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Abstract

10-Hydroxydec-2-enoic acid (10-HDA), the unique substance in the natural food royal jelly, is an unsaturated 
hydroxyl fatty acid with the bio-activity to guard against cell or tissue damages. However, the relevant mechanisms 
still remain largely unknown. Here, using a mouse erythrocyte model, whether the fluidity of plasma membrane is 
influenced by 10-HDA was investigated. 10-HDA was shown to enhance the erythrocyte membrane fluidity and 
to rescue the fluidity from •OH toxicity. In such occasions, 10-HDA promoted the dissolved O2 level in erythro-
cyte suspension thereof. The levels of β-actin and band 4.1 protein were not affected by 10-HDA in erythrocytes. 
In the framework of density functional theory, 10-HDA may interact with phosphatidylcholine and phosphatidy-
lethanolamine, the major components of membrane lipid bilayer. This was evidenced by the fact that 10-HDA was 
detectable in erythrocytes after its addition to the erythrocyte suspension. Moreover, the fluorescent intensity of 
erythrocytes stained by the membrane probe DiIC18(5) increased with 10-HDA treatment. Hence, 10-HDA could 
regulate the erythrocyte membrane fluidity and the release of O2 from erythrocytes via targeting lipids rather than 
proteins. Our data cast light on the elucidation of the mechanism of 10-HDA modulating cell functionality and 
the utilization of 10-HDA in remedying the erythrocyte membrane fluidity-associated symptoms.

Keywords: 10-hydroxydec-2-enoic acid; erythrocyte; membrane; fluidity

Introduction

Royal jelly (RJ) is a traditional food for global con-
sumption. In China, RJ is mainly sourced from the 
Italian bee Apis Mellifera L. The production of RJ from 
China accounts for more than 90% of the world annu-
ally. 10-Hydroxydec-2-enoic acid (10-HDA), the unsat-
urated hydroxyl fatty acid, is only found in RJ with the 
content of 1.4–2.01% (Yang et al., 2017). 10-HDA has 
multiple bio-activities, including anti-bacterial (Fratini 
et al., 2016), anti-inflammatory (Chen et al., 2016; You 
et al., 2020; Yang et al., 2018), and anti-tumor effects 
(Filipič et al., 2015). Nevertheless, the anti-damaging 
activities of 10-HDA in dermal fibroblast (Zheng et al., 

2013), blood–brain barrier (You et al., 2019), immuno-
organs (Fan et al., 2020), and vascular smooth muscle 
cell (VSMC) (Fan et al., 2022) were also documented. 
The mechanism of 10-HDA defending against cell or tis-
sue impairment may be its scavenging ability of hydroxyl 
free radical (•OH) as we previously reported (Fan et al., 
2022). Still, we hypothesize that other mechanisms 
exist for 10-HDA to protect the cellular viability. As is 
well-accepted, the membrane fluidity characterizes the 
lipid bilayer dynamics, and is essential for the mainte-
nance of cell functionality, such as transport regulation 
and biological substance diffusion (Fonseca et al., 2019). 
However, whether 10-HDA regulates cell membrane flu-
idity remains unknown.
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of 0.5 mL of both groups were added by 1mL Laurdan 
(10 μM) (TargetMol Chemicals Inc., Boston, USA) to co-
incubate for 15 min at 37°C with gentle shaking. The cells 
were spinned down at 1000 g for 5 min, then resuspended 
in 1 mL saline. The step was repeated once. After the 
third time of centrifugation, the erythrocytes were resus-
pended in 400 μL saline and analyzed via the Fluorescence 
Spectrophotometer F-7100 (Hitachi, Ltd., Tokyo, Japan). 
The GP value was calculated by GP = (I440 – I490)/(I440 + 
I490), in which I440 and I490 represented the fluorescent 
intensities at 440 nm and 490 nm, respectively, with the 
excitation at 340 nm (Startek et al., 2021). Furthermore, 
to reveal the role of 10-HDA in protecting the fluidity 
against •OH toxicity (•OH inhibits erythrocyte mem-
brane fluidity [Watanabe et al., 1990]), the GP values of 
erythrocytes (control group), erythrocytes stressed with 
•OH (•OH group), and those added by 10-HDA (•OH + 
10-HDA group) were also assayed. For •OH intervention, 
Fenton reagent (FeSO4•7H2O (0.1 mM) and H2O2 (1 mM)) 
were supplied to the cells. The three groups were then 
incubated at 37oC for 3 h. All the above experiments were 
performed four times (n = 4) independently.

Assay for Dissolved O2 level of erythrocyte suspension

The dissolved O2 levels between CK and 10-HDA-added, 
as well as control, •OH-damaged, and •OH + 10-HDA 
erythrocyte suspensions were assayed, which used 2% 
erythrocyte suspension (30 mL) via the AR8406 Dissolved 
Oxygen Analyzer (SMART SENSOR®, Dongguan, China). 
The 10-HDA or •OH/•OH + 10-HDA treatment strategy 
was the same as that in the last section. In the following 
parts, CK and 10-HDA groups, as well as control, •OH 
and •OH + 10-HDA groups were treated likewise. Six 
replications (n = 6) were performed for each assay.

Imaging for erythrocyte morphology and quantification 
for malonaldehyde (MDA) 

The morphologies of 5% erythrocytes of control, 
•OH and •OH + 10-HDA groups were imaged under 
the inverted microscope (Leica Microsystems CMS 
GmbH, Wetzlar, Germany) with 10 × 40 magnification. 
Moreover, the supernatants of 5% erythrocytes of the 
three groups were obtained and applied for quantifying 
MDA levels by an MDA assay kit (Yuanye Bio Sci & Tech 
Co., Ltd, Shanghai, China) according to its instruction. 
Three independent experiments (n = 3) were performed.

Western blotting

The 5% erythrocytes (CK and 10-HDA groups, as well as 
control, •OH and •OH + 10-HDA groups) of 3.5 mL were 

Erythrocyte, or red blood cell, is a key cell type in the 
circulatory system. The essential role of erythrocytes is 
to transport O2 and CO2 via flowing in the networks of 
arteries/arterioles, veins/venules, and capillaries. The 
deformability of erythrocytes, closely relevant to the 
plasma membrane fluidity (Ajdžanović et al., 2015), is 
required for the blood movement, for it facilitates eryth-
rocytes to pass through the blood vessels with tiny diam-
eters, and the large vessels at high shear rate (Shin et al., 
2007). Studies have proved that the decrease of erythro-
cyte membrane fluidity is associated with a broad range 
of symptoms, such as hypertension (Tsuda et al., 2001), 
abetalipoproteinemia (Cooper et al., 1977), Crohn’s dis-
ease (Aozaki 1989), and childhood psoriasis (Ferretti 
et al., 1993). Therefore, maintaining proper fluidity of 
erythrocyte membrane is pivotal to the body health. 

Erythrocytes are distinct from other mammalian cells, for 
they have no nucleus and thus no de novo protein synthe-
sis. The erythrocytic functions are seldomly influenced by 
DNA/RNA activities thereof. Hence, erythrocytes are a 
good model to investigate the cell membrane properties. 
Here, we use mouse erythrocyte to disclose 10-HDA’s role 
in regulating membrane fluidity, which will expand our 
knowledge of 10-HDA guarding against cell hypofunction.

Materials and Methods

Materials

Commercial 6% mouse erythrocytes (Catalog No. 
H10306) were purchased from Yuanye Bio Sci & Tech 
Co., Ltd., Shanghai, China. To make proper cell concen-
tration in use (e.g., 5%, 2%, or 0.5%), the erythrocytes 
were precipitated and resuspended in the saline of the 
right volume. Other major chemicals and instruments 
were specified in the following sections.

Erythrocyte membrane fluidity assay

To determine the effect of 10-HDA on erythrocyte 
membrane fluidity, the values of generalized polariza-
tion (GP) to reflect membrane fluidity were compared 
between erythrocytes (the CK group) and erythrocytes 
with 10-HDA treatment (the 10-HDA group). The treat-
ment method was based on our previously published data 
(Fan et al., 2022). In brief, the erythrocytes were added 
by 10-HDA (Yuanye Bio Sci & Tech Co., Ltd, Shanghai, 
China), which was dissolved in ethanol (the final conc. 
of 10-HDA in erythrocyte suspension was 3 mM), for 30 
min. The CK erythrocytes were supplemented with eth-
anol in the same volume, and the pH value was adjusted 
the same as the 10-HDA-added sample by HCl, for 
10-HDA’s capacity to reduce pH. The 5% erythrocytes 



Italian Journal of  Food Science, 2023; 35 (4)� 121

10-HDA enhances membrane fluidity 

re-spinned down of 3 min at 1000 rpm. The erythrocytes 
were resuspended by 500 μL ethanol, followed by the 
lysis via the JY92-II ultrasonic cell disruptor (SCIENTZ 
BIOTECHNOLOGY CO., LTD., Ningbo, China). After 
centrifugation of 5 min at 8000 rpm, the supernatant was 
obtained for HPLC (ACCHROM S6000 (Acchrom Tech, 
Beijing, China) with the C18 column (5 μm, 4.6 × 250 
mm) (TupLabs, Tianjin, China)) assay. Parameters were 
set the same as we previously reported (Fan et al., 2022). 
Each assay was performed three times (n = 3). 

Analysis for DiIC18(5) (DiD)-stained erythrocyte 
membrane

Hundred and twenty-five microliters of 0.5% erythro-
cytes (CK or 10-HDA group) was added to 800 μL DiD (a 
fluorescent probe that specifically stains cell membrane), 
which was prepared from the Cell Plasma Membrane 
Staining Kit with DiD (Beyotime Biotechnology, 
Shanghai, China), to gently shake for 10 min at 37°C. 
Centrifuged for 5 min at 4300 rpm, the erythrocyte pel-
lets were diluted in 625 μL pre-heated saline (37°C) for 
twice. The cells were finally resuspended in 300 μL saline 
for fluorescent intensity analysis via CytoFLEX (Beckman 
Coulter, Inc., Brea, USA). To visualize the fluorescence 
under the laser scanning confocal microscope (LSCM) 
(Olympus Corporation, Tokyo, Japan), the pre-treatment 
was performed similarly, except for using 5% erythro-
cytes, and resuspended in 100 μL saline at last. The inte-
grated density/area was measured by ImageJ. All analyses 
had four replications (n = 4). 

Statistical analysis 

All data shown were Mean ± Standard Deviation. The 
significance of difference between two groups was 
determined by student’s t-test, in which p < 0.05 was 
significant. 

Results 

10-HDA increased the fluidity of erythrocyte membrane 
and the dissolved O2 level of erythrocyte suspension but 
did not affect the erythrocyte protein levels 

To disclose the mechanism of 10-HDA modulat-
ing cell function, the membrane fluidity of erythro-
cytes influenced by 10-HDA was determined. With the 
treatment of 10-HDA to erythrocytes, GP value was sig-
nificantly lowered compared to that of the CKs (p < 0.01) 
(Figure 1A). In addition, •OH significantly enhanced the 
GP value (p < 0.01), which was significantly scaled down 
by 10-HDA (p < 0.01) (Figure 1B). The dissolved O2 level 

spinned down and treated by 9 mL permeabilization 
buffer (5mM Na3PO4•12H2O with 0.1 mM EDTA-Na2 
and 0.03 mM PMSF). Centrifuged at 12000 rpm for 10 
min, the precipitation was added 26 μL skeleton protein 
extraction buffer (5mM Na3PO4•12H2O with 2.5% Triton 
X-100) for 1 h at 0°C, and denatured at 95°C for 5 min 
with 5 × loading buffer. The proteins underwent electro-
phoresis via 4% spacer gel and 8% separation gel from 60 
to 120 V, and transferred to the nitrocellulose membrane 
under 200 mA. The following steps were similar to those 
in our previous work (Fan et al., 2022). Here, the primary 
antibodies used were against β-actin (Sigma-Aldrich 
Corp., St Louis, USA) and band 4.1 protein (EPB41) 
(Proteintech Group, Inc., Rosemont, USA). Each exper-
iment had three replications (n = 3).

Calculations for the interaction mode of 10-HDA  
and phosphatidylcholine (PC) or  
phosphatidylethanolamine (PE)

The dimer between 10-HDA anion and PC or PE (to sim-
plify the calculation, -CH3 represented the alkane chains) 
molecules was studied by density functional theory 
(DFT), where all molecules were optimized by the Lee-
Yang-Parr gradient-corrected correlation (B3LYP) hybrid 
functional (Becke 1993; Lee et al., 1988) method and 
def2-SVP (Weigend 2006) basis set with Grimme’s DFT-
D3(BJ) empirical dispersion correction (Grimme et al., 
2011) via Gaussian 09 package. Harmonic vibrational fre-
quency was performed at the same level to guarantee no 
imaginary frequency in these molecules, i.e., they locate 
on the minima of the potential energy surface. Ethanol 
was regarded as the implicit solvent with the solvation 
model based on the density (SMD) model (Marenich 
et al., 2009) in the above calculations. The binding energy 
(BE) for dimers was evaluated as BE = E(dimer) – E(10-
HDA)-E(PC/PE). In addition, the BE values were cal-
culated again in water condition but not ethanol. The 
quantum theory of atoms in molecules (QTAIM) (Bader 
1990), the electron localization function (ELF) (Becke 
and Edgecombe 1990), and the reduced density gradient 
(RDG) (Johnson et al., 2010) were further used to reveal 
the bonding for the two dimers, in which Multiwfn 3.8 
(dev) (Lu and Chen 2012) was for calculating these quan-
tities whose input files were extracted from Gaussian 
formatted checkpoint files and plotted by VMD 1.9.3 
(Humphrey et al., 1996).

High-performance liquid chromatography (HPLC) 
detection for 10-HDA in erythrocytes

10-HDA was added to 1 mL 5% erythrocytes for 5 
min or 30 min, prior to the centrifugation of 5 min at 
1500 rpm. The cell pellets were washed in saline and 
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10-HDA had the ability to interact with erythrocyte 
membranous PC and PE

To further elucidate why 10-HDA could ameliorate 
membrane fluidity, the quantum chemistry methodology 
was used for calculating the interaction between 10-HDA 
and PC/PE. The molecules of 10-HDA anion, PC, and 
PE were optimized and shown in Figure S1. BE values 
of 10-HDA···PC and 10-HDA···PE dimers were −0.25 eV 
and −2.52 eV, respectively (Figure 3A), indicating the 
binding between 10-HDA and PC or PE could occur. The 
lower BE value and larger bent structure of 10-HDA···PE 
dimer suggested they may possess a stronger interac-
tion than 10-HDA···PC. Similar to those in ethanol, BE 
values of 10-HDA···PC and 10-HDA···PE dimers in water 
environment were −0.31 eV and −2.34 eV, respectively 
(Figure S2). The bond paths in QTAIM showed that 
O atom in -COO- could interact with three H atoms in 
-N(CH3)3

+ in 10-HDA···PC, while only one H atom in 
-NH3

+ in 10-HDA···PE. Moreover, the number of bonding 
in 10-HDA···PE is much more than that in 10-HDA···PC 

of the suspension was significantly heightened in the 
10-HDA-treated erythrocytes than that of the CKs (p < 
0.01) (Figure 1C). Moreover, the level was significantly 
decreased by •OH (p < 0.01) but was significantly restored 
by 10-HDA (p < 0.01) (Figure 1D). Further, erythrocytes 
supplied by •OH showed the deformed shape. However, 
with the addition of 10-HDA, the cell shape was recov-
ered (Figure 1E). The significantly elevated MDA level 
induced by •OH (p < 0.01) was also significantly reduced 
with the addition of 10-HDA (p < 0.05) (Figure 1F). Such 
data indicated that 10-HDA could promote the mem-
brane fluidity and the release of O2 from erythrocytes, 
and protect against lipid peroxidation caused by •OH 
toxicity. In CK and 10-HDA-treated erythrocytes, pro-
tein levels of β-actin and EPB41 were not significantly 
changed (p > 0.05, p > 0.05) (Figure 2A–C). These protein 
levels were also not significantly altered by •OH (p > 0.05, 
p > 0.05), and not significantly varied with 10-HDA addi-
tion (p > 0.05, p > 0.05) (Figure 2D–F), suggesting that 
10-HDA, as well as •OH, may not affect the protein activ-
ity in erythrocytes.
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Figure 1.  10-HDA increases the erythrocyte membrane fluidity and the dissolved O2 level of erythrocyte suspension. (A) shows 
the GP value variation of erythrocytes with 10-HDA addition compared to that of the CKs (n=4, **p < 0.01). (B) represents the GP 
value differences of control, •OH-intervened, and •OH+10-HDA erythrocytes (n=4, **p < 0.01). (C) shows the change of dissolved 
O2 concentration in the erythrocyte suspension after the administration of 10-HDA (n=6, **p < 0.01). (D) displays the dissolved 
O2 levels in control, •OH-intervened, and •OH+10-HDA erythrocyte suspensions (n=6, **p < 0.01). (E) it is the morphological com-
parison of control, •OH-intervened, and •OH+10-HDA erythrocytes. (F) compares the MDA productions of the three erythrocyte 
groups (n=3, *p < 0.05, **p < 0.01).
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Figure 2.  10-HDA does not change the levels of β-actin and EPB41 in erythrocytes. (A) shows the bands of β-actin and EPB41 
of CK and 10-HDA supplemented erythrocytes through Western blotting. (B–C) are the comparisons of their normalized inten-
sities (n = 3, ns: no significant difference, which means p > 0.05). (D) is those of control, •OH-intervened, and •OH + 10-HDA 
erythrocytes, while (E–F) compare their normalized intensities (n = 3, ns: no significant difference that p > 0.05).

(Figure 3B). Via ELF analysis, almost no regions overlap 
between 10-HDA anion and PC or PE existed, indicat-
ing that the interaction is weak, except for the O atom in 
-COO- and the H atom in -NH3

+ of 10-HDA···PE, which 
is a bonding region (Figure 3C). In RDG plot, the inter-
action type between the dimers was the van der Waals 
interaction. The regions of van der Waals interaction in 
10-HDA···PE was much more than that of 10-HDA···PC, 
and there was no RDG region between the O atom in 
-COO- and the H atom in -NH3

+ in 10-HDA···PE, fur-
ther revealing it is not a weak interaction (Figure 3D). 
Altogether, 10-HDA might bind to PC and PE (particu-
larly PE). The HPLC assay showed that the unique peak of 
10-HDA (Figure S3A) was visualized in the erythrocyte 
lysate pre-treated by 10-HDA for either 5 min or 30 min 
(Figure 4A–B) but no such peak was displayed in erythro-
cyte sample without 10-HDA addition (Figure S3B). The 
peak areas to represent the detected 10-HDA amount 
between erythrocytes of 5 min and 30 min treatment 

had insignificant difference (p > 0.05) (Figure 4C), indi-
cating 10-HDA could quickly target erythrocyte. Via flow 
cytometry analysis, the intensity of red fluorescence from 
erythrocytes stained by DiD significantly increased (p < 
0.001) with the addition of 10-HDA, compared to that of 
the CKs (Figure 4D–E). The significant enhancement (p < 
0.05) of the DiD fluorescent intensity was also observed 
in the 10-HDA-treated erythrocytes using LSCM (Figure 
4F–G). In all, 10-HDA could bind to the erythrocyte 
membrane, which may be contributive to the membrane 
fluidity.

Discussion

In the present study, we proved that 10-HDA is able to 
increase the plasma membrane fluidity via the erythro-
cyte model. Oxidative stress is known to alter the eryth-
rocyte membrane fluidity, which correlates with the 
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Figure 3.  10-HDA is capable of interacting with erythrocyte membranous PC and PE. (A) shows the optimized geometries for 
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bond paths. (C) displays the ELF plots for 10-HDA···PC and 10-HDA···PE, respectively. The ELF isovalue is 0.85. The transparent 
green regions denote the electron localization regions that may be the bonding and lone pairs. (D) includes the RDG plots for 
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specific peak and troughs between 4 min and 8 min might be the interferents from erythrocyte components. (C) is the compari-
son of 10-HDA peak areas between erythrocytes after 5 min and 30 min treatment by 10-HDA (n = 3, ns: no significant difference 
that p > 0.05). (D) is the flow cytometric diagram to represent the difference of fluorescent intensities between CK and 10-HDA 
treated erythrocytes with DiD staining, which are represented by the black and the blue curves, respectively. (E) shows the flu-
orescent intensities of the two groups in the flow cytometric analysis (n = 4, ***p < 0.001). (F) is the comparison of fluorescent 
intensities between CK and 10-HDA-treated erythrocytes visualized by LSCM after DiD probing, and (G) compares the integrated 
density/area values measured by ImageJ software of the two groups (n = 4, *p < 0.05).
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acid) can interact with the lipid bilayer of the membrane 
and thus change the cell function (Newell et al., 2017; 
Dakroub et al., 2021; Fournier et al., 2017). In the frame-
work of DFT in the present study, 10-HDA has potential 
to bind PC and PE, which helps to unravel the interaction 
mode of 10-HDA with erythrocyte membrane, and gain 
insight into the reason for bonding differences between 
10-HDA···PC and 10-HDA···PE. Interestingly, the BE 
values of 10-HDA···PC or 10-HDA···PE are quite similar 
in both environments of ethanol and water, which are 
all polar molecules and available for further ex vivo and 
in vivo studies. 10-HDA can rapidly interact with eryth-
rocyte, which is attested by the fact that 10-HDA can be 
detected in erythrocytes 5 min after its addition to the cell 
suspension. Through DiD staining for erythrocyte mem-
brane, the increased fluorescent intensity by 10-HDA 
proved it could be part of the membrane. Therefore, 
interacting with PC and PE of the membrane might be 
the mechanism for 10-HDA to influence the fluidity.

Conclusion

As is a molecule carrying -C=C- and -OH; 10-HDA is 
able to increase the membrane fluidity, and to boost the 
release of O2 from erythrocytes, which will be useful for 
improving the membrane fluidity–related diseases, as 
well as the hypoxia. Such bio-activity of 10-HDA may be 
profited from its interaction with PC and PE of the mem-
brane. Therefore, our current work would be contributive 
to the utilization of 10-HDA in nutritional and phar-
macological fields. Next, we will seek more evidences 
about the interaction between 10-HDA and PC/PE in the 
molecular level, and such effect in vivo. 
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progression of a series of diseases. For instance, retinal 
vein occlusion (RVO) is a vision loss disorder caused by 
hypoperfusion and hypoxia of the retina. The change 
of erythrocyte membrane fluidity and whole blood vis-
cosity by oxidative stress is considered the key reason 
for the pathogenesis of RVO (Becatti et al., 2016). We 
again proved that 10-HDA is capable of remedying the 
•OH-induced drop of erythrocyte membrane fluidity. As 
•OH is non-selective and one of the most potent oxygen 
free radicals (Richards et al., 2015), 10-HDA has pharma-
ceutical value in relieving the loss of membrane fluidity 
under oxidative stress conditions.

Hypoxia is the reduced supply or lack of O2 in organs, 
tissues, or cells (Wu and Yotnda 2011). As is the O2 car-
rier from lungs to the whole body; erythrocyte dysfunc-
tion, such as the case in sickle cell disease, may result in 
hypoxia (Sun and Xia 2013). There is still the notion that 
the increase of membrane fluidity reduces the physical 
barrier to O2 permeation (Dumas et al., 1997), which sug-
gests that the improvement of erythrocyte membrane flu-
idity may alleviate the symptom of hypoxia. 10-HDA was 
found to promote the content of dissolved O2 in erythro-
cyte suspension, and to recover the reduced content of 
dissolved O2 from the •OH damage. Such fact reflected 
that 10-HDA may be useful in promoting O2 release of 
erythrocytes via regulating the membrane fluidity. 

Erythrocyte proteins are pivotal to maintain the cell archi-
tecture. Actin composes the cytoskeleton of erythrocytes, 
and EPB41 strengthens the structure, as well as attaches 
it to the membrane (Staufenbiel and Lazarides, 1986). 
Although the proteins are essential for the mechanical 
properties of erythrocyte such as deformability and sta-
bility (Diakowski et al., 2006), the erythrocyte membrane 
fluidity are believed to be largely reliant on lipid composi-
tion rather than proteins (Owen et al., 1982). In the pres-
ent data, the levels of β-actin and EPB41 in erythrocytes 
were not affected by 10-HDA, even the cells were treated 
with •OH and added by 10-HDA, further indicating that 
10-HDA interacts with lipids but not proteins to modu-
late the membrane fluidity and function of erythrocytes.

The fluidity of cell membrane, largely dependent on the 
unsaturation of fatty acids that compose the lipid bilayer 
(Upchurch, 2008), can be even triggered by one double 
bond (-C=C-) (Galván 2018). Moreover, free hydroxyl 
group (-OH) also determines the membrane fluidity 
(Sreekanth and Bajaj, 2013). Interestingly, 10-HDA is a 
-C=C- and -OH bearer. The insertion of 10-HDA into the 
cell membrane to facilitate the fluidity is reasonable.

Phospholipids are usually the head of the lipid bilayer, in 
which PC and PE are the major constituents in amount 
(Schwartz et al., 1985). Some exogenous free fatty acids 
(for example, docosahexaenoic acid and eicosapentaenoic 
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Supplementary

10-HDA anion

PC

PE

Figure S1.  The optimized geometries for the 10-HDA anion, PC, and PE. The white, gray, blue, red, and orange balls represent 
the atoms of H, C, N, O, and P, respectively.

10-HDA⋯PC
BE = –0.31 eV

BE = –2.34 eV
10-HDA⋯PE

Figure S2.  The BE values of 10-HDA···PC and 10-HDA···PE in water environment. The white, gray, blue, red, and orange balls 
denote H, C, N, O, and P atoms, respectively. 
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Figure S3.  The HPLC assay for 10-HDA in 10-HDA solution and erythrocyte lysate without 10-HDA addition. (A) is the HPLC 
graph for the 10-HDA solution. (B) is the HPLC graph for the erythrocyte lysate in which the 10-HDA is not added.
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