargeted
LC/MS analysis was performed to know the relative levels of multiple lipid classes. In total,
about 106 lipids were identified and annotated based on MS/MS fragmentation behavior.
The volcanic plot (Figure 4A) shows the significantly altered lipids between control and 12-
DHAHOA treated groups. Out of 106, about 44 lipids are significantly increased by 5-fold
from the control group. In contrast, only two phosphoglycerols (PG) (PG (18:1/18:1) and PG
(18:1/22:6)) were shown to be decreased in the 12-DHAHOA treated group compared to the
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control. Among significantly increased lipids, triacylglycerols (TAGs) and FA 22:6 derived
lipids are the major species. The list of all the significantly altered lipids was provided in
Supplementary Materials Table S1. Furthermore, multivariate analysis such as OPLS-DA
was performed to find the separation between the groups based on the most significant
variables. The OPLS-DA score plot (Figure 4B) shows the clear separation between the
control and 12-DHAHOA treated groups. The feature importance box plot (also known
as S-Plot) (Figure 4B) visualizes the variable influence in an Orthogonal PLS-DA model.
It combines covariance and correlation loading profiles. This corresponds to combining
the contribution with the effect and reliability for the model variables with respect to the
model component scores. The larger positive or negative loading scores indicate that a
variable has a strong effect on the orthogonal components. In our results, TAGs showed a
large negative loading, whereas phospholipids such as PG, Phosphoethanolamine (PE),
Phosphatidylinositol (PI), and FA 16:0 showed large positive loadings. The list of lipid
metabolites with their loading scores was provided in Supplementary Materials Table S2.
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Figure 4. (A) Volcanic plot of all the annotated lipids (only species changed by 5-fold are highlighted
with applied t-test of p < 0.05). (B) Orthogonal partial least squares discriminant analysis (OPLS-DA).
Score plot and feature importance; colored circles display 95% confidence regions; Control (n = 5)
and 12-DHAHOA (n = 5) (Predictive component 1: R2X = 0.662, R2Y = 0.965, Q2 = 0.954; Orthogonal
component 1: R2X = 0.149 R2Y = 0.00218, Q2 = 0.0162; All components: R2X(cum): 0.811). Q2 and R2
values represent the predictability and goodness of fit, respectively.

The multivariate hierarchical cluster correlation analysis was performed to identify the
species that increased or decreased and the results of the top 20 significantly altered lipids
were shown in Figure 5A. As the results demonstrate, the mainly TAGs with polyunsatu-
rated fatty acid (especially FA 22:6) were increased significantly in 12-DHAHOA treated
group compared to the control, whereas PG (18:1/18:1) and PG (18:1/22:6) showed the
decreasing trend in 12-DHAHOA treated cells. Moreover, a tight clustering is observed
between the control and 12-DHAHOA groups. Figure 5B shows the total relative level of
each lipid class. This data also shows a significant increase in total TAGs by almost 17-fold
in 12-DHAHOA treated samples compare to control. However, no significant changes were
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observed in other lipid classes except PIs, which shows a slight decrease in 12-DHAHOA
treated group.
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Figure 5. (A) Hierarchical cluster correlation analysis of top 20 significantly altered species (t-test,
p < 0.05, distance measure: Euclidean; clustering algorithm: Ward. Each colored cell on the map
corresponds to a concentration value of lipids, with samples in rows and compounds in columns.
Red: increased, Blue: decreased). (B) Relative levels of total lipids in control (C3A) and 12-DHAHSA
treated samples (f-test, p < 0.05) (mean + SEM (1 = 5). (TAG: Triacylglycerol, FA: Fatty acid, PE: Phos-
phatidylethanolamine, PG: Phosphatidylglycerol, PI: Phosphatidylinositol, and PS: Phosphatidylserine).

Furthermore, the antioxidant potential of 12-DHAHSA was evaluated by the fluores-
cent imaging technique. The 12-DHAHSA was selected because of its lower cytotoxicity
compared to 12-DHAHOA. The lipid droplets (LDs) were induced by treatment of C3A
cells with linoleic acid (LA) for 8 h and the effects of 12-DHAHSA on total and oxidized
lipid droplets (oxLDs) were determined by the method established earlier in our labora-
tory [16]. There is a significant increase in the total number of LDs observed between the
control and LA or 12-DHAHSA treated group (Figure 6A). However, a slightly decreasing
trend is observed in total LDs with LA and the 12-DHAHSA treated group. Furthermore,
the number of small oxLDs decreased with 12-DHAHSA treatment compared to LA treated
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group (Figure 6B). However, no significant changes were observed for large oxLDs. The
degree of oxidation in small LDs was also decreased with 12-DHAHSA treatment. The
fluorescent images showed the effect of 12-DHAHSA on LDs (SRfluor + Hoechst) and
oxLDs (Liperfluo + Hoechst) are shown in Figure 6C.
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Figure 6. Effect of 12-DHAHSA (125 uM) on oxidation of LA-induced LDs in C3A cells. (A) Number of total LDs.
(B) Number of oxLDs. (C) Degree of oxidation. Small LDs are < 3 um? and large LDs are > 3 um? and are quantified by
analyzing fluorescent images with Image]J software. (D) Fluorescent images showed neutral lipid (red), lipid peroxide

(green), and nuclei (blue). The scale bar shown in each image is 10 pm. Columns and bars represent the mean + SEM (n = 3).
Student’s ¢-test with * p < 0.1, ** p < 0.05, *** p < 0.01.

3. Discussion

The development of NRF2 activators is a promising therapeutic tool for the treatment
of oxidative stress-associated human diseases. NRF2 is a transcription factor that regulates
the gene expression of antioxidant signaling enzymes. We have previously reported both
natural and synthetic molecules such as Eicosapentaenoic acid esters of hydroxy fatty acids
as potent NRF2 activators [4]. In enduring our FAHFA research, in this study, we explored
DHA-derived FAHFAs as potent NRF2 activators. FAHFAs are recently discovered as
endogenous lipid metabolites with multiple bioactivities such as anti-inflammatory [2],
anti-diabetic [2,11], anti-apoptotic activities [3], and also promote browning of white
adipose tissue [17]. Despite their structural diversity with more than 300 regioisomers [5],
to date, the PAHSA family is the most studied [1,5,8]. The studies focusing on the effects
of polyunsaturated FAHFAs such as w-3 (DHALA and EPAHSA) and w-6 (LAHLA) fatty
acids are limited. Specifically, 13-DHAHLA and its enantiomeric forms have exhibited
higher anti-inflammatory properties than 9-PAHSA [11]. Herein we synthesized two
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derivatives of DHA, i.e., 12-DHAHSA and 12-DHAHOA and examined their cytotoxicity
against C3A cells. As the results showed, Figure 2 clearly demonstrates that the DHA-
derived FAHFAs are almost 2-fold less cytotoxic than their native fatty acids, suggesting
that they are potential candidates to screen for NRF2 activation. These results are similar
to our previous study that demonstrated the lower cytotoxicity of EPA-derived FAHFAs
compared to free fatty acids [4]. Further reporter gene assay results revealed that 12-
DHAHOA and 12-DHAHSA as NRF2 activators, with the former being more potent at
125 uM and 250 pM, respectively. A past study demonstrated the protective effects of
EPA and DHA in astrocytes against oxidative stress via NRF2-dependent signaling [18].
We also tested the activity of DHA itself by reporter gene assay and found a substantial
increase in luciferase activity (Figure S1). Although DHA showed a higher affinity to
increase the Nrf2 levels at a low concentration, it exhibits higher toxicity compared to
DHA-derived FAHFAs. The direct antioxidant effect of 12-DHAHOA was evaluated by
inducing oxidative stress in C3A cells using H,O,. The results showed the decreasing
tendency in oxidative-stress-induced reactive oxygen species (ROS) levels with treatment
of 125 uM 12-DHAHOA (Figure 2), which supports DHA-derived FAHFA as a plausible
antioxidant. Again, these results are consistent with EPA-derived FAHFAs, which reduced
ROS levels significantly in HepG2 cells [4].

Liquid chromatography/mass spectrometry is the widely applied technique for mea-
suring endogenous lipids, including FAHFAs [14,19]. In order to reveal the lipid pathway,
which is altered by the 12-DHAHOA treatment, we performed an untargeted lipidomic
analysis. Our results suggested a significant difference in the multiple lipid molecular
species between the control and 12-DHAHOA treated groups. The most interesting fact is
about 44 molecular species were significantly upregulated by 5-fold in the 12-DHAHOA
group, with the majority of TAGs. The OPL-SDA score plots also suggested the distinct
lipid profiles between 12-DHAHOA treated and untreated groups. TAGs are the top
molecular species upregulated with 12-DHAHOA treatment, which is demonstrated by
the hierarchical cluster correlation heatmap (Figure 5A). Additionally, total TAG levels are
also increased 17-fold suggesting the strong effect of 12-DHAHOA on TAG metabolism.
The involvement of NRF2 in regulation of lipid metabolism is extensively reviewed by He
F et al. and discussed both NRF2 dependent and independent triglyceride production [20].
For instance, NRF2 activation in hepatocytes induced triglyceride accumulation in liver [21]
and these results are consistent with our study. We assume that activation of NRF2 by
12-DHAHOA could be the cause for increased TAGs in C3A cells. Moreover, previous
studies have also demonstrated the abundance of FAFHFA-TAGs over white adipose tissue
and are believed to be an important reservoir of FAHFAs in cells and tissues [5]. They also
reported that FAHFAs are incorporated into TAGs by the action of diacylglycerol acyltrans-
ferases DGAT1 and DGAT2 in adipocytes in vitro [22]. However, in our study, we have not
detected any FAHFA-TAGs. This is probably due to a technical limitation or the lack of
expression of DGATs in C3A cells, which needs further investigation. There is no change in
other lipid metabolism observed with the 12-DHAHOA treatment except TAGs and PlIs.
Total PIs are reduced relatively compared to the control group. As per our knowledge,
this is the first report to show the impact of FAHFAs on PlIs biosynthesis. Moreover, the
increase in FA 22:6 containing TAGs is probably due to the incorporation of DHA from the
12-DHAHOA. However, to confirm this hypothesis, isotope labelling studies are required,
which limits this study. Furthermore, LDs specific fluorescent imaging analysis revealed
that 12-DHAHSA possesses similar antioxidant effects to that of 12-EPAHSA [4]. It reduced
the small oxLDs significantly and suggested a protective role of DHA-derived FAHFAs
under oxidative stress damages. Hence, further investigations are necessary to reveal the
in vivo effects of these novel FAHFAs and their mechanism of action.
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4. Materials and Methods
4.1. Materials

The solvents such as methanol, isopropanol, chloroform, ammonium acetate solution
(IM) of LC/MS grade, Dicyclohexyl carbodiimide, and lithium hydroxide were obtained
from Wako Pure Chemical Industries, Ltd., (Osaka, Japan). 12-hydroxystearic acid, methyl
ricinoleate, dry pyridine, 4-dimethylaminopyridine, and anhydrous dichloromethane were
purchased from the Tokyo Chemical Industry (Tokyo, Japan). Docosahexaenoic acid with a
purity >98% was obtained from Cayman Chemicals (Ann Arbor, MA, USA). Silica Gel N60
(40-50 um) was obtained from Kanto Chemical Industry (Tokyo, Japan). The EquiSPLASH
Lipidomix quantitative standard for mass spectrometry and oleic acid-d9 internal standards
were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Silica gel 60G Fys4 glass
plates (20 x 20 cm?) were obtained from Merck (Tokyo, Japan). The high-resolution mass
measurements were performed by Linear Quadrupole Orbitrap mass spectrometer (LTQ
Orbitrap XL, Thermo Fisher Scientific (San Jose, CA, USA)).

4.2. Methods
4.2.1. Characterization of DHA-Derived FAHFAs

The standards such as 12-DHAHSA and 12-DHAHOA were prepared according to the
protocols reported in our earlier study [4]. After chromatographic column purifications, the
standards were subjected to LC/MS analysis using Prominence UHPLC system (Shimadzu
Corp., Kyoto, Japan) connected to an LTQ Orbitrap MS (Thermo-Fisher Scientific Inc., San
Jose, CA, USA). The MS analysis was carried out in ESI-negative ionization mode. The
analysis was carried out according to the conditions reported in our earlier study [14].

4.2.2. Cell Culture

Human hepatoma-derived cells (C3A, CRL-10741) were obtained from American Type
Culture Collection (Manassas, VA, USA) and stored at —80 °C. The cells were kept in a
minimum essential medium (MEM, Thermo Fisher Scientific (Tokyo, Japan)) augmented
with 10% (v/v) fetal bovine serum (FBS, Thermo Fisher Scientific (Tokyo, Japan)) and an
1% (v/v) antibiotic mixture of Penicillin-Streptomycin (PS, Wako Pure Chemicals) at 37 °C
under a humidified atmosphere of 5% CO; in air. The MEM having FBS and PS is here on
refered to as modified MEM.

4.2.3. Cytotoxicity Assay

C3A cells (1.2 x 10° /well) were seeded into 96-well plates with modified MEM and
incubated at 37 °C for 24 h. Then, the media were removed and the compounds (12-
DHAHSA, 12-DHAHSA) were pre-dissolved in dimethyl sulfoxide (DMSO) and diluted
with MEM (with final concentration to 0.1% DMSO) and then separately applied to the
cells and further maintained at 37 °C for 24 h. The compounds containing the media
were then removed, 200 pL. of MEM and 10 pL of CCK-8 reagent (Dojindo Molecular
Technologies, Kumamoto, Japan) were added and the plates were incubated at 37 °C for
1 h. The reaction was terminated by adding 50 puL of 1% (w/v) sodium dodecyl sulfate
solution and the absorbance was measured at 450 nm with a Wallac 1420 ARVO Mx plate
reader (PerkinElmer, Tokyo, Japan). The half-maximal inhibitory concentration (IC50)
of 12-DHAHSA and 12-DHAHOA was analyzed using a non-linear transformation with
Prism 8.01 (GraphPad, San Diego, CA, USA) software. All procedures for CCK-8 were
performed according to a previously described protocol with minor modifications [4,15].

4.2.4. Reactive Oxygen Species (ROS)

The cellular oxidative stress due to HyO,-induced ROS was measured by the dichlorofl
uorescein-diacetate (DCFH-DA) assay with the protocol established in our laboratory [4,15].
A condition of cellular stress in C3A cells is evoked by treating 0.25 mM H,O; for 24 h and
fluorescence intensity was read at 485 (excitation) and 525 (emission) nm using Wallac 1420
ARVO Mx plate reader (PerkinElmer, Tokyo, Japan).
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4.2.5. Reporter Gene Assay to Determine NRF2 Activation

Approximately 1.2 x 10° /well C3A cells were seeded into 96-well plates with modified
MEM and incubated at 37 °C for 24 h. Transfections were carried out using the FuGENE HD
Transfection Reagent, according to the manufacture’s protocol. The reagent-to-total DNA
ratio was kept at 4:1 (uL/pg). Luciferase reporter vectors, pGL4.37[luc2p/ARE/Hygro]
and pGL4.75[hRluc/CMV] (Promega, Tokyo, Japan) were used at a 20:1 mass ratio for
transfection of C3A cells. The vector pGL4.37[luc2p/ARE/Hygro] contains four copies of
an antioxidant responsive element (ARE) and the luciferase reporter gene luc2P (Photinus
pyralis). The vector pGL4.75[hRluc/CMV] contains the luciferase reporter gene hRluc
(Renilla reniformis). After 24 h of transfection, the transfection reagent/ DNA mixture
was removed. The 12-DHAHOA and 12-DHAHSA pre-dissolved in DMSO and diluted
in MEM were separately applied to the transfected cells and further incubated for 24 h.
Then, the luciferase activity was determined using the Dual-Glo Luciferase Assay System
(Promega, Tokyo, Japan) and activity was measured with a Wallac 1420 ARVO Mx plate
reader by the protocol established earlier in our lab [4,15]. The obtained data are adjusted
for transfection efficiency by normalizing to hRluc activity. The fold change in the relative
activity of luciferase was calculated by taking the ratio of fluorescence intensity of the
treated and untreated sample.

4.2.6. Total Lipid Extraction and Analysis

Equal number of C3A cells were seeded into 6-well plates with 2 mL of modified
MEM and incubated at 37 °C for 24 h. After that, the media was removed, cells were
treated with 0.1% DMSO (control) and 77 uM of 12-DHAHOQOA and further incubated
at 37 °C for 24 h. The media were removed and the cells were washed with PBS. The
total lipids were extracted by the Folch method with modifications as established ear-
lier in our laboratory [23,24]. In brief, cells were homogenized in 100 pL methanol for
the 30 s (x 2 cycles) using the Bead Mill 4 (Fisherbrand, Tokyo, Japan) Homogenizer.
Then, 100 pL internal standard mixture in methanol (340 uM of oleic acid (d9), 13.2 uM
of phosphatidylcholine (PC) (15:0-18:1(d7)), 14 uM of phosphatidylethanolamine (PE)
(15:0-18:1(d7)), 12.7 uM of phosphatidylglycerol (PG) (15:0-18:1(d7)), 12.5 uM of phos-
phatidylserine (PS) (15:0-18:1(d7)), 11.5 uM of phosphatidylinositol (PI) (15:0-18:1(d7)),
20.5 uM of lysophosphatidylethanolamine (LPE) (18:1(d7)), 18.9 uM of lysophosphatidyl-
choline (LPC) (18:1(d7)), 13.5 uM of sphingomyelin (SM) (d18:1/18:0(d9)), 18.8 uM of
ceramide (Cer) (d18:1/15:0 (d7)), 12.3 uM of triacylglycerol (TAG) (15:0-18:1(d7)-15:0),
17 uM of diacylglycerol (DAG) (15:0-18:1(d7)), 15.1 uM of cholesterol ester (18:1(d7)), and
27.5 uM of monoacylglycerol (18:1(d7)) were added and vortexed at 3500 rpm for the
30 s. Followed by 400 pL of chloroform and 100 pL of milli-Q were added and vortexed
for 5 min. The biphasic extracts were centrifuged (15,000 rpm, 10 min at 4 °C) and the
chloroform layer was transferred to a new vial. The water layer was re-extracted with an
additional 400 uL of chloroform. The unified chloroform extracts were evaporated and
100 pL of methanol was added to redissolve the lipid residue. About 10 uL of the sample
was injected into the LC/MS.

The analysis was performed on the prominence UHPLC system (Shimadzu Corp.,
Kyoto, Japan) coupled to an LTQ Orbitrap mass spectrometer (Thermo-Fisher Scientific
Inc., San Jose, CA, USA). The chromatographic separation was achieved using a reverse-
phase Atlantic T3 C18 column (2.1 x 150 mm, 3 pm, Waters, Milford, MA, USA) at an
oven temperature of 40 °C. The separation method, MS parameters (both positive and
negative mode), and annotation of lipids are identical to that of our previous reports [23,24].
The high-resolution MS data were acquired in Fourier transform mode with a resolving
power of 60,000 and a collision energy of 35 eV, with a scan range m/z 160-1900. Data-
dependent acquisitions with MS/MS were performed in the ion-trap mode at a precursor
ion isolation width of 3 m/z units and a collision energy of 40 eV. All the annotated lipids
are confirmed by their MS/MS spectra and retention time behavior with that of the internal
standard. Extracted ion chromatograms and MS spectra were obtained using Xcalibur
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2.2 (Thermo-Fisher Scientific Inc.). The quantification is carried out after integrating the
peaks using Xcalibur 2.2 (Thermo-Fisher Scientific Inc., San Jose, CA, USA) software,
according to the guidelines of Lipidomics Standards Initiative level 2 and level 3 (https:
/ /lipidomics-standards-initiative.org/). The relative levels after normalizing the peak area
by protein content are calculated by taking the analyte’s peak area ratios to the internal
standard and multiplying it using the added internal standard.

4.2.7. Protein Determination

C3A cells were cultured by a method similar to that used for total lipid extraction.
The cell pellet was prepared by centrifuging at 3500 rpm for 10 min at 4 °C. To the cell
pellet in 1.5 mL Eppendorf, 0.5 mL of milli-Q and 0.5 mL of 0.1 mM NaOH were added,
gently vortexed, and kept in a thermostat at 60 °C for 2 h. About 25 uL. was transferred
into a 96-well plate (1 = 4) and 200 pL of a reaction reagent (50:1 mixture of reagent A
and reagent B) was added (Bicinchoninic protein assay kit, Thermo Fisher SCIENTIFIC,
Tokyo, Japan). Furthermore, it was incubated at 37 °C for 30 min and absorbance was
measured at 562 nm with a Wallac 1420 ARVO Mx plate reader. Bovine serum albumin
(BSA) (2000 pg/mL) from the Thermo Fisher SCIENTIFIC (Tokyo, Japan) was used to
prepare the calibration curve by serial dilutions to 2000, 1000, 100, 10, 1, and 0.1 ng/mL
with milli-Q. The absorbance of the standard was also recorded after performing a similar
protocol as above.

4.2.8. Fluorescent Imaging

The fluorescent imaging of lipid droplet (LD) and oxidized lipid droplet (oxLD)
were carried according to the protocol established in our earlier study using a BZ-9000
fluorescence microscope (Keyence Co. Ltd., Osaka, Japan) [16]. Briefly, 2 x 10° cells
were precultured in a 0.1% gelatin-coated glass-bottom dish with 2 mL of the modified
MEM at 37 °C for 24 h. Then, the medium was removed and the cells were treated with
400 uM linoleic acid (LA) with 125 uM 12-DHAHSA. After incubation at 37 °C for 8 h,
the cells were stained for 30 min at 37 °C using a neutral lipid specific fluorescent probe
(5 uM SRfluor 680-phenyl, Funakoshi co. Ltd., Tokyo, Japan) and lipid peroxides specific
fluorescent probe (10 uM Liperfluo and 10 pg/mL Hoechst33342, Dojindo Laboratories,
Kumamoto, Japan). Fluorescence was recorded with the following filter sets: excitation:
360/40 nm, emission: 460/50 nm, dichroic mirror: 400 nm (blue); excitation: 470/40 nm,
emission: 525/50 nm, dichroic mirror: 495 nm (green); excitation: 620/60 nm, emission:
700/75 nm, dichroic mirror: 660 nm (red). Images were analyzed by Image] 1.50i software.
oxLD-positive images were obtained by binarizing the bright field, SRfluor, and Liperfluo
images and obtaining the intersectional images of each. The non-oxLD image was obtained
by inverting only the binarized Liperfluo image and then crossing the binarized bright field
and SRfluor. The total number of LDs was calculated as the total of oxLD and non-oxLD.

4.2.9. Statistical Analysis

Statistical analyses were conducted using the GraphPad Prism 8.1 software. Student’s
t-test (p < 0.05) or one-way ANOVA (* p <0.05, ** p < 0.01, ** p < 0.001, ns: not signif-
icant) were used to study statistically significant differences between the groups. The
multivariate analysis (OPLS-DA and Hierarchical clustering analysis) was performed by
MetaboAnalyst 5.0.

5. Conclusions

In conclusion, this in vitro study demonstrated that DHA-derived FAHFAs are a novel
class of lipids with less cytotoxic and potent NRF2 activators in human hepatoma cells.
Moreover, it reduced the oxidative stress induced by H,O, and decreased the number
of oxLDs, strongly suggesting their plausible antioxidant action. The lipidomic analysis
revealed the significant upregulation of TAG metabolism with FAHFAs treatment. Further
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investigations are necessary to reveal the molecular mechanisms behind NRF2 activation
and altered lipid metabolism.

Supplementary Materials: The followings are available online at https:/ /www.mdpi.com/article/
10.3390/1jms22147598/s1.

Author Contributions: Conceptualization: S.G.B.G.; data curation, S.G.B.G., T.T.,, H.E, YM., and
D.G,; funding acquisition, S.G.B.G. and S.-P.H.; methodology, S.G.B.G., H.E, and T.T.; resources, H.C.
and S.-P.H.; supervision, H.C. and S.-P.H.; visualization, 5S.G.B.G., H.E,, and T.T.; writing—original
draft, S.G.B.G.; writing—review and editing, H.F, T.T., YM., D.G., H.C., and S.-P.H. All authors have
read and agreed to the published version of the manuscript.

Funding: This work is supported by JSPS Kakenhi grants (18K07434, 19H03117, 19K07861, and
21K14812).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data are available upon request to first or corresponding author.

Acknowledgments: S.G.B.G. thanks the Faculty of Health Sciences, Hokkaido University, for provid-
ing the start-up grant (87011Q).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brejchova, K.; Balas, L.; Paluchova, V.; Brezinova, M.; Durand, T.; Kuda, O. Understanding FAHFAs: From structure to metabolic
regulation. Prog. Lipid Res. 2020, 79, 1010153. [CrossRef] [PubMed]

2. Yore, M.M,; Syed, I.; Moraes-Vieira, PM.; Zhang, T.; Herman, M.A.; Homan, E.A; Patel, R.T,; Lee, J.; Chen, S.; Peroni, O.D.; et al.
Discovery of a class of endogenous mammalian lipids with anti-diabetic and anti-inflammatory effects. Cell 2014, 159, 318-332.
[CrossRef]

3.  Rodriguez, J.P.; Guijas, C.; Astudillo, A.M.; Rubio, ].M.; Balboa, M.A.; Balsinde, J. Sequestration of 9-hydroxystearic acid in
fahfa (Fatty acid esters of hydroxy fatty acids) as a protective mechanism for colon carcinoma cells to avoid apoptotic cell death.
Cancers 2019, 11, 524. [CrossRef]

4. Gowda, S.G.B; Fuda, H.; Tsukui, T.; Chiba, H.; Hui, S.P. Discovery of eicosapentaenoic acid esters of hydroxy fatty acids as potent
NRF2 activators. Antioxidants 2020, 9, 397. [CrossRef]

5. Benlebna, M.; Balas, L.; Gaillet, S.; Durand, T.; Coudray, C.; Casas, F.; Feillet-Coudray, C. Potential physio-pathological effects of
branched fatty acid esters of hydroxy fatty acids. Biochimie 2021, 182, 13-22. [CrossRef]

6. Ertunc, M.E,; Kok, B.; Parsons, W.H.; Wang, ].G.; Tan, D.; Donaldson, C.J.; Pinto, A.FEM.; Vaughan, ] M.; Ngo, N.; Lum, K.M.; et al.
Algl and adtrp are endogenous hydrolases of fatty acid esters of hydroxy fatty acids (fahfas) in mice. J. Biol. Chem. 2020, 295,
5891-5905. [CrossRef]

7. Kolar, M.; Kamat, S.; Parsons, W.; Homan, E.A.; Maher, T.; Peroni, O.D.; Syed, I.; Fjeld, K.; Molven, A.; Kahn, B.B.; et al. Branched
Fatty Acid Esters of Hydroxy Fatty Acids Are Preferred Substrates of the MODY8 Protein Carboxyl Ester Lipase. Biochemistry
2016, 55, 4636-4641. [CrossRef]

8. Wood, PL. Fatty acyl esters of hydroxy fatty acid (FAHFA) lipid families. Metabolites 2020, 10, 512. [CrossRef] [PubMed]

9. Lee, ].; Moraes-Vieira, PM.; Castoldi, A.; Aryal, P; Yee, E.U.; Vickers, C.; Parnas, O.; Donaldson, C.J.; Saghatelian, A.; Kahn, B.B.
Branched fatty acid esters of hydroxy fatty acids (FAHFAs) protect against colitis by regulating gut innate and adaptive immune
responses. J. Biol. Chem. 2016, 291, 22207-22217. [CrossRef]

10.  Zhou, P; Santoro, A.; Peroni, O.D.; Nelson, A.T.; Saghatelian, A.; Siegel, D.; Kahn, B.B. PAHSAs enhance hepatic and systemic
insulin sensitivity through direct and indirect mechanisms. J. Clin. Investig. 2019, 129, 4138-4150. [CrossRef] [PubMed]

11.  Kuda, O.; Brezinova, M.; Rombaldova, M.; Slavikova, B.; Posta, M.; Beier, P.; Janovska, P.; Veleba, ].; Kopecky, J., Jr.; Kudova, E.;
et al. Docosahexaenoic acid-derived fatty acid esters of hydroxy fatty acids (FAHFAS) with anti-inflammatory properties. Diabetes
2016, 65, 2580-2590. [CrossRef]

12. Robledinos-Anton, N.; Fernandez-Ginés, R.; Manda, G.; Cuadrado, A. Activators and Inhibitors of NRF2: A Review of Their
Potential for Clinical Development. Oxidative Med. Cell. Longev. 2019, 9372182. [CrossRef] [PubMed]

13. Kuda, O.; Brezinova, M,; Silhavy, J.; Landa, V.; Zidek, V.; Dodia, C.; Kreuchwig, F.; Vrbacky, M.; Balas, L.; Durand, T; et al.

NRF2-Mediated antioxidant defense and peroxiredoxin 6 are linked to biosynthesis of palmitic acid ester of 9-Hydroxystearic
acid. Diabetes 2018, 67, 1190-1199. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms22147598/s1
https://www.mdpi.com/article/10.3390/ijms22147598/s1
http://doi.org/10.1016/j.plipres.2020.101053
http://www.ncbi.nlm.nih.gov/pubmed/32735891
http://doi.org/10.1016/j.cell.2014.09.035
http://doi.org/10.3390/cancers11040524
http://doi.org/10.3390/antiox9050397
http://doi.org/10.1016/j.biochi.2020.12.020
http://doi.org/10.1074/jbc.RA119.012145
http://doi.org/10.1021/acs.biochem.6b00565
http://doi.org/10.3390/metabo10120512
http://www.ncbi.nlm.nih.gov/pubmed/33348554
http://doi.org/10.1074/jbc.M115.703835
http://doi.org/10.1172/JCI127092
http://www.ncbi.nlm.nih.gov/pubmed/31449056
http://doi.org/10.2337/db16-0385
http://doi.org/10.1155/2019/9372182
http://www.ncbi.nlm.nih.gov/pubmed/31396308
http://doi.org/10.2337/db17-1087
http://www.ncbi.nlm.nih.gov/pubmed/29549163

Int. J. Mol. Sci. 2021, 22, 7598 13 of 14

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Gowda, S.G.B,; Liang, C.; Gowda, D.; Hou, F.; Kawakami, K.; Fukiya, S.; Yokota, A.; Chiba, H.; Hui, S.P. Identification of short
chain fatty acid esters of hydroxy fatty acids (SFAHFAs) in murine model by nontargeted analysis using ultra-high-performance
liquid chromatography/linear trap quadrupole-Orbitrap mass spectrometry. Rapid Commun. Mass Spectrom. 2020, 34, e8831.
[CrossRef] [PubMed]

Joko, S.; Watanabe, M.; Fuda, H.; Takeda, S.; Furukawa, T.; Hui, S.-P.; Shreshta, R.; Chiba, H. Comparison of chemical structures
and cytoprotection abilities between direct and indirect antioxidants. J. Funct. Foods 2017, 35, 245-255. [CrossRef]

Tsukui, T.; Chen, Z.; Fuda, H.; Furukawa, T.; Oura, K.; Sakurai, T.; Hui, S.P.; Chiba, H. Novel Fluorescence-Based Method to
Characterize the Antioxidative Effects of Food Metabolites on Lipid Droplets in Cultured Hepatocytes. J. Agric. Food Chem. 2019,
67,9934-9941. [CrossRef]

May, EJ.; Baer, L.A; Lehnig, A.C.; So, K.; Chen, E.Y.; Gao, F; Narain, N.R.; Gushchina, L.; Rose, A.; Doseff, A.L; et al. Lipidomic
Adaptations in White and Brown Adipose Tissue in Response to Exercise Demonstrate Molecular Species-Specific Remodeling.
Cell Rep. 2017, 18, 1558-1572. [CrossRef]

Zgorzynska, E.; Dziedzic, B.; Gorzkiewicz, A.; Stulczewski, D.; Bielawska, K.; Su, K.P.; Walczewska, A. Omega-3 polyunsaturated
fatty acids improve the antioxidative defense in rat astrocytes via an NRF2-dependent mechanism. Pharmacol. Rep. 2017, 69,
935-942. [CrossRef]

Zhu, Q.F; Yan, JW.,; Zhang, T.Y.; Xiao, HM.; Feng, Y.Q. Comprehensive Screening and Identification of Fatty Acid Esters of
Hydroxy Fatty Acids in Plant Tissues by Chemical Isotope Labeling-Assisted Liquid Chromatography-Mass Spectrometry. Anal.
Chem. 2018, 90, 10056-10063. [CrossRef]

He, F; Ru, X.; Wen, T. NRF2, a Transcription Factor for Stress Response and Beyond. Int. J. Mol. Sci. 2020, 21, 4777. [CrossRef]
He, F; Antonucci, L.; Yamachika, S.; Zhang, Z.; Taniguchi, K.; Umemura, A.; Hatzivassiliou, G.; Roose-Girma, M.; Reina-
Campos, M.; Duran, A; et al. NRF2 activates growth factor genes and downstream AKT signaling to induce mouse and human
hepatomegaly. J. Hepatol. 2020, 72, 1182-1195. [CrossRef] [PubMed]

Tan, D.; Ertunc, M.E.; Konduri, S.; Zhang, J.; Pinto, A.M.; Chu, Q.; Kahn, B.B,; Siegel, D.; Saghatelian, A. Discovery of FAHFA-
Containing Triacylglycerols and Their Metabolic Regulation. J. Am. Chem. Soc. 2019, 141, 8798-8806. [CrossRef] [PubMed]
Folch, J.; Lees, M; Sloane Stanley, G.H.A. A simple method for the isolation and purification of total lipides from animal tissues. J.
Biol. Chem. 1957, 226, 497-509. [CrossRef]

Gowda, S.G.B.; Minami, Y.; Gowda, D.; Furuko, D.; Chiba, H.; Hui, S.P. Lipidomic analysis of non-esterified furan fatty acids and
fatty acid compositions in dietary shellfish and salmon by UHPLC/LTQ-Orbitrap-MS. Food Res. Int. 2021, 144, 110325. [CrossRef]
[PubMed]


http://doi.org/10.1002/rcm.8831
http://www.ncbi.nlm.nih.gov/pubmed/32415683
http://doi.org/10.1016/j.jff.2017.05.039
http://doi.org/10.1021/acs.jafc.9b02081
http://doi.org/10.1016/j.celrep.2017.01.038
http://doi.org/10.1016/j.pharep.2017.04.009
http://doi.org/10.1021/acs.analchem.8b02839
http://doi.org/10.3390/ijms21134777
http://doi.org/10.1016/j.jhep.2020.01.023
http://www.ncbi.nlm.nih.gov/pubmed/32105670
http://doi.org/10.1021/jacs.9b00045
http://www.ncbi.nlm.nih.gov/pubmed/31056915
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1016/j.foodres.2021.110325
http://www.ncbi.nlm.nih.gov/pubmed/34053529

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Materials 
	Methods 
	Characterization of DHA-Derived FAHFAs 
	Cell Culture 
	Cytotoxicity Assay 
	Reactive Oxygen Species (ROS) 
	Reporter Gene Assay to Determine NRF2 Activation 
	Total Lipid Extraction and Analysis 
	Protein Determination 
	Fluorescent Imaging 
	Statistical Analysis 


	Conclusions 
	References

