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Abstract: Cardiovascular diseases (CVD) remain the leading cause of death across the globe, hence,
establishing strategies to counteract CVD are imperative to reduce mortality and the burden on health
systems. Dietary modification is an effective primary prevention strategy against CVD. Research
regarding dietary supplementation has become increasingly popular. This review focuses on the
current in vivo, in vitro, and epidemiological studies associated with that of omega-3 polyunsaturated
fatty acids (n-3 PUFAs) and polar lipids (PLs) and how they play a role against CVD. Furthermore,
this review focuses on the results of several major clinical trials examining n-3 PUFAs regarding
both primary and secondary prevention of CVD. Notably, we place a lens on the REDUCE-IT and
STRENGTH trials. Finally, supplementation of PLs has recently been suggested as a potential
alternative avenue for the reduction of CVD incidence versus neutral forms of n-3 PUFAs. However,
the clinical evidence for this argument is currently rather limited. Therefore, we draw on the current
literature to suggest future clinical trials for PL supplementation. We conclude that despite conflicting
evidence, future human trials must be completed to confirm whether PL supplementation may be
more effective than n-3 PUFA supplementation to reduce cardiovascular risk.

Keywords: cardiovascular disease; omega-3 polyunsaturated fatty acids; polar lipids; cardiovascular
risk; thrombosis; platelet-activating factor (PAF); eicosanoids; fish oils

1. Introduction

The burden of cardiovascular diseases (CVDs) has lessened over the last two decades
due to the development of novel therapies; however, such diseases maintain their status as
the leading cause of death globally [1]. CVD has been reported to account for 1 in 4 deaths
across Europe, and 1 in 3 deaths in the United States [2,3]. Diet is known to be one of the
most important risk factors for CVD prevention and treatment [4,5]. A wide range of other
traditional risk factors are also associated with CVD, namely, smoking, obesity, and lack of
physical activity. A maladaptive lifestyle characterized by these risk factors can contribute
to an increase in oxidative stress and inflammation, contributing to metabolic dysfunction
and atherogenesis over time [6].

Mar. Drugs 2023, 21, 549. https://doi.org/10.3390/md21110549 https://www.mdpi.com/journal/marinedrugs1
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Mechanistically, activated platelets play a major role in CVD [7–9]. Platelet activation,
aggregation, and adhesion are all processes that contribute to the development of atheroscle-
rosis over years, potentially leading to vessel occlusion, the rupture of atherosclerotic
lesions, and thrombosis, causing myocardial infarction, stroke, or other complications [10].

Evidence suggests that the consumption of foods or supplements containing ma-
rine oils may affect chronic diseases and complications of metabolic dysfunction such as
atherosclerosis [11,12]. These include omega-3 polyunsaturated fatty acids (n-3 PUFAs) and
polar lipids (PLs). These lipids have been associated with the modulation of inflammatory
and thrombotic pathways associated with atherogenesis [13].

The n-3 PUFAs are a heterogenous group of fatty acids naturally present in algae,
fish, shellfish, and other marine sources that can be harvested to produce supplements
and nutraceuticals [14,15]. In nature, n-3 PUFAs are most prevalent as neutral lipids
(triglycerides, esters, etc.). However, they also present to a lesser extent in the form of
polar lipids (PLs). PLs include glycerophospholipids, glycolipids, and sphingolipids. These
molecules are characterized by a hydrophobic tail containing fatty acids and a polar head
group. These characteristics mean that PLs are amphipathic. Consequently, PLs may
increase the bioavailability of n-3 PUFA [16,17] attached to the polar head groups. These
polar lipids are thought to be cardioprotective, but it is worth noting that some PLs may
also exert cardioprotective effects independent of n-3 PUFA [18] as observed in non-marine
PL extracts [19–21].

In this manuscript, we review published research, reviews, and the literature, to probe
the role of n-3 PUFA- and PL-containing marine oils and their potential cardiovascular
health benefits. We critically discuss crucial studies and trials that emerged from the lit-
erature, and we discuss the future of research in the field of marine oil cardioprotective
products. In particular, we focus on the disparate results obtained in the REDUCE-IT and
STRENGTH trials. Finally, we present a comparison of n-3 PUFA versus PL supplementa-
tion to identify evidence-based recommendations for conducting future clinical trials that
may clarify and improve the current treatment and prevention strategies for both CVD and
cardiovascular risk.

2. Methods

Manuscript record retrieval was completed using the following search terms: “car-
diovascular disease” + “polar lipids”, “cardiovascular disease” + “omega-3 fatty acids”,
“cardiovascular disease” + “omega-3 fatty acids” + “polar lipids”, “cardiovascular risk” +
“omega-3 fatty acids”, “cardiovascular risk” + “polar lipids”, “cardiovascular risk” +
“omega-3 fatty acids” + “polar lipids”, “inflammation” + “thrombosis” + “polar lipids”,
“inflammation” + “thrombosis” + “omega-3 fatty acids”. All searches were completed using
a combination of the Scopus, PubMed, and Web of Science databases from 1994 to 2023. The
inclusion criteria encompassed original research articles and relevant reviews published
in English between 1994 and 2023. Preference for inclusion was given to manuscripts
that were closely aligned with the theme of this review article and published since 2010.
Relevant literature cited in the identified literature were also considered for inclusion.

3. Marine Oils: Polyunsaturated Fatty Acids and Polar Lipids

In general, the consumption of supplements has increased over the past few decades
due to increased consumer awareness and demand for wellness products [22]. Therefore, it
is no surprise that the global nutraceuticals and supplements market was worth almost
USD 353 billion in 2019 [23,24]. The consumption of marine oil supplements has steadily in-
creased over the years due to their association with anti-inflammatory and cardioprotective
effects relevant to public health [25]. Indeed, fish oils are the most commonly consumed
dietary supplement aside from vitamin and mineral supplements in the US, whereby 7.8%
and 1.1% of US adults and children respectively, consume fish oil supplements containing
EPA, DHA, or a mix of n-3 PUFAs [26,27]. In 2022, fish oil consumption globally reached
3.6 million metric tonnes [28]. In contrast, the projected fish oil production in 2010 was
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estimated to be only 1 million metric tonnes [29]. This phenomenal growth is expected to
continue with the fish oil market expected to expand further at a compound annual growth
rate of 5.9% from 2022 to 2030, valued at USD 3.62 billion [28]. However, the added value
of producing supplements means the value is considerably higher, with global sales of
omega 3 supplements generating approximately USD 5.18 billion in 2019 alone [30]. While
this growth is largely driven by human consumption, fish oils are also used in animal and
pet foods, cosmetics, aquaculture, and pharmaceuticals [28,29,31]. However, there have
been reports that n-3 PUFA supplements often do not contain the correct amount of n-3
PUFA or there is evidence of poor lipid quality or oxidation [32,33].

Despite their popularity among consumers, the scientific community is still at odds
about the scientific evidence purporting cardioprotective effects in humans upon con-
sumption. In this review, we discuss n-3 PUFA and PL marine oils and their potential
cardiovascular effects.

3.1. n-3 PUFA Structure and Function

The n-3 PUFAs have a double bond between the third and fourth carbon going from
the end of the carbon chain (omega end), giving rise to the name n-3 PUFA. A short-chain
n-3 PUFA is considered to have a chain that consists of 18 carbons or fewer. A long-chain
n-3 PUFA has 20 or more carbons in its chain. Alpha-linolenic acid (ALA) is a common
n-3 PUFA that is abundantly found in plant oils and the human diet, where it is found in
soy, flaxseeds, and tree nuts in abundance (Figure 1). However, in marine oils the most
abundant n-3 PUFAs are eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA).
EPA is an n-3 PUFA that comprises a 20-carbon chain, making it a long-chain n-3 PUFA,
with five cis double bonds. The double bonds can be found at carbons 5, 8, 11,14, and
17. Docosahexaenoic acid (DHA) possesses a 22-carbon chain. Its structure contains six
cis-double bonds located at carbons 4, 7, 10, 13, 16, and 19 [34–36] (Figure 1).

Figure 1. (A) linoleic acid; (B) alpha-linoleic acid; (C) eicosapentaenoic acid; (D) docosahexaenoic
acid. Adapted with permission from [37].
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3.2. n-3 PUFA Cardiovascular Health Effects

The efficacy of n-3 PUFA treatment of CVD has long been controversial. The n-3 PUFAs
are known to be an essential element of the platelet phospholipid membrane. Hence, they
play a vital role in platelet function and are studied for their antiplatelet properties [38]. For
over 20 years, supplementation of n-3 PUFA has been encouraged to curb the development
of CVD [10]. While these supplements are voluntarily taken and prescribed for a wide range
of medical conditions, they are predominately used for both the primary and secondary
prevention of CVD [39].

The n-3 PUFAs are known to have the ability to alter cell structure and cell signaling by
altering the configuration of lipids within the cell membrane (Figure 2) [40]. This has been
demonstrated by several animal studies that report that the alteration of cellular function
can occur by the addition of n-3 PUFAs via the diet [41,42]. Incorporation of n-3 PUFAs
into the cell membrane can also modulate ion channels, such as L-type calcium (Ca2+)
and sodium (Na+) [43]. In addition, n-3 PUFAs may directly associate with both proteins
and membrane channels (Figure 2). An example of this can be observed from the direct
modulation of the G protein-coupled receptor 120, or that of ion channels. Both actions
have been noted to possibly aid in both anti-inflammatory and anti-arrhythmic responses
associated with n-3 PUFAs, respectively [44]. Figure 2 highlights how both transcription
factors and nuclear receptors contribute to the regulation of gene expression, which is of
course a direct result of the addition of n-3 PUFAs. As a whole, n-3 PUFAs are known to
act as natural ligands of numerous nuclear receptors within various tissues of the body,
such as liver X receptors and retinoid X receptors. The interactions between such nuclear
receptors and that of n-3 PUFAs are altered by cytoplasmic lipid binding proteins, which
in turn can carry the fatty acids inside the nucleus. n-3 PUFAs also amend the role of
transcription factors, for example, the sterol regulatory element binding protein-1c. This
regulation in turn plays a part in inflammatory pathways [45]. Figure 2 also highlights
the conversion of n-3 PUFAs from polar lipids in cell membranes to eicosanoids through
three enzymes: lipoxygenase (LOX), cytochrome P450 (CYP450), and the cyclooxygenases
(COX1 and COX2). Via incorporation into cell membranes, n-3 PUFA can supersede
arachidonic acid (AA) and hence, this results in a reduction in AA-acquired eicosanoids [46].
This has been associated with a reduction in thrombosis, maladaptive vascular function,
and inflammation.

 

Figure 2. Hypothesized molecular effects of n-3 PUFAs on the cell membrane. Reproduced with
permission [1].
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Another area of interest mechanistically has been the implication that n-3 PUFAs are
required for the formation of specialized pro-resolving mediators (SPMs), involved in the
so-called resolution of inflammation. This is a mechanism distinct from anti-inflammatory
actions [47]. Such SPMs include protectins and resolvins, which are metabolites originating
from the actions of the previously mentioned LOX and COX enzymes. It has been widely
reported within animal models that n-3 PUFA-derived SPMs could possibly play a role
in the reduction of chronic inflammation through the hypothesis of resolving inflamma-
tion [48]. However, evidence of these molecules exerting a beneficial effect in humans has
been lacking [8,49] and the detection of resolvins in plasma and their functional relevance
in human biology is an active but controversial field of research [50–53].

Both EPA and DHA appear to be the most functionally important n-3 PUFAs. Typically,
they are both referred to as marine n-3 PUFAs due to their abundance in fatty (approx.
1–3.5 g/serving) and lean fish (approx. 0.1–0.3 g/serving), and other seafood. In addition,
they are also found, although not equally, in various supplements. A summary of their
relative concentrations of n-3 PUFAs can be found in Table 1. In addition, examples of
pharmaceutical grade EPA and DHA used within the industry are also detailed.

Table 1. A summary of EPA and DHA concentrations in various n-3 PUFA supplements. Data
adapted with permission [54].

Supplements n-3 PUFA Content Per Gram of Oil

Krill oil 205 mg
Tuna oil 460 mg

Fish oil (standard) 300 mg
Cod liver oil 200 mg

Algal oil 400 mg

Pharmaceuticals EPA/DHA content per gram of oil

Omacor® (ethyl esters) 460 mg (EPA) and 380 mg (DHA)
Epanova® (carboxylic acids) 550 mg (EPA) and 200 mg (DHA)

Vascepa® (ethyl ester) 900 mg EPA

DHA and EPA exert a wide range of physiological effects, including the reduction
in triglycerides, heart rate, blood pressure, and platelet aggregation [18,25]. Both n-3
PUFAs also enhance arterial compliance and flow-mediated dilation while also reducing
pro-inflammatory cytokines and C-reactive protein (CRP) [55]. However, it has been
consistently noted that such effects may be dependent on the specific health status or
genetics of an individual [56–58], indicating that there may be a role for personalized
nutrition and supplementation approaches [59]. EPA and DHA may also reduce plasma
or serum concentrations of pro-inflammatory eicosanoids [60]. However, most research
has focused on the use of EPA and DHA in combination, as opposed to their impact
administered separately. EPA and DHA may exert differential effects on cardiovascular
outcomes, particularly in lipid metabolism. Some of these effects, including the reduction
in inflammation and oxidation are summarized in Figure 3. However, the link between
EPA and DHA in the modulation of inflammation lipoprotein metabolism has yet to be
confirmed. Hence, currently there is no clear advantage between DHA and EPA for the
modulation of lipid metabolism. However, it is likely that a combination of both may yield
the most advantageous health outcomes [61].
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Figure 3. A summary of the potential benefits of DHA and EPA intake for cardiovascular health.
Adapted with permission [62].

3.3. Polar Lipid Structure and Function

While the previous section focused on the neutral forms of n-3 PUFAs, including ethyl
esters, triglyceride, and fatty acid forms, some n-3 PUFAs are present as a constituent of PLs
(Figure 4). Preliminary evidence from nutritional studies suggests that PLs with/without
n-3 PUFAs in their structures may exert beneficial effects on CVD risk [63–66]. PLs are
amphipathic molecules such as phospholipids or sphingolipids that are ubiquitous in
nature. They are essential to the composition of cell membrane structure and function, cell
signaling as secondary messengers, and lipid metabolism. They consist of a hydrophobic
hydrocarbon tail and a polar hydrophilic head group [67]. Glycerophospholipids share
a common assembly composed of a glycerol backbone attached to a phosphate group
and two fatty acids esterified to the sn-1 and sn-2 positions. At the sn-3 position, the
head group is composed of a phosphate group and/or with phosphodiester linkages to
organic molecules. These substituted head groups include choline (phosphatidylcholine),
ethanolamine (phosphatidylethanolamine), serine (phosphatidylserine), or inositol (phos-
phatidylinositol). Sphingolipids replace the glycerol backbone with a sphingosine backbone,
which is a long-chain amino alcohol that is amide-linked to the fatty acid and phosphate
group [68,69]. Other common PLs include glycolipids and ceramides.
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Figure 4. (A) The typical structure of a PAF molecule. (B) Representative structure of a bioactive
polar lipid. Reproduced with permission [70].

3.4. Polar Lipids and Cardiovascular Health Effects

PLs are commonly found in foods such as olive oil, fish, meat, and dairy products
associated with the Mediterranean diet [71,72]. The Mediterranean dietary pattern is
strongly associated with a decreased risk of CVD [73] as demonstrated by the PREDIMED
trials [74,75]. The Mediterranean diet has also been adopted outside of the Mediterranean
region for the purpose of research, which appears to be a promising preventative and
therapeutic option for CVD [76–78]. PLs are consumed in abundance as part of this dietary
pattern. PLs have been postulated to be one of the constituents of the Mediterranean diet
that may exert cardioprotective benefits via their antithrombotic and anti-inflammatory
bioactivities against the actions of platelet-activating factor (PAF) and other inflammatory
mediators [79–82]. PAF is a potent phospholipid mediator that interacts with its receptor
(PAF-R) on the surface of numerous immune cells and platelets, causing platelet activa-
tion and pro-inflammatory cytokine release [83]. The production of PAF is stimulated by
numerous cells such as platelets and leukocytes [84]. PAF is implicated in every stage of
atherosclerosis through various mechanisms making it crucial to the process. The structure
of PAF is characterized by an alkyl ether linkage, an acetyl group, and a phosphocholine
group present at positions sn-1, sn-2, and sn-3 of the glycerol backbone, respectively [85].
PAF contributes to inflammation by mediating the adhesion of monocytes to the endothe-
lium and in conjunction initiates gene transcription within monocytes resulting in the
production of inflammatory cytokines. PAF generates an influx of Ca2+ ions, which in-
creases endothelial permeability. This allows for the movement of LDL cholesterol and
monocytes into the intima, allowing for the development of atherosclerotic plaque. Patients
with CVD have elevated levels of PAF [84,86].

However, PAF is an important regulator of various physiological functions. If unregu-
lated, it can result in a pro-inflammatory state leading to endothelial dysfunction and the
development of atherosclerosis [71,83] (Figure 5). PAF and PAF-like molecules proceed via
binding to a unique G protein-coupled receptor called PAF-receptor (PAF-R) [83]. PAF-R is
expressed on platelets and is expressed by cells within the cardiovascular system. Ligand
binding of PAF to the PAF-R provokes numerous intracellular signaling pathways which, if
unregulated, can bring about a pro-inflammatory state, endothelial dysfunction, and the
occurrence of atherosclerotic plaques [83].
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Research suggests that PLs consumed in the diet are PAF antagonists that can inhibit
PAF via their effects on the PAF receptor [83]. Indeed, some foods and natural products
contain PAF antagonists [65]. This is due to the similarity in structure between PLs and
PAF/PAF-like molecules, examples of which include phospholipids and sphingolipids [71],
as can be seen in Figure 4. It has also been suggested that PLs can modulate the metabolism
of PAF [79,88,89]. As this is a newer area of research, evidence supporting these claims are
lacking in human trials to date, but research continues [85].

3.5. Implications of the Structural Differences between n-3 PUFAs and Polar Lipids

The n-3 PUFAs exist primarily esterified to triglycerides (neutral) or phospholipids,
which are (polar) in nature. Hydrolysis causes n-3 PUFAs to exist as free fatty acids
(neutral). Structurally, n-3 PUFA triglycerides differ to PLs as n-3 PUFAs comprise a
glycerol backbone with three fatty acids attached to it. In contrast, PLs normally have two
esterified fatty acids attached to the glycerol backbone as seen in Figure 4. PLs can form
liposomes and micelles due to the differences in the physical–chemical [34]. PLs are an
amphiphilic molecule, which means that PLs contain a hydrophobic tail and a hydrophilic
head naturally. This gives rise to PLs to act spontaneously, as their hydrophilic region can
navigate the aqueous phase and the hydrophobic region can navigate the non-aqueous
phase, where it is functionally able to be soluble in fat [35]. On the other hand, n-3 PUFA
triglycerides incur an exceedingly low water solubility, which may have a negative effect
on the utilization of n-3 PUFA supplements [36]. As mentioned previously, PLs are found
in the human diet as phospholipids and sphingolipids, which are essential components of
biological membranes [35]. Whereas, n-3 PUFAs are found in the body as ALA, DHA, and
EPA as previously mentioned.

 

Figure 5. An illustration of the role of PAF in the initiation and progression of atherosclerotic plaque.
Following exposure to injury, the endothelial cells are activated, triggering the synthesis of PAF and
the expression of adhesion molecules, mediating the attachment of monocytes to the endothelium.
PAF also triggers gene expression of pro-inflammatory cytokines such as IL-6 and TNF-α via NF-kB,
and the production of ROS, which oxidizes LDL. PAF decreases the production of endothelial NO,
increasing endothelial permeability. This allows for the movement of LDL and monocytes into the
intima. PAF accounts for the polarization of monocytes into macrophages which engulf oxidized
LDL, triggering the production of more PAF. Abbreviations: NF-kB, nuclear factor kB; IL, interleukin;
PAF, platelet-activating factor; TNF-α, tumor necrosis factor α; LDL, low density lipoprotein; ROS,
reactive oxygen species [87].
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4. Marine Oils and Human Health

4.1. Cardioprotective Marine Oil Supplements Containing n-3 PUFA and Polar Lipids

Interest regarding marine oils grew from observations of the dietary patterns of
Greenland Eskimos, who experienced a considerably lower incidence of cardiovascular
disease attributed to their fatty fish-rich diet [54]. This has also been observed in Japanese
populations, where on average one fish meal per day is consumed providing approximately
900 mg of n-3 PUFAs [90]. Research shows that consuming fatty fish as part of your weekly
diet can significantly reduce the risk of CVD in comparison to a person that does not
consume fish [91,92]. It is advised by the American Heart Association (AHA) to consume
at least two meals containing fish per week. Fish consumption provides a wide array
of dietary PUFAs both in neutral and PL form that are generally not as easily acquired
via supplementation [93]. Furthermore, there are additional benefits associated with
consumption of the whole fish, including the addition of vitamins, minerals, and proteins.
However, the AHA has recommended n-3 PUFA supplements if fresh fish is unavailable
to meet recommended n-3 PUFA requirements and to reduce CVD risk [94,95]. However,
the evidence regarding n-3 PUFA supplementation is not as straightforward and there are
some inconsistencies regarding their role in both primary and secondary prevention of
CVD. Indeed, large trials and meta-analyses have yielded inconsistent findings [96,97].

4.2. n-3 PUFA in Clinical Trials

Early trials conducted examining n-3 PUFA consumption focused on cardiovascular
diseases, which largely concluded that n-3 PUFA were efficacious in the treatment and
prevention of CVD. Therefore, there was general support for their consumption [98].
Examples of older trials that generally supported n-3 PUFA consumption to improve
CVD risk include the Diet and Reinfarction Trial (DART), the Lyon Heart Study, and the
Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto miocardico Prevenzione trial
(GISSI-P) [99,100]. However, due to limitations in these studies such as small sample sizes,
the findings of these trials are often dismissed when examining the effects of n-3 PUFAs
on CVD. With advances in cardiovascular knowledge, the results of many more recent
randomized controlled trials (RCTs) have challenged previously recorded data [101,102].
More recently published studies are less encouraging regarding the importance of n-3
PUFAs and a reduction in CVD [102], and many studies are now focusing on alternative
approaches including the delivery of n-3 PUFAs in other forms such as PLs [18].

In recent years, there have been several large-scale trials that have examined the effi-
cacy of n-3 PUFA supplementation. These include the REDUCE-IT trial and the STRENGTH
trial. These trials were touted as the studies that may end the debate regarding n-3 PUFAs
and their cardioprotective effects. Therefore, in Sections 4.2.1 and 4.2.2. we discuss the
outcomes, strengths, and limitations of these trials and focus on how these studies have con-
tributed to our growing knowledge regarding n-3 PUFA supplementation, cardiovascular
health, and clinical trials.

4.2.1. The REDUCE-IT Trial in Context

Icosapent ethyl (IPE), also known AMR101 or commercially as Vascepa®, is produced
and marketed by the Irish company Amarin Pharma. IPE is a supplement composed of
highly purified EPA. The product was initially approved by the United States Food and
Drug Administration (FDA) for the treatment of hypertriglyceridemia [103]. The reduction
in cardiovascular events with the icosapent ethyl intervention trial (REDUCE-IT) was es-
tablished to determine the potential of IPE to reduce ischemic events in patients diagnosed
with cardiovascular disease [104]. This was a major multicenter, double-blinded, random-
ized, placebo-controlled trial (mineral oil), which caused controversy between scientists and
health experts since its publication [103]. Bhatt and colleagues enrolled over 8000 patients
with established cardiovascular disease or elevated risk, of which over 70% had experienced
a previous cardiovascular event [105]. Participants were enrolled to the REDUCE-IT study
if they were ≥45 years of age with previous CVD or if they were ≥50 years of age with
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diabetes and at least one other risk factor. These may include elevated fasting LDL levels,
triglyceride levels, or patients receiving statin therapy. Patients were followed for a median
of 4.9 years. The primary composite end points were cardiovascular mortality, nonfatal
stroke, nonfatal myocardial infarction, unstable angina, or coronary revascularization.

Since the majority of the study population enrolled had established CVD, this study
is generally viewed as a secondary prevention of CVD with n-3 PUFA supplementation
study [106]. The results of the trial revealed that consumption of 2 g IPE po bid (4 g total
per day) reduced the risk of ischemic cardiovascular events and death. Of those assigned
to the IPE group, a primary endpoint occurred in 17.2%, versus 22.0% in the placebo
group (p < 0.001; hazard ratio, 0.75; 95% confidence interval [CI], 0.068–0.83) or an absolute
difference of 4.8%, irrespective of triglyceride levels at baseline or during the study [105].
Additional analyses supported that IPE supplementation may reduce CVD risk relating
to high triglyceride levels [107]. Overall, IPE supplementation appeared to be safe with
limited side effects including more frequent nonfatal adverse bleeding events, and more
frequent hospitalization for peripheral edema and atrial fibrillation in the IPE group versus
the placebo group [105,106].

While these widely anticipated results were well received initially, with the study
being described as rounding the corner on residual risk [108], several concerns were raised
regarding the study design. On closer inspection, it was noted that the placebo mineral
oil used for the trial was not inert, and that this may in fact have increased the placebo
groups’ risk for cardiovascular events. Indeed, the mineral oil intake was associated with an
increase in LDL-C (7.4%), CRP (37.6%), and apolipoprotein B (6.7%) [105]. Similar increases
in these biomarkers were reported as a consequence of mineral oil ingestion were previously
reported in the ANCHOR [109] and MARINE [110] trials, which also investigated the use
of IPE for cardiovascular risk reduction. In these studies, it is possible that the differences
in the apparent reduction of cardiovascular risk associated with IPE treatment may be
explained by the increased risk of exposure to mineral oil in the placebo group [103].
However, this is disputed in a review published by the REDUCE-IT trial authors [111].
Indeed, independent reviews by the FDA and other health agencies (Canada Health and
the European Medicines Agency) concluded that the increases in these cardiovascular
biomarkers associated with mineral oil may only partially explain the major cardiovascular
events reported between the two randomized groups [103].

The data have not become any clearer since the trial was published. A meta-analysis
of thirteen randomized controlled trials conducted by Hu et al. in 2019 concluded that
consumption of marine n-3 PUFA supplementation does indeed lower the risk for myocar-
dial infarction, both CHD total and death and also for both CVD total and death [112].
This meta-analysis also calculated the reduced risk excluding the REDUCE-IT trial due to
the controversary surrounding its findings and still deduced that n-3 PUFA consumption
was inversely associated with CVD. However, there were limitations to this study such
as being unable to conduct subgroup analysis due to lack of study-level data available
and the author does state that there is a need for additional large trials, particularly those
undertaken using high doses of n-3 PUFA supplementation to confirm and extend these
findings. Another meta-analysis, which was conducted by Shen et al. in 2022, found that
additional n-3 PUFA supplementation may decrease the risk for incidence of major adverse
cardiovascular events, cardiovascular death, and myocardial infarction [113]. However,
the study also deduced that n-3 PUFA did not significantly impact all-cause death, stroke,
and revascularization. The study did, however, have minor limitations such as some sub-
groups containing a relatively low number of studies and more research is likely required
to support and validate these findings.

In contrast, numerous studies failed to support the positive findings of the REDUCE-IT,
JELIS, GISSI-P, and GISSI-HF (heart failure) trials [99,105,114,115]. These include trials
such as VITAL (The VITamin D and OmegA-3 triaL), ORIGIN (Outcome Reduction with
an Initial Glargine Intervention trial) and ASCEND (A Study of Cardiovascular Events
in Diabetes) [116–118]. Collectively, these trials do not support the use of n-3 PUFA sup-
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plementation for cardioprotection against CVD. However, these trials differ in various
aspects such as the placebo used, entry criteria, and the dosage of n-3 PUFA administered,
which may account for the differences in the findings between these studies. Comparisons
between some of these studies are presented in Table 2.

Table 2. Summary of investigations focusing on the effects of n-3 PUFAs on CVD in both healthy and
high-risk patients.

Trial N Age
Formulation and

Dose
Inclusion Criteria/Cohort

Characteristics
Duration

(Years)
Placebo

Successful—Primary endpoint reached *

REDUCE-IT
[105] 8179 45 with CVD or

50 with DM
IPE
4 g

Patients with established
CVD or DM on statin

therapy with increased
TG levels

4.9 Mineral oil

EVAPORATE
[119] 80 30–85 IPE

4 g

Patients with confirmed
coronary artery stenosis on

statin therapy with increased
TG levels.

1.5 Mineral oil

JELIS
[114] 18,645

Men 40–75
Women up to

75 years

EPA 1.8 g
+pravastatin or

simvastatin

Patients with previous MI or
PCI or with confirmed

angina pectoris or
without CVD.

4.6 No placebo

CHERRY
[120] 193 68 ± 10 Pivastatin + EPA

4 mg + 1800 mg Patients with CHD after PCI 6–8 months Pitavastatin
4 mg/day

Unsuccessful—Failed to reach primary endpoint *

STRENGTH
[121] 13,078

18–99 (>40 for
men 50 for
women if
with DM)

EPA + DHA
carboxylic acids.

4 g

LDL-C < 100 mg/dL, on
statins, TG levels
180–499 mg/dL,

HDL-C < 42 mg/dL in men,
<47 mg/dL in women,
patients with CVD or

diabetes with risk factors.

5 Corn oil

VITAL
[116] 25,871 Men > 50

Women > 55
EPA + DHA

1 g

Healthy men > 50 and
healthy women > 55. TG

levels not specified.
5.3 Not

specified

ASCEND
[118] 15,480 >40 EPA + DHA

1 g
Persons older than 40 years

with DM without CVD. 7.4 Olive oil 1 g

ORIGIN
[117] 12,536 50 EPA + DHA

465 mg + 375 mg

High risk of CVD + impaired
fasting glucose/glucose

intolerance/DM.
6.2 Olive oil

1 g

OMEMI
[122] 1027

70–82
+

Recent
(2–8 weeks) MI

EPA + DHA
930 mg + 660 mg Recent acute MI 2 Corn oil

* According to the study authors. Abbreviations: IPE: icosapent ethyl, DM: diabetes mellitus, TG: triglyceride, MI:
myocardial infarction, PCI: percutaneous coronary intervention.

4.2.2. The STRENGTH Trial in Context

Epanova® was originally produced by Omthera Pharmaceuticals Inc. in New Jersey,
USA before being acquired by AstraZeneca. Epanova® is a 1 g supplement that delivers
850 mg of n-3 PUFA in the form of carboxylic acids. In the production process, the n-3 PUFA
are hydrolyzed and distilled from ethyl esters into PUFA carboxylic acids. The final concen-
tration of EPA and DHA in this drug is 75%. The aim of this therapeutic was to maximize
the EPA and DHA bioavailability for the treatment of hypertriglyceridemia. Epanova®
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does not need to be hydrolyzed by lipases from the pancreas, allowing easier absorption by
the intestines and eliminating the need for consumption with a high-fat meal [123,124]. The
STRENGTH trial was designed to examine the effects of Epanova® on reducing rates of car-
diovascular events in statin-treated patients with hypertriglyceridemia [124]. STRENGTH
involved a randomized, placebo-controlled, double-blind study between 13,078 patients in
a 1:1 ratio treatment of 4 g/day of n-3 PUFA carboxylic acids (Epanova®) versus 4 g/day of
a corn oil placebo. Participants were 62.5 years old, consisting of 35% female participants.
A corn oil placebo was chosen for this trial over mineral oil and liquid paraffin because it
has a reduced incidence of gastrointestinal adverse effects and provides adequate calorie
management. The criteria to participate in the STRENGTH trial included patients with high
cardiovascular risk (CVR), determined atherosclerotic cardiovascular disease (ASCVD),
established diabetes with an addition risk factor, or other high-risk primary prevention pa-
tients based on risk factor assessments and age factors, triglyceride levels ranging between
180 and 500 mg/L, and high density-lipoprotein cholesterol (HDL-C) levels of <42 mg/dL
(men) or <47 mg/dL (women) [121]. Additionally, participants were required to be on
100% statin therapy four weeks prior to the trial’s commencement date and low-density
lipoprotein cholesterol (LDL-C) levels had to be <100 mg/dL [121,124].

The primary endpoints of the trial were the composite of cardiovascular mortality,
nonfatal myocardial infarction, nonfatal stroke, unstable angina, and revascularization [121].
An interim analysis led to the early termination of the trial due to a perceived low clinical
benefit of treatment versus the placebo. There were 1384 validated initial primary endpoint
occurrences out of the predicted 1600 primary events among the almost 13,000 patients who
completed the trial. In total, the primary endpoint occurred in 12% of the treated cohort
(n = 785) versus 12.2% (n = 795) of the corn oil cohort. Furthermore, gastrointestinal adverse
events occurred more frequently in the Epanova® group versus the corn oil cohort (24.7%
versus 14.7% respectively). Likewise, atrial fibrillation was more frequently observed in the
Epanova® group compared to the corn oil group (2.2% versus 1.3%) [121].

The addition of n-3 PUFA carboxylic acids to individuals on statin therapy with high
cardiovascular risk compared to those on corn oil resulted in no meaningful change in a
composite outcome of major adverse cardiovascular events. Therefore, the data reported
do not support the use of these n-3 PUFAs to reduce cardiovascular risk.

4.3. What Can We Learn from the STRENGTH and REDUCE-IT Trials

The role of n-3 PUFA supplementation and heart health strikes up great controversy
due to heterogeneity between different clinical trials. This is clearly evident among some
of the largest clinical trials. The most obvious examples include the more recent apparent
successful reduction in cardiovascular risk observed in the REDUCE-IT trial and the
apparent failure to reduce cardiovascular risk observed in the STRENGTH trial [125]. Some
of these differences are presented in Table 3. There are several reasons why the results of
these two important trials may differ.

To begin with, both trials opted to use different formulations of n-3 PUFAs, as was
previously alluded to. The REDUCE-IT trial provided participants with a 2 g dose of
IPE (Vascepa) po bid or an equivalent style placebo containing mineral oil; participants
were on a medically controlled 100% statin treatment [104]. Whereas the STRENGTH trial
provided participants with Epanova®, which is a 1 g supplement that delivers 850 mg
of n-3 PUFAs in the form of carboxylic acids versus a corn oil placebo. It is clear that
the type, form, and dosing of the n-3 PUFAs differed between the trials. Another major
difference is the absorption of the two products. IPE needs to be converted in the liver by
hepatic conversion. In contrast, Epanova® is a carboxylic acid that has been exposed to
additional manufacturing processes that allows the product to be consumed without the
requirement of further hydrolyzation by pancreatic lipases [124]. This posed the question
of whether differing levels of bioavailability were at play. Indeed, higher serum EPA
levels were measured in the REDUCE-IT cohort (144 μg/mL) versus the STRENGTH
cohort (89 μg/mL) [126]. This is one potential reason for the observed disparity in findings
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between the trials. It was also questioned whether DHA may pose some harm in the
STRENGTH trial, thus explaining the differing outcomes. However, a secondary analysis
of the STRENGTH cohort indicated that there was no significant increase in benefit or any
adverse outcomes in individuals with the highest levels of serum EPA or DHA [127].

Table 3. Comparisons between the STRENGTH and REDUCE-IT trials.

Clinical Trial STRENGTH REDUCE-IT

Number of participants 13,078 8179

Population High CVR, elevated TG levels, low HDL levels High CVR, elevated TG levels, Diabetes

Treatment DHA/EPA carboxylic acids (4 g/d) (Epanova®) Icosapent-ethyl ester (4 g/d)

Placebo Corn oil Mineral oil

Follow-up Median 3.5 years 4.9 years

Primary Endpoint
Nonfatal stroke and MI, cardiovascular death,

nonfatal MI, coronary revascularization or
unstable angina

Nonfatal stroke and MI, cardiovascular
death, coronary revascularization or

unstable angina

95% CI of Primary Endpoint 0.99, 0.90–1.09 0.75, 0.68–0.83

Abbreviations: CI = Confidence Interval.

As aforementioned, it is also important to acknowledge that the placebos used in
both trials were different from each other, and this may indeed affect outcomes due to
the potential negative effects of mineral oil on cardiovascular health [103,126]. Therefore,
using mineral oil as a placebo may affect trial outcomes and raise the cardiovascular risk
of those in the placebo group, falsely indicating a beneficial effect in the treatment group.
However, these arguments are still being debated [103]. A cohort study using patients
from the Copenhagen General Population Study (CGPS) was conducted to mimic the trial
design of both studies to explain differences in observed CRP and serum lipid levels [128].
Patients who met the inclusion criteria took part in trial designs that emulated both the
STRENGTH (n = 6862) and REDUCE-IT (n = 5684) studies. The authors of this study
concluded that the contrasting results of both trials were likely due to a difference in the
effect of the placebo oil used and not of the treatments assessed, as the mineral oil increased
serum lipids and CRP [128]. However, this only partly explains the perceived benefit seen
in the REDUCE-IT trial. Approximately, an additional 13% risk reduction may be due
to a potential benefit of IPE, chance, or other factors [126]. Another way that both trials
differed is in their enrollment criteria. While both trials needed patients with elevated
lipid levels for study admission, REDUCE-IT only required mild hypertriglyceridemia
(135–499 mg/dL) [105], whereas the STRENGTH trial required triglyceride levels between
180 and 500 mg/dL [121]. While minor, differences in enrollment may bias trial outcomes.

Several n-3 PUFA products on the market are generally recognized as safe (GRAS).
However, both trials indicated that there was an increased incidence of atrial fibrillation
among participants [126]. Therefore, at a population level, it is important that incidence of
atrial fibrillation is continually monitored.

4.4. Marine Oil Polar Lipids: Innovations and Human Health

The majority of fish oil products on the market are neutral n-3 PUFA products. PL
products are less frequently available due to the loss of PLs during the degumming pro-
cesses conducted in industrial production of fish oil [129]. Although n-3 PUFAs have been
extensively studied for their potential health benefits, particularly in terms of CVD, PLs may
be more effective as carriers of n-3 PUFAs due to their increased bioavailability [16,18,129].
Krill oil is an example of a product that contains a high proportion of n-3 PUFAs bound
to phospholipids [130,131]. The 72-hour bioavailability of 700 mg DHA with EPA in krill
oil was assessed in comparison to that of fish oil and krill meal within a randomized trial
containing 15 healthy participants. In this study, when considering the primary endpoint,
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DHA along with EPA contained increased bioavailability in the krill oil sample compared
to that of fish oil and krill meal. However, in terms of secondary endpoint, the results
were conflicting. The bioavailability of the samples did not differ, which suggests that
the phospholipids were not absorbed any better than that of the triglycerides [132,133].
Hence, further studies are ultimately required to confirm this hypothesis. In addition, a
study undertaken by Lapointe, et al. [134] concluded that the bioavailability of the sample
containing DHA and EPA in the form of that of PL esters was greater than that of the cohort
containing n-3 PUFAs in the ethyl ester form.

Although not an extensive list, several studies in Table 4 indicate that marine PLs
may counteract thrombosis and inflammation [18,135]. One study showed that oil extracts
from fish such as sea bass, plaice, coley herring, and rainbow and golden trout exhibited
antiaggregatory properties against PAF-induced rabbit platelet aggregation in vitro [136].
All six fish are widely consumed in Europe. In a more recent study, fish oil obtained
from salmon, herring, and boarfish, along with their processing by-products exhibited
antithrombotic effects, against PAF and thrombin-induced human platelet aggregation
due to their polar lipid content in vitro. Indeed, neutral lipids from the same fish did not
exhibit the same level of antiplatelet activity despite their n-3 PUFA compositions [137].
Similar studies in human platelet aggregation studies against PAF and thrombin in vitro
with salmon polar lipids [138] and food-grade salmon polar lipids [139] have shown that
marine oils rich in PLs may exert favorable antiplatelet effects.

Fish fatty acid composition can change due to a variety of factors [140], and many re-
searchers have shown that fish oil compositions change in response to diet alterations [141,142].
Food processing by-products are often used in animal feed. One such by-product is olive
pomace (OP), which exhibited anti-PAF effects in vitro [143,144]. In one study, both sea
bass (Dicentrachus labrax), and gilthead sea bream (Sparus aurata) were fed diets containing
OP [145]. The results of this study indicated the PLs of the gilthead sea bream consisted
of PAF inhibitors known to inhibit PAF both in vivo and in vitro likely accruing to a great
extent due to the OP feed. However, incorporation of OP within fish feed at 8% appeared
to negatively affect mortality and growth rate within sea bass, but a 4% OP diet was more
tolerable. Oils obtained from these fish exhibited antiplatelet actions against PAF in vitro.
To determine what lipids were responsible for the observed activity, Nasopoulou, et al. [146]
isolated a number of lipid fractions to elucidate the structures and biological activity of the
PLs purported to be responsible for the cardioprotective activity observed in vitro. Seven
lipid fractions extracted from the fish that consumed the OP diet exhibited potent inhibitory
actions against PAF-induced platelet aggregation, in comparison with that of those fed with
the conventional fish oil (FO) diet. Moreover, the balance of PL fractions of fish, which were
consuming the OP diet resulted in a large increase in inhibitory activity against platelet
aggregation as opposed to their respective PL fractions obtained from fish fed the FO diet.
This likely suggests that antiplatelet properties of the OP were likely increased in the fish
flesh and oils through the OP diet. Indeed, when the OP-fed gilthead seabream (0.06%)
fish oil was fed to hypercholesterolemic rabbits, a reduction in plaque size was observed
versus the cholesterol diet (1%) control rabbits, indicating a potential anti-atherosclerotic
effect of the fish PL [147]. These affects may also in part be due to the observed modulation
of PAF metabolic enzymes including PAF-acetylhydrolase (PAF-AH) both in vitro and
in vivo [147,148].

When assessed in healthy human volunteers, OP-fed fish consumption did not signifi-
cantly affect multiple cardiovascular markers with the exception of an elevated PAF-CPT
(1-alkyl-2-acetyl-sn-glycerol-choline-phosphotransferase) and reduced arachidonic acid
levels in red blood cells [149]. However, this study is still rather promising considering this
was a healthy population. Further studies in patients with higher CVD risk may indicate
whether consumption of such functional foods may benefit patient cardiovascular health.
Collectively, these studies further highlight the role that both PAF and its metabolism play
in atherosclerosis and the role that future fish PL-based therapeutics may play in the battle
against CVD. Indeed, multiple studies have demonstrated potential antiplatelet properties
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of fish oil PLs in vitro against PAF and various platelet agonists [137–139,150–152] and in
various models of CVD in vivo [145,153]. However, it should be noted that PL sources
characterized by lower levels of n-3 PUFAs such as dairy and meat also exhibit antiplatelet
effects to a similar extent [21,154,155], indicating the promise of developing PL-based
therapeutics generally.

Table 4. An overview of some of the studies investigating marine polar lipids possessing antiplatelet
and anti-inflammatory activities in vitro and in vivo. While there has been much advancement in
this field, further research is required.

Marine Lipid Sources Experiments Conducted Results Reference

Salmon fillet
(Salmo salar)

Investigation of the in vitro inhibition by
salmon PL extract against PAF and

thrombin-induced platelet aggregation in
human PRP.

Salmon PL, TNL, and TL fractions from
PE and PC showed high inhibitory activity

against PAF and thrombin-induced
platelet aggregation. These fractions had

high concentrations of n-3 PUFAs.

[138]

Salmon fillet
(Salmo salar)

Examination of the antiplatelet effects of raw
and cooked salmon fillet PLs using different

techniques against PAF-, thrombin-, collagen-,
and ADP-induced platelet aggregation in

human PRP.

All PL extracts exhibited potent
antiplatelet effects. The extract was

abundant in n-3 PUFAs.
[156]

Salmon fillet
(Salmo salar)

Investigation of the in vitro inhibition by
salmon food grade PL extracts against PAF-

and thrombin-induced platelet aggregation in
human PRP.

Food grade salmon extracts inhibited both
PAF- and thrombin-induced platelet

aggregation. The extract was abundant in
n-3 PUFAs.

[139]

Salmon, herring, and boarfish
by-products

(Salmo salar, Clupea harengus, and
Capros aper)

Examination of the in vitro inhibition of PAF-,
thrombin-, collagen-, and ADP-induced

platelet aggregation in human PRP by fish
by-products isolated from salmon, herring,

and boarfish.

All PL extracts were abundant in n-3
PUFAs and exhibited potent antiplatelet
effects against various platelet agonists.

[137]

Salmon PL extract
(Salmo salar)

Assessment of the antineuroinflammatory
actions of salmon PLs in cell culture.

Salmon PLs demonstrated potential
anti-inflammatory and antioxidant actions

DI TNC1 rat astrocytes stimulated with
amyloid-beta or LPS as a control by

downregulating PAF receptor expression
and reducing oxidative stress.

[157]

Sardines and cod liver oil (Sardina
pilchardus and Gadus morhua)

Investigation of the antiplatelet in vitro
properties of TL, TNL, and TPL in WRP.

TPL strongly inhibited PAF-induced
platelet aggregation. [151,158]

Sea bream and sea bass
(Sparus aurata and

Dicentrarchus labrax)

Investigation of the in vitro antiplatelet
properties of TL, TNL, and TPL in WRP.

Inhibition of PAF-induced
WRP aggregation. [159]

Sea bream and sea bass
(Sparus aurata and

Dicentrarchus labrax)

Assessment of the anti-atherogenic effects of
PL consumption in 12 male

hypercholesterolemic rabbits versus a control
group not receiving PL.

The PL-enriched diet modulated PAF
metabolism and reduced circulatory PAF
levels, which may be linked to a reduction
in atherosclerotic plaques in these rabbits.

[145,147]

Dulse
(Palmaria palmata)

Assessment of dulse PL and their inhibitory
effects versus LPS-induced NO production.

PLs downregulated iNOS activity
demonstrating anti-inflammatory

properties.
[160]

Various algae-derived lipids
(Chondrus crispus, Palmaria palmata,

Porphyra dioica, Pavlova lutheri)

Various algae-derived lipids were assessed for
anti-inflammatory activity in LPS-stimulated

THP-1 macrophages in cell culture.

All lipids exhibited anti-inflammatory
activity via mediating toll-like receptors,

chemokines, and NF-κB.
[161]

Fresh and fried cod
(Gadus morhua)

Test the PAF-like and anti-PAF properties of
lipid fractions of fresh and fried cod, against
PAF-induced platelet aggregation in WRP.

Lipid fractions (TPL and TNL) from fried
and fresh cod showed inhibitory activity

as well as slight platelet aggregation,
indicating presence of both PAF agonists

and inhibitors.

[162]

Abbreviations: ADP, adenosine diphosphate; iNOS, inducible nitric oxide synthase; LPS, liposaccharide; n-3
PUFAs, omega-3 polyunsaturated fatty acids; NF-κB, nuclear factor kappa B; NO, nitric oxide; PAF, platelet-
activating factor; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PL, polar lipids; THP-1, acute mono-
cytic leukemia cell line; TL, total lipids; TNL, total neutral lipids; TPL, total polar lipids; WRP, washed rab-
bit platelets.
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A significant proportion of the n-3 PUFA composition of fish is obtained through
dietary sources including microalgae, phytoplankton, and cyanobacteria [163]. Therefore,
microalgae are becoming increasingly popular as a source of high-value compounds with
interesting bioactivity and chemical diversity. That said, the knowledge and understanding
around their PLs’ characteristics remains largely limited [164]. Algae contain lipids such
as n-3 PUFAs with antioxidant potential [161,165], which are sometimes attributed to the
presence of glycolipids that are also known to exhibit antitumor and anti-inflammatory
properties [166,167]. Indeed, it has been suggested to bypass the extraction of fish oil
entirely and to instead focus on the production of n-3 PUFA supplements and nutraceuticals
from microalgae and macroalgae, as they are a source of high-value lipids. Moreover,
recent studies have suggested there is an abundance of therapeutic and pharmacological
potential in relation to Spirulina biomass. Strong in vitro anti-thrombin and anti-PAF
activities have been reported for extracts containing n-3 PUFA-rich PL fractions of Spirulina
subsalsa [168] and Chlorococcum sp. [169]. Macroalgae are also under investigation for
their PL composition [170,171]. Both Palmaria palmata and Grateloupia turuturu are rich
sources of EPA Palmaria palmata, and PL extracts from these macroalgae exhibit antioxidant
effect [172,173].

Other exciting marine sources for PL include sea urchins [174]. Lipids from the edible
gonads of the sea urchin (uni) have been extensively studied [175]. Furthermore, there
is the potential to use other parts of the sea urchin for the development of novel lipid-
based products. For example, the sea urchin body wall, dermis, and epidermis of the
endoskeleton, are thought to inhibit MAPK p38, COX-1, and COX-2, indicating potential
anti-inflammatory effects [176]. Indeed, other sea creatures including tunics like Halocynthia
aurantium [177] appear to harbor PLs with potential cardioprotective effects. The vast array
of creatures in the oceans that contain abundant and novel PLs means that there is a vast
area of PL research yet to be explored.

Another area of research that has gained attention is the formulation of oils that
use combinations of fish oils with oils from other sources, including plant extracts like
chamomile oil, schisandra oil, or motherwort oil. One study showed that the immunomod-
ulatory and antioxidant capacity of fish oil was improved when combined with chamomile
and schisandra oil in vitro and in vivo, indicating potential synergistic effects of the fixed
combination of oils [178]. This is a relatively underexplored area of research regarding fish
PLs, which warrants further investment in research.

Despite all of these promising areas of research, further investigation is required to
establish many of the PL-related findings in vivo. More clinical trials are also required
to further investigate PLs and their effects on cardiovascular health. There are limited
examples of PLs used for treatment of human conditions. However, although not related to
CVD, a PL-rich pulmonary surfactant known as poractant alfa has been used in Russia and
elsewhere to treat premature neonates with respiratory distress syndrome in combination
with standard therapies [179], indicating that there is certainly scope for such products to
be brought to market.

Lastly, studies investigating marine PLs use a variety of lipid sources and isolation
methods to bioprospect for a variety of potential bioactivities that may be beneficial for
human health. These have been extensively reviewed [16,67,180]. However, the majority
of these studies have been conducted using non-food-grade solvents that are toxic for
human consumption, which, even if evaporated, may leave residues that are potentially
dangerous in the oils. Some studies have investigated the use of food-grade extraction
protocols in marine and non-marine lipids sources and noted differences in biological
activity between conventional extraction methods and food-grade extraction methods
for PL extracts due to differences in product composition [139,181,182]. Therefore, it is
important that future studies consider the use of food-grade solvent extraction procedures
when bioprospecting for potential bioactives in novel sources to ensure that such products
may be safely evaluated in vivo. Indeed, it may also be worth considering the evaluation
of such products using simulated gastrointestinal digestion (SGID) protocols also.
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5. Conclusions and Future Research Directions

In this review, we investigated the evidence surrounding marine oil consumption and
cardiovascular health. In particular, we focused on n-3 PUFA and PL supplementation
and their capacity to reduce cardiovascular risk. In the n-3 PUFA research space, many
large clinical trials have been conducted with variable results because of differing trial
design, placebos used, doses, and the form of n-3 PUFA consumed. An in-depth review
of the REDUCE-IT and STRENGTH trials was conducted. Generally, while n-3 PUFAs
may provide some cardiovascular benefits, large-scale trials have failed to conclusively
support their use for cardiovascular risk reduction. This is largely due to differences in
trial design, placebo use, and the different forms of n-3 PUFAs that have been assessed.
The consumption of n-3 PUFA supplements is high worldwide but likely poses limited
risk for adverse events. Trials largely expressed concerns about the increased incidence of
atrial fibrillation, which should be monitored closely at a population level. This review
also evaluated the role and potential of n-3 PUFAs withing dietary PLs and their potential
cardiovascular benefits for risk reduction, through the examination of both in vitro and
in vivo studies. Evidence regarding PL supplementation, although promising, is limited
and further research is required. Given the large gaps within the literature remaining for
both n-3 PUFAs and PLs, it is difficult to draw concrete conclusions. In designing future
studies, we suggest that the form of n-3 PUFA used needs to be taken into account along
with the choice of placebo. Studies investigating PL forms of n-3 PUFAs are also warranted
in humans to determine whether the polar head group conveys greater bioavailability of
n-3 PUFAs, thus increasing their efficacy and potency.
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Abstract: Patients with ulcerative colitis (UC) have higher rates of depression. However, the mecha-
nism of depression development remains unclear. The improvements of EPA and DHA on dextran
sulfate sodium (DSS)-induced UC have been verified. Therefore, the present study mainly focused
on the effects of EPA and DHA on UC-induced depression in C57BL/6 mice and the possible mech-
anisms involved. A forced swimming test and tail suspension experiment showed that EPA and
DHA significantly improved DSS-induced depressive-like behavior. Further analysis demonstrated
that EPA and DHA could significantly suppress the inflammation response of the gut and brain by
regulating the NLRP3/ASC signal pathway. Moreover, intestine and brain barriers were maintained
by enhancing ZO-1 and occludin expression. In addition, EPA and DHA also increased the serotonin
(5-HT) concentration and synaptic proteins. Interestingly, EPA and DHA treatments increased the
proportion of dominant bacteria, alpha diversity, and beta diversity. In conclusion, oral adminis-
tration of EPA and DHA alleviated UC-induced depressive-like behavior in mice by modulating
the inflammation, maintaining the mucosal and brain barriers, suppressing neuronal damage and
reverting microbiota changes.

Keywords: colitis induced depression; EPA; DHA; inflammation; gut microbiota

1. Introduction

Ulcerative colitis (UC) is characterized by chronic relapsing inflammation affecting
the rectum and colon. Common symptoms of UC include weight loss, frequent abdominal
pain, diarrhea, and blood in the stools, which significantly affect patients’ quality of life.
The global prevalence and incidence of UC have been increasing in recent years, making it
a significant public health concern [1]. Patients with UC not only suffer from abdominal
pain and diarrhea, but may also experience the torment of depression. Accumulated
research has demonstrated that people with UC have a higher tendency of neuropsychiatric
disorders such as depression-like phenotypes [2,3]. Repeated treatment of drinking water
containing dextran sulfate sodium (DSS) is a classic rodent UC modeling method [4].
Researchers found that mice with DSS administration showed depression and anxiety-like
behavior [5,6].

DSS mainly damages the intestinal homeostasis, and its toxicity is manifested in
various aspects, including exacerbating apoptosis of intestinal epithelial cells, injuring
the integrity of the intestinal epithelial barrier, exacerbating intestinal inflammation, and
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disrupting the balance of intestinal microbiota [7–9]. High molecular weight DSS cannot
penetrate the blood–brain barrier (BBB) and directly affects brain tissue homeostasis. How-
ever, recent studies have found that DSS-induced colitis mice showed neuroinflammation
in the brain and the reduction of neurogenesis [10,11]. Takahashi found a decreased concen-
tration of serotonin, damage of the myelination, increased tumor necrosis factor-α (TNF-α)
and interleukin-6 (IL-6), and depressive-like behavior in DSS-induced colitis [12]. Komoto
also revealed that C57BL/6J mice treatment with DSS exhibited the high comorbidity of
chronic unpredictable mild stress, leading to the induction of depressive disorders [13].
The potential mechanism underlying the connection between intestinal inflammation and
depressive symptoms is still unknown.

The gut microbiota and its metabolites are implicated in the development of inflam-
matory bowel disease. Compared with the healthy population, the overall diversity of gut
microbiota in patients with UC is significantly reduced, with a decrease in the abundance
of Bacteroidetes, Firmicutes, Clostridium IV and Suterella, and an increase in Proteobacteria,
Ruminococcus, and Bifidobacterium [14]. Transplanting healthy gut microbiota into patients
with UC through fecal microbiota transplantation could reconstruct normal gut microbiota
and achieve the goal of treating diseases [15]. Mounting evidence has suggested that gut
microbiota may affect brain function and behavior in the treatment of psychiatric pathol-
ogy [16,17]. DSS-treated rodents also showed changes of the metabolism of gut microbiota
in the intestine, such as the displacement of lipopolysaccharide (LPS), which led to the
increase of intestinal permeability (intestinal leakage) and systemic inflammation [18,19].
The systemic inflammatory factors activated the glial cell. The occurrence of inflammation
in the brain could be observed in UC-induced depression mice [20,21]. The above research
suggests that reshaping the gut microbiota and intestinal inflammatory response may be
the key point to improve depression-like behavior caused by UC.

The protective effects of n-3 long-chain polyunsaturated fatty acids docosahexaenoic
acid/eicosapentaenoic acid(DHA/EPA) on UC have been extensively reported [22,23].
Previous study has found that dietary supplementation with DHA/EPA could significantly
improve DSS-induced colitis by regulating the intestinal barrier, suppressing intestinal
inflammation and reshaping the gut microbiota [24,25]. However, the impact of DHA/EPA
on colitis-induced depression remains unexplored. The above research revealed that
the change in the brain might be due, at least in part, to the altered characteristics of
the gut microbiota. Therefore, in the present study, we examined whether DHA/EPA
prevented DSS-induced depressive-like behavior in mice, and further explored potential
mechanisms from the perspectives of changes in gut microbiota, intestinal inflammation,
and intestinal barrier to provide directions for elucidating the mechanism of enteritis
leading to psychological symptoms.

2. Results

2.1. EPA and DHA Alleviated Depressive-like Behavior

To explore the effects of DSS on depression, we focused on body weight changes,
and then behavior experiments, namely a forced swimming test (FST), tail suspension test
(TST), open field test (OFT), and the eight-arm maze (EAM), were conducted to evaluate
the behavioral characteristics of control and model mice and those supplemented with
DHA and EPA for comparison (Figure 1B–H). We recorded the changes of body weight
of the mice during the 17 days after starting the second round of DSS treatment. It could
be clearly observed that the body weight decreased sharply after five consecutive days
of DSS intervention, and then reached its lowest point on the first day after the second
round of DSS treatment. However, the decreasing trend was relieved after EPA and DHA
supplementation (Figure 1B).
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Figure 1. EPA and DHA alleviated DSS-induced depressive-like behavior of C57BL/6 mice.
(A) Experimental design and timeline of DSS treatment. (B) The body weight changes were de-
tected during the second DSS treatment and 12 days after DSS. (C,D) Time of immobility in the FST
and TST. (E,F) The duration of time the mouse spent in the central area and the total number of grid
crossings were recorded in the OFT. (G,H) Number of working memory errors and reference memory
errors in EAM. * p < 0.05, ** p < 0.01 and different letters are used to indicate statistical differences.

Decreased desire for survival, lack of exploration of new spaces, and memory loss are
all signs of depression-like behavior of mice. Results of FST and TST showed the duration of
immobility of the mice in model group was longer than that in the control group. After the
intervention with DHA and EPA, the immobility time was equally reduced (Figure 1C,D).
The results of OFT showed that the DSS treatment obviously decreased the square counts,
which are the total number of grid crossings of the mice. EPA supplementation increased the
square counts, but with no statistical significance. Interestingly, DHA obviously increased
the square counts. Results of time spent in the center showed that the mice of the model
group spent less time in that area (Figure 1E). EPA and DHA supplemented mice spent a
longer time in the central area with similar improvement (Figure 1F). The results of EAM
showed that the number of working memory errors and reference memory errors of mice in
the model group were similar to that of the control group (Figure 1G,H). Supplementation
with EPA and DHA decreased the number of working memory errors, and DHA exerted
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a significant advantage. No significant difference was observed after EPA treatment in
decreasing the number of working memory errors (Figure 1G). However, the reference
memory errors in the model group and control group were not significantly different,
and EPA and DHA treatment showed no advantage (Figure 1H). All of the above results
demonstrated that EPA and DHA alleviated depressive-like behavior.

2.2. Effects of EPA and DHA on Histological Changes of the Colon

Compared to the mice of the control group, mice with two rounds of DSS treatment
exhibited typical symptoms of colitis, such as reduced colon length (Figure 2A,B) and
increased disease activity index (DAI) scores (Figure 2C). Dietary addition of DHA and
EPA significantly alleviated the colitis phenotype by inhibiting the colon length shortening
and avoiding the elevated DAI scores due to the changes of weight loss, loose stools, and
hematochezia in mice. EPA and DHA exerted similar improvement in increasing the colon
length and decreasing the DAI score (Figure 2A–C).

HE staining and Alician blue staining data displayed that an increased intestinal
permeability was observed in the model group, such as intestinal structure atrophy (reduced
villus height, Figure 2D), and low level acidic mucin level (Figure 2E). At the same time,
immunohistochemical data revealed that the expression of tight junction proteins (TJs),
including zonula occludens 1 (ZO-1) and occludin, were reduced in the colon of the
model mice (Figure 2F). Moreover, long-term EPA/DHA supplementation significantly
ameliorated intestinal barrier damage and maintained the integrity of the mechanical
barrier of the intestinal mucosa by enhancing the protein expression of ZO-1 and occludin
(Figure 2D–F).

A B C 

D 

E 

Figure 2. Cont.
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F 

Figure 2. EPA and DHA relieved typical symptoms of UC. (A,B) Representative images of colon and
quantitative analysis of colon length. (C) DAI scores. (D) Representative results of HE staining (scale
bar = 50 μm). (E) Alcian blue (scale bar = 50 μm). (F) Immunohistochemistry of occludin and ZO-1 in
the colon tissue (scale bar = 50 μm). * p < 0.05, ** p < 0.01 were used to indicate statistical differences of
the four groups. * p < 0.05, ** p < 0.01, and different letters are used to indicate statistical differences.

2.3. EPA and DHA Maintained the Blood–Brain Barrier

Immunohistochemical data have suggested reduced expression of TJs, precisely ZO-
1 and occludin, in the intestines of DSS-induced mice (Figure 2F). To investigate the
expression of TJs in the brain, we also examined the expression of ZO-1 and occludin by
Western blotting (Figure 3A). Unlike changes in intestinal permeability, DSS treatment
did not reduce the level of TJs in the brain. The protein expression of ZO-1 was similar
between the model group and the control group. However, EPA and DHA supplementation
could enhance the expression of the key protein ZO-1 in the brain, but did not increase
the level of occludin (Figure 3B). It seemed that the model group showed higher occludin
expression. In summary, EPA and DHA may affect the blood–brain barrier by regulating
the key protein ZO-1 in TJs.

A B 

Figure 3. EPA and DHA ameliorated blood–brain barrier. (A) The protein expression of ZO-1 and
occludin in the brain (B) The quantitative analysis of ZO-1 and occludin in the brain. Different letters
are used to indicate statistical differences.

2.4. EPA and DHA Relieved Inflammation in the Intestine and Brain

The release of inflammatory cytokines is closely related to the activation of cerebral
glial cells. Firstly, we focused on the activation of cerebral glial cells and observed the
expression of glial fibrillary acidic protein (GFAP) and ionized calcium binding adaptor
molecule 1 (IBA-1) by immunohistochemistry. The results showed that the cerebral glial
cells of the DSS group were activated, and dietary supplementation with DHA/EPA
alleviated this activation (Figure 4A). In addition, we assessed the inflammation in the colon
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and brain (Figure 4B–E). The results of Western blotting suggested that two rounds of DSS
treatment obviously increased the NOD-like receptor thermal protein domain-associated
protein 3 (NLRP3) expression both in the brain and the colon. However, as for the apoptosis-
associated speck-like protein containing a CARD (ASC) expression, the changes between
the model group and the control group were not significant. Supplementation with EPA
and DHA obviously decreased the protein expression of NLRP3 and ASC both in the brain
and colon of the model group (Figure 4B–C). ELISA results for the cellular inflammatory
factor interleukin-1β (IL-1β) showed that the levels of inflammatory factors both in the
brain and colon of the model group were almost three times higher than those in the
control group. However, EPA treatment significantly decreased the concentration of IL-1β
both in the brain and the colon tissue (Figure 4D–E). In contrast, DHA treatment only
significantly reduced IL-1β in colon tissue (Fig. 4E), but the effect on brain tissue was
not significant (Figure 4D). Overall, EPA was more effective than DHA in regulating the
cerebral inflammatory response.

A 

 

B C 

Figure 4. Cont.
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Figure 4. EPA and DHA attenuated inflammation by regulating NLRP3 inflammasome. (A) Im-
munohistochemical representative diagram of activation markers of astrocyte and microglia (scale
bar = 50 μm). (B,C) Key protein expressions of NLRP3 inflammasome and quantitative analysis of
the brain and the colon. (D,E) IL-1β level of the brain and the colon detected by ELISA. * p < 0.05 and
different letters are used to indicate statistical differences.

2.5. EPA and DHA Suppressed Neuronal Damage

The alterations of serotonin (5-HT) and synaptic proteins are critical in the pathogen-
esis of depression. The concentration of cerebral 5-HT was detected using an ELISA kit.
The results indicated that DSS treatment significantly decreased the content of 5-HT in the
brain. EPA and DHA supplementation could increase the concentration of 5-HT, and the
improvement of DHA was superior to that of EPA. No significant difference was observed
between the EPA group and the model group (Figure 5A). Similarly, the results of Western
blotting revealed that DSS intervention obviously decreased the synaptic proteins of post-
synaptic density protein-95 (PSD95) and synaptophysin (SYN), and EPA-supplemented
mice showed higher SYN and PSD95 expression, while DHA had no statistically significant
effect (Figure 5B). Therefore, we hypothesized that EPA and DHA ameliorated neuronal
injury by increasing the expression of 5-HT, PSD95, and SYN, respectively.

 

 

A 

 

B 

Figure 5. EPA and DHA promoted the expressions of synaptic proteins in the brain of DSS-
administered mice. (A) Cerebral 5-HT level. (B) Representative immunoblots of synaptic proteins
and the quantification. * p < 0.05 and different letters are used to indicate statistical differences.
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2.6. EPA and DHA Reshaped the Composition of Gut Microbiota

DSS intervention induced changes of the diversity and the structural composition
of the intestinal flora (Figure 6A–G). As for the changes of flora diversity, DSS exposure
decreased the ACE and Chao indexes, and dietary supplementation with DHA/EPA could
equally inhibit these decreases (p < 0.05) and increase the α-diversity index (Figure 6A).
However, the changes of the Simpson and Shannon indices among these four groups were
not significant. Furthermore, in the PCA and PCoA plots, the control, model, EPA, and
DHA groups showed different clustering of microbial community structure, and the gut
microbial structure was changed after DSS, EPA, and DHA intervention (Figure 6B,C). In
addition, 611 OTUs were identified in the fecal samples of all four groups as shown in
the Venn diagram, of which 291 OTUs were common to all four groups, while 40 OTUs in
the model group were different from all other groups (Figure 6D). However, the compo-
sition of microbial community structure showed different trends among the four groups
(Figure 6E–G).

Next, we determined the composition of the gut microbiota at different taxonomic
levels. At genus level, Muribaculaceae, Dubosiella, and Bifidobacterium, approximately
accounting for 80%, were the most abundant taxa. Statistical analyses, represented by
Bifidobacterium, Streptococcus, and Enterococcus at the genus level, revealed that DSS
exposure raised the abundance of Streptococcus and Enterococcus as well as distinctly
reducing the abundance of Bifidobacterium. In contrast, the supplementation of EPA and
DHA restored the structure of gut microbiota near to that of the control group (Figure 6E–F).
At species level, clustered heat maps depicted the abundance of the top 30 species, and the
structural composition of the microbial communities of the four groups showed significant
differences, especially for Alloprevotella, Allobaculum, Akkermansia_muciniphila, and Entero-
coccus (Figure 6G). These results suggested that DHA and EPA had the ability to enrich the
diversity of and reshape the composition of gut microbiota.

 A 

 B  C D 

Figure 6. Cont.
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Figure 6. EPA and DHA improved the composition of microbial community structure. (A–C) Alpha
diversity and beta diversity of gut microbiota. (D) Venn diagram. (E) Distribution of colony abun-
dance at the genus level. (F) Changes in Bifidobacterium, Streptococcus, and Enterococcus at genus level.
(G) Community heat map analysis on species level. * p < 0.05 and different letters are used to indicate
statistical differences.
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3. Discussion

In this study, we firstly explored the protective effects of DHA and EPA on DSS-
induced depressive-like behavior and cerebral neuronal injury. Our results showed that
DSS treatment induced depressive behavior in mice, and glial inflammation and neuronal
damage in the brain, and disruption of gut microbiota. Dietary supplementation with DHA
and EPA alleviated intestinal and brain inflammation, increased the expression of synaptic
related proteins in the brain and regulated gut microbiota.

Damage to the intestinal barrier, changes in microbiota, and high-level inflammation
are typical pathological features of UC [26]. The intestinal mucosal barrier, including
mechanical barriers, chemical barriers, immune barriers, biological barriers, is the largest
barrier that ensures the homeostasis of the internal environment. The mechanical barrier
is composed of TJs, intestinal epithelial cells, and their secreted mucus layer, which is the
first line of defense for the body to resist pathogen invasion. Among them, TJs are the
main connection between intestinal epithelial cells. ZO-1 and occludin are two classical
intercellular tight junction proteins, which are closely related to intestinal integrity. When
the components of the mechanical barrier are disrupted, intestinal permeability increases,
resulting in bacterial translocation, and exacerbating the progression of UC. Numerous
studies have confirmed that DSS could disrupt intestinal mucosal barrier. In our study,
we found that DHA and EPA could significantly maintain intestinal mechanical barrier
function by enhancing the expression of ZO-1 and occludin, and improve the ability of
intestinal epithelial cells to produce mucin, which is consistent with previous studies [24,27].
Our results also suggested that DHA and EPA showed certain advantages in regulating
the integrity of the BBB, which is crucial for maintaining brain homeostasis. Increased
permeability of the BBB was observed in the brain of patients with depression, manifested
by a decrease in TJs’ expression [28]. The above results suggest that the improvement of
DHA and EPA in relieving UC-induced depression in mice is at least in part related to the
integrity maintenance of intestinal and brain barriers.

The accumulation of intestinal inflammatory factors, mainly the pro-inflammatory fac-
tors, is the main culprit of intestinal barrier damage. It has been revealed that inflammatory
factors have a negative impact on intestinal epithelial cells and the intestinal microenviron-
ment, ultimately leading to an unresponsive chronic inflammatory response in the intestine
and the development of UC [29,30]. In addition, the leakage of the intestinal barrier can lead
to bacterial toxins and pro-inflammatory factors in the intestinal cavity entering the blood-
stream, causing systemic inflammatory reactions [31]. Peripheral inflammation is a risk
factor for the occurrence of cerebral inflammation and the developing depression [32,33].
Clinical studies found that patients with inflammatory bowel disease had a higher risk of
depression [34,35]. Previous study showed that in the acute phase of mouse colitis, the
number of macrophages in the brain increased, and at the same time, microglia and the
main immune monitoring cells of the nervous system were also activated, indicating that
intestinal inflammation can quickly cause brain inflammatory response [36]. We focused
on the effects of the NLRP3 inflammasome on peripheral inflammation and brain inflam-
mation, which was the most representative inflammasome responsible for recognizing
exogenous and endogenous danger signals [37,38]. Activation of NLRP3 inflammasome
promoted the production of proinflammatory cytokines IL-1β.

Its secretion, in turn, triggered inflammation and participated in the pathogenesis of
depression [39,40]. Therefore, the inhibition of IL-1β could serve as an accomplice in the
management of UC-associated depression. In the present study, EPA and DHA adminis-
tration alleviated the damage of DSS treatment on intestinal and cerebral inflammation
by downregulating NLRP3 and ASC protein expression, and EPA and DHA exerted sim-
ilar effects in reducing the production of the pro-inflammatory cytokine IL-1β. Studies
have found that people with major depressive disorder showed increased inflammatory
cytokines and severe neuroinflammation [41,42]. Our present results showed that EPA was
superior to DHA in decreasing the production of cerebral IL-1β. This seems to suggest
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targeted intervention to reduce intestinal inflammation and related pathological reactions
has enormous therapeutic potential in the field of psychiatric disorders.

DSS-treated mice exhibited dysfunction of the serotonergic system, and reduction of
synaptic plasticity markers (SYN and PSD95) in the brain [43,44]. Cerebral serotoninergic
systems are subjected to the alterations in the intestinal microenvironment [45]. Serotonin
(5-HT) is the most important neurotransmitter in the onset and development of depres-
sion. Previous study has reported that both the tryptophan hydroxylase 2, one of the key
enzymes for 5-HT synthesis, and 5-HT levels were decreased in the prefrontal cortex in
DSS-treated mice [12]. This study also showed that DSS treatment obviously decreased
5-HT levels. Interesting, our results found that DHA and EPA administration obviously
relieved the reduction of 5-HT in the brain caused by DSS. In addition, researchers observed
a decrease in dendritic complexity and the synaptic number of neurons in the hippocampus
of depressed animals. Evidence showed that 5-HT participates in the process of shaping
synaptic plasticity [46,47]. Consistent with the changes of 5-HT level, the expression of
PSD95 and SYN in the brain showed a decreasing trend after DSS treatment. However,
dietary supplementation with EPA and DHA significantly improved synaptic plasticity
markers. Therefore, the protective effects of EPA and DHA on depressive-like behavior
might partially be associated with suppressing neuronal damage.

Microecological dysbiosis, which is a pathological imbalance in the microbial com-
munity, has been linked to UC. Evidence has revealed that the imbalance of intestinal
microflora affected the renewal and differentiation of intestinal epithelial cells, the thick-
ness and composition of the mucus layer, the distribution of tight junction proteins, and
the microflora metabolites, which may damage the mechanical barrier, causing chronic
inflammation of the intestine, leading to the development and progression of ulcerative
colitis. The gut microbiome is associated with inflammatory bowel disease and mental
health disorders such as anxiety and depression, and increasing evidence has suggested
that there are differences in the composition of gut microbiota between healthy individuals
and patients with anxiety and depression [48,49]. Numerous studies have shown a de-
crease in gut microbiota diversity and an increase in the abundance of inflammation-related
taxa in UC and depression-related mice models [50,51]. In this study, a chronic enteritis
model was established using two rounds of low-dose DSS drinking water. A decreasing
trend of α diversity was shown after DSS exposure, but there was no significant difference
compared to the control group. This may be caused by our modeling method. Interestingly,
intervention with DHA and EPA could significantly improve the diversity index, ACE,
and Chao. Moreover, the administration of DHA and EPA affected the abundance of
specific bacterial communities. The probiotic Bifidobacterium was increased and potential
pathogens containing Streptococcus and Enterococcus were decreased after DHA and EPA
supplementation, which were obviously changed in gut microbiota in patients with UC and
depression [52,53]. Studies on mice showed that probiotic administration of Bifidobacterium
seemed to improve UC and depressive symptoms [54,55]. Overall, the potential mecha-
nism by which EPA and DHA improve depression-like behavior caused by UC cannot be
separated from the regulation of gut microbiota diversity and composition.

4. Materials and Methods

4.1. Materials

EPA ethyl ester and DHA ethyl ester (90%purity) were obtained from Xi’an Chiba
Grass Biotechnology Co., Ltd (Xi’an, China). DSS (molecular weight 36–50 kDa) used in
this study was purchased from MP Biomedicals (Irvine, CA, USA). The primary antibodies
of ZO-1 (#GB111402), occludin (#GB111401), and β-actin (#GB15003) were bought from
Service-bio (Wuhan, China). NLRP3 (#A5652) was obtained from ABclonal Technology
(Wuhan, China). ASC (#67824T) was purchased from Cell Signaling Technology (Boston,
MA, USA). SYN (#R25834) and PSD95 (#381001) were purchased from Zen-Bioscience
(Chengdu, China).
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4.2. Animals and Treatments

Seven- to eight-week-old C57BL/6 mice (n = 32, 21–22 g, male) were provided by Jinan
Pengyue Experimental Animal Breeding Co., Ltd. (license number: scxk 20190003). All
animals were adapted to the breeding environment with a 12 h/12 h light/dark period. The
animal experiments were approved by the Animal Ethics Committee of Qingdao University
of Science and Technology (no. SYXK2022-0602).

According to our experimental design in Figure 1A, one week later, the mice of the
control group and model group were given equal volumes of 0.2% bile salt solution. The
EPA group and DHA group were administrated with 100 mg EPA or DHA per kg body
weight. In the study, 2 cycles 2% DSS (wt/vol) in drinking water were used to establish a
DSS exposure-induced depressive-like behaviors mice model. In the first cycle, mice were
given 2% DSS from the 8th day to the 12th day, and then received drinking water without
DSS for 2 weeks. Subsequently, mice were treated with 2% DSS from the 27th day to the
31th day followed by 2 weeks distilled water. As shown in Figure 1B, the body weight
(%BW) changes were monitored during the second DSS treatment and 12 days after DSS.
The DAI score was calculated based on our previous method [56].

4.3. Behavioral Test

According to our previous study, behavioral tests including FST, TST, OFT, and EAM
were conducted one week before the end of the experiment [57]. Specific details of the
behavioral tests are included in the supplementary information. Behavioral test data were
recorded by the Smart 3.0 software (Panlab, Spain).

4.4. Tissue Collection

After the behavioral studies, the mice were fasted for 12 h. The blood was taken from
the eyeball and then the mice were sacrificed by cervical dislocation under anesthesia. The
colon and brain tissue were quickly collected and stored at −80 ◦C in a freezer.

4.5. Western Blotting and Other Experiments

Western blotting, ELISA, immunohistochemistry (IHC), HE staining, and Alcian blue
staining were conducted according to our previous study; detailed methods can be found
in the supplementary information [56].

4.6. 16S rRNA Gene Sequencing

Total microbial DNA from the fecal samples was extracted as previously described [58].
The V3-V4 region of the 16S rRNA gene was amplified. The PCR products were purified
using Agencourt AMPure XP beads purchased form Beckman Coulter (USA). The sequenc-
ing service was completed using an Illumina MiSeq instrument (Illumina, San Diego, CA,
USA). Operational taxonomic units (OTUs) with a 97% similarity threshold were clustered
by UPARSE software (version 7.1).

4.7. Statistical Analyses

Statistical analysis was performed by GraphPad Prism 9. All data were recorded using
means ± standard errors. Significant differences were indicated when p < 0.05. T-test was
used to compare the statistical difference between the control and model groups. Data
analyses among the DSS group, DHA group, and EPA group were performed by one-way
ANOVA followed by a Tukey’s post hoc test.

5. Conclusions

In the present study, DSS-induced UC model mice initiated depressive-like behavior
that might be triggered by the activation of inflammatory response in the intestine and brain
tissue, and the imbalance of gut microbiota. In addition, DHA and EPA had preventive
effects on these abnormalities potentially through maintaining the gut–brain barrier, inhibit-
ing the activation of the NLRP3 inflammasome pathway in the intestine and brain, and the
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reconstruction of microbial community structure. This study provided theoretical support
for DHA/EPA to ameliorate DSS-induced depression-like behavior in mice, but there were
some limitations, such as a single dose level of oral DHA/EPA in mice. However, in the
future, we will continue to focus on the effects of different dose relationships of DHA and
EPA on the brain’s nervous system, trying to identify the mediators of the communication
between the gut and brain. Further studies will be needed to clarify the role of NLRP3
inflammatory and gut microbiota on the pathogenesis of UC-related depression in mice.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md22020076/s1. In the Supplementary file we specifically described
behavioral experiments, western blotting, immunohistochemistry, HE staining and Alcian blue
staining methods.
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Abstract: Epilepsy is a chronic neurological disorder that is more prevalent in children, and recurrent
unprovoked seizures can lead to cognitive impairment. Numerous studies have reported the benefits
of docosahexaenoic acid (DHA) on neurodevelopment and cognitive ability, while comparatively
less attention has been given to eicosapentaenoic acid (EPA). Additionally, little is known about
the effects and mechanisms of DHA and EPA in relation to seizure-induced cognitive impairment
in the young rodent model. Current research indicates that ferroptosis is involved in epilepsy and
cognitive deficiency in children. Further investigation is warranted to determine whether EPA or
DHA can mitigate seizure-induced cognitive deficits by inhibiting ferroptosis. Therefore, this study
was conducted to compare the effects of DHA and EPA on seizure-induced cognitive deficiency
and reveal the underlying mechanisms focused on ferroptosis in a pentylenetetrazol (PTZ)-kindling
young mice model. Mice were fed a diet containing DHA-enriched ethyl esters or EPA-enriched
ethyl esters for 21 days at the age of 3 weeks and treated with PTZ (35 mg/kg, i.p.) every other day
10 times. The findings indicated that both EPA and DHA exhibited ameliorative effects on seizure-
induced cognitive impairment, with EPA demonstrating a superior efficacy. Further mechanism
study revealed that supplementation of DHA and EPA significantly increased cerebral DHA and EPA
levels, balanced neurotransmitters, and inhibited ferroptosis by modulating iron homeostasis and
reducing lipid peroxide accumulation in the hippocampus through activating the Nrf2/Sirt3 signal
pathway. Notably, EPA exhibited better an advantage in ameliorating iron dyshomeostasis compared
to DHA, owing to its stronger upregulation of Sirt3. These results indicate that DHA and EPA can
efficaciously alleviate seizure-induced cognitive deficiency by inhibiting ferroptosis in PTZ-kindled
young mice.

Keywords: epilepsy; cognitive deficiency; EPA; DHA; ferroptosis; young mice

1. Introduction

Epilepsy, a prevalent chronic neurological disorder, exhibits a higher incidence rate
among pediatric populations compared to adults [1]. Of note, recurrent unprovoked
seizures in early life are detrimental to neurodevelopment and lead to cognitive impair-
ment [2,3]. Anti-epileptic drug (AED) treatment is the main therapeutic approach for
managing childhood-onset epilepsy. However, drug-resistant childhood epilepsy accounts
for 20–30% of all cases of epilepsy, and the use of AEDs has numerous adverse effects on
neurodevelopment which can aggravate the cognitive deficiency further [4,5]. As such, it is
imperative to develop novel therapeutic agents and strategies to prevent or alleviate the
cognitive deficiency induced by seizures.
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At present, the precise mechanisms related to cognitive deficiency caused by epilepsy
remain mostly unknown, which poses a great challenge to the treatment of epilepsy. Fer-
roptosis is a newly defined form of regulated cell death characterized by the accumulation
of intracellular iron ions, leading to the accumulation of lipid peroxide [6]. It has been
widely reported that ferroptosis is implicated in various neurological disorders, including
traumatic brain injury [7], stroke [8], Alzheimer’s disease [9], Parkinson’s disease [10], and
Huntington’s disease [11]. Recently, ferroptosis has also been observed in children with
epilepsy [12]. However, the role and mechanism of ferroptosis in seizure-induced cognitive
deficiency in childhood epilepsy remain largely unknown. Identifying the mechanisms
and the role of ferroptosis in seizure-induced cognitive deficiency in childhood epilepsy
will provide a novel approach to preventing and improving this issue.

Omega-3 polyunsaturated fatty acids (n-3 PUFA) play a critical role in brain devel-
opment and have been claimed to produce beneficial effects on neurological disorders
in early life. Preclinical and clinical studies found that supplementation of n-3 PUFA,
docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA) reduced seizure frequency
in patients with epilepsy resistant to drugs [13]. DHA, the primary fatty acid component of
neurons, has demonstrated a wide range of neuroprotective effects in numerous studies [14].
Compared to DHA, lower levels of EPA (only about 0.1% of total fatty acids) are present
in the brain and therefore receive less attention regarding their role in brain function [15].
Surprisingly, it has been discovered that EPA is more efficacious than DHA in the treatment
of various neuropsychiatric disorders [16,17]. Based on these findings, it is reasonable to
question whether EPA exhibits superior efficacy to DHA in the treatment of childhood
epilepsy. However, few studies have investigated the anticonvulsant effects of EPA and
DHA on childhood epilepsy. In addition, the effects of EPA and DHA on ferroptosis in
childhood epilepsy have not been explored.

In the current investigation, the impact of DHA and EPA alone on seizure and cognitive
deficiency was examined in a PTZ-kindling young mice (3-weeks of age) model. Further
investigation was conducted to focus on ferroptosis and elucidate its molecular mechanisms
in a PTZ-kindling young mice model, providing novel evidence for the rational use of DHA
and EPA in childhood epilepsy.

2. Results

2.1. Effects of EPA and DHA on PTZ-Induced Seizures in the Young Mice Model

In this experiment, continuous intraperitoneal administration of PTZ (35 mg/kg) to
mice induces a model of persistent and severe epilepsy. PTZ treatment resulted in an
increase in seizure score and frequency, along with a shortened latency to seizure onset
compared with the Con group (Figure 1A–D). However, supplementation with either
EPA or DHA significantly decreased seizure scores (from the seventh PTZ injection) and
frequency, accompanied by an extended latency to seizure onset compared to the PTZ
group. Notably, EPA demonstrated superior and earlier efficacy than DHA in reducing
seizure scores at the seventh PTZ injection(Figure 1A,B) (F = 10.76, p = 0.0025). These results
reflect the different efficacy of EPA and DHA against PTZ-induced seizure in the young
mice model.

2.2. Effects of EPA and DHA on Spatial Learning and Memory Ability in a PTZ-Kindling Young
Mice Model

The Morris Water Maze (MWM) was employed to evaluate the spatial learning and
memory ability of PTZ-kindled young mice. As shown in Figure 2A, the escape latency
of the PTZ group mice was significantly longer than that of the Con group mice during
training periods (day 3, day 4). Next, the memory ability of mice was evaluated through
a spatial probe test after finishing the navigation test. Compared to the Con group, mice
in the PTZ group exhibited a lower number of platform crossings and less time spent
in the target quadrant, resulting in more time being devoted to finding the previous
platform (Figure 2B–D). The administration of DHA or EPA significantly improved these
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parameters compared to the PTZ group mice. During training periods, the escape latency
was shortened by treatment with EPA and DHA. The noteworthy aspect is that EPA played
a more prominent role than DHA on the third day (F = 57.5, p < 0.0001). In addition, the
mice in the EPA group demonstrated significantly longer durations in the target quadrant
compared to those in the DHA group, indicating their superior spatial memory capabilities.
The findings suggest that EPA and DHA have a beneficial effect on spatial learning and
memory in young mice with PTZ kindling, with EPA showing potential advantages in
improving their abilities.

 
(A) (B) 

 
(C) (D) 

Figure 1. Effects of EPA and DHA on PTZ (35 mg/kg·bw, i.p.) induced seizure. (A) The seizure
scores in mice after PTZ treatment every other day; (B) the seizure scores distribution among mice
in different groups after the 7th PTZ treatment. (C) the number of seizures (Stage 4 or greater) in
mice after PTZ treatment every other day; (D) the latency to major seizure of Stage 4 or greater
in mice after PTZ treatment every other day. Data were expressed as mean + SEM (n = 10). The
tested groups underwent repeated measures ANOVA. The Bonferroni post hoc test was employed
to calculate p-values based on the Bonferroni-adjusted α. There are significant differences between
different letters.

2.3. Effects of EPA and DHA on Neurotransmitter Disorders, as well as Cerebral Levels of DHA,
EPA, and AA in PTZ-Kindled Young Mice

As shown in Figure 3, a significant increase in glutamate (Glu) was observed, while
γ-aminobutyric acid (GABA) and GAB (A) receptor A1 (GABARA1) were downregulated
in the PTZ group as compared to the Con group. Administration of EPA and DHA resulted
in an increase in GABA and GABARA1 levels, as well as a decrease in Glu levels. Notably,
EPA demonstrated a better upregulating effect on GABA-GABARA1 compared to DHA
(Figure 3A–C) (F = 57.5, p < 0.0001). In addition, after supplementation with EPA and
DHA in young mice, the brain DHA (F = 28.5, p = 0.0003) and EPA levels were significantly
increased (F = 24.09, p < 0.0001), while brain arachidonic acid (AA) levels were significantly
decreased (F = 27.72, p < 0.0001) compared with those of Con and PTZ groups. As expected,
the EPA group exhibited higher levels of brain EPA compared to the DHA group.
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Figure 2. Effects of EPA and DHA on cognitive deficiency in PTZ-kindling young mice model.
(A) The escape latency in training phase; (B) the latency to previous platform; (C) the number of
platform crossings; (D) the time spent in the target square; (E) representative track plot data. The data
were presented as mean + SEM (n = 10), and the tested groups underwent repeated measures ANOVA.
The Bonferroni post hoc test was employed to calculate p-values based on the Bonferroni-adjusted α.
There are significant differences between different letters.

2.4. Effects of EPA and DHA on Neuronal Damage in Young Seizure Mouse Model

The neuronal nuclear protein (NeuN) is an exclusive marker of postmitotic neurons.
Changes in NeuN expression are associated with neuronal degeneration [18]. NeuN
immunohistochemical staining revealed decreased NeuN expression in CA1, CA3 and
DG regions of the hippocampus in the PTZ group compared with the Con group. This
suggests that neuronal degeneration is occurring. The NeuN-related neurodegeneration
induced by PTZ can be ameliorated through supplementation with DHA and EPA, in
which EPA showed superiority (Figure 4A). Brain-derived neurotrophic factor (BDNF), is
a biomarker of neuronal plasticity and plays a critical role in neuronal development and
function [19]. The protein levels of BDNF obviously declined in the PTZ group compared
with that of the Con group, while supplementation with EPA and DHA similarly increased
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the levels of BDNF (F = 23.61, p = 0.0003). Accordingly, significantly decreased synaptic
plasticity-related protein (postsynaptic dense protein 95) PSD95 and synaptophysin (Syn)
were shown in the PTZ group mice. Notably, the administration of EPA and DHA resulted
in an up-regulation of PSD95 (F = 8.14, p = 0.0081) and Syn (F = 6.54, p = 0.0152) protein
levels, with EPA exhibiting a superior effect.

(A) (B) (C) 

 
(D) (E) (F) 

Figure 3. Effects of EPA and DHA on neurotransmitter disorders, as well as the levels of DHA, EPA,
and arachidonic acid (AA) in the brain of young mice with PTZ kindling. (A) The representative
Western-blots and densitometry of GABARA1 (n = 7). The levels of GABA (B), Glu (C) EPA (D),
DHA (E), and AA (F) in the hippocampus (n = 5). Protein levels are normalized to β-actin which
served as loading control and reproduced with Con group. The data were presented as mean + SEM,
and the tested groups underwent repeated measures ANOVA. The Bonferroni post hoc test was
employed to calculate p-values based on the Bonferroni-adjusted α. There are significant differences
between different letters.

2.5. Effects of EPA and DHA on Hippocampal Iron Metabolism in a PTZ-Kindling Young
Mice Model

In the current findings, a significant increase in total iron content (Figure 5A) and iron
deposition (DAB-staining, Figure 5B) was observed in the hippocampi of the PTZ group
compared to that of the Con group. Further analysis revealed significant upregulation
of iron regulatory proteins 1(IRP1), transferrin receptor 1 (TfR1), and divalent metal-
ion transporter-1 (DMT1), as well as downregulation of ferritin heavy chain 1 (FTH1)
and ferroportin 1 (FPN1) in the PTZ group compared to the Con group (Figure 5C–H).
These results demonstrated that PTZ injection caused hippocampal iron dyshomeostasist.
Administration of EPA or DHA was found to modulate the disorders in iron metabolism-
related proteins, thereby effectively inhibiting iron overload. Differently, DHA confers
an advantage in reducing TfR1 expression (F = 17.84, p = 0.0007), whereas EPA exhibits
superiority in upregulating FPN1 (F = 23.08, p = 0.0028) and more effectively preventing
excessive iron accumulation.
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Figure 4. Effects of EPA and DHA on neuronal damage in PTZ-kindling young mice model. (A) The
representative images of NeuN immunohistochemistry staining, the pixel density of NeuN staining
were used to evaluate the NeuN expression among the groups. Data are presented as the mean + SEM
(n = 3); Scale bar, 50 μm. (B) Representative Western-blots and (C–E) densitometry of BDNF, PSD95
and Syn. Protein levels are normalized to β-actin which served as loading control and reproduced
with Con group. Values are indicated as the mean + SEM (n = 7), p < 0.05 was considered to indicate
statistically significant. The tested groups underwent repeated measures ANOVA. The Bonferroni
post hoc test was employed to calculate p-values based on the Bonferroni-adjusted α. There are
significant differences between different letters.
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Figure 5. Effects of EPA and DHA on hippocampal iron dyshomeostasis in PTZ kindling young mice
model. (A) Total iron content in the hippocampus; (B) DAB staining in the hippocampus (n = 3); Scale
bar, 200 μm; (C) representative Western-blots and (D–H) densitometry of IRP1, TfR1, DMT1, FTH1,
and FPN1. Protein levels are normalized to β-actin which served as loading control and reproduced
with Con group. Values are indicated as the mean + SEM (n = 7). The tested groups underwent
repeated measures ANOVA. The Bonferroni post hoc test was employed to calculate p-values based
on the Bonferroni-adjusted α. There are significant differences between different letters.

2.6. Effects of EPA and DHA on Hippocampal Lipids Peroxidation in a PTZ-Kindling Young
Mice Model

Compared to the Con group, PTZ treatment significantly increased MDA levels in the
hippocampi of young mice (Figure 6A), indicating an accumulation of lipid peroxidation.
Next, the levels of GSH and the protein expression of GPX4, xCT, and FSP1, which play cru-
cial roles in detoxifying lipid peroxidation were analyzed further. As shown in Figure 6B–F,
a significant decrease in GSH, GPX4, xCT, and FSP1 was observed in PTZ-kindled mice
compared with the Con group. Supplementation with EPA and DHA comparably im-
proved the aforementioned phenomena, indicating either EPA or DHA alone can inhibit
PTZ-induced lipid peroxidation.
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Figure 6. Effects of EPA and DHA on lipids peroxidation in PTZ kindling young mice model. (A) The
level of MDA, (B) GSH and representative western-blots (C) and densitometry of GPX4, xCT and
FSP1 (D–F). Protein levels are normalized to β-actin which served as loading control and reproduced
with Con group. Values are indicated as the mean + SEM (n = 7). The tested groups underwent
repeated measures ANOVA. The Bonferroni post hoc test was employed to calculate p-values based
on the Bonferroni-adjusted α. There are significant differences between different letters.

2.7. Effects of EPA and DHA on Sirt3/Nrf2 Pathway in a PTZ-Kindling Young Mice Model

To further explore the mechanism of ferroptosis in a PTZ kindling young mice model,
we analyzed the alterations of the Sirt3/Nrf2 pathway in the hippocampal. As depicted
in Figure 7, the PTZ group showed a significant decrease in Sirt3, p-Nrf2/Nrf2 ratio,
and SOD2 levels, accompanied by reduced activity of SOD compared to the Con group,
indicating suppression of the Sirt3-Nrf2 pathway. Meanwhile, treatment with EPA or DHA
significantly increased the protein expression of Sirt3, SOD2 and the ratio of p-Nrf2/Nrf2.
Among them, EPA was superior in promoting Sirt3 (F = 25.25, p = 0.0002).

 
(A) (B) (C) 

  

 

(D) (E)  

Figure 7. Effects of EPA and DHA on Sirt3/Nrf2 pathway in PTZ-kindling young mice model. (A) The
activity of SOD; (B) representative Western-blots and (C–E) densitometry of Sirt3, p-Nrf2/Nrf2 and
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SOD2. Protein levels are normalized to β-actin which served as loading control and reproduced with
Con group. Values are indicated as the mean + SEM (n = 7). The tested groups underwent repeated
measures ANOVA. The Bonferroni post hoc test was employed to calculate p-values based on the
Bonferroni-adjusted α. There are significant differences between different letters.

3. Discussion

In this study, we found that administration of EPA or DHA alone could reduce
seizure severity and frequency and cognitive deficiency in the PTZ-kindling young mice
model. Further analysis revealed that either EPA or DHA was able to inhibit PTZ-induced
neurotransmitter imbalance, neuronal damage, and ferroptosis by activating the Sirt3/Nrf2
pathway. It is worth noting that EPA demonstrated an advantage in reducing seizure-
induced cognitive impairment by inhibiting ferroptosis, with a stronger enhancement of
Sirt3 observed in the PTZ-kindling young mice model.

As a part of this study, we first examined the effect that DHA or EPA alone on
seizure frequency in a PTZ-kindling young mice model. In accordance with our previous
results [20], both DHA and EPA reduced PTZ-induced seizures, while EPA had a faster
onset of action than DHA. The exact mechanism underlying the convulsant activity of PTZ
remains elusive, but it is widely believed to stem from an imbalance between excitatory
(Glu) and inhibitory (GABA) neurotransmission [21]. In the present results, both DHA and
EPA exhibited inhibitory effects on PTZ-induced imbalance of Glu and GABA. Recently,
it was shown that n-3 PUFAs (EPA and DHA mixture) could improve the GABAergic
synaptic efficacy of stressed rats when they were restrained [22]. Accordingly, our findings
show that supplementing with either DHA or EPA enhances the GABA-GABARA1 axis,
with EPA showing superiority. It is noteworthy that the brain DHA levels were comparably
elevated following supplementation with both DHA and EPA, while higher brain EPA
levels were observed in the EPA group compared to the DHA group. This suggests that the
higher brain EPA may partly contribute to the priority of EPA on the GABA-GABARA1
axis. These findings indicate that EPA or DHA may possess antiepileptic properties by
regulating neurotransmitters (Glu and GABA), but with varying degrees of effectiveness.

Research has shown that epilepsy increases the risk of cognitive disorder in chil-
dren [23]. Similarly, in the present investigation, PTZ kindling led to a decline in cognitive
function, as evidenced by impaired performance on the MWM test. Previous studies ob-
served neuronal damage in the brains of patients with recurrent seizures [24]. Consistent
with previous study [18], significant diminished staining of NeuN was observed in the
hippocampus of PTZ group mice, indicating that the occurrence of neuronal loss. Fur-
thermore, synaptic plasticity plays a crucial role in the molecular processes underlying
learning and memory, which are closely associated with various cognitive disorders such
as epilepsy-induced cognitive dysfunction [25]. The levels of proteins involved in synaptic
plasticity alter during epileptogenesis [26]. Synaptic plasticity-related proteins, especially
Syn and PSD95 proteins, are two typical signature proteins of synaptic remodeling that
can directly or indirectly reflect changes in synaptic function and structure [27]. PSD95
has been employed as a marker to indicate synaptogenesis and synapse loss. It has been
reported that the levels of PSD95 are downregulated during epileptogenesis, which may
be associated with neuronal death or dendritic spine loss in the hippocampus [28]. BDNF
participates in neuronal survival and development, synaptic plasticity and memory [29]. In
addition, BDNF can up-regulate the expression of PSD95 and Syn to modulate synaptic
plasticity and memory [30,31]. Consistent with previous studies [18,28], the PTZ group
exhibited a significant decrease in the expression of BDNF, Syn, and PSD-95 proteins in the
hippocampus. While, either EPA or DHA treatment revealed significant increases in BDNF,
Syn and PSD95 protein expression compared to the PTZ group. These above results imply
that the pharmacological mechanism of EPA or DHA in cognitive disorders of epilepsy
may be connected to enhanced BDNF, PSD95, and Syn expression and improved synaptic
plasticity in the hippocampus. The endocannabinoid (ECS) system plays a crucial role
in the regulation of synaptic plasticity, which is indispensable for neuronal development,

50



Mar. Drugs 2023, 21, 464

learning, and memory formation [32]. Previous research has demonstrated that EPA and
DHA contribute to brain repair through modulation of the endocannabinoid signaling
pathway [33]. Therefore, we speculate that the beneficial role of EPA and DHA in enhancing
spatial learning and memory capabilities can be partially attributed to their regulation of
the ECS system.

Iron, the most abundant trace metal in the brain, plays a critical role in both neu-
rodevelopment and brain function. Iron deficiency can hinder infants’ neurocognitive
development, while cellular iron overload may promote lipid peroxidation and induce
ferroptosis [12]. Generally, intracellular iron homeostasis is strictly regulated by a group of
proteins, including IRP1, DMT1, TfR1, FTH1 and FPN1 [34]. Intracellular iron deficiency
activates IRP1, which increases the expression of iron uptake proteins TfR1 and DMT1
while decreasing levels of iron store protein FTH1 and sole iron export protein FPN1,
ultimately leading to an increase in intracellular iron. Conversely, adequate levels of iron
reduce IRP1, TfR1, and DMT1 expression while upregulating FTH1 and FPN1, effectively
reducing excessive free iron. It has been reported that seizures can cause dysregulation in
iron metabolism [35]. In the present investigation, PTZ treatment resulted in dysregulation
of iron metabolism. This was supported by a significant increase in total iron, IRP1, TfR1
and DMT1 levels, as well as a decrease in FTH1 and FPN1 expression, which is consistent
with our previous study [20]. However, both EPA and DHA alone treatment effectively
prevented hippocampal iron dyshomeostasis by regulating these iron metabolism-related
proteins in PTZ-kindled young mice. Interestingly, treatment with DHA resulted in a lower
expression of TfR1 compared to EPA, while EPA exhibited a stronger upregulation of FPN1
and lower levels of iron. These findings suggest that either EPA or DHA could inhibit iron
dysregulation in young mice induced by PTZ kindling but through different mechanisms,
with EPA exhibiting greater efficacy than DHA.

Ferroptosis is driven by ion-dependent lipid peroxidation (LPO) accumulation. PTZ
injections have been widely shown to increase LPO levels in the brains of animals’ [36,37].
GPX4 is central to the regulation of ferroptosis as it can detoxify LPO in a GSH-dependent
reaction. Once GSH is deficient or GPX4 is suppressed, LPO accumulates [38]. Recent
research showed that significant decrease in GSH levels, a reduction in the GPX4 activity,
and an increase in LPO in the blood of children with epilepsy [12]. FSP1 functions as an
oxidoreductase parallel to GPX4 in eliminating lipid peroxyl radicals and counteracting
ferroptosis through coenzyme Q and NADPH [39]. Accordingly, our present study revealed
significantly reduced GSH, GPX4, xCT, and FSP1 levels, accompanied by an increase in
iron deposition and lipid peroxidation (MDA), indicating the occurence of ferroptosis in
the hippocampus of the PTZ-kindling young mice model. Administration of either EPA
or DHA alone comparably inhibited PTZ-induced lipid peroxidation by enhancing the
xCT-GSH-GPX4 axis and FSP1 expression. In addition, membrane lipids containing PUFAs,
particularly AA, are preferentially oxidized in ferroptosis. In fact, DHA is the main PUFA in
membrane lipids in the brain [14]. Therefore, we infer that the suppression of LPO may be
partially attributed to the reduced brain AA levels following EPA and DHA administration.

Nrf2 is a crucial transcription factor involved in the regulation of antioxidative gene
expression. The activation of Nrf2 alleviates epilepsy severity and prevents spontaneous
seizures [40]. Under conditions of oxidative stress, Nrf2 is activated and subsequently
triggers a cascade of target genes responsible for cellular antioxidant response, including
GPX4, xCT and SOD [41]. Meanwhile, Nrf2 activation increases cellular NADPH levels,
which may facilitate the FSP1-mediated detoxification of LPO. Additionally, Nrf2 facilitates
iron sequestration and attenuates cellular iron uptake [42,43]. Sirt3, a member of NAD+-
dependent deacetylases, is localized to mitochondria where it functions in the deacetylation
of numerous enzymes involved in response to oxidative stress, including SOD. Dysfunction
of Sirt3 contributes to mitochondrial dysfunction in chronic epilepsy [44]. It is worth
noting that Sirt3 plays a key role in regulating iron metabolism through mitochondrial ROS-
IRP1 [45]. In addition, the overexpression of Sirt3 promotes the activation of Nrf2, which
subsequently induces the expression of Sirt3, thereby augmenting its functionality [46].
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Therefore, the Sirt3-Nrf2 pathway plays a crucial role in ferroptosis. Accordingly, a reduced
Sirt3, p-Nrf2/Nrf2 ratio concomitant with decreased levels of downstream antioxidant
enzyme SOD2 and diminished SOD activity were exhibited in PTZ kindling young mice.
While, supplementation of EPA or DHA significantly reversed these phenomena. Cheng
et al. [47] reported that Sirt3 preserves GABAergic interneurons and protects cerebral
circuits against hyperexcitability in AD model mice. It is noteworthy that EPA demonstrated
a superior effect in up-regulating Sirt3 compared to DHA, which may be contributed to
its superiority in inhibiting iron overload and better efficacy in enhancing the GABA-
GABARA1 axis. These above results indicate that both EPA and DHA inhibited PTZ-
induced cognitive deficiency by activating the Sirt3-Nrf2 pathway in the PTZ kindling
young mice model.

4. Materials and Methods

4.1. Animals and Study Design

The experimental protocol was approved by the Research and Ethics Committee of
Liaocheng University’s Institute of Biopharmaceutical Research (Approval No. SWZY2020812).
and followed the National Institutes of Health guidelines (NIH publications No. 80–23).
The PTZ-induced mouse model is capable of replicating certain neuropathological features
observed in human temporal lobe epilepsy and has been extensively utilized in animal
studies [21]. A total of forty male ICR mice, aged 3 weeks, were randomly allocated into
four groups, with each group consisting of ten mice. These groups included a control
group (Con), a PTZ kindling group (PTZ), a PTZ kindling + EPA group (EPA), and a PTZ
kindling + DHA group (DHA) (n = 10). Diets containing 1% EPA-enriched ethyl ester
or DHA-enriched ethyl ester (70% EPA + DHA, w/w) were fed to the groups receiving
either EPA or DHA, respectively (Figure 8). The dosage is consistent with the safe dosage
mentioned in a previous clinical study, which is equivalent to 4g per day according to the
conversion of human clinical dosage [48]. Supplemental Table S1 shows the ingredient
compositions and fatty acid profiles of experimental diets.

 
Figure 8. Experimental design and animal administration. Mice were intraperitoneally injected with
pentetrazol (PTZ) every other day for a total of 11 times.

4.2. PTZ-Kindling Young Mice Model

The mice were kindled through repeated administration of PTZ (35 mg/kg via i.p.
injection) [20] every other day for a total of eleven injections, with successful kindling
defined as the occurrence of more than three consecutive stage 4 seizures. The behavioral
alterations of mice were monitored for a duration of 30 min following the administration
of PTZ. The assessment of behavioral seizures was conducted utilizing the 5-point Racine
Score system. Specifically, Racine score I was indicative of facial clonus, score II denoted
head nodding, score III represented unilateral forelimb clonus, score IV described rearing
with bilateral forelimb clonus, and lastly, score V referred to rearing and falling accompa-
nied by loss of postural control. The analysis of seizure stage, seizure onset latency (in
seconds), and number of seizures was conducted in a blinded manner. The seizures were
evaluated based on the established Racine scoring system [49].
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4.3. The Morris Water Maze

The Morris Water Maze (MWM) test was conducted in accordance with previously
published methods [9], with the water temperature maintained at approximately 25 ◦C in
a large circular black pool for MWM testing. The pool is partitioned into four quadrants,
with one quadrant featuring a concealed platform situated one centimeter beneath the
water’s surface. The mice were trained for 4 days with 60 sec per trial to locate the hidden
platform. The probe trial was conducted without the platform. The ANY-maze program
(Stoelting Co., Wood Dale, IL, USA) was used to track and analyze the behavior tests.

4.4. Analysis of the DHA EPA and AA Levels of Hippocampi

Isolated hippocampi were immediately weighed on ice, followed by lipid extraction
using previously established methods [50]. Gas chromatography (GC) was used to analyze
the levels of DHA, EPA and AA in the hippocampi, expressed as a percentage of total fatty
acids, as previously reported [40].

4.5. Analysis of Neurotransmitter

The extraction of neurotransmitters was performed according to a previous study [20].
We quantified the concentrations of two neurotransmitters, specifically γ-aminobutyric
acid (GABA) and glutamate (Glu). Hippocampus was homogenized with ice cold methanol
centrifuged at 12,000× g for 20 min at 4 ◦C. The methanol layers were collected, freeze-
dried, and reconstituted with deionized water to a volume of 300 μL. Subsequently, 300 μL
of chloroform isopropanol (100:30, v/v) was added followed by vortex mixing and centrifu-
gation at 13,000× g for 5 min. The supernatant was analyzed by injecting a 5 μL aliquot
into an Agilent 1200 Series LC system coupled to high-resolution mass spectrometry (AB
Sciex, Darmstadt, Germany) for chromatographic separation on a SEPAX GP-C18 column
(2.1 × 150 mm, 3 μm) at 25 ◦C. The mobile phase was composed of 90% A (0.1% formic
acid and 20 mmol/L ammonium acetate) and 10% B (acetonitrile), with a flow rate of
0.25 mL/min for a duration of 6 min. Positive mode electrospray ionization was employed
on the AB API 4000 mass spectrometer for multiple reaction monitoring. It was set at
450 ◦C, with 4.5 kV for the ion spray voltage. Multireaction monitoring mode was used for
quantification, with mass analysis parameters listed in Supplemental Table S2.

4.6. Biochemical Analyses

To gain a comprehensive understanding of oxidative stress and cellular damage in
the hippocampus, we employed kits procured from the Nanjing Jiancheng Bioengineering
Institute located in Nanjing, China. These kits enabled us to accurately measure and
analyze levels of total iron (A039-2-1), GSH (A006-2-1), MDA (A003-1), and SOD activity
(A001-1).

4.7. Hematoxylin- and Eosin (H&E) Staining

A hematoxylin and eosin staining method was used for the histopathological exami-
nation of tissue sections embedded in paraffin (G1076-500ML, Servicebio, Wuhan, China).
A bright-field microscope (Olympus, Tokyo, Japan) was used for the observation and
recording of the sections.

4.8. Nissl Staining

The sections were obtained by cutting with a freezing microtome, stained with tolui-
dine blue (G1036-100ML, Servicebio, Wuhan, China), and subsequently dehydrated in 30%
sugar solution before being covered with 50% glycerin. Images were taken with a light
microscope (Olympus, Tokyo, Japan).

4.9. Immunocytochemistry Assay

Immunohistochemical studies were performed following the previously established
protocol [51]. Antibodies against MBP (1:1000; #78896; Cell Signaling Technology, Danvers,
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MA, USA) were applied to sections and left overnight at 4 ◦C. For the following 3 h
at a temperature of 4 ◦C, they were treated with secondary antibodies that had been
conjugated with horseradish peroxidase (Epizyme; Shanghai, China). The sections were
examined under a light microscope (Olympus, Tokyo, Japan) and corresponding images
were captured for further analysis.

4.10. Western Blot

To acquire the requisite proteins for our research, we utilize a modified RIPA buffer
to lyse the tissue, as previously outlined in our study [9]. The primary antibodies of
Sirt3(ab217319, 1:1000), TfR1 (ab214039, 1:1000), DMT1 (ab55735, 1:1000), FTH1 (ab183781,
1:1000), xCT (ab175186, 1:1000), and FSP1(ab197896, 1:1000) were purchased from Abcam
(Cambridge, MA, USA), the primary antibodies of IRP1 (bs-9848R, 1:1000), FPN1 (bs-21360R,
1:1000), GPX4 (bs-3884R, 1:5000), Nrf2 (bs-1074R, 1:1000), p-Nrf2 (bs-23531R, 1:1000), and
SOD2 (bs-1080R, 1:1000) were purchased from Bioss (Beijing, China), and the primary
antibodies of β-actin (66009-1-Ig, 1:2000) were purchased from Proteintech (Chicago, IL,
USA). In this study, the secondary antibodies used are HRP-conjugated Affinipure Goat
Anti-Mouse IgG (H+L) (Cat No. SA00001-1, 1:5000) and HRP-conjugated Affinipure Goat
Anti-Rabbit IgG (H+L) (Cat No. SA00001-2, 1:5000) were purchased from proteintech
(Chicago, IL, USA). ECL Western blotting substrate was utilized for the development of
blots, while the UVP Auto Chemi Image system (Tanon 4600SF, Shanghai, China) was
employed to visualize luminescence.

4.11. Statistical Analysis

Data are presented as means + SEM. All analyses were adjusted for multiple testing
using the Bonferroni and p < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, our study has confirmed that the administration of EPA or DHA alone
can improve seizures and cognitive deficiencies in the PTZ-kindling young mice model
by inhibiting ferroptosis through the Sirt3-Nrf2 pathway. Notably, EPA demonstrated a
greater efficacy than DHA. These findings suggest that targeting ferroptosis may prevent
seizure-induced cognitive deficiency, and dietary interventions involving EPA or DHA
could be a more effective approach.
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Abstract: Nerve damage caused by accumulated oxidative stress is one of the characteristics and
main mechanisms of Alzheimer’s disease (AD). Previous studies have shown that phosphatidylserine
(PS) rich in eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) plays a significant role
in preventing and mitigating the progression of AD. However, whether DHA-PS and EPA-PS can
directly protect primary hippocampal neurons against oxidative damage has not been studied.
Here, the neuroprotective functions of DHA-PS and EPA-PS against H2O2/t-BHP-induced oxidative
damage and the possible mechanisms were evaluated in primary hippocampal neurons. It was found
that DHA-PS and EPA-PS could significantly improve cell morphology and promote the restoration of
neural network structure. Further studies showed that both of them significantly alleviated oxidative
stress-mediated mitochondrial dysfunction. EPA-PS significantly inhibited the phosphorylation of
ERK, thus playing an anti-apoptotic role, and EPA-PS significantly increased the protein expressions
of p-TrkB and p-CREB, thus playing a neuroprotective role. In addition, EPA-PS, rather than DHA-PS
could enhance synaptic plasticity by increasing the expression of SYN, and both could significantly
reduce the expression levels of p-GSK3β and p-Tau. These results provide a scientific basis for the
use of DHA/EPA-enriched phospholipids in the treatment of neurodegenerative diseases, and also
provide a reference for the development of related functional foods.

Keywords: Alzheimer’s disease; oxidative stress; DHA/EPA; phosphatidylserine; primary
hippocampal neurons

1. Introduction

Alzheimer’s disease (AD) is a progressive age-related neurodegenerative disease
characterized by impaired cognitive function, memory loss, and behavioral and personality
changes that have dramatic consequences for individuals and society [1,2]. Currently, there
are about 50 million AD patients worldwide, and this number is expected to double every
five years, rising to 152 million by 2050 [3]. Alzheimer’s has a long incubation period of 15
to 20 years, but current treatments only improve symptoms [4,5].

The histopathological hallmarks of AD are the extracellular formation of senile plaques
composed of the β-amyloid (Aβ) peptide in an aggregated form along with metal ions
such as copper, iron or zinc and the intracellular aggregation of neurofibrillary tangles [6,7].
Redox active metal ions, such as copper, can catalyze the production of reactive oxygen
species (ROS) when bound to the Aβ. The produced ROS, in particular the hydroxyl
radical, which is the most reactive one, may contribute to oxidative damage on both the
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Aβ peptide itself and on surrounding molecules, such as proteins and lipids [7]. Therefore,
nerve damage caused by accumulated oxidative stress is one of the characteristics and
main mechanisms of AD [8,9]. Therefore, improving oxidative stress is considered to be an
effective therapeutic strategy to prevent and treat AD.

Among the nutrients that address the specific cognitive decline of aging, long-chain
omega-3 polyunsaturated fatty acids (ω-3 LCPUFA), especially docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA), have emerged as very promising nutrients [10].
Studies have shown that EPA-enriched phosphatidylcholine (EPA-PC) rather than the
ethyl ester (EE) form has a comparable effect with DHA-EE in improving cognitive impair-
ment in Aβ1–42-induced AD rats [11]. Behavior test results indicated that DHA-enriched
phosphatidylcholine (DHA-PC) exerted better effects than EPA-PC on improving memory
and cognitive deficiency [12]. A growing body of research indicates that phosphatidylser-
ine (PS) has significant effects in preventing and alleviating the progression of AD [13].
Our previous research found that both DHA-PC and DHA-enriched phosphatidylserine
(DHA-PS) could ameliorate oxidative stress, and DHA-PS had more significant benefits in
ameliorating Aβ pathology, mitochondrial damage, neuroinflammation, and improving the
expression levels of neurotrophic factors than DHA-PC in a high-fat-diet-induced SAMP8
mouse model of Alzheimer’s disease [14]. The hippocampus, which is mainly responsible
for learning and memory, is one of the most vulnerable parts of the brain and is particularly
vulnerable to damage in the early stages of AD [8,15]. DHA-enriched phosphatidylserine
(DHA-PS) and EPA-enriched phosphatidylserine (EPA-PS) could significantly eliminate tox-
icity in Aβ-induced primary hippocampal neurons by inhibiting mitochondria-dependent
apoptotic pathways and the phosphorylation of JNK and p38, which significantly promoted
axonal growth [16]. CHO-APP/PS1 cells have been widely used in AD models in vitro due
to their ability to produce Aβ [12]. Phagocytosis by mouse small glioma cells (Bv-2 cells),
as a kind of microglia, is proposed as an Aβ-lowering mechanism to prevent senile plaque
accumulation in AD [17]. Moreover, the improved phagocytosis ability of microglia cells
can effectively reduce Aβ deposition, which is beneficial for the treatment and prevention
of AD [16]. Notably, DHA-PS could significantly reduce the production of Aβ in CHO-
APP/PS1 cells compared with EPA-PS; on the contrary, EPA-PS significantly improved the
phagocytic capacity of BV2 cells to Aβ compared with DHA-PS [16]. However, there is no
study on whether DHA-PS and EPA-PS can directly protect primary hippocampal neurons
against oxidative damage.

In this study, we evaluated the neuroprotective function of DHA-PS and EPA-PS
against H2O2/t-BHP-induced oxidative damage and the possible mechanism in primary
hippocampal neurons.

2. Results and Discussion

2.1. Morphology and Purity of Primary Cultured Hippocampal Neurons

The morphological changes of primary cultured neurons were investigated using
an inverted microscope (Figure 1). The newly inoculated primary hippocampal neurons
showed suspension, a round state and a small cell size. After 12 h, the adherent neuron cells
were mostly fusiform, accompanied by the growth of protrusions in some cells. However,
no obvious links between the cells were established. On the third day of culture, connections
between cells began to form, along with the growth of neuronal cell processes and the
enlargement of cell bodies. After six days, the cultured neurons were thriving, with more
and longer protrusions extending into the reticulation. The purity of hippocampal neurons
was about 95% using microtubule-associated protein 2 as a neuron-specific marker for the
detection of primary cultured neurons [18].
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Figure 1. Morphology of primary cultured hippocampal neurons at different stages. The represen-
tative images of primary hippocampal neurons on day 1, day 3 and day 6 were observed using an
inverted microscope.

2.2. The Effects of EPA-PS and DHA-PS on H2O2-Induced or t-BHP-Induced Morphological
Damage in Primary Hippocampal Neurons

According to our previous publications, 10 μg/mL EPA-PS, 10 μg/mL DHA-PS,
400 μmol/L H2O2 and 100 μmol/L t-BHP were selected as the concentrations for sub-
sequent experiments [8,16]. In this study, we used a microscope to study the protective
function of DHA-PS and EPA-PS on the H2O2- or t-BHP-induced oxidative damage of
hippocampal neurons. As shown in Figure 2, in the control group, the neuron body was full,
with more and longer protrusions, and the cell refraction was good, while the boundary
was neat and smooth. When treated with H2O2 or t-BHP, the neurites of neurons became
significantly shorter, with the swelling of cells, atrophy of the cytoplasm, a reduced refrac-
tive index and damage to parts of the neuronal membrane. Compared with the model
group, after incubation with EPA-PS and DHA-PS, the cell membrane boundary became
neat and smooth, synapses were restored, and the neural network structure was improved.
Phospholipids are the most important lipid components in the brain and have neuroprotec-
tive effects [19]. The sn-2 site of marine-derived phospholipids is rich in polyunsaturated
fatty acids, making it more biologically active in brain function [13]. PS is a major anionic
phospholipid substance, enriched in the cerebral cortex [20], which is involved in the regu-
lation of neurotransmitter release and neuron survival and differentiation [20,21]. It has
been reported that the EPA-PS and DHA-PS treatments significantly decreased neuronal
death induced by Aβ42, and the improvement effect of DHA-PS is more pronounced [16].
In addition, the results of our study may be affected by impurities because fewer than 5%
of the impurities are contained in DHA-PS and EPA-PS [16].

Figure 2. Effects of EPA-enriched phospholipids on the cellular morphology of primary hippocampal
neurons treated with EPA-PS or DHA-PS for 24 h then exposed to 400 μmol/L H2O2 for 24 h or
100 μmol/L t-BHP for 4 h. Cellular morphology was observed using a microscope.
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2.3. Effects of EPA-PS and DHA-PS on the Expression of Proteins Related to Apoptosis in Primary
Hippocampal Neurons

Mitochondria-dependent apoptosis pathways mainly include upstream BAX/Bcl-2,
which is the switch of the mitochondria-dependent apoptosis pathway, and downstream
caspase family [22]. BAX has the function of promoting cell apoptosis, while Bcl-2 acts as
an inhibitor of the apoptotic pathway [16]. The BAX/Bcl-2 ratio is an important indicator
of the activation of mitochondria-dependent apoptosis [23]. Caspase-9, an initiator, can be
activated by Cyt-c released from the mitochondria. Moreover, caspase-3 is an executioner
and distinctly predominates in neurodegenerative diseases [16]. Studies have shown that
this pathway is significantly activated after the nervous system is damaged by oxidative
stress [24].

The effects of EPA-PS and DHA-PS on the mitochondrial-dependent apoptotic path-
ways after oxidative damage are shown in Figure 3. Compared with the control group,
the expression level of BAX protein was significantly increased after oxidative damage.
The proapoptotic BAX protein expression level was decreased by 47.8% (p < 0.01) and
44.9% (p < 0.01) in the EPA-PS group and DHA-PS group, respectively. Compared with
the control group, the expression level of Bcl-2 protein was not significantly affected after
oxidative damage, but the expression level of Bcl-2 was increased by 91.8% (p < 0.01) and
21.4% (p < 0.05) in the EPA-PS group and DHA-PS group, respectively. Oxidative damage
significantly upregulated the BAX/Bcl-2 ratio—that is, oxidative damage significantly
activated mitochondria-dependent apoptotic signaling switches, and both EPA-PS and
DHA-PS interventions significantly reduced BAX/Bcl-2 levels, among which the effect of
EPA-PS was better than that of DHA-PS. Compared with the control group, the protein
expression levels of Caspase 9 and Caspase 3 in the model group were not significantly
changed, but the protein levels of Caspase 9 and Caspase 3 were significantly reduced
after incubation with EPA-PS or DHA-PS. In addition, DHA-PS was superior to EPA-PS in
inhibiting Caspase 3 expression. Treatments with DHA-PS and EPA-PS markedly inhibited
oxidative stress-mediated mitochondrial dysfunction. These data indicated that DHA-PS
and EPA-PS exerted their neuroprotective properties by inhibiting the neuronal apoptosis.
Interestingly, Xu et al. [16] reported that both DHA-PS and EPA-PS significantly reduced
the BAX/Bcl-2 expression ratio of Aβ-induced primary hippocampal neurons, but had
no significant effect on the protein expression of caspase 3 and caspase 9. Additionally,
according to Che et al. [18], compared with EPA-PS, DHA-PS had a better protective effect
against the oxidative stress-induced cell damage of pheochromocytoma cells, and could
more significantly reduce the expression ratio of BAX/Bcl-2, but both reduced the mRNA
abundance of caspase 3 and caspase 9 to the same degree. The differences in the regulation
of DHA-PS and EPA-PS on the apoptosis proteins may be related to the cell model and
incubation dose.

2.4. Effects of EPA-PS and DHA-PS on the TrkB/ERK/CREB Signaling Pathway and Synaptic
Associated Proteins

It has been shown that cyclic adenosine monophosphate-dependent response element-
binding protein (CREB) plays a key role in neuronal plasticity and is mainly regulated
by brain-derived neurotrophic factor (BDNF). The binding of BDNF to TrkB results in the
self-phosphorylation of TrkB and the activation of its downstream enzymes, including
extracellular signal-regulated kinase (ERK) and PI3K/Akt pathways [25,26]. At the same
time, ERK is an extracellular regulatory protein kinase. After the extracellular stimulus
acts on cells, the corresponding biological effects must be triggered through the ERK
signal transduction pathway. Therefore, the level of p-ERK increases significantly when
exogenous injurers are applied to cells, and phosphorylated ERK may mediate neuronal
cell apoptosis by activating p-53 [18]. Phosphorylated CREBs improve synaptic plasticity
by upregulating synapse-related proteins such as PSD-95 and SYN [27].
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Figure 3. Effects of EPA-PS and DHA-PS on the expression of apoptotic proteins in primary hip-
pocampal neurons after oxidative damage. Representative western blots (A) and relative expression
of BAX (B), Blc-2 (C), BAX/Blc-2 (D), Caspase 9 (E) and Caspase 3 (F) in primary hippocampal
neurons. The expressions were detected by Western blotting analysis and normalized with β-actin.
* p < 0.05 indicates significant differences compared with the control group. Different letters represent
significant differences at p < 0.05 among treated groups. This figure shows the mean ± SEM of
3 experiments.

Compared with the control group, the protein expression levels of p-CREB and p-
TrkB did not change significantly after oxidative damage (Figure 4). Interestingly, the
protein expression level of p-TrkB was increased by 105% (p < 0.01) and 40% (p < 0.05) after
incubation with EPA-PS and DHA-PS, respectively. Compared with the model group, EPA-
PS incubation increased p-CREB protein expression to 158.9% (p < 0.05), while in the DHA-
PS group, p-CREB protein expression was not significantly affected. Compared with the
control group, the protein expression level of p-ERK in the model group was significantly
increased (p < 0.05), and the protein expression level of p-ERK was significantly decreased
after incubation with EPA-PS and DHA-PS, and the effect of EPA-PS was better than that of
DHA-PS (Figure 4). It is suggested that EPA-PS and DHA-PS play an anti-apoptotic role
by inhibiting ERK phosphorylation. Interestingly, DHA-PS and EPA-PS had no significant
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effect on the expression of TrkB and CREB in primary hippocampal neurons induced by
Aβ [16]. The different results might be associated with the different causes of neuronal
damage, which need further study.

Figure 4. Effects of EPA-PS and DHA-PS on TrkB/ERK/CREB signaling in neurons after oxidative
damage. Representative western blots (A) and relative expression of phosphorylated TrkB (Y515)
(B), phosphorylated ERK (C) and phosphorylated CREB (D) in primary hippocampal neurons. The
expressions were detected by Western blotting analysis and normalized with β-actin. ** p < 0.01
indicates very significant differences compared with the control group. Different letters represent
significant differences at p < 0.05 among treated groups. This figure shows the mean ± SEM of
3 experiments.

As shown in Figure 5, SYN protein expression in the model group was not changed
significantly compared with the control group. SYN expression was increased to 130.3%
after incubation with EPA-PS (p < 0.05), but was not significantly affected after incubation
with DHA-PS. There was no significant difference in the protein expression of PSD-95
among all groups. These results indicate that EPA-PS could improve synaptic plasticity after
oxidative damage. GAP-43 regulates the growth state of axon terminals, and the deficient
expression of GAP-43 results in the weak neuron regeneration ability after damage, which
is linked to long-term potentiation [14]. Similarly, it was reported that EPA-PS significantly
increased the expression of both GAP-43 (2.05-fold) and SYN (1.83-fold) compared with
the SAMP8 group [28]. Interestingly, in another study, Zhou et al. also found that DHA-
PS significantly increased the expression levels of growth-related protein-43 (GAP-43)
and SYN in SAMP8 mice, and improved the cognitive impairment of SAMP8 mice [14].
Surprisingly, EPA-PS and DHA-PS had no significant effect on the expression of PSD-95
and SYN in Aβ-induced primary hippocampal neurons [16]. Therefore, it is speculated that
the improving effects of DHA-PS and EPA-PS on the neurites of neurons may be influenced
by inducible factors and experimental animals/cells.

63



Mar. Drugs 2023, 21, 410

Figure 5. Effects of EPA-PS and DHA-PS on the expressions of SYN and PSD-95 in neurons after
oxidative damage. Representative western blots (A) and relative expression of SYN (B) and PSD-95
(C) in primary hippocampal neurons. The expressions were detected by Western blotting analysis
and normalized with β-actin. Different letters represent significant differences at p < 0.05 among
treated groups. This figure shows the mean ± SEM of 3 experiments.

2.5. Effects of EPA-PS and DHA-PS on Tau Protein Phosphorylation

Tau is a microtubule-binding protein that stabilizes tubulin to form microtubules under
physiological condition [29]. However, in the brains of AD patients, the activation of GSK3β
kinase results in the excessive phosphorylation of Tau proteins, which leads to the loss of
normal physiological function, resulting in axon transport dysfunction, the loss of synapses,
and ultimately neuronal death [30,31]. Therefore, the levels of Tau phosphorylation and
its major kinase GSK3β were measured (Figure 6). The results of this study show that the
phosphorylation level of Tau protein increased significantly after oxidative damage, which
was consistent with the results of previous studies [32]. Compared with the model group,
EPA-PS and DHA-PS significantly reduced the protein expression levels of p-GSK3β and
p-Tau to the same extent. These results suggest that there was no difference between DHA-
PS and EPA-PS in improving nerve fiber tangles after oxidative damage. Similarly, studies
have shown that EPA-PS can inhibit the level of p-GSK3β in the brain hippocampus of
aged SAMP8 mice, and also significantly reverse the phosphorylation of Tau 0.62-fold [28].

2.6. Effects of EPA-PS and DHA-PS on the PI3K/Akt Signaling Pathway

The PI3K/Akt pathway is widely found in cells and is a signal transduction pathway
involved in cell growth, proliferation and differentiation, playing an important role in
promoting cell survival during oxidative stress [33,34]. PI3K/Akt kinase cascade is an
important pathway for membrane receptor signal transduction into cells [35]. PI3K is an
intracellular phosphatidyl inositol kinase. The activation of PI3K phosphorylates Akt at
Ser 473, thereby activating Akt, which plays a role in promoting cell survival by regulating
apoptosis-related proteins [34]. As shown in Figure 7, the protein expression level of
p-PI3K was significantly increased after oxidative damage. After incubation, the protein
expression level of p-PI3K was not changed significantly in the EPA-PS group, while it
was significantly decreased by 18.5% (p < 0.05) in the DHA-PS group. Compared with
the control group, p-Akt protein expression levels in the model group were not changed
significantly. Compared with the model group, the expression level of p-Akt protein was
significantly up-regulated after the incubation of EPA-PS, while that of p-Akt protein was
not significantly affected in the DHA-PS group. Interestingly, in primary hippocampal
neurons induced by Aβ, p-PI3K levels were decreased and p-Akt levels were increased.
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Compared with the Aβ-induced group, p-PI3K levels in EPA-PS and DHA-PS groups
did not change significantly, but EPA-PS and DHA-PS significantly reduced p-Akt levels
by 16.8% and 23.8%, respectively [16]. In this study, we found that the levels of p-Akt
and p-PI3K protein increased significantly after oxidative stress injury, which might be
related to the stress response of cells to external stimuli. Accordingly, our current research
suggested that EPA-PS and DHA-PS administration might protect primary hippocampal
neurons after oxidative damage, but not through the PI3K/Akt pathway.

Figure 6. Effects of EPA-PS and DHA-PS on the expressions of GSK3β and Tau in neurons after
oxidative damage. Representative western blots (A) and relative expression of p-GSK3β (B) and
p-Tau (C) in primary hippocampal neurons. The expressions were detected by Western blotting
analysis and normalized with β-actin. * p < 0.05 indicates significant differences compared with the
control group. Different letters represent significant differences at p < 0.05 among treated groups.
This figure shows the mean ± SEM of 3 experiments.

PS influx into absorptive cells occurs after its hydrolysis to lysoPS, and lysoPS, after
diffusion into intestinal cells, is sequentially converted into PS and PE, which make up a
minor fraction of the lipids present in lipoproteins [36]. The brain is one of the tissues with
high capacity to synthesize PS [37]. In mammalian tissues, PS is synthesized from either
PC or PE exclusively by Ca2+-dependent reactions, where the head group of the substrate
phospholipids is replaced by serine [38]. These base-exchange reactions are catalyzed by
phosphatidylserine synthases (PSS) [20], which are localized in the endoplasmic reticulum,
particularly enriched in the mitochondria-associated membrane regions of the endoplasmic
reticulum [39]. Therefore, dietary DHA-PS and EPA-PS do not enter primary hippocampal
neurons in their original form, but are synthesized again after digestion and absorption. It
has been reported that oral PS was absorbed efficiently in humans and crossed the blood–
brain barrier following its absorption into the bloodstream, increasing the content of PS in
the brain [40,41] and its incorporation into neuron cell membranes [42]. The incorporation
of adequate amounts of PS within nerve cell membranes is required for efficient neuro-
transmission throughout the human nervous system [42]. In addition, our previous study
found that a high-fat diet significantly reduced the levels of PS/pPE containing DHA, PS
containing DPA, and PE containing AA in the cerebral cortex of SAMP 8 mice, but dietary
DHA-PC and DHA-PS significantly restored lipid homeostasis [43]. Therefore, although
DHA-PS and EPA-PS do not enter the hippocampus in their original form, the dietary
supplementation of DHA-PS and EPA-PS is still significant for hippocampal neurons.
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Figure 7. The effects of EPA-PS and DHA-PS on the PI3K/Akt signaling pathway in neurons after
oxidative damage. Representative western blots (A) and relative expression of p-PI3K (B) and p-AKT
(C) in primary hippocampal neurons. The expressions were detected by Western blotting analysis
and normalized with β-actin. * p < 0.05 indicates significant differences compared with the control
group. Different letters represent significant differences at p < 0.05 among treated groups. This figure
shows the mean ± SEM of 3 experiments.

The neuroprotective effects of DHA-PS and EPA-PS against oxidative damage in
primary hippocampal neurons is shown in Figure 8. There are some other limitations to
the study. PS is normally found on the inner leaflet of the plasma membrane, and the ATP-
driven aminophospholipid translocases ATP8A1 and ATP8A2 pump phosphatidylserine
from the outer side of the membrane to the inner side of the membrane [44]. Interestingly,
PS can be exposed on the cell surface and is associated with apoptosis-related proteins
and receptor proteins that cause microglia to undergo phagocytosis [45]. Moreover, the
anti-inflammatory microglial phenotype induced through the activation of the specific PS
receptor (PtdSerR), expressed by resting and activated microglial cells, could be relevant to
the final outcome of neurodegenerative diseases, in which apoptosis seems to play a crucial
role [46]. Based on the reports on PS receptors, further studies on DHA-PS and EPA-PS
receptors will be conducted in the future. In addition, it was not determined whether DHA-
PS and EPA-PS liposomes were fully incorporated into hippocampal cells after 24 h of
preincubation, which may lead to the remaining liposomes that can be oxidized thus playing
a role in reducing oxidative damage to cells. The cellular protection may be aided by the
presence of extracellular EPA-PS and DHA-PS, a situation that will likely not occur in vivo
in the brain, where lipids are transported and remodeled by physiological mechanisms and
phospholipids cannot just be added as liposomes. Meanwhile, the oxidation status of the
DHA-PS and EPA-PS liposomes was not determined, and analysis of this aspect will be
carried out in follow-up studies.
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Figure 8. Possible potential mechanisms for the neuroprotective effects of EPA-PS and DHA-PS on
the oxidative damage of primary hippocampal neurons.

3. Materials and Methods

3.1. Materials

Sea cucumber (Cucumaria frondosa) and squid (Sthenoteuthis oualaniensis) were obtained
from Nanshan aquatic market of Qingdao (Qingdao, China). Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were purchased from GIBCO (Grand
Island, NY, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was provided by Sigma-Aldrich (St Louis, MO, USA). RIPA Lysis Buffer, a BCA Protein
Assay Kit, and phenylmethylsulfonyl fluoride (PMSF) were provided by Beyotime (Shang-
hai, China). Antibodies of BAX, Blc-2, Caspase 9, Caspase 3, Cyt-c, phosphorylated TrkB
(Y515), phosphorylated ERK and phosphorylated CREB, synaptophysin (SYN), postsy-
naptic compacts (PSD-95), phosphorylated GSK3β, phosphorylated Tau, phosphorylated
phosphatidylinositol 3 kinase (PI3K) and phosphorylated Akt were obtained from Cell
Signaling Technology (Boston, MA, USA).

3.2. Preparation of EPA-PS and DHA-PS

EPA-enriched phosphatidylcholine (EPA-PC) and DHA-PC were extracted from sea
cucumber (C. frondosa) and squid roe, respectively, based on the modified method of
Folch [47,48]. Briefly, the freeze-dried samples were immersed in a 20-fold volume of
chloroform-methanol solution (2:1, v/v) for 12 h. Then, water was added to the filtered
extraction solution. The mixture was poured into a separatory funnel and the underlying
solution containing chloroform and total lipid was collected. Next, the collected solution
was evaporated under vacuum until dry to remove the organic solvent. Then, EPA-PC and
DHA-PC were separated from neutral lipids and glycolipids by means of silica-gel column
chromatography using chloroform, acetone, chloroform-methanol (9:1, v/v), chloroform-
methanol (2:1, v/v) and methanol sequentially as eluents. The methanol eluent was
collected, and EPA-PC and DHA-PC were obtained after removal of the organic solvent
under vacuum. PS was synthesized from the PC via the phospholipase D catalyzed
transphosphatidyl reaction based on the previously described method [49]. The purities
of EPA-PS and DHA-PS were found to be above 90% using high-performance liquid
chromatography [16].
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3.3. Preparation of EPA-PS and DHA-PS Liposomes

Liposomes were prepared according to previously reported methods with slight
modifications [50]. Concisely, a mixture of phosphatidylserine (2 mg) and cholesterol
(molar ratio 1:1) was dissolved in chloroform, and then dried under a nitrogen stream to
form thin films in a rotary flask. A certain amount of phosphate-buffered solution was
added to the flask and nitrogen protection was performed. It was dissolved using a vortex
at low temperature and became a uniform suspension with a concentration of 1 mg/mL
(calculated by phospholipids). The obtained liposome suspension was extruded 20 times
through 400 nm and 200 nm polycarbonate membrane filters and then stored at −20 ◦C.
EPA-PS and DHA-PS liposomes were prepared fresh every time.

3.4. Preparation of Primary Hippocampal Neurons

P0 pups of Sprague Dawley (SD) rats were provided by Qingdao Lukang Pharmaceuti-
cal Experimental Animal Center. According to the method previously reported, hippocam-
pal neurons were isolated from the brains of neonatal SD rats [51]. The hippocampal tissues
were divided into 1 mm3 pieces and digested with 0.125% trypsin in a CO2 incubator for
15 min. DMEM medium containing 10% FBS was added to the hippocampal tissue, and
the upper cell fluid was collected after standing. B-27 (2%) was added on the third day of
culture and the medium was replaced every other day thereafter [16].

3.5. Morphological Observation of Primary Hippocampal Neurons

The prepared liposomes with a concentration of 1 mg/mL were diluted to 10 μg/mL
using the medium. The extracted hippocampal neurons were prepared in cell suspensions
and inoculated into 24-well plates, and incubated with EPA-PS liposomes or DHA-PS
liposomes at 10 μg/mL, respectively [16]. The morphology of hippocampal neurons was
observed using an inverted microscope.

3.6. Western Blotting Analysis

Primary hippocampal neurons were lysed in a RIPA lysis buffer containing 1% PMSF.
After incubation on ice for 30 min, the lysate was centrifuged at 8000 rpm for 10 min at
4 ◦C. Then, the amount of protein in the solution was measured using a BCA protein
assay kit (Beyotime, Nanjing, China). Cellular proteins (20 μg) were isolated using 10%
sodium dodecyl sulfate-polyacrylamide gelelectrophoresis. Then, proteins were transferred
onto polyvinylidene fluoride membranes, which were blocked in 5% (w/v) bovine serum
albumin (BSA) for 2 h at room temperature and then incubated with primary antibodies
(BAX (1:2000), Blc-2 (1:2000), Caspase 9 (1:1000), Caspase 3 (1:1000), Cyt-c (1:1000), p-TrkB
(1:1000), p-ERK (1:1000), p-CREB (1:1000), SYN (1:1000), PSD-95 (1:2000), p-GSK3β (1:1000),
p-Tau (1:1000), p-PI3K (1:1000) and p-Akt (1:1000)) overnight at 4 ◦C. Next, the membranes
were incubated with a goat anti-rabbit immunoglobulin G secondary antibody for 2 h
at room temperature. Finally, enhanced chemiluminescence was used to visualize the
corresponding protein bands with an UVP Auto Chemi Image system. Protein loading was
evaluated by using anti-β-actin antibody (1:3000).

3.7. Statistical Analysis

Data are expressed as means ± SEM, and the reported values are representative of
three independent experiments. The comparison between the control and model groups
was carried out using Student’s test * p < 0.05. Differences among the three groups, model,
EPA-PS and DHA-PS, were tested via one-way ANOVA (Turkey’s test), and different letters
(a, b, c) indicated different significance at p < 0.05.

4. Conclusions

In this study, we found that DHA-PS and EPA-PS could significantly improve abnor-
mal cell morphology and promote the restoration of the neural network structure. Both
of them could significantly reduce and inhibit oxidative stress-mediated mitochondrial
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dysfunction, but the inhibition effect of DHA-PS on the expression of Caspase 3 was better
than that of EPA-PS, while the reduction effect on BAX/Bcl-2 level was the opposite. Both
of them could play a neuroprotective role by regulating the TrkB/ERK/CREB pathway,
and the protective effect of EPA-PS was more obvious. In addition, EPA-PS could improve
the synaptic plasticity after oxidative damage by increasing the expression of SYN, but
DHA-PS had no effect on the expression of SYN and PSD-95. In addition, both could
improve ganglion entanglement by significantly reducing the expression levels of p-GSK3β
and p-Tau to the same extent.
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Abstract: It has been reported that dietary n-3 polyunsaturated fatty acids (n-3 PUFAs) exert ther-
apeutic potential for the preservation of functional β-cell mass. However, the effect of dietary n-3
PUFA deficiency on pancreatic injury and whether the supplementation of n-3 PUFA could prevent
the development of pancreatic injury are still not clear. In the present study, an n-3 PUFA deficiency
mouse model was established by feeding them with n-3 PUFA deficiency diets for 30 days. Results
showed that n-3 PUFA deficiency aggravated streptozotocin (STZ)-induced pancreas injury by reduc-
ing the insulin level by 18.21% and the HOMA β-cell indices by 31.13% and the area of islet by 52.58%
compared with the STZ group. Moreover, pre-intervention with DHA and EPA for 15 days could
alleviate STZ-induced pancreas damage by increasing the insulin level by 55.26% and 44.33%, the
HOMA β-cell indices by 118.81% and 157.26% and reversed the area of islet by 196.75% and 205.57%
compared to the n-3 Def group, and the effects were significant compared to γ-linolenic acid (GLA)
and alpha-linolenic acid (ALA) treatment. The possible underlying mechanisms indicated that EPA
and DHA significantly reduced the ration of n-6 PUFA to n-3 PUFA and then inhibited oxidative
stress, inflammation and islet β-cell apoptosis levels in pancreas tissue. The results might provide
insights into the prevention and alleviation of pancreas injury by dietary intervention with PUFAs
and provide a theoretical basis for their application in functional foods.

Keywords: streptozotocin; polyunsaturated fatty acid; pancreas injury; oxidative stress; inflammation;
apoptosis; mouse

1. Introduction

Type 1 diabetes mellitus (T1DM) is an autoimmune disease characterized by extreme
insulin deficiency and resultant hyperglycemia resulting from pancreatic β-cell apopto-
sis [1]. With the rapid development of society, the growing incidence of T1DM presents a
significant global public-health problem and a substantial global economic burden [1,2].
The statistical data of the International Diabetes Federation (IDF) show that more than
450 million people suffered from diabetes worldwide in 2017 and this number is predicted
to increase to 693 million by 2045 [3]. Moreover, it has been estimated that T1DM accounts
for approximately 5–10% of the total prevalence of diabetes throughout the world [4]. It is
evidenced that protecting pancreatic β cells against damage or death is regarded as a novel
therapeutic target for T1DM [5,6]. Therefore, it is of great necessity to prevent and control
pancreas injury.
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It is evidenced that dietary n-3 polyunsaturated fatty acids (n-3 PUFAs) exert therapeu-
tic potential for the preservation of functional β-cell mass [7]. N-3 PUFAs have protective
effects on β-cell function via the normalization of insulin secretion in response to glucose
in tunicamycin-treated islets [7]. Furthermore, it was observed that pre-intervention of
EPA could significantly reduce the apoptosis compared to the tunicamycin-treated islets [7].
Another study also demonstrated that therapeutic intervention in nonobese diabetic (NOD)
mice through nutritional supplementation or lentivirus-mediated expression of an n-3 fatty
acid desaturase, mfat-1, normalized blood glucose and insulin levels, reduced inflammatory
factor levels, such as IFN-γ, IL-17, IL-6 and TNF-α, prevented lymphocyte infiltration into
regenerated islets and sharply elevated the expression of the β-cell markers pancreatic
and duodenal homeobox 1 (Pdx1) and paired box 4 (Pax4) [8]. It has been reported that
alpha linolenic acids (ALAs) could inhibit streptozotocin-induced pancreas injury, reduce
serum insulin and glucose levels and restore δ6 desaturase activity and mRNA expression
levels [9]. Bi et al. reported that n-3 PUFAs could both stall autoimmunity and fully
restore pancreatic β-cell function [9]. Our previous study showed that deficiency of n-3
PUFA could aggravate inflammatory status and oxidative stress in the brain of mice [10].
Mounting evidence implies that reducing inflammation and oxidative stress could protect
against the development of pancreatic injury and insulitis in rats/mice with T1DM [11,12].
However, the effect of dietary n-3 PUFA deficiency on pancreatic injury and whether the
supplementation of n-3 PUFA could prevent the development of pancreatic injury are still
not clear.

The aim of the present study was to evaluate the effects of dietary n-3 PUFA levels
on pancreatic injury. Therefore, an n-3 PUFA deficiency mouse model was established to
investigate whether the deficiency of n-3 PUFA could aggravate STZ-induced pancreatic
injury, and the preventive effects of dietary different types of n-3 PUFAs on pancreatic injury
were also evaluated by pre-intervention of alpha-linolenic acid (ALA), eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) for 15 days, in which gamma-linolenic acid
(GLA), a kind of n-6 PUFA with anti-inflammatory activity, was used as a control. The
pancreatic injury was induced by a single intraperitoneal injection of streptozotocin. The
levels of fasting blood glucose and insulin, as well as histological changes in the pancreas,
were determined. Moreover, the possible underlying mechanism was further clarified by
determining the gene or protein expression levels of related indicators in oxidative stress,
inflammation and apoptosis. Our study may be beneficial for further understanding the
effects of dietary PUFAs on preventing pancreas injury and provide a theoretical basis for
their application in functional foods.

2. Results and Discussion

2.1. Effects of Pre-Intervention with Different Types of PUFAs on Glucose Homeostasis and Islet
β-Cell Function Homeostasis

To investigate the effect of different types of PUFA pre-intervention on glucose
metabolism in normal mice, OGTT was performed before intraperitoneal injection of
STZ. The result showed no significance among all groups (data not shown). As shown in
Figure 1A,B, compared with the Control group, blood glucose levels at all indicated time
points and the corresponding AUC were observed to be significantly (p < 0.001) high with
STZ treatment. Notably, the AUC level in the n-3 Def group was significantly (p < 0.05)
higher than that of the STZ group, indicating that the deficiency of n-3 PUFAs exacerbated
the disorder of glucose metabolism. Compared with the n-3 Def group, following pre-
intervention with GLA, ALA, EPA and DHA for 15 days, the AUC values were decreased
by 13.29%, 15.17%, 18.17% and 24.32%, respectively. Interestingly, only the pre-intervention
with DHA significantly decreased the AUC values (p < 0.05) compared to that in the n-3 Def
group, and there was no significant difference among n-3 Def, GLA, ALA and EPA groups.
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Moreover, the fasting blood glucose level in the STZ group was significantly (p < 0.01)
increased compared to that in the Control group (Figure 1C), implying that STZ treatment
caused damage on the glucose homeostasis of mice. The fasting blood glucose level in
the n-3 Def group was significantly (p < 0.05) higher than that in the STZ group, which
suggested that deficiency of n-3 PUFAs exacerbated STZ-induced disorder of glucose
metabolism. Compared to the n-3 Def group, a significant decrease (p < 0.05) in the fasting
blood glucose level was found in the EPA and DHA groups, which was decreased by
23.2% and 35.1%, respectively. These results suggested that pre-intervention with DHA
could effectively reduce glucose tolerance and maintain glucose homeostasis. The fasting
blood insulin level is the direct reflection of insulin secretory function, which is the first
indicator of islet β-cell function. The index of HOMA-β is usually used to evaluate the β-
cell function [13]. As observed in Figure 1D, the fasting blood insulin level in the STZ group
was significantly (p < 0.001) decreased in comparison with the Control group. Meanwhile,
the fasting blood insulin level in the n-3 Def group was significantly (p < 0.05) higher than
that in the STZ group, indicating that STZ treatment could destroy the insulin secretory
function of mice and n-3 PUFA deficiency exacerbated this damage. Compared to the
n-3 Def group, pre-intervention with GLA, ALA, EPA and DHA significantly (p < 0.05)
increased fasting blood insulin levels by 24.25%, 32.88%, 55.26% and 44.33%, respectively.
It has been reported that supplementation of EPA and DHA could significantly attenuate
hyperglycemia and increase insulin levels in db/db mice, which was consistent with our
results [14]. Wei et al. evaluated the direct impact of n-3 PUFAs on the functions and
viability of pancreatic β cells by using isolated islets from mfat-1 mice. They found that a
cellular increase in n-3 PUFAs and reduction in n-6 PUFAs through transgenic expression
of mfat-1 enhanced glucose-, amino acid- and GLP-1-stimulated insulin secretion in isolated
pancreatic islets, which was consistent with our result [15]. The index of HOMA-β was
significantly (p < 0.001) decreased in the STZ group compared with the Control group,
and n-3 PUFA deficiency further aggravated the decline in STZ-induced HOMA-β index
(p < 0.05) (Figure 1E). Compared to the n-3 Def group, pre-intervention with GLA, ALA,
EPA and DHA increased the index of HOMA-β by 43.94%, 55.95%, 118.81% and 157.26%,
respectively, suggesting that islet β-cell function was improved with pre-intervention of
different types of n-3 PUFAs and DHA exerted the best effect. Pinel et al. reported that
intervention of n-3 PUFA could lead to an enhancement in insulin secretory activity and
then protect islet β cells against streptozotocin-dependent injury, which was consistent with
the present results [16]. These results underlined the possibility that pre-intervention of
EPA and DHA might reduce hyperglycemia in mice with STZ-induced pancreas injury by
improving pancreatic β-cell function and insulin secretion ability. All the above-mentioned
results revealed that DHA and EPA were more effective than GLA and ALA in maintaining
glucose homeostasis and islet β-cell function homeostasis.
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Figure 1. Effects of pre-intervention with different types of PUFAs on glucose homeostasis and
islet β-cell function homeostasis. (A) Oral glucose-tolerance test and (B) area under the curve;
(C) fasting blood glucose (FBG) levels after sacrifice; (D) fasting insulin (FINS) levels after sacrifice;
(E) function index of β cells (HOMA-β), calculated by FBG and FINS. Results were presented as
Mean ± SEM (n = 8) for each group. Significance analysis between Control and STZ, STZ and n-3
Def was performed using two-tailed Student’s t-test. ** p < 0.01, *** p < 0.001, compared to control
group. # p < 0.05, compared to STZ group. Significance analysis among n-3 Def, GLA, ALA, EPA,
DHA was performed using one-way ANOVA followed by Duncan’s multiple range test. Different
letters indicated significant differences at p < 0.05 among pre-intervention groups.
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2.2. Effects of Pre-Intervention with Different Types of PUFAs on the Morphology of Pancreatic
Tissue and mRNA Expressions of Genes Related to Pancreatic β-Cell Function

As portrayed in Figure 2A,B, the histopathological results of the Control group demon-
strated complete pancreatic structure, normal pancreatic acini and central normal Langer-
hans islets with uniform arrangement of numerous pancreatic β-cells, while mild inflamma-
tory cell infiltration and an obvious (p < 0.05) decrease by 37.38% area of Langerhans islets
were observed in the STZ group compared with the Control group. The results confirmed
selective cytotoxicity of STZ to the pancreas, which was in accordance with a previous
study [17]. More severely, the n-3 Def group exhibited a dramatic (p < 0.01) decrease by
52.58% in area compared to the STZ group and obvious distortion of Langerhans islets,
reduction in pancreatic β cells, moderate edema and a little hemorrhage. An improvement
to different extents in the histological architecture and integrity of islets was found with
pre-intervention of four kinds of PUFAs. Specifically, the area of Langerhans islets was
significantly (p < 0.05) enlarged following pre-intervention of four kinds of PUFAs com-
pared to the n-3 Def group, while there was no significant difference found among four
kinds of PUFA groups. Pre-intervention of DHA seemed to be the most effective way to
protect islets from damage, since there was a slight vacuolation and edema in islets in the
GLA group, a little hemorrhage in the ALA group and less pancreatic β cells in the EPA
group compared to the DHA group. The morphology results suggested that STZ injection
contributed to the injury of pancreatic β cell and n-3 PUFA deficiency aggravated this
condition. Importantly, pre-intervention of DHA exhibited an excellent effect on restoring
pancreatic β cells.

When islet β cells were stimulated by glucose, Ins1 and Ins2 responsible for folding,
processing and secretion of insulin were activated [18]. To assess the function of pancreas
and insulin secretion ability of islet β cells, we determined the mRNA expressions of Ins1
and Ins2. The mRNA expression levels of Ins1 and Ins2 were dramatically (p < 0.001)
reduced after STZ administration compared to those of the Control group (Figure 2B,C).
Unexpectedly, n-3 PUFA deficiency displayed a significant increase in the expressions of
Ins1 and Ins2, which needs further study. Following pre-intervention of ALA, EPA and
DHA, the expression levels of Ins1 and Ins2 were significantly (p < 0.05) upregulated in
comparison to those in the n-3 Def group. Shehata et al. suggested that the upregulation of
Ins genes could improve pancreatic function and ameliorate STZ-induced diabetes, which
was in line with our findings [19]. These results suggested that pre-intervention of DHA
could significantly improve pancreatic function and restore the structure of the pancreas
among PUFA-treated groups.
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Figure 2. Effects of pre-intervention with different types of PUFAs on the morphology and function
of pancreatic tissue. (A) Representative histopathological images of H&E staining of pancreas (400 ×
magnification). IL: islets of Langerhans; PA: pancreatic acini; red arrow: hemorrhage; green arrow:
inflammatory infiltrate; yellow cycle: vacuolation. (B) Islet area of islet. The mRNA expression levels
of Ins1 (C) and Ins2 (D) in pancreas. Results were presented as Mean ± SEM (n = 8) for each group.
Significance analysis between Control and STZ, STZ and n-3 Def was performed using two-tailed
Student’s t-test. * p < 0.05, *** p < 0.001, compared to Control group., ## p < 0.01, compared to STZ
group. Significance analysis among n-3 Def, GLA, ALA, EPA, DHA was performed using one-way
ANOVA followed by Duncan’s multiple range test. Different letters indicated significant differences
at p < 0.05 among pre-intervention groups.
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2.3. Effects of Pre-Intervention with Different Types of PUFAs on Oxidative Stress Levels and
Relative mRNA Expression of Major Antioxidant Enzymes in Pancreatic Tissue

Oxidative stress is one of the most important mechanisms in the process of pancreatic
injury, dysfunction and apoptosis [20]. Pancreatic islet β cells are protected against reactive
oxygen species (ROS) by endogenous antioxidant enzymes, including T-SOD, CAT and
GSH-Px [21]. MDA is an indicator of lipid peroxidation. Decreased activity of antioxidant
enzymes and accumulation of MDA result in damage to pancreatic islet β cells. Thus,
to evaluate the oxidative stress levels in pancreatic islet β cells, the activity and mRNA
expressions of the above-mentioned antioxidant enzymes as well as MDA level in pancreas
were measured (Figure 3). After STZ administration, the activity of CAT and GSH-Px
was significantly (p < 0.05) decreased and the content of MDA was significantly (p < 0.05)
increased compared to the Control group, which suggested that STZ caused the oxida-
tive damage to the pancreas. It has been reported that the levels of hydrogen peroxide,
superoxide and lipid peroxides were significantly increased and the antioxidant enzyme
activity was significantly decreased in the rat pancreas after intraperitoneal injection of
STZ [22]. Moreover, deficiency of n-3 PUFA accentuated the decrease in CAT enzyme
activity. With pre-intervention of EPA and DHA, the activity of CAT and GSH-Px was
significantly (p < 0.05) increased and only DHA could significantly increase T-SOD activity
compared with the n-3 Def group, which suggested that DHA and EPA possessed the
scavenging capacity of free radicals [23], whereas GLA and ALA showed no significant
effects on the elevation of T-SOD and GSH-Px activity and the reduction in MDA level.

Thereafter, we examined the mRNA expression levels of related genes of antioxidant
enzymes. The expression levels of Sod2 and Sod3 in the STZ group were significantly
elevated compared with those in the Control group (Figure 3E,F). Notably, compared to the
STZ group, deficiency of n-3 PUFA contributed to a significant decrease in the expression
levels of Sod2 and Sod3. Of note, pre-intervention with GLA, EPA and DHA significantly
increased the mRNA expression of Sod2 by 67.03%, 48.71% and 34.59%, respectively,
compared with the n-3 Def group. Meanwhile, the mRNA expression of Sod3 was increased
by 100%, 264.71%, 252.94% and 170.59%, respectively, after pre-intervention with GLA,
ALA, EPA and DHA. There was no significant difference in the mRNA expressions of
CAT and Gpx3 between the Control group and STZ group or the STZ group and n-3
Def group (Figure 3G,H). When pre-intervention with ALA and DHA was carried out,
the CAT expression level was significantly (p < 0.05) upregulated by 48.73% and 44.20%,
respectively, compared to that of the n-3 Def group. Nevertheless, no significant difference
was found among the n-3 Def, ALA and EPA groups. Moreover, the Gpx3 mRNA expression
level after pre-intervention of GLA, ALA, EPA and DHA was significantly upregulated
by 44.26%, 79.97%, 74.02% and 73.29%, respectively, compared to that of the n-3 Def
group. Corresponding with our results, previous work demonstrated that oxidative stress
status in the pancreas was attenuated by downregulating activity and expression levels of
antioxidative enzymes, including SOD, CAT and GSH-Px [24].
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Figure 3. Effects of pre-intervention with different types of PUFAs on oxidative stress level and
relative mRNA expression of major antioxidant enzymes in pancreatic tissue. The antioxidant enzyme
activity of T-SOD (A), CAT (B), GSH-Px (C) in pancreas. The lipid peroxide contents of MDA (D)
in pancreas. The mRNA expression levels of Sod2 (E), Sod3 (F), CAT (G), Gpx3 (H) in pancreas.
Results were presented as Mean ± SEM (n = 8) for each group. Significance analysis between Control
and STZ, STZ and n-3 Def was performed using two-tailed Student’s t-test. * p < 0.05, *** p < 0.001,
compared to Control group. # p < 0.05, ## p < 0.01, ### p < 0.001, compared to STZ group. Significance
analysis among n-3 Def, GLA, ALA, EPA, DHA was performed using one-way ANOVA followed
by Duncan’s multiple range test. Different letters indicated significant differences at p < 0.05 among
pre-intervention groups. ns: no significance.
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2.4. Effects of Pre-Intervention with Different Types of PUFAs on Inflammation

An increasing amount of evidence shows that there is a strong relationship between the
inflammatory processes and β-cell dysfunction and apoptosis [25]. Activated macrophages
produce the appearance of proinflammatory cytokines, which are associated with the
upregulation of inflammation, promoting pancreatic β-cell apoptosis [26]. Inflammatory
cytokines, such as TNF-α, IL-Iβ and NO, have been established to play a significant role in
the pancreatic β-cell cytotoxic reactions and the insulitis that occurs in type 1 autoimmune
diabetes [12]. STZ is a toxin, which leads to oxidative stress, inflammation and apoptosis
of β cells in the pancreas mimicking autoimmune diabetes [26]. Over production of NO
caused by immunological and inflammatory stimulation is considered as an important
molecular mechanism leading to apoptosis of pancreatic β cells. Thus, the levels of NO and
TNF-α were measured and results are shown in Figure 4. Following pre-intervention with
different types of PUFA, the levels of TNF-α and NO in serum were significantly (p < 0.05)
reduced only for pre-intervention of DHA compared to the n-3 Def group (Figure 4A,B).
A previous study by Ganugula et al. reported that treatment with DHA could reduce
TNF-α and NO levels in peritoneal macrophage obtained from STZ-induced diabetic mice
to attenuate the inflammatory state, which was consistent with our findings [27]. However,
dietary pre-intervention of GLA, ALA and EPA exhibited no significant effect on the TNF-α
and NO level. This indicates that DHA could improve the pancreatic β-cell dysfunction by
regulating the level of inflammatory cytokines.

To further verify the regulating effect of DHA on inflammatory processes, the ex-
pressions of genes related to inflammation were examined. In comparison to the Control
group, the mRNA expression level of TNF-α and IL-1β in the STZ group was significantly
(p < 0.001, p < 0.01) increased. This confirms that streptozotocin, indeed, accentuated the
inflammatory processes and subsequently led to pancreatic β-cell apoptosis, while there
was no significant difference between the STZ and n-3 Def group. The expression levels of
TNF-α in all groups were significantly (p < 0.05) reduced by 18.74%, 12.10%, 16.77% and
21.78%, respectively, compared with the n-3 Def group. This result was inconsistent with
the TNF-α level in serum, which needs further study in the future. When there was pre-
intervention with GLA, ALA, EPA and DHA, the expression level of IL-1β was significantly
(p < 0.05) reduced by 54.12%, 35.35%, 38.08% and 46.83%, respectively. Corresponding
with our results, a previous study showed that supplementation of n-3 PUFA inhibited
inflammatory reaction in traumatic brain-injury-induced microglial activation by reducing
the expression of inflammatory factors, including TNF-α, IL-1β, IL-6 and IFN-γ, in lesioned
cortices [28].

Taken together, pre-intervention of DHA seems a more effective way to attenuate
inflammatory processes and further prevent pancreatic β-cell apoptosis. It has been re-
ported that resolvin D1, the anti-inflammatory metabolite of DHA, could attenuate the
severity of STZ-induced T1DM by anti-inflammation, anti-oxidation and anti-apoptosis
and by activating the Pdx gene that is needed for pancreatic β-cell proliferation [29]. We
speculated that this might be the reason for the significant effect of DHA on inhibiting the
inflammatory process.
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Figure 4. Effects of pre-intervention with different types of PUFAs on TNF-α/NO in serum and
relative mRNA expression of TNF-α/ IL-1β in pancreatic tissue. The inflammatory factor levels of
TNF-α (A) and NO (B) in serum. The mRNA expression levels of TNF-α (C) and IL-1β (D) in serum.
Results were presented as Mean ± SEM (n = 8) for each group. Significance analysis between Control
and STZ, STZ and n-3 Def was performed using two-tailed Student’s t-test. * p < 0.05, ** p < 0.01,
*** p < 0.001, compared to Control group. Significance analysis among n-3 Def, GLA, ALA, EPA, DHA
was performed using one-way ANOVA followed by Duncan’s multiple range test. Different letters
indicated significant differences at p < 0.05 among pre-intervention groups. ns: no significance.

2.5. Effects of Pre-Intervention with Different Types of PUFAs on the Expression of
Apoptosis-Related Genes and Proteins in Pancreatic Tissue

It is well established that the mitochondrial apoptosis pathway of pancreatic β cells is
the intrinsic mechanism for pancreas injury, where the pro-apoptotic factors are considered
as potential therapeutic targets [30]. To gain insight into the effects that different types of
PUFAs inhibit β-cell apoptosis, we examined the expressions of genes and proteins involved
in the mitochondrial apoptosis pathway (Figure 5). As revealed by quantitative real-time
PCR analysis, deficiency of n-3 PUFA significantly (p < 0.01) inhibited the mRNA expression
of anti-apoptotic gene Bcl-2 compared to the STZ group (Figure 5A). Pre-intervention of
four kinds of PUFAs significantly (p < 0.05) attenuated these terrible changes, especially
DHA, which exhibited outstanding effects among four pre-interventions. Figure 5B,D
showed that the mRNA expressions of pro-apoptotic genes, Bax and Caspase-3, were
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significantly (p < 0.01, p < 0.05) upregulated followed by STZ administration, compared
with the Control group. There were no significant differences in Bax and Caspase-3 gene
expressions between the STZ and n-3 Def group. In terms of gene expression of Bax, only
pre-intervention of DHA significantly (p < 0.05) reduced its expression levels compared to
that in the n-3 Def group, whereas GLA, ALA and EPA showed no significance compared
with the n-3 Def group. Compared to the n-3 Def group, pre-intervention of GLA, EPA
and DHA significantly (p < 0.05) reduced the expression levels of Caspase-3 by 27.51%,
24.45% and 40.18%, respectively, while pre-intervention of ALA showed no significant effect.
Administration with STZ significantly (p < 0.05) reduced the Bcl-2/Bax gene expression
ratio and deficiency of n-3 PUFA significantly (p < 0.01) exacerbated the terrible changes
(Figure 5C). Pre-intervention with four kinds of PUFAs significantly increased the Bcl-2/Bax
gene expression ratio to different extents, particularly DHA, which exhibited the best effects
on reversing against the reduction in Bcl-2/Bax gene expression ratio compared to the other
three kinds of PUFAs. A previous study reported that berberine inhibited STZ-induced
apoptosis in mouse pancreatic islets through downregulating Bax/Bcl-2 gene expression
ratio, which was in accordance with our results [31].

Compared to the n-3 Def group, pre-intervention of EPA and DHA significantly in-
creased the protein expression of Bcl-2, while GLA and ALA showed no significant effect
(Figure 5E). Administration with STZ significantly increased pro-apoptotic protein ex-
pression levels, including Bax, Caspase-9 and Caspase-3 (Figure 5F,H,I). Moreover, n-3
PUFA deficiency significantly increased Bax protein expression levels compared with the
STZ group (Figure 5F). The protein expression of Bax was significantly reduced by pre-
intervention of ALA, EPA and DHA, while pre-intervention of GLA showed no significant
effect (Figure 5F). The caspase cascade plays a significant role in pancreatic β-cell apoptosis
via both extrinsic and intrinsic pathways [32]. Caspase-9 is an initiator of apoptosis, which
is activated when it receives a signal and then responds to trigger effector caspase. Caspase-
3 is the pivotal performer of cell apoptosis [32]. The results revealed that pre-intervention of
EPA and DHA significantly (p < 0.05) downregulated the Caspase-9 and Caspase-3 protein
expression levels. Notably, GLA and ALA had no significant effect on downregulating the
protein expression of Caspase-9 and Caspase-3. Moreover, the Bcl-2/Bax protein expression
ratio was significantly (p < 0.05) reduced by administration with STZ and n-3 PUFA defi-
ciency significantly exacerbated this change (Figure 5G). Compared with the n-3 Def group,
pre-intervention of ALA, EPA and DHA significantly (p < 0.05) increased the Bcl-2/Bax
protein expression ratio by 43.52%, 102.58% and 115.51%, respectively. Similarly, syzygium
jambos extract attenuated pancreatic apoptosis by reducing pro-apoptosis Caspase-3 and
increasing anti-apoptotic Bcl-2 proteins [33]. A study by Wang et al. also evaluated the
effect of EPA on apoptosis in isolated islets from mice and observed less apoptosis in
the EPA-pretreated islets than in the tunicamycin-treated islets, including the decrease in
Bax and cleaved caspase-3 and an increase in Bcl-2, which was also consistent with our
results [7]. These results were in agreement with the result from quantitative real-time
PCR analysis, which confirmed that n-3 PUFA deficiency could exacerbate STZ-induced
pancreatic β-cell apoptosis and dietary supplementation with DHA and EPA could alleviate
terrible changes.
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Figure 5. Effects of pre-intervention with different types of PUFAs on the expression of apoptosis-
related genes and proteins in pancreatic tissue. The mRNA expression levels of mitochondrial
apoptosis pathway, including Bcl-2 (A), Bax (B), Bcl-2/ Bax (C), Caspase-3 (D). The protein expression
levels of mitochondrial apoptosis pathway, including Bcl-2 (E), Bax (F), Bcl-2/ Bax (G), Caspase-9 (H),
Caspase-3 (L). Results were presented as Mean ± SEM (n = 8) for each group. Significance analysis
between Control and STZ, STZ and n-3 Def was performed using two-tailed Student’s t-test. * p < 0.05,
** p < 0.01, compared to Control group. # p < 0.05, ## p < 0.01, compared to STZ group. Significance
analysis among n-3 Def, GLA, ALA, EPA, DHA was performed using one-way ANOVA followed
by Duncan’s multiple range test. Different letters indicated significant differences at p < 0.05 among
pre-intervention groups. ns: no significance.
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2.6. Effects of Pre-Intervention with Different Types of PUFAs on Main PUFA Composition and
n-6/n-3 Ratio in Pancreatic Tissue

A previous study reported that dietary supplementation with low n-6/n-3 ratio could
improve blood glucose homeostasis, reduce systematic inflammation and ameliorate the
progress of diabetes [34]. Moreover, it has been established that endogenous low n-6/n-3
ratio in pancreatic levels can be more of a benefit to manage STZ-induced diabetes [35].
Herein, fatty acid compositional analysis was performed to assess the n-6/n-3 ratio in pan-
creatic tissue. As the mother substance of the pro-inflammatory eicosanoids, arachidonic
acid is released from membrane phospholipids when activated by inflammation and then
is metabolized to prostaglandins and leukotrienes, accelerating the process of inflammatory
disorders [36]. As shown in Table 1, there was no significant difference in arachidonic acid
(AA; 20:4 n-6) and linoleic acid (LA; 18:2 n-6) among Control, STZ and n-3 Def groups.
With pre-intervention of four kinds of PUFAs, AA level in pancreas tissue was significantly
(p < 0.05) reduced by 24.29%, 40.51%, 57.35% and 59.85%, respectively. No significant
difference was found in linoleic acid (LA; 18:2 n-6) among n-3 Def, ALA, GLA, EPA and
DHA groups. N-3 PUFA was significantly (p < 0.05) reduced in the n-3 Def group compared
with the STZ group. Moreover, pre-intervention of ALA, EPA and DHA increased n-3
PUFA level in pancreas tissue by 233.17%, 253.37% and 349.45%, respectively. There was
no significant difference in the ratio of n-6 PUFA to n-3 PUFA between the Control and
STZ group, and the ratio of n-6 PUFA to n-3 PUFA was significantly (p < 0.01) increased in
the n-3 Def group, in comparison to the STZ group. Following pre-intervention of ALA,
EPA and DHA, the ratio of n-6 PUFA to n-3 PUFA was significantly (p < 0.01) reduced
by 74.90%, 80.90% and 81.60%, respectively, while pre-intervention of GLA showed no
similar significant effect. The ratio of n-6 PUFA to n-3 PUFA in pancreatic tissue is regarded
as one of the most selective markers of pancreatic inflammation; the higher the ratio, the
greater the proinflammatory conditions [23]. It has been reported that low inflammatory
index n-6/n-3 can protect against STZ-induced pancreatic injury, which may be one of the
reasons for the best effect of DHA on protecting the pancreas [35]. It has been suggested
that many EPA and DHA derivatives are signaling molecules and less-harmful compounds
than the corresponding n-6 metabolites [37]. Our results indicated that pre-intervention
of DHA could protect mice from STZ-induced pancreatic β-cell damage by reducing the
inflammatory index n-6/n-3 and AA levels in pancreas tissue.

Table 1. Main PUFA composition of pancreatic tissue.

Fatty Acids (%) Control STZ N-3 Def GLA ALA EPA DHA

C18:2(LA) 7.81 ± 0.68 10.83 ± 1.25 ns 8.09 ± 0.93 ns, bc 6.16 ± 0.57 c 10.01 ± 1.16 ab 8.79 ± 1.01 bc 12.37 ± 1.57 a

C18:3(ALA) 0.23 ± 0.03 0.19 ± 0.02 ns ND 0.18 ± 0.02 b 0.36 ± 0.04 a ND 0.12 ± 0.01 b

C20:4(AA) 9.67 ± 1.23 9.91 ± 0.86 ns 13.41 ± 1.24 ns, a 10.16 ± 0.94 b 7.98 ± 1.01 bc 5.72 ± 0.72 c 5.39 ± 0.68 c

C20:5(EPA) 0.90 ± 0.11 1.79 ± 0.23 * 0.85 ± 0.11 #, c 0.41 ± 0.05 c 3.48 ± 0.44 a 4.17 ± 0.53 a 2.28 ± 0.29 b

C22:6(DHA) 1.08 ± 0.14 1.41 ± 0.12 ns 0.89 ± 0.08 #, bc 0.66 ± 0.08 c 1.95 ± 0.24 b 1.96 ± 0.25 b 5.40 ± 0.69 a

n-6 PUFA 17.47 ± 1.41 20.73 ± 1.80 ns 21.50 ± 1.74 ns, a 16.32 ± 1.41 b 17.99 ± 1.56 ab 14.51 ± 1.26 b 17.76 ± 1.33 ab

n-3 PUFA 2.21 ± 0.17 2.89 ± 0.29 ns 1.74 ± 0.14 #, c 1.25 ± 0.11 c 5.78 ± 0.50 b 6.13 ± 0.50 b 7.80 ± 0.59 a

n-6/n-3 ratio 7.91 ± 0.46 6.12 ± 0.70 ns 12.39 ± 0.93 ##, a 13.03 ± 0.90 a 3.11 ± 0.20 b 2.37 ± 0.22 b 2.28 ± 0.20 b

Note: ND, not detected. Results were presented as Mean ± SEM (n = 8) for each group. Significance analysis
between Control and STZ, STZ and n-3 Def was performed using two-tailed Student’s t-test. * p < 0.05, compared
to Control group. # p < 0.05, ## p < 0.01, compared to STZ group. Significance analysis among n-3 Def, GLA, ALA,
EPA, DHA was performed using one-way ANOVA followed by Duncan’s multiple range test. Different letters
indicated significant differences at p < 0.05 among pre-intervention groups.
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3. Materials and Methods

3.1. Materials

DHA-rich fish oil (Cat no: QYC-20200202-03) and EPA-rich fish oil (Cat no: QYC-
20200202-02) were purchased from BenheBiotechnology Co., Ltd. (Xian, China). Flaxseed
oil rich in ALA (Cat no: 120102321) and GLA (Cat no: 120103122) was purchased from
Inno Biotechnology Co., Ltd. (Dalian, China). Streptozotocin (STZ. Cas no: 18883-66-4)
was purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). The
glucose assay kit (Cat no: 100000240) was obtained from BioSino Biotechnology and Science
Co., Ltd. (Beijing, China). The assay kits for total superoxide dismutase (T-SOD. Cat no:
A001-1-1, Hydroxylamine method), catalase (CAT. Cat no: A007-1-1, ammonium molybdate
method), glutathione peroxidase (GSH-Px. Cat no: A005-1-2, 2-Nitrobenzoic acid method)
and malondialdehyde (MDA. Cat no: A003-1-2, Thiobarbituric acid method) were obtained
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The tumor necrosis
factor-α (TNF-α. Cat no: H052-1-2, indirect) and insulin (Cat no: CK-1-20533-M, indirect)
ELISA kits were, respectively, provided by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) and Calvin Biotechnology Co., Ltd. (Suzhou, China). The assay kit for
Nitric Oxide (NO, Cat no: S0021) was obtained from Beyotime Biotech Inc. (Wuhan, China).
The primary Radio immunoprecipitation Assay (RIPA. Cat no: P0013B) lysis buffer was
from Beyotime Biotechnology Co., Ltd. (Shanghai, China). The primary antibodies against
β actin (Cat no: 3700T), B-cell lymphoma2 (Bcl-2. Cat no: 10571S), Bcl2-associated X protein
(Bax. Cat no: 89477S), caspase-9 (Cat no: 9508T), caspase-3 (Cat no: 9668T) as well as the
secondary antibodies (Cat no: 91196S) were purchased from Cell Signaling Technology
(Beverly, MA, USA). The bicinchoninic acid (BCA. Cat no: P0010S) kit was purchased
from Beyotime Biotech Inc. (Shanghai, China). The Trizol reagent (Cat no: 15596-026) was
provided by Invitrogen (Carlsbad, CA, USA) and random primer was from Thermo Fisher
Scientific, Inc. (Pittsburgh, PA, USA).

3.2. Animals and Treatments

All animal experimental protocols complied with the Ethical Committee of Experi-
mental Animal Care at the College of Food Science and Engineering, Ocean University
of China (Qingdao, China) (Approval No. SPXY2019016). In total, 56 Male C57BL/6J
mice (6–8 weeks) purchased from the Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China) were kept in an environment with a constant temperature of 23 ◦C and
relative humidity of 50–65% under a 12h/12h light/dark cycle. All mice were singularly
caged. Furthermore, mice were provided with food in equivalent quantity and free access
to water.

All animals were provided with a commercial diet for one week. After one-week
acclimatization, mice were randomly divided into 7 groups (n = 8): normal Control group
(Control), STZ-injected Control group (STZ), n-3 PUFA-deficient group (n-3 Def), GLA
pre-intervention group (GLA), ALA pre-intervention group (ALA), EPA pre-intervention
group (EPA) and DHA pre-intervention group (DHA). Control and STZ groups were
continuously fed with basic diet containing 0.31% (w/w) ALA for 30 days. N-3 Def group
was continuously fed with n-3 PUFA-deficient diet for 30 days to reduce the n-3 PUFA level
in mice. GLA, ALA, EPA and DHA groups were fed with a basic diet containing 0.31%
(w/w) ALA for 15 days and then provided with a diet containing corresponding 1% (w/w)
PUFA for 15 days. In addition, diet intakes were measured every day and body weights
of animals were measured every two days during the experiment. On the 31st day, all
mice received a single intraperitoneal injection of 150 mg/kg STZ dissolved in 0.1 M citrate
buffer, pH 4.5 and mice in the normal Control group were injected with only the buffer
solution, after 12 h fasting. Forty-eight hours after the injection, all mice were fasted for 12 h
(free access to water) and then an oral glucose tolerance test (OGTT) was conducted. Two
hours after OGTT test, all mice were euthanized with CO2 [38] and the tissue of pancreas
was collected and dissected carefully. Then, part of pancreas tissue was fixed with 4%
buffered paraformaldehyde for histological study, and the remaining was quickly frozen
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with liquid nitrogen and stored at −80 ◦C for further analysis. After the blood sample was
kept at 4 ◦C for 30 min, the serum sample was obtained via centrifugation at 3500 rpm at
4 ◦C for 15 min. The serum was immediately stored at −80 ◦C until further analysis.

3.3. Oral Glucose Tolerance Test

An OGTT test was carried out after forty-eight hours of STZ injection as described
previously [39]. After a 12 h overnight fast, all mice received oral treatment of glucose
(2 g/kg body weight) and blood samples were collected from the tail vein at 0, 0.5, 1 and 2 h.
The serum sample was obtained via centrifugation at 3500 rpm at 4 ◦C for 15 min and then
the glucose assay kits were used to assay the serum glucose concentration. Additionally,
the areas under the curve (AUC) of glucose were calculated.

3.4. Serum Biochemical Tests

The levels of glucose and NO in the serum samples were assayed with corresponding
enzymatic reagent kits. The concentrations of insulin and TNF-α were determined by
corresponding ELISA reagent kits. All measurements were conducted in accordance with
the manufacturer’s protocols. To assess the function of islet β cells in insulin secretion,
the HOMA β-cell indices were calculated as 20 × fasting serum insulin (mIU/L)/fasting
serum glucose (mmol/L) − 3.5 [40].

3.5. Indicators of Oxidative Stress in Pancreas

The levels of malondialdehyde (MDA) and antioxidant enzymes activity of total
super oxide dismutase (T-SOD), glutathione peroxidase (GSH-Px) and catalase (CAT) were,
respectively, measured in the pancreatic tissue homogenates using corresponding kits. All
measurements were conducted according to the manufacturer’s instructions.

3.6. Histological Analysis

The pancreas tissue was fixed with 4% buffered paraformaldehyde, dehydrated using
the graded ethanol series, embedded in paraffin and cut into 4–5 μm-thick tissue sections.
The specimens were stained with hematoxylin and eosin (H&E) and evaluated histologically
to determine the degree of pancreatic injury under a light microscope (Olympus BX41,
Olympus Optical, Tokyo, Japan).

3.7. RNA Isolation and Real-Time PCR Analysis

Real-time polymerase chain reaction (RT-PCR) was used to measure the mRNA levels
of associated genes. As previously described [41], RNA extraction and quantitative real-
time PCR were carried out. Total RNA was extracted from the pancreas tissue using the
Trizol reagent. Random primers and Moloney Murine Leukemia Virus Reverse Transcrip-
tase were used to reverse-transcribe RNA into cDNA. Target Genes were amplified using
the SYBR Green I Master Mix and 0.3μM of both forward and reverse primers in the PCR
detection system (Bio-Rad, Hercules, CA, USA). The expression levels of target genes were
represented as normalization to the levels of β actin using the 2−ΔΔCT method [42]. The
primer sequences are shown in Table S1 in the Supporting Materials.

3.8. Western Blotting Analysis

Western blotting analysis was carried out in accordance with the procedures previously
described [43]. Briefly, total proteins of pancreas were extracted using RIPA lysis buffer
mixed with phenylmethylsulfonyl fluoride and phosphatase inhibitor. The BCA protein
assay kit was used to detect protein concentrations. The protein (40 μg) was separated with
10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and then
electroblotted to polyvinylidene fluoride membranes. All membranes were blocked in 5%
BSA followed by washing, and subsequently they were incubated with primary antibodies
of Bcl-2 (1:1000), Bax (1:1000), Caspase-9 (1:1000), Caspase-3 (1:1000) and β actin overnight
at 4 °C. After that, corresponding secondary antibodies were incubated with them for
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1 h at room temperature and bands were detected using enhanced chemiluminescence
under a UVP Auto Chemi Image system (UVP Inc., Upland, CA, USA). The target protein
expression levels were quantified by Image J software (version 1.410) and normalized to
the levels of β actin.

3.9. Fatty Acid Composition of Pancreas

Total lipid extraction of the pancreas was performed with chloroform and methanol,
according to the general method of Bligh/Dyer [44]. In brief, following a water bath at 40 ◦C
for 30 min, total pancreas lipids were extracted three times using a chloroform/methanol
(1:1, v/v) solution. The chloroform layer was then obtained by centrifuging at 8000 rpm for
3 min at 4 ◦C. The mixtures of three repetitions of the chloroform layer are the pancreas
lipid extraction. Pancreas fatty acid composition was analyzed by gas chromatography
(GC). To perform a qualitative analysis of fatty acids, a mixture of 37 kinds of fatty acid
methyl esters was used. The amount of relative fatty acid in pancreas was measured using
an internal standard, TAG C15:0 (NU-CHEK Inc., Elysian, MN, USA). Briefly, 100 μL of
the pancreas lipid extraction was added into a tube containing 30 μg TAG C15:0 as the
internal standard and then the liquid was concentrated in vacuo. Then, 2 mL hydrochloric
acid–methanol (1:5, v/v) was added into the tube filled with nitrogen (N2) and methylation
was performed at 90 ◦C for 3 h with occasional shaking. After being cooled down to
room temperature, 1.5 mL n-hexane was mixed and then hexane layer was removed and
immediately injected into the GC. The analysis was conducted using a capillary column
Supelcowax (30 mm × 0.32 mm I.D and 0.25 μm film thickness; Sigma-Aldrich Inc, St
Louis, MO, USA). The nitrogen was used as carrier gas with a flow rate of 1.0 mL min
1. The temperature of the injector and detector was 240 ◦C and 260 ◦C, respectively. The
column oven’s temperature was heated from 170 ◦C to 240 ◦C at a rate of 3 ◦C per min and
it was kept at 240 ◦C for 15 min. The normalization method of the peak area was used to
measure the relative content of each peak.

3.10. Statistical Analysis

Results were presented as the mean ± standard error of the mean (SEM) values. All
data analysis was performed in SPSS 22.0 software. Statistical differences between Control
group and STZ group, STZ and n-3 Def were performed using two-tailed Student’s t-test.
* p < 0.05, ** p < 0.01, *** p < 0.001, compared to Control group. # p < 0.05, ## p < 0.01,
### p < 0.001, compared to STZ group. One-way analysis of variance (ANOVA) followed
by Duncan’ test was performed for determining statistical differences among n-3 Def, GLA,
ALA, EPA and DHA groups. The significant difference was obtained when p value < 0.05
and indicated by different letters.

4. Conclusions

In conclusion, the present study demonstrated that dietary n-3 PUFA deficiency aggra-
vated STZ-induced pancreas injury presented by the decreased insulin secretion ability and
the damaged pancreatic structure, which was accompanied by the increasing levels of ox-
idative markers, proinflammatory cytokines and apoptosis executors. Additionally, dietary
supplementation of EPA and DHA for 15 days significantly prevented severe pancreas
injury by improving glucose metabolic homeostasis and islet structural integrity, which
exerted more significant effects than pre-intervention of GLA and ALA. Further mechanism
research showed that the preventive effect of DHA and EPA on pancreatic injury was
associated with the reducing levels of oxidative stress and the inhibition of inflammation
and islet β-cell apoptosis. Furthermore, EPA and DHA significantly reduced the level of
AA and ratio of n-6 PUFA to n-3 PUFA in pancreatic tissue. These findings may provide
insights into the development of EPA and DHA as potential functional supplementations
for prevention and alleviation of pancreas injury.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md21010039/s1, Figure S1: Effects of pre-intervention with different
types of PUFA on body weights and food intakes in mice. (A) Mean food intake of mice during
experiments. (B) Body weight of mice during experiments; Table S1: Ingredients of experimental
diets of different kinds of PUFAs; Table S2: Primers used in this study.

Author Contributions: Conceptualization, T.-T.Z. and Y.-M.W.; validation, H.-J.Z., H.-Y.Z., Y.-C.Z.
and X.-Y.L.; formal analysis, H.-Y.Z.; writing—original draft preparation, H.-Y.Z.; writing—review
and editing, H.-Y.Z. and T.-T.Z.; supervision, Y.-M.W. and C.-H.X.; project administration, Y.-
M.W.; funding acquisition, Y.-M.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (32072145).

Institutional Review Board Statement: The study was conducted in accordance with the Guidelines
for Care and Use of Laboratory Animals of Ocean University of China and approved by the Animal
Ethics Committee of the College of Food Science and Engineering, Ocean University of China.
(Approval No. SPXY2019016).

Data Availability Statement: Not applicable.

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

References

1. Atkinson, M.A.; Eisenbarth, G.S.; Michels, A.W. Type 1 diabetes. Lancet 2014, 383, 69–82. [CrossRef] [PubMed]
2. Bommer, C.; Heesemann, E.; Sagalova, V.; Manne-Goehler, J.; Atun, R.; Bärnighausen, T.; Vollmer, S. The global economic burden

of diabetes in adults aged 20–79 years: A cost-of-illness study. Lancet Diabetes Endocrinol. 2017, 5, 423–430. [CrossRef] [PubMed]
3. Cho, N.H.; Shaw, J.E.; Karuranga, S.; Huang, Y.; da Rocha Fernandes, J.D.; Ohlrogge, A.W.; Malanda, B. IDF Diabetes Atlas:

Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res. Clin. Pract. 2018, 138, 271–281. [CrossRef]
[PubMed]

4. Green, A.; Hede, S.M.; Patterson, C.C.; Wild, S.H.; Imperatore, G.; Roglic, G.; Beran, D. Type 1 diabetes in 2017: Global estimates
of incident and prevalent cases in children and adults. Diabetologia 2021, 64, 2741–2750. [CrossRef]

5. Ardestani, A.; Maedler, K. MST1: A promising therapeutic target to restore functional beta cell mass in diabetes. Diabetologia 2016,
59, 1843–1849. [CrossRef] [PubMed]

6. Imai, Y.; Dobrian, A.D.; Morris, M.A.; Taylor-Fishwick, D.A.; Nadler, J.L. Lipids and immunoinflammatory pathways of beta cell
destruction. Diabetologia 2016, 59, 673–678. [CrossRef]

7. Wang, J.; Song, M.Y.; Bae, U.J.; Lim, J.M.; Kwon, K.S.; Park, B.H. n-3 Polyunsaturated fatty acids protect against pancreatic
beta-cell damage due to ER stress and prevent diabetes development. Mol. Nutr. Food Res. 2015, 59, 1791–1802. [CrossRef]

8. Bi, X.; Li, F.; Liu, S.; Jin, Y.; Zhang, X.; Yang, T.; Dai, Y.; Li, X.; Zhao, A.Z. Omega-3 polyunsaturated fatty acids ameliorate type 1
diabetes and autoimmunity. J. Clin. Investig. 2017, 127, 1757–1771. [CrossRef]

9. Canetti, L.; Werner, H.; Leikin-Frenkel, A. Linoleic and alpha linolenic acids ameliorate streptozotocin-induced diabetes in mice.
Arch. Physiol. Biochem. 2014, 120, 34–39. [CrossRef]

10. Wang, D.D.; Wu, F.; Ding, L.; Shi, H.H.; Xue, C.H.; Wang, Y.M.; Zhang, T.T. Dietary n-3 PUFA Deficiency Increases Vulnerability
to Scopolamine-Induced Cognitive Impairment in Male C57BL/6 Mice. J. Nutr. 2021, 151, 2206–2214. [CrossRef]

11. Abdulhadi, H.L.; Dabdoub, B.R.; Ali, L.H.; Othman, A.I.; Amer, M.E.; El-Missiry, M.A. Punicalagin protects against the
development of pancreatic injury and insulitis in rats with induced T1DM by reducing inflammation and oxidative stress. Mol.
Cell. Biochem. 2022, 477, 2817–2828. [CrossRef] [PubMed]

12. Varanasi, V.; Avanesyan, L.; Schumann, D.M.; Chervonsky, A.V. Cytotoxic mechanisms employed by mouse T cells to destroy
pancreatic beta-cells. Diabetes 2012, 61, 2862–2870. [CrossRef] [PubMed]

13. Li, Y.; Wang, Y.; Zhang, L.; Yan, Z.; Shen, J.; Chang, Y.; Wang, J. Iota-Carrageenan Tetrasaccharide from iota-Carrageenan Inhibits
Islet beta Cell Apoptosis Via the Upregulation of GLP-1 to Inhibit the Mitochondrial Apoptosis Pathway. J. Agric. Food Chem.
2021, 69, 212–222. [CrossRef]

14. Zhuang, P.; Li, H.; Jia, W.; Shou, Q.; Zhu, Y.; Mao, L.; Wang, W.; Wu, F.; Chen, X.; Wan, X.; et al. Eicosapentaenoic and
docosahexaenoic acids attenuate hyperglycemia through the microbiome-gut-organs axis in db/db mice. Microbiome 2021, 9, 185.
[CrossRef] [PubMed]

15. Wei, D.; Li, J.; Shen, M.; Jia, W.; Chen, N.; Chen, T.; Su, D.; Tian, H.; Zheng, S.; Dai, Y.; et al. Cellular production of n-3 PUFAs
and reduction of n-6–to–n-3 ratios in the pancreatic β-Cells and islets enhance insulin secretion and confer protection against
cytokine-induced cell death. Diabetes 2010, 59, 471–478. [CrossRef]

16. Pinel, A.; Morio-Liondore, B.; Capel, F. n-3 Polyunsaturated fatty acids modulate metabolism of insulin-sensitive tissues:
Implication for the prevention of type 2 diabetes. J. Physiol. Biochem. 2014, 70, 647–658. [CrossRef]

88



Mar. Drugs 2023, 21, 39

17. Khamchan, A.; Paseephol, T.; Hanchang, W. Protective effect of wax apple (Syzygium samarangense (Blume) Merr. & L.M. Perry)
against streptozotocin-induced pancreatic ss-cell damage in diabetic rats. Biomed. Pharmacother. 2018, 108, 634–645.

18. Ning, F.C.; Jensen, N.; Mi, J.; Lindstrom, W.; Balan, M.; Muhl, L.; Eriksson, U.; Nilsson, I.; Nyqvist, D. VEGF-B ablation in
pancreatic beta-cells upregulates insulin expression without affecting glucose homeostasis or islet lipid uptake. Sci. Rep. 2020, 10,
923. [CrossRef]

19. Shehata, N.I.; Abo Zeid, S.M.; Abd El Aziz, S.A.; Abdelgawad, H.M. Mitigation of streptozotocin-induced alterations by natural
agents via upregulation of PDX1 and Ins1 genes in male rats. J. Food Biochem. 2022, 46, e14086. [CrossRef]

20. Rehman, K.; Akash, M.S.H. Mechanism of generation of oxidative stress and pathophysiology of type 2 diabetes mellitus: How
are they interlinked? J. Cell Biochem. 2017, 118, 3577–3585. [CrossRef]

21. Acharya, J.D.; Ghaskadbi, S.S. Islets and their antioxidant defense. Islets 2010, 2, 225–235. [CrossRef]
22. Rajasekhar, S.; Subramanyam, M.V.V.; Asha Devi, S. Grape seed proanthocyanidin extract suppresses oxidative stress in the rat

pancreas of type-1 diabetes. Arch. Physiol. Biochem. 2021, online ahead of print. [CrossRef]
23. Dasilva, G.; Pazos, M.; Garcia-Egido, E.; Gallardo, J.M.; Rodriguez, I.; Cela, R.; Medina, I. Healthy effect of different proportions

of marine omega-3 PUFAs EPA and DHA supplementation in Wistar rats: Lipidomic biomarkers of oxidative stress and
inflammation. J. Nutr. Biochem. 2015, 26, 1385–1392. [CrossRef] [PubMed]

24. Adam, S.H.; Giribabu, N.; Kassim, N.; Kumar, K.E.; Brahmayya, M.; Arya, A.; Salleh, N. Protective effect of aqueous seed extract
of Vitis Vinifera against oxidative stress, inflammation and apoptosis in the pancreas of adult male rats with diabetes mellitus.
Biomed. Pharmacother. 2016, 81, 439–452. [CrossRef] [PubMed]

25. Donath, M.Y.; Shoelson, S.E. Type 2 diabetes as an inflammatory disease. Nat. Rev. Immunol. 2011, 11, 98–107. [CrossRef]
26. Ganugula, R.; Arora, M.; Jaisamut, P.; Wiwattanapatapee, R.; Jorgensen, H.G.; Venkatpurwar, V.P.; Zhou, B.; Rodrigues Hoffmann,

A.; Basu, R.; Guo, S.; et al. Nano-curcumin safely prevents streptozotocin-induced inflammation and apoptosis in pancreatic beta
cells for effective management of Type 1 diabetes mellitus. Br. J. Pharmacol. 2017, 174, 2074–2084. [CrossRef] [PubMed]

27. Davanso, M.R.; Crisma, A.R.; Braga, T.T.; Masi, L.N.; do Amaral, C.L.; Leal, V.N.C.; de Lima, D.S.; Patente, T.A.; Barbuto, J.A.;
Correa-Giannella, M.L.; et al. Macrophage inflammatory state in Type 1 diabetes: Triggered by NLRP3/iNOS pathway and
attenuated by docosahexaenoic acid. Clin. Sci. 2021, 135, 19–34. [CrossRef]

28. Chen, X.; Wu, S.; Chen, C.; Xie, B.; Fang, Z.; Hu, W.; Chen, J.; Fu, H.; He, H. Omega-3 polyunsaturated fatty acid supplementation
attenuates microglial-induced inflammation by inhibiting the HMGB1/TLR4/NF-kappaB pathway following experimental
traumatic brain injury. J. Neuroinflamm. 2017, 14, 143. [CrossRef]

29. Bathina, S.; Das, U.N. Resolvin D1 decreases severity of streptozotocin-induced type 1 diabetes mellitus by enhancing BDNF
levels, reducing oxidative stress, and suppressing inflammation. Int. J. Mol. Sci. 2021, 22, 1516. [CrossRef]

30. Choi, D.; Woo, M. Executioners of apoptosis in pancreatic {beta}-cells: Not just for cell death. Am. J. Physiol. Endocrinol. Metab.
2010, 298, E735–E741. [CrossRef]

31. Chueh, W.H.; Lin, J.Y. Berberine, an isoquinoline alkaloid, inhibits streptozotocin-induced apoptosis in mouse pancreatic islets
through down-regulating Bax/Bcl-2 gene expression ratio. Food Chem. 2012, 132, 252–260. [CrossRef] [PubMed]

32. Shi, H.; Zou, J.; Zhang, T.; Che, H.; Gao, X.; Wang, C.; Wang, Y.; Xue, C. Protective Effects of DHA-PC against Vancomycin-Induced
Nephrotoxicity through the Inhibition of Oxidative Stress and Apoptosis in BALB/c Mice. J. Agric. Food Chem. 2018, 66, 475–484.
[CrossRef]

33. Mahmoud, M.F.; Abdelaal, S.; Mohammed, H.O.; El-Shazly, A.M.; Daoud, R.; El Raey, M.A.; Sobeh, M. Syzygium jambos extract
mitigates pancreatic oxidative stress, inflammation and apoptosis and modulates hepatic IRS-2/AKT/GLUT4 signaling pathway
in streptozotocin-induced diabetic rats. Biomed. Pharmacother. 2021, 142, 112085. [CrossRef] [PubMed]

34. Lee, H.C.; Yu, S.C.; Lo, Y.C.; Lin, I.H.; Tung, T.H.; Huang, S.Y. A high linoleic acid diet exacerbates metabolic responses and gut
microbiota dysbiosis in obese rats with diabetes mellitus. Food Funct. 2019, 10, 786–798. [CrossRef]

35. Bellenger, J.; Bellenger, S.; Bataille, A.; Massey, K.A.; Nicolaou, A.; Rialland, M.; Tessier, C.; Kang, J.X.; Narce, M. High pancreatic
n-3 fatty acids prevent STZ-induced diabetes in fat-1 mice: Inflammatory pathway inhibition. Diabetes 2011, 60, 1090–1099.
[CrossRef] [PubMed]

36. Heller, A.; Koch, T.; Schmeck, J.; van Ackern, K. Lipid mediators in inflammatory disorders. Drugs 1998, 55, 487–496. [CrossRef]
[PubMed]

37. Waddington, E.; Sienuarine, K.; Puddey, I.; Croft, K. Identification and quantitation of unique fatty acid oxidation products in
human atherosclerotic plaque using high-performance liquid chromatography. Anal. Biochem. 2001, 292, 234–244. [CrossRef]

38. Wang, C.C.; Du, L.; Shi, H.H.; Ding, L.; Yanagita, T.; Xue, C.H.; Wang, Y.M.; Zhang, T.T. Dietary EPA-enriched phospholipids
alleviate chronic stress and LPS-induced depression- and anxiety-like behavior by regulating immunity and neuroinflammation.
Mol. Nutr. Food Res. 2021, 65, e2100009. [CrossRef]

39. Gao, X.; Xu, J.; Jiang, C.; Zhang, Y.; Xue, Y.; Li, Z.; Wang, J.; Xue, C.; Wang, Y. Fish oil ameliorates trimethylamine N-oxide-
exacerbated glucose intolerance in high-fat diet-fed mice. Food Funct. 2015, 6, 1117–1125. [CrossRef]

40. Singh, B.; Saxena, A. Surrogate markers of insulin resistance: A review. World J. Diabetes 2010, 1, 36–47. [CrossRef]
41. Zhang, L.; Zhang, T.; Ding, L.; Xu, J.; Xue, C.; Yanagita, T.; Chang, Y.; Wang, Y. The protective activities of dietary sea cucumber

cerebrosides against atherosclerosis through regulating inflammation and cholesterol metabolism in male mice. Mol. Nutr. Food
Res. 2018, 62, e1800315. [CrossRef] [PubMed]

89



Mar. Drugs 2023, 21, 39

42. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101–1108.
[CrossRef] [PubMed]

43. Yang, J.Y.; Zhang, T.T.; Dong, Z.; Shi, H.H.; Xu, J.; Mao, X.Z.; Wang, Y.M.; Xue, C.H. Dietary supplementation with exogenous sea-
cucumber-derived ceramides and glucosylceramides alleviates insulin resistance in high-fructose-diet-fed rats by upregulating
the IRS/PI3K/Akt signaling pathway. J. Agric. Food Chem. 2021, 69, 9178–9187. [CrossRef]

44. Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

90



Citation: Yue, H.; Tian, Y.; Zhao, Z.;

Bo, Y.; Guo, Y.; Wang, J. Comparative

Study of Docosahexaenoic Acid with

Different Molecular Forms for

Promoting Apoptosis of the 95D

Non-Small-Cell Lung Cancer Cells in

a PPARγ-Dependent Manner. Mar.

Drugs 2022, 20, 599. https://doi.org/

10.3390/md20100599

Academic Editor: Marc Diederich

Received: 30 August 2022

Accepted: 21 September 2022

Published: 23 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

marine drugs 

Article

Comparative Study of Docosahexaenoic Acid with Different
Molecular Forms for Promoting Apoptosis of the 95D
Non-Small-Cell Lung Cancer Cells in a
PPARγ-Dependent Manner

Hao Yue 1, Yingying Tian 1,2, Zifang Zhao 3, Yuying Bo 1, Yao Guo 1 and Jingfeng Wang 1,*

1 College of Food Science and Engineering, Ocean University of China, Qingdao 266003, China
2 Marine Biomedical Research Institute of Qingdao, Qingdao 266071, China
3 Hainan Huayan Collagen Technology Co., Ltd., Haikou 571000, China
* Correspondence: jfwang@ouc.edu.cn; Tel./Fax: +86-0532-82031967

Abstract: Cancer is a leading cause of death in worldwide. Growing evidence has shown that do-
cosahexaenoic acid (DHA) has ameliorative effects on cancer. However, the effects of DHA-enriched
phosphatidylcholine (DHA-PC) and efficacy differences between DHA-PC, DHA-triglyceride (DHA-
TG), and DHA- ethyl esters (DHA-EE) on cancer cells had not been studied. In this study, 95D lung
cancer cells in vitro were used to determine the effects and underlying mechanisms of DHA with
different molecular forms. The results showed that DHA-PC and DHA-TG treatment significantly
inhibited the growth of 95D cells by 53.7% and 33.8%, whereas DHA-EE had no significantly effect.
Morphological analysis showed that DHA-PC and DHA-TG prompted promoted cell contraction, in-
creased concentration of cell heterochromatin, vacuolization of cytoplasm, and edema of endoplasmic
reticulum and mitochondria. TUNEL and AO/EB staining indicated that both DHA-PC and DHA-TG
promoted cell apoptosis, in which DHA-PC performed better than DHA-TG. Mechanistically, DHA-
PC and DHA-TG treatment up-regulated the PPARγ and RXRα signal, inhibited the expression of
NF-κB and Bcl-2, and enhanced the expression of Bax and caspase-3, thereby promoting cell apoptosis.
In conclusion, DHA-PC exerted superior effects to DHA-TG and DHA-EE in promoting apoptosis in
95D non-small-cell lung cancer cells. These data provide new evidence for the application of DHA in
treatment of cancer.

Keywords: docosahexaenoic acid; different molecular forms; 95D non-small-cell lung cancer cell line;
PPARγ; apoptosis

1. Introduction

Cancer is a burdensome global health problem and leading cause of death for the
middle-aged and elderly. According to statistics, more than 9.6 million people worldwide
die from cancer each year, with an incidence rate of 1 in 6 [1]. Moreover, lung cancer
has the highest incidence rate and mortality. Disappointingly, the reduced sensitivity
of radiotherapy and chemotherapy and the propensity for recurrence and metastasis
have made the efficacy of cancer drugs very limited, despite extensive drug discovery,
development research, and efforts to improve treatment strategies [2]. Recently, the concept
that dietary changes improved cancer treatment response has attracted more and more
attention. For example, Kanarek et al. reported that dietary supplementation with histidine
improved the sensitivity of methotrexate to cancer treatment [3]. Lambert et al. confirmed
that dietary tocopherols significantly inhibited lung cancer growth in mice [4]. Therefore,
the search for effective anti-cancer components from food sources has become a viable
strategy for the treatment of cancer.
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Peroxisome-proliferation-activated receptor gamma (PPARγ) is a member of the nu-
clear receptor superfamily, and is considered to play a critical regulatory role in cell differ-
entiation, maintenance, and function [5]. In recent decades, substantial evidence indicates
that the dysregulation of the PPARγ signal was linked to tumor development in the lungs,
colon, and breast [6]. Preclinical studies have shown that PPARγ ligands (such as CB11,
CB13 and PPZ023) could exert anti-tumor effects against a variety of other cancers [7].
Skelhorne-Gross et al. confirmed that PPARγ agonists can inhibit the growth of cancer
cells in vitro, which was reversed by GW9662 (an inhibitor of PPARγ) [8]. Notably, PPARγ
negatively regulates NF-κB expression by ligand-dependent transrepression, which was
closely associated with cancer cell apoptosis [9]. Previous studies suggested that PPARγ
agonists could directly interfere with the activation of NF-κB and inhibit cancer develop-
ment [10]. Barkett et al. reported that NF-κB promoted the transcription of genes related
with the anti-apoptosis [11]. Hafeez et al. confirmed that delphinidin treatment induced
cell apoptosis via inhibiting the expression of NF-κB [12].

Docosahexaenoic acid (DHA) is a type of ω-3 long-chain polyunsaturated fatty acid,
which is known to have a variety of nutritional and pharmacological effects [13]. It has been
widely reported that DHA plays multi-functional roles in alleviating cancer progress [14].
In vitro experiments showed that treatment with DHA blocked cancer cell cycle progres-
sion. Cohort studies showed that a high intake of DHA significantly reduced the risk of
breast cancer [15]. Du et al. reported that DHA exhibits synergistic therapeutic efficacy
with cisplatin in the treatment of pancreatic cancer [16]. Notably, DHA mainly exists
with different forms in a natural state, such as triacylglycerol (DHA-TG), phospholipids
(DHA-PC), and ethyl esters (DHA-EE). Several research studies have shown that DHA-
PC exhibit higher bioavailability due to the amphiphilic structure of the phospholipid
molecules [17,18]. Recently, DHA-PC demonstrated superior anti-cancer activity in liver
cancer [19]. However, the effects of DHA-PC, and efficacy differences between DHA-PC,
DHA-triglyceride (DHA-TG), and DHA-ethyl esters (DHA-EE) on cancer cells had not
been studied. Therefore, in the present study, we first compared the effects of DHA-PC,
DHA-TG, and DHA-EE on the non-small-cell lung cancer cell line 95D and focused on its
role in apoptosis. Further, the potential molecular mechanism was explored and verified.

2. Results

2.1. Effect of DHA with Different Molecular Forms on the Cell Viability of 95D Cells

Cancer cells are characterized by rapid proliferation rate and metastatic potential [20].
As shown in Figure 1A, compared to the control group, DHA-PC and DHA-TG treatment
significant decreased the cell viability of 95D cells in a dose- and time-dependent manner
(p < 0.01, 53.7% and 33.8% in 400 μg/mL, respectively). However, DHA-EE had a significant
effect on the cell viability of 95D cells only at high concentrations (p < 0.05, 13.5% in 400 μg/mL).
Furthermore, all treatment groups had no significant effect on LDH activity compared with
the control group (Figure 1B, p > 0.05). These results indicated that DHA-PC and DHA-TG
effectively inhibited the growth of 95D cells in a non-cytotoxic manner.

2.2. Effect of DHA with Different Molecular Forms on the Morphology of 95D Cells

The morphological changes of the 95D cells were observed by hematoxylin staining
and TEM. As shown in Figure 2A, different molecular forms of DHA (especially DHA-PC)
treatment prompted severe morphological changes in 95D cells compared with the control
group, including cell enlargement and rounding, blurred cell membrane borders, and
intracellular vacuoles. Further, the sub-microstructural results showed that treatment with
different molecular forms of DHA resulted in a concentration of cellular heterochromatin,
severe vacuolization of the cytoplasm, and different degrees of edema in the endoplasmic
reticulum and mitochondria (Figure 2B). Similarly, DHA-PC ameliorated microarchitectural
degeneration more significantly than DHA-TG and DHA-EE. These results of morphologi-
cal changes suggested that different molecular forms of DHA treatment may decrease the
cell viability by inducing 95D cell apoptosis.
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Figure 1. Effects of DHA with different molecular forms on the growth of 95D lung cancer cells.
(A) Cell viability in DHA-PC group. (B) Cell viability in DHA-TG group. (C) Cell vi-ability in
DHA-EE group. (D) LDH activity in 24 h. (E) LDH activity in 48 h. (F) LDH activity in 72 h.
Data are presented as mean ± SD (n = 6). * p < 0.05, ** p < 0.01 versus control group. # p < 0.05,
## p < 0.01 versus 24 h. n.s., no significance. Abbreviations: lactic dehydrogenase (LDH).

Figure 2. Effects of DHA with different molecular forms on the morphological changes in 95D lung
cancer cells. (A) Hematoxylin staining. (B) Sub-microstructures observed by Transmission Electron
Microscopy (magnification, ×10,000; scale bar: 2 μm; red arrow: cytoplasmic vacuole, yellow arrow:
endoplasmic reticulum, blue arrow: mitochondria).

2.3. Effect of DHA with Different Molecular Forms on Apoptosis in 95D Cells

AO/EB staining and TUNEL staining were performed to evaluate the effects of DHA
with different molecular forms on apoptosis of 95D cells. As shown in Figure 3A, the apop-
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tosis rate of 95D cells after DHA-PC and DHA-TG treatment were significantly higher than
that of the control group, whereas there is no significant difference in DHA-EE. Further-
more, the TUNEL assay also revealed that DHA-PC and DHA-TG treatment significantly
increased the number of apoptotic cells.

Figure 3. Effects of DHA with different molecular forms on apoptosis in 95D lung cancer cells.
(A) Acridine orange/ethidium bromide staining (magnification, ×400; scale bar, 20 μm; Green
fluorescence: normal cells, orange fluorescence: apoptotic cells). (B) Terminal deoxynucleotidyl
transferase dUTP Nick-End Labeling staining. * p < 0.05, ** p < 0.01 versus control group.

2.4. Effect of DHA with Different Molecular Forms on the PPARγ Expression in 95D Cells

The retinoid X receptor alpha (RXRα) is a member of the nuclear receptor superfam-
ily that regulates transcription of target genes through heterodimerization with PPARγ.
PPARγ/RXRα signal has been proven to inhibit the growth of cancer cells and reduce
tumor invasiveness in a variety of cancers [21]. As shown in Figure 4, DHA-PC and
DHA-TG significantly enhanced the expression of PPARγ (p < 0.01, 39.5% and 21.4%, re-
spectively,) and RXRα (p < 0.05, 27.9% and 15.2%, respectively) proteins. Further, PPARγ
antagonist GW9662 abolished the apoptosis induced by DHA-PC and DHA-TG treat-
ments (Figure 2C,D). These results indicated that DHA-PC and DHA-TG promoted the cell
apoptosis in a PPARγ-dependent manner.

2.5. Effect of DHA with Different Molecular Forms on the PPARγ/NF-κB Signaling Pathway

PPARγ/RXRα has been proven to negatively regulate the NF-κB signal [22]. As shown
in Figure 5A,B, the protein expression of NF-κB in 95D cells were significantly decreased in
DHA-PC, DHA-TG, and DHA-EE groups by 32.8% (p < 0.01), 21.6% (p < 0.01), and 15.5%
(p < 0.05) compared to the control group, respectively. The Bcl-2/Bax/caspase-3 signaling
pathway is the downstream target of NF-κB, and plays an important role in cancer cells
apoptosis. Figure 5A,C showed that the protein expression of Bax and cleaved caspase-
3 were significantly increased, and the anti-apoptotic gene Bcl-2 was significantly decreased
in the in DHA-PC and DHA-TG treatment groups. These results together indicated that
DHA-PC and DHA-TG promoted the apoptosis in 95D cells via activating the PPARγ/NF-
κB/Bcl-2 signaling pathway.
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Figure 4. Effects of DHA with different molecular forms on the expression of PPARγ in 95D lung can-
cer cells (A) Western bolt analysis for PPARγ and RXRα protein expression. (B) Quantitative analysis
of the PPARγ and RXRα protein expression levels. (C) Cell viability. (D) Acridine orange/ethidium
bromide staining (magnification, ×400; scale bar, 20 μm; Green fluorescence: normal cells, orange
fluorescence: apoptotic cells). Data are presented as mean ± SD (n = 6). * p < 0.05, ** p < 0.01 versus
control group. n.s., no significance. Abbreviations: peroxisome-proliferation-activated receptor
gamma (PPARγ), retinoid X receptor alpha (RXRα).

Figure 5. Effects of DHA with different molecular forms on the expression of PPARγ/NF-κB signaling
pathway in 95D lung cancer cells (A) Western bolt analysis for NF-κB, Bcl-2, Bax, and cleaved caspase-
3 protein expression. (B) Quantitative RT-PCR analysis of the mRNA expression levels of NF-κB.
(C) Quantitative analysis of the NF-κB, Bcl-2, Bax, and cleaved caspase-3 protein expression levels.
Data are presented as mean ± SD (n = 6). * p < 0.05, ** p < 0.01 versus control group. Abbreviations:
nuclear transcription factor-κB (NF-κB), B-cell lymphoma-2 (Bcl-2), Bcl-2 associated X protein (Bax),
cleaved cysteinyl aspartate specific proteinase-3 (Cleaved caspase-3).
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3. Discussion

A large body of evidence suggested that nutritional choices can influence the risk of
developing certain malignancies [23]. Similarly, the daily diet could influence the progres-
sion of cancer, and about half of all cancer patients change their dietary habits in an effort
to improve survival [24]. In recent decades, there is growing evidence that ω-3 polyunsatu-
rated fatty acids play an active role in cancer treatment and prevention, in which, DHA has
been proven to not only show anti-tumor activity, potentially as an effective adjuvant for
cancer chemotherapy, but also to improve the secondary complications related to cancer
(such as cachexia) [25]. In the present study, we demonstrated that DHA-PC significantly
inhibited the growth of 95D non-small-cell lung cancer cells, which was superior to DHA-
TG and DHA-EE. Furthermore, DHA with different molecular forms has no effects on LDH
activity, indicating that the inhibited growth effects were mediated through the promotion
of apoptosis. Mechanism studies reveal that DHA-PC, as an activator of PPARγ, promoted
apoptosis by up regulating the PPARγ- mediated NF-κB/BCL-2 signaling pathway.

Nuclear receptors play critical roles in homeostasis [26]. As the representative member
of the nuclear receptor superfamily, PPARγ exerts gene regulatory effects through ligand-
dependent transactivation. It has been shown that PPARγ is highly expressed in most
tumor cells, which is closely linked to cell cycle arrest, differentiation, and apoptosis [27].
Recent studies indicated that polyunsaturated fatty acids, thiazolidinedione, and some
lipid-lowering drugs could enhance the transcriptional activity of PPARγ. Liu et al. found
that DHA-PC inhibited angiogenesis through activating PPARγ in endothelial cells [28].
Ghnaimawi et al. confirmed that DHA treatment activated PPAR to promote the transdif-
ferentiation of C2C12 cells into adipocyte phenotypes [29]. Similarly, the cytotoxicity of
DHA on many tumor cells is related to the activation of PPARγ. Zand et al. revelated that
DHA induced apoptosis in Reh cells by up-regulating the PPARγ signal, which reversed
the antagonization of PPARγ with GW9662 [10]. Liu et al. found that DHA-PC suppressed
Lewis lung cancer growth by activating PPARγ in mice [30]. In addition, the complete form
of PPAR protein is a heterodimer composed of PPARγ and RXRα. In this study, our data
clearly showed DHA-PC and DHA-TG treatment significantly upregulated the expression
of PPARγ and RXRα, but DHA-EE had little effect.

The involvement of NF-κB in the development and progression of cancer has been
widely reported [31]. Clinical evidence suggested that NF-κB directly regulates key gene
expressions in cancer-related processes such as cancer cell proliferation, apoptosis, angio-
genesis, and metastasis. Some studies indicated that apoptosis and cell arrest induced by
PPARγ ligands may be mediated by the NF-κB-dependent pathway [32]. Silva-Gomez et al.
confirmed that the preventitive effects of pirfenidone were mediated by the PPARγ/NF-κB
signaling pathway. Notably, biochemical interaction studies showed that PPARγ bound
with NF-κB prevents its translocation to the nucleus. The overexpression of PPARγ could
promote the ubiquitination degradation of NF-κB, resulting in anticancer effects [33,34].
Lee et al. reported that ligand-activated PPARγ induced cell apoptosis by blocking the
anti-apoptotic signaling of NF-κB [35]. Importantly, the anti-apoptotic activity of NF-κB
is mediated through genes such as Bcl-2. Fahy et al. indicated that NF-κB inhibitor di-
rectly leads to the overexpression of Bcl-2 in a variety of malignant tumors. The same
study reported that mutation of the NF-κB site decreased Bcl-2 promoter activity in all
cell lines [36]. Li et al. found that siRNA silencing of NF-κB decreased the expression of
Bcl-2 and Bax, thereby reducing cell apoptosis [37]. Consistent with the above studies, we
found that DHA-PC and DHA-TG treatment inhibited NF expression by enhancing PPAR,
significantly increased the expression of Bax and caspase3, and decreased the expression of
Bcl-2. Furthermore, TUNEL, AOEB staining, and TEM results also confirmed that apoptosis
was significantly increased in DHA-treated 95D cells.

Although there is sufficient evidence of the pharmacological role of DHA in cancer,
clinical and epidemiological data do not seem to fully support this view. For example,
Farrell et al. found that there was no significant relationship between DHA levels and risk
for prostate cancer [38]. Importantly, dietary supplementation with different molecular
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forms of DHA has a huge efficiency gap in achieving intracellular pharmacological con-
centrations. Lawson et al. found that the absorption rates of triacylglycerol and ethyl ester
DHA in vivo were only 57% and 21% [39]. Structurally, the ingestion of DHA undergoes
both cell passive translocation and carrier-mediated transmembrane translocation, and
the different molecular structure of DHA causes great differences in bioavailability and
pharmacological activity [40]. Previous studies confirmed that phosphatidylcholine-bound
substances more readily translocate through the cell membrane into the cell since the phos-
pholipid has an amphiphilic molecular structure [41]. Kidd et al. reported that DHA-PC
can be directly ingested by the cells in a binding form and decomposed into DHA and
phosphatidylcholine, showing enhancing effects [42]. Zhang et al. reported that DHA-PC
have a more significant effect on osteoporosis as compared with DHA-TG or DHA-EE [17].
Similarly, we found that DHA-PC with higher bioavailability has the most significant effect
on apoptosis of 95D cells in this study, whereas DHA-EE has no effects. Notably, although
DHA-EE has no significant effect on the expression of PPARγ, it significantly increased
the expression of NF-κB and cleaved caspase-3. As a class of nuclear hormone receptor
family, PPARγ has been proven to promote cell apoptosis through multiple pathways, such
as NF-κB, PI3K, and MAPK, etc. We believe that the stronger apoptosis promoting effect of
DHA-PC and DHA-TG on 95D non-small-cell lung cancer cells was mediated by PPARγ,
whereas DHA-EE may have additional potential targets. The current study focuses on the
effect of DHA with different molecular forms on the PPARγ-mediated NF-κB signal in 95D
non-small-cell lung cancer cells apoptosis. On this basis, further studies will investigate in
more detail PPARγ and downstream signals to better explain the positive role of different
molecular forms of DHA in promoting cancer cell apoptosis.

4. Materials and Methods

4.1. Preparation of DHA

DHA-TG and DHA-EE were provided by Himega Biopharm Co., Ltd. (Yibin, China).
DHA-PC was extracted following the described previously from squid roe (Zhoushan
Fisheries Co., Ltd., Zhoushan, China). The accounted amount of DHA-PC was determined
using an Agilent 7820 Gas Chromatograph with a flame-ionization detector. The purity of
DHA-PC, DHA-TG, and DHA-EE were all higher than 90%.

4.2. Liposome Preparation

DHA liposomes samples were prepared according to the modified method of Hos-
sain [19]. In brief, DHA and cholesterol (1:1) are dissolved in eggplant bottles containing a
small amount of chloroform. Then, it was purged with nitrogen and treated with ultrasonic
to form emulsion water suspension, and finally passed through 0.22 μM microporous
membrane filtration to obtain liposomes.

4.3. Cell Culture and Viability Assay

The 95D cells were purchased from Shanghai Institutes for Biological Sciences (Shang-
hai, China) and cultured in an RPMI 1640 medium containing 10% fetal bovine serum
and 0.1% penicillin-streptomycin at 37 ◦C with 5% CO2. The cell viability of 95D cells
were evaluated by MTT method. Briefly, logarithmic growth phase 95D cells were grown
in 96-well culture plates (2 × 103 cells per plate) for 12 h and treated with different con-
centrations DHA samples for 24 h, 48 h, and 72 h. Then, cells were incubated with MTT
solution (0.5 mg/mL) for 4 h and measured at 570 nm. The LDH contents of 95D cells were
measured by commercial kits.

4.4. Hematoxylin and Acridine Orange/Ethidium Bromide (AO/EB) Staining

The 95D cells (3 × 103 cells/per well) were inoculated with DHA samples (100 μg/mL)
on 24-well plates for 24 h. The cells used for hematoxylin staining were washed twice in
D-Hanks and then fixed in 95% ethanol for 20 min. Then, the cells were incubated with
0.5% hematoxylin staining solution for 5 min and washed with deionized water. The cells

97



Mar. Drugs 2022, 20, 599

used for AO/EB staining were incubated with 10 μL/mL of AO (100 μg/mL) and EB
(100 μg/mL) for 30 s, and washed with PBS. The morphology of cells was observed using
an Olympus microscope (IX51, Tokyo, Japan).

4.5. Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling (TUNEL) Staining

The 95D cells (3 × 103 cells/per well) were inoculated with DHA samples (100 μg/mL)
on 24-well plates for 24 h. The cells used for hematoxylin staining were washed twice
in D-Hanks and then fixed in 95% ethanol for 20 min. Then, the cells were incubated
with 80 μL TUNEL reaction solution for 90 min at 37 ◦C in a humidified dark chamber,
Finally, the nuclei were stained with 10 μg/mL DAPI solution. The morphology of cells
was observed using an Olympus microscope (IX51, Japan).

4.6. Transmission Electron Microscopy (TEM)

The 95D cells treatment with DHA samples (100 μg/mL) were inoculated for 24 h, and
fixed with 2.5% glutaraldehyde. After ethanol dehydration, stained with uranyl acetate and
lead citrate, the fixed cells were analyzed by a JEM-1200EX transmission electron microscope.

4.7. Quantitative Real-Time PCR Analysis

The 95D cells (1 × 106 cells/per well, 6-cell plates) were incubated with DHA samples
(100 μg/mL) for 24 h, and total was extracted RNA by the RNeasy Mini Kit. The amplification
conditions were as hereunder mentioned: pre-denatured at 95 ◦C for 10 min, denatured at
95 ◦C for 15 s, annealed at 60 ◦C for 30 s, and extended at 72 ◦C for 45 s of 40 cycles.

4.8. Western Blot Analysis

The 95D cells (1 × 106 cells/per well, 6-cell plates) were incubated with DHA samples
(100 μg/mL) for 24 h, and lysed using RIPA buffer to obtain total protein. The protein samples
were separated in SDS-PAGE by electrophoresis and transferred to a PVDF membrane. Subse-
quently, the membrane was blocked with 5% bovine serum albumin for 2 h at room temperature.
After that, the membrane was incubated overnight at 4 ◦C with primary antibodies (Cell Signal-
ing Technologies, 1:1000) and then incubated with the secondary antibody (Proteintech, 1:4000)
for 2 h. The protein results were detected by an enhanced chemiluminescence method using the
Bio-Spectrum Gel Imaging System (UVP, Upland, CA, USA).

4.9. Statistical Analysis

All data were statistically analyzed used SPSS version 22.0 by One-way analysis of variance
(ANOVA) with Turkey’s test. Statistical difference was considered significant at p < 0.05.

5. Conclusions

In conclusion, the current study demonstrated for the first time that the effect of DHA
on non-small-cell lung cancer cells is related to its molecular form. Moreover, DHA-PC
was a superior choice for beneficial effects on promoting cells apoptotis over DHA-TG and
DHA-EE, by up-regulating of the NF-κB/BCL-2 signaling pathway in a PPARγ-dependent
manner. We believe these findings provide new evidence for the treatment of cancer via
dietary intervention and the development of functional dietary supplements.
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Abstract: The weight loss effects of dietary phospholipids have been extensively studied. However,
little attention has been paid to the influence of phospholipids (PLs) with different fatty acids
and polar headgroups on the development of obesity. High-fat-diet-fed mice were administrated
with different kinds of PLs (2%, w/w) with specific fatty acids and headgroups, including EPA-
enriched phosphatidylcholine/phosphatidylethanolamine/phosphatidylserine (EPA-PC/PE/PS),
DHA-PC/PE/PS, Egg-PC/PE/PS, and Soy-PC/PE/PS for eight weeks. Body weight, white adipose
tissue weight, and the levels of serum lipid and inflammatory markers were measured. The expression
of genes related to lipid metabolism in the liver were determined. The results showed that PLs
decreased body weight, fat storage, and circulating lipid levels, and EPA-PLs had the best efficiency.
Serum TNF-α, MCP-1 levels were significantly reduced via treatment with DHA-PLs and PS groups.
Mechanistic investigation revealed that PLs, especially EPA-PLs and PSs, reduced fat accumulation
through enhancing the expression of genes involved in fatty acid β-oxidation (Cpt1a, Cpt2, Cd36, and
Acaa1a) and downregulating lipogenesis gene (Srebp1c, Scd1, Fas, and Acc) expression. These data
suggest that EPA-PS exhibits the best effects among other PLs in terms of ameliorating obesity, which
might be attributed to the fatty acid composition of phospholipids, as well as their headgroup.

Keywords: phospholipids; obesity; fatty acid composition; headgroups; lipid metabolism

1. Introduction

In recent decades, obesity has become a growing public health problem worldwide [1].
Importantly, there is a strong link between obesity and dyslipidemia, ectopic lipid accumula-
tion, and chronic low-grade inflammation, which may lead to obesity-associated metabolic
complications, such as type 2 diabetes (T2DM) and metabolic syndrome (MetS) [2]. Despite
several efforts, the cause of obesity remains unclear [3,4], and the only effective treatment
is gastric bypass surgery [5]. Therefore, finding new bioactive compounds to fight against
obesity have received increasing interest [6,7].

A typical diet contains approximately 2–8 g of phospholipids (PLs), of which 10–40%
(or 0.8 g) are egg-derived PLs [8]. Other food sources rich in PLs also include soy, dairy
products, fish roe, and various seafoods [9]. Structurally, PLs are composed of a glycerol
backbone esterified with two fatty acids, along with a phosphate that contains a polar
headgroup. Based on the headgroup, dietary PLs can be categorized into different classes,
primarily including phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phos-
phatidylserine (PS). Moreover, the fatty acids (FAs) esterified to the sn-1 and sn-2 position
of PL species differ significantly depending on the food sources. For example, egg PC
consists primarily of palmitic acid (16:0) and oleic acid (18:1) at the sn-1 and sn-2 positions,
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respectively [8]. Soybean PLs are rich in n-6 polyunsaturated fatty acids (PUFAs) (mainly
linoleic acid) [10]. Marine PLs are highly abundant in two n-3 PUFAs, docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), which are preferentially bound at the sn-2
position of PLs [11]. Numerous lines of evidence support the association between the health
efficacy of PLs and their structures, which include the different polar headgroups and fatty
acid compositions [12–14].

Although PS is less abundant than PC is in dietary intake, there have been several
studies regarding the neuroprotective effect of PS [15,16]. Recent findings suggest that
dietary PS may have a similar effect on improving lipid metabolism to that of PC [17].
Moreover, growing interest has developed in marine-derived n-3 PUFAs due to their
exceptional health benefits. Liu et al. found that EPA-PL was more effective than Soy-PL
was in decreasing the lipid levels of liver and serum in high-fat-fed mice [18]. Another
animal study demonstrated that EPA-PL had superior anti-obesity and lipid-lowering
effects compared to DHA-PL [19]. Furthermore, a study comparing the effects of 12 different
dietary phospholipids on the phospholipid profiles of organelles in the liver of NAFLD
mice revealed that fatty acid composition of phospholipids may have a greater impact on
the phospholipid composition of the organellar membrane than do the headgroups [13].
However, it is still unclear whether or not the fatty acid compositions of phospholipids have
a stronger influence on lipid lowering compared to their headgroups. In this study, we aim
to explore the influences of different kinds of PLs with specific fatty acids and headgroups
(Soy-PC/PE/PS, Egg-PC/PE/PS, EPA-PC/PE/PS, and DHA-PC/PE/PS) on anti-obesity
in high-fat-diet-induced obese mice. Moreover, we will investigate the possible underlying
mechanisms by determining the expression of genes related to fatty acid metabolism and
verifying the activating effects of different kinds of PLs on PPARs through a dual-luciferase
report experiment.

2. Results

2.1. Effects of Different PLs on Growth Parameters in Mice

The body weight gain and food intake were measured to examine whether or not
dietary phospholipids have different effects on the body weight of mice. After 8 weeks
of feeding, the body weight of the model group was significantly higher than that of the
control group, which suggested that the successful establishment of the obese mice model
(Figure 1A). Different kinds of dietary phospholipids slowed down the increase in the body
weight of high-fat-diet mice. Among these phospholipids (Soy-PC/PE/PS, Egg-PC/PE/PS,
EPA-PC/PE/PS, and DHA-PC/PE/PS), phospholipids enriched in EPA were the most
effective in decreasing body weight. The mice in the DHA phospholipid groups had a lower
body weight than did the model group mice, although there was no statistically significant
difference. Moreover, in the Soy-PS and Egg-PE groups, the body weight was significantly
decreased compared to that in the model group, while there were no significant differences
in body weight among the other phospholipid groups. As shown in Figure 1B, the food
intake did not show significantly different among different groups. Table 1 showed that the
model group exhibited a decrease in organ indexes compared to those of the control group,
particularly in the liver and muscle indexes (p < 0.01). This decline may be attributed to the
excessive body fat of the mice in the model group. After the administration of different
phospholipids, there was an increasing trend in the muscle index of mice. Specifically, the
muscle index significantly increased in the Soy-PS group and the EPA-PS group. Moreover,
the high-fat diet increased lipid accumulation in white adipose tissues, including visceral
white adipose tissue (VAT) and subcutaneous white adipose tissue (SAT), which further
confirmed the success of the obesity model (Figure 1C,D). When mice were treated with
phospholipids (PLs), varying degrees of reduction were observed in the weight of VAT and
SAT. However, there was no significant difference in the weight of SAT among the different
PL groups. It should be noted that EPA-PS and Soy-PS groups showed a superior reduction
effect compared to that of other groups.
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Figure 1. Effect of dietary phospholipids on body weight gain (A), energy intake (B), visceral adi-
posity index (VAI) (C), and subcutaneous adiposity index (SAI) (D) of mice. Data were given as
mean ± SEM. The comparison of the control group (N) and the model group (M) was tested via
Student’s t-test; ** p < 0.01. Letters indicate a significant difference at p < 0.05 among groups feeding
a high fat diet (HFD), as determined via one-way ANOVA. Note: N (control), M (model), GPC
(egg phosphatidylcholine), GPE (egg phosphatidylethnolamine), GPS (egg phosphatidylserine),
SPC (soy phosphatidylcholine), SPE (soy phosphatidylethnolamine), SPS (soy phosphatidylser-
ine), DPC (docosahexenoic acid-enriched phosphatidylcholine), DPE (docosahexenoic acid-enriched
phosphatidylethnolamine), DPS (docosahexenoic acid-enriched phosphatidylserine), EPC (eicosapen-
taenoic acid-enriched phosphatidylcholine), EPE (eicosapentaenoic acid-enriched phosphatidylethno-
lamine), and EPS (eicosapentaenoic acid-enriched phosphatidylserine).

Table 1. Effects of different kinds of phospholipids on growth parameters in mice.

g/100 g Body Weight N M GPC GPE GPS SPC SPE

liver 3.80 ± 0.08 3.02 ± 0.08 ab ** 2.69 ± 0.14 a 3.02 ± 0.14 ab 3.15 ± 0.06 ab 3.06 ± 0.12 ab 3.01 ± 0.07 ab

kidney 1.24 ± 0.03 1.10 ± 0.02 1.12 ± 0.04 1.14 ± 0.06 1.14 ± 0.04 1.17 ± 0.03 1.12 ± 0.04
heart 0.59 ± 0.03 0.50 ± 0.02 0.49 ± 0.03 0.48 ± 0.02 0.47 ± 0.02 0.50 ± 0.04 0.47 ± 0.03
lung 0.60 ± 0.01 0.47 ± 0.03 0.49 ± 0.06 0.44 ± 0.02 0.51 ± 0.03 0.50 ± 0.03 0.49 ± 0.03

spleen 0.22 ± 0.00 0.22 ± 0.02 0.23 ± 0.02 0.22 ± 0.02 0.22 ± 0.01 0.23 ± 0.02 0.22 ± 0.01
thymus 0.18 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.17 ± 0.00 0.17 ± 0.01 0.16 ± 0.01 0.16 ± 0.01
muscle 1.20 ± 0.01 0.96 ± 0.03 a ** 1.00 ± 0.01 ab 1.01 ± 0.04 abc 1.06 ± 0.05 abc 1.04 ± 0.03 abc 1.00 ± 0.03 ab

g/100 g body weight SPS DPC DPE DPS EPC EPE EPS

liver 3.39 ± 0.14 bc 3.10 ± 0.20 ab 2.90 ± 0.07 ab 3.16 ± 0.38 ab 3.12 ± 0.12 ab 3.35 ± 0.12 bc 3.15 ± 0.15 ab

kidney 1.21 ± 0.04 1.10 ± 0.07 1.12 ± 0.06 1.16 ± 0.15 1.15 ± 0.03 1.11 ± 0.01 1.24 ± 0.04
heart 0.58 ± 0.04 0.45 ± 0.04 0.48 ± 0.01 0.47 ± 0.06 0.51 ± 0.04 0.50 ± 0.03 0.55 ± 0.03
lung 0.56 ± 0.02 0.47 ± 0.03 0.45 ± 0.02 0.49 ± 0.06 0.48 ± 0.04 0.52 ± 0.02 0.53 ± 0.03

spleen 0.22 ± 0.02 0.27 ± 0.06 0.23 ± 0.02 0.23 ± 0.03 0.25 ± 0.02 0.23 ± 0.02 0.28 ± 0.02
thymus 0.19 ± 0.01 0.19 ± 0.01 0.17 ± 0.01 0.17 ± 0.03 0.17 ± 0.01 0.15 ± 0.01 0.17 ± 0.01
muscle 1.14 ± 0.03 bc 0.99 ± 0.03 ab 1.03 ± 0.06 abc 1.05 ± 0.05 abc 1.04 ± 0.03 abc 1.09 ± 0.02 abc 1.11 ± 0.02 bc

Note: ** p < 0.01; significant difference compared to the N group determined via Student’s t test. Different letters indicate
significant differences at p < 0.05 among high fat diet groups as determined via one-way ANOVA (Tukey’s test).
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2.2. Effects of Different PLs on Lipid Profile in Serum of Mice

Serum lipid levels can reflect the status of lipid metabolism in the body. In comparison
to those of the mice in the control group, the levels of serum TG, TC, and LDL-C were
significantly higher in the model group (p < 0.01) (Figure 2). There was a higher serum
HDL-C level in the model group mice compared to that in the control group mice, although
the difference was not statistically significant. Compared to the model group, dietary
phospholipids led to a reduction in serum TG levels, with significant decreases observed
in the Soy-PS group and EPA phospholipid groups. Treatment with phospholipids also
resulted in a decrease in serum TC levels. Among the different phospholipid groups, the
Soy-PS group, DHA phospholipid groups, and EPA-PS group dramatically reduced serum
TC levels. However, egg phospholipid groups did not have a significant influence on
serum TC levels. There were no significant differences in serum HDL-C levels among
the different high-fat diet groups, except for the soy-PE treatment, which significantly de-
creased HDL-C levels in serum. Furthermore, compared to the model group, phospholipid
treatment led to lower LDL-C levels. The Egg-PE group, Soy-PS group, and DHA and EPA
phospholipid groups had significantly lower LDL-C levels than did the model group. The
reduction in LDL-C levels in the EPA phospholipid groups may be related to the increase
in HDL-C levels.

 
Figure 2. Effect of dieta0ry phospholipids on the serum lipid parameters of mice. The serum levels of
triglycerides (TG), cholesterol (TC), high-density-lipoprotein cholesterol (HDL-C), and low-density-
lipoprotein cholesterol (LDL-C) in mice were measured and are shown in (A), (B), (C), and (D),
respectively. Data are given as mean ± SEM. The comparison of the control group (N) and the model
group (M) was tested via Student’s t-test; ** p < 0.01. Letters indicate significant differences at p < 0.05
among groups feeding a high fat diet (HFD), as determined via one-way ANOVA.

2.3. Effects of Different PLs on Inflammation Factors in Serum of Mice

The inflammatory cytokines were measured in the serum. Figure 3 showed that the
serum levels of TNF-α and MCP-1 were higher in the model group compared to those
in the control group (p < 0.01). Dietary phospholipids reduced the serum level of TNF-α
compared to that of the model group. Moreover, the mice in the Egg-PS group, Soy-PS
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group, DHA phospholipid group, and EPA-PS group had significantly lower levels of
TNF-α than those in the model group. With the exception of Egg-PC, dietary phospholipids
also significantly decreased the MCP-1 level compared to that in the model group.

Figure 3. Effect of dietary phospholipids on the serum inflammation markers of mice. The serum
levels of TNFα (A) and MCP-1 (B) were determined. Data were given as mean ± SEM. The com-
parison of the control group (N) and the model group (M) was conducted using Student’s t-test;
** p < 0.01. Letters indicate significant differences at p < 0.05 among groups fed a high fat diet (HFD)
as determined via one-way ANOVA.

2.4. Effects of Different PLs on mRNA and Protein Expression Associated with Lipid Metabolism
in the Liver

The liver is a key player in lipid metabolism and other metabolic pathways [20]. Since
the body weight and serum TG level were significantly suppressed by various phospholipids,
the transcription levels of genes involved in lipid metabolism were determined (Figure 4).
Peroxisome proliferation-activated receptor alpha (PPARα) is a crucial nuclear transcription
factor that targets genes related to hepatic fatty acid β-oxidation [21]. The results showed that
there were no significant differenc es in the mRNA expression levels of Pparα and Acox1 among
the phospholipid groups and the model group. However, compared to the model group,
EPA-PE and EPA-PS significantly upregulated the expression of Cd36 (Figure 4B). Additionally,
the mRNA expression levels of Cpt1a and Cpt2 were increased in all phospholipid groups,
with a significant upregulation of Cpt1a in the EPA-PS group and a significant increase in
Cpt2 expression in all PS groups (Figure 4C,D). Compared to the model group, dietary
phospholipids increased the expression levels of Acaa1a mRNA, while a significant increase
was observed only in the EPA-PS group (Figure 4F). Furthermore, a dual-luciferase reporter
gene assay was performed to investigate the activation of PPAR via the use of different
concentrations of phospholipid-enriched EPA and DHA. As shown in Figure 5, EPA-PE,
EPA-PS, and DHA-PS activated PPAR in a dose-dependent manner. Specifically, EPA-PS
was able to activate PPAR at the lowest concentration of 40 μg/mL. These findings are
consistent with that of the upregulation of PPARα target genes observed in mice of the
EPA-PS group. Lipid homeostasis is regulated via the synthesis and catabolism of lipids.
The expression of genes related to lipid synthesis were further measured (Figure 6A–D).
Compared to the control group, a high-fat diet significantly upregulated the levels of Srebf1
and its target genes, Fas and Scd1, in the liver of the model group mice. Compared to the
model group, the mRNA expressions of Srebf1, Fas, Scd1, and Acc were all decreased to
varying degrees in the mice of the phospholipid groups. Protein levels of FAS and ACC
were analyzed via Western blot analysis (Figure 6E,F), which showed consistent changes
with the mRNA expression levels of the studied genes.
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Figure 4. Effects of dietary phospholipids on hepatic fatty acid β-oxidation of mice. The mRNA
expression of PPARα (A) and its target genes involved in fatty acid β-oxidation (B–F). Data were
given as mean ± SEM. The comparison of the control group (N) and the model group (M) was
conducted via Student’s t-test; * p < 0.05 and ** p < 0.01. Letters indicate significant differences at
p < 0.05 among groups fed a high fat diet (HFD), as determined via one-way ANOVA.

Figure 5. Transcriptional response of PPARs to EPA-PLs and DHA-PLs in HEK-293 cells. Cells were
treated with 40, 80, and 100 mg/mL of EPA-PL for 24 h, and the control (gray bar) accepted no special
treatment. Data were given as mean ± SEM. Significant differences between the treated and the
control were tested via Student’s t-test; * p < 0.05 and ** p < 0.01.

106



Mar. Drugs 2023, 21, 555

Figure 6. Effects of dietary phospholipids on hepatic fatty acid synthesis of mice. The mRNA
expression of Srebp1c (A) and its target genes involved in lipogenesis (A–D). Western blot analysis of
hepatic FAS, ACC, and β-actin protein (E,F). Data were given as mean ± SEM. The comparison of the
control group (N) and the model group (M) was conducted via Student’s t-test; ** p < 0.01. Letters
indicate significant differences at p < 0.05 among groups fed a high fat diet (HFD), as determined via
one-way ANOVA.

2.5. Interaction Effects between Fatty Acids and Polar Head Groups

The observations are summarized in Table 2, which was used to evaluate the key
components in PLs that contribute to their anti-obesity properties. The results revealed
that the fatty acid composition of PLs modified 14 indices, while polar headgroups of PLs
influenced 15 indices. This suggested that the lipid-lowering effects of PLs are dependent
on both their polar headgroups and fatty acid composition. Furthermore, significant
interactions were observed between fatty acids and polar heads for five indices, including
serum MCP-1 levels and the mRNA expression of lipolysis and lipogenesis genes (Cd36,
Acaa1a, Srebf1, and Scd1).
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Table 2. The effect of fatty acids and polar head groups on obesity.

p-Value FAs Polar Head Groups FAs × Polar Head Groups

Growth parameters
Body weight gain NS 0.04 NS

vWAT 0.01 0.025 NS
Serum lipid profile

TG NS NS NS
TC <0.001 0.002 NS

HDL-C 0.002 NS NS
LDL-C <0.001 0.002 NS

Serum inflammation markers
TNF-α <0.001 <0.001 NS
MCP-1 <0.001 0.014 <0.001

Gene related to lipid oxidation
Cd36 <0.001 <0.001 <0.001
Cpt1a NS 0.006 NS
Cpt2 NS <0.001 NS

Acaa1a <0.001 <0.001 0.013
Gene related to lipid synthesis

Srebf1 <0.001 <0.001 0.007
Fas <0.001 <0.001 NS

Scd1 <0.001 <0.001 <0.001
Acc <0.001 <0.001 NS

Protein related to lipid synthesis
FAS <0.001 0.001 NS
ACC <0.001 NS NS

Note: NS, not significant. Data were analyzed via two-way ANOVA followed by Tukey’s test.

3. Discussion

In the current study, we compared the anti-obesity effects of 12 kinds of phospholipids
with varying fatty acids and polar headgroups and linked the underlying mechanisms
to chronic inflammation and lipid metabolism. Among all phospholipids, EPA-enriched
phospholipids and PS were the most effective in reversing HFD-induced obesity and
hyperlipidemia in mice. These improvements were accompanied by an increase in fatty
acid β-oxidation and a decrease in lipid synthesis. Moreover, DHA-enriched phospholipid
groups, along with PS groups, exhibited the strongest anti-inflammatory effects compared
to other phospholipid groups.

The present study revealed varying degrees of weight loss in mice across different
phospholipid groups, indicating variations in the anti-obesity effects of these phospholipids.
The health effects of the phospholipids are highly correlated with their fatty acid composi-
tions. Shirouchi et al. compared the effects of egg-PC and phosphatidylcholine enriched
with n-3 PUFAs (n3-PC) using OLETF rats [22]. The findings revealed that only n3-PC could
reduce serum lipid levels, which were consistent with the results of our study, suggesting
that EPA-enriched phospholipids exhibited superior effects on improving obesity com-
pared to Egg-PLs. Moreover, the beneficial effects of n-3 fatty acids or other kinds of fatty
acids were attributed in part to their storage form. Buang et al. performed a comparative
study of PC and TG with similar fatty acid compositions, which demonstrated that only
PC significantly reduced serum lipid levels in whey acid-induced SD rats [23]. Imaizumi
et al. also found that soy-PE was more effective than soy-PC in reducing serum lipids [24].
This difference in efficacy might be due to the presence of the ethanolamine group in PE,
which can alter the phospholipid composition of the lipoprotein surface membrane and
consequently impact hepatic lipid metabolism. In the present study, consistent with the
findings of previous studies, the mice of PE groups had lower blood lipid (TC; LDL-C)
levels than those in PC groups.

Obesity is characterized by chronic low-grade inflammation, and adipose tissue is
known to release many inflammatory factors [25]. Obese individuals most frequently
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display abnormal serum levels of inflammatory cytokines, such as TNF-α and MCP-
1 [26]. A previous study has demonstrated a negative correlation between dietary choline
intake and serum inflammatory factor levels [27]. The choline headgroup of PC is one
of the possible reasons why egg-PC can decrease the levels of the inflammatory factors.
The in vitro experiments showed that two types of PE molecules significantly inhibited
platelet aggregation induced via PAF, an inflammatory mediator involved in chronic
inflammation [28]. Phosphatidylserine (PS) is required for healthy nerve cell membranes
and myelin, and it plays an important role in improving cell metabolism [15]. As a result,
extensive research has been conducted to investigate the effects of PS on brain function and
specific neurotransmitters in experimental animals [14,16]. Additionally, previous studies
have demonstrated that soy-PS could reduce body weight, decrease adipocyte volume, and
improve symptoms related to metabolic syndrome in obese rats [29]. Our results further
support these results, as we found that PS was superior to PC in reducing serum lipid
levels, and exhibited better effects in decreasing bodyweight and inflammation compared
to both PC and PE.

The liver plays a key role in lipid metabolism. When energy intake increases, there is
a disruption in hepatic lipid metabolism, resulting in the inhibition of lipoprotein secretion
and abnormal lipid accumulation in the liver [20]. Our previous study confirmed that
the fatty acid composition of dietary PLs had a greater impact on reducing hepatic lipid
accumulation than did the headgroups in NAFLD mice [13]. Specifically, PLs containing
EPA or DHA demonstrated better efficiency than did the PLs from soy or egg. Lipid
metabolism involves several pathways, including fatty acid uptake, synthesis, and oxida-
tion. Non-esterified fatty acids (NEFA) can enter hepatocytes through fatty acid transport
proteins such as CD36 [20]. In the liver, these NEFAs then transfer into the mitochondria
for β-oxidation or traffic into the nucleus to bind to the transcription factor and regulate
gene expression. PPARα is a transcription factor that plays a major role in lipid metabolism
by regulating the expression of numerous target genes, such as Acox1 and Cpt1 [21]. More-
over, PPARα is predominantly expressed in liver and brown adipose tissue, and other
tissues with an active energy metabolism [21]. Different types of fatty acids are the most
abundant ligands for PPARα. Our present data showed that EPA-enriched phospholipids
can significantly increase the expression of PPARα target genes (Cpt1a, Cpt2, and Acaa1a)
compared to other types of phospholipids. Previous studies have also found that EPA is a
stronger activator of PPARα compared to alpha-linolenic acid (C18:3) [30]. The strongest
activation of PPARα is observed when feeding fish oil. Additionally, although fatty acids
with 22 carbon atoms have a weak ability to activate PPARα, they can be metabolized into
20-carbon-atom fatty acids in cells, which can then activate PPARα [31].

Several studies have investigated the activation of PPARα by specific phospholipid
species, including phosphatidylcholines PC (16:0/18:1) or PC (18:0/18:1) [32]. Although
PC (16:0/18:1) is one of the most abundant phospholipid species in egg-PC [8], a study
by Cohn et al. found that feeding with egg-PC for 3 weeks did not upregulate the levels
of PPARα target genes in the liver [9]. Egg-PC might decrease circulating lipid levels by
reducing the intestinal absorption of lipids, rather than regulating PPARα [8]. In addition,
our results reveal that PS can significantly increase β-oxidation capacity compared to PC
and PE through activating PPARα, suggesting that certain specific PS species may be more
potent PPAR agonist, leading to enhanced β-oxidation.

The nuclear transcription factor Srebp1c, known for its role in regulating fatty acid
synthesis, is a target of PUFAs control in the liver [33]. Numerous studies have reported the
inhibition effect of PUFAs on the expression of Srebp1c and its downstream genes involved
in fatty acid synthesis [34,35]. Our results demonstrated that EPA/DHA-PLs significantly
downregulated the expression of lipogenic target genes compared to soy-PLs and egg-PLs,
which is consistent with previous findings [18]. The influence of PUFAs on the regulation
of fatty acid synthesis involves both transcriptional and post-transcriptional regulation
mechanisms. Studies have shown that PUFAs can suppress the expression of Fas, Acc,
and other lipogenic target genes through the post-transcriptional regulation of SREBP-
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1 [33,36]. Additionally, the polar headgroups of phospholipids also play a significantly
role in the expression of genes related to fatty acid synthesis. Compared to PC and PE,
dietary PS significantly inhibits the expression of fatty acid synthesis genes (Fas, Scd1, and
Acc), suggesting that PS has a larger effect on inhibiting the expression of genes involved in
lipogenesis.

4. Materials and Methods

4.1. Preparation of Phospholipids

EPA- and DHA-PC were obtained from sea cucumber (Cucumaria frondosa) and squid
(Illex argentinus) roe, respectively, and the preparation procedures were performed as
described in the literature [19]. Soy-PC with a purity of 95% was purchased from Avanti
Polar Lipids, while egg-PC with a purity of 90% was purchased from Beijing lecithinchina
Co., Ltd.(Beijing, China). In accordance with Hosokawa et al. [37], PEs and PSs were
produced from PCs through PLD-mediated transphosphatidylation. The purity of various
phospholipids was determined to be above 90% using thin-layer chromatography (TLC)
plates and the molybdenum blue colorimetric methods.

4.2. Animals and Diets

All aspects of the animal care and experimental protocols were approved by the Ethical
Committee of the College of Food Science and Engineering of the Ocean University of
China. Six-week-old male C57BL/6J mice were purchased from Vital River Laboratory
Animal Technology Co. (Beijing, China). After an acclimatization period of one-week, mice
were randomly divided into 14 groups (n = 6 per group). Experimental groupings were
as follows: the control group was fed a standard diet, the model group was fed a high-fat
diet (HFD), and the PL groups were fed a HFD plus 2% of the corresponding PL. The
formulations of the experimental feeds are shown in Table S1. The fatty acid compositions
of the experimental diets used in the study were determined using the method outlined
by Lou et al. [38]. Mice had free access to food and water, and were weighed every other
day. The mice were fed in single cages and their feed residues were weighted daily. After
8 weeks, all mice were subjected to fasting for 12 h and then sacrificed. Blood samples were
collected and serum was obtained via centrifugation at 1000× g for 15 min at 4 ◦C. Livers,
adipose tissues, muscle, and other tissues were harvested from these mice, and stored at
−80 ◦C for further analysis.

4.3. Analysis of Serum Parameters

Serum total cholesterol (TC), triglyceride (TG), LDL-cholesterol (LDL-C), and HDL-
cholesterol (HDL-C) levels were determined using commercial kits (BioSino Biotechnology
and Science Inc., Beijing, China). Serum concentrations of tumor necrosis factor-α (TNF-α)
and monocyte chemoattractant protein 1 (MCP-1) were measured using commercial ELISA
kits (Thermo Fisher Scientific, Waltham, MA, USA).

4.4. RNA Extraction and Quantitative Real Time PCR

Total hepatic RNA was extracted using Trizol Reagent (Invitrogen, Carlsbad, CA, USA)
following the supplier’s instructions. RNA was reversed to cDNA using a random primer
(TOYOBO, Osaka, Japan). The target genes were amplified using SYBR Green I Master
Mix (Roche, Mannheim, Germany) in an iCycler iQ5 system (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) with specific primers. The thermal conditions were as follows: 1 cycle
of 95 ◦C for 10 min, 45 cycles of 95 ◦C for 15 s, 55–60 ◦C for 20 s, and 72 ◦C for 30 s. The
primer list is given in Table S3. Relative gene expression was normalized to β-actin, and
analyzed using the relative standard curve method.

4.5. Western Blot Analysis

Hepatic samples were lysed in RIPA lysis buffer (BiYunTian, Shanghai, China) follow-
ing the manufacturers’ instructions. The protein concentrations were determined using a
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BCA Protein Assay kit (Beyotime Biotechnology, Beijing, China). Proteins were separated
on 8% acryl amide gels and transferred to a PVDF membrane (Millipore, Billerica, MA,
USA). Membranes were blocked for 2 h at RT in a 5% nonfat milk solution in Tris-buffered
saline containing 0.5% Tween 20, and incubated with antibodies for 2 h. HRP detection
was carried out using ECL plus reagent (Engreen, Beijing, China) in accordance with the
manufacturer’s instructions. Western blotting was used to determine the expression of FAS
(#3180S, Cell Signaling Technology (Beverly, MA, USA)) and ACC (#3676S, Cell Signaling
Technology) in the liver. Protein loading was evaluated using β-actin antibody (sc-47778,
Santa Cruz (Santa Clara, CA, USA)). The protein bands were quantified via band intensity
and band area.

4.6. Luciferase Reporter Assay

The pGMPPAR-Lu reporter plasmid was obtained from Genomeditech Co., Ltd.
(Shanghai, China). Human embryonic kidney (HEK) 293 cells were seeded on a 24-well
plate and transfected with 450 ng of pGMPPAR-Lu and 50 ng of pRL-TK per well. After
24 h of transfection, the cells were treated with EPA-PC/PE/PS and DHA-PC/PE/PS (40,
60, or 80 μg/mL) for 24 h. Following cell lysis, luciferase activities were analyzed using
Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) in accordance with
the manufacturer’s recommended procedure.

4.7. Statistics

Data were presented as the mean ± SEM. A two-tailed t-test was used to compare two
groups, and one-way ANOVA with a post hoc Tukey test was used to compare multiple
groups (SPSS version 19.0). A statistically significant result was defined as a p-value
less than 0.05. Graphs were generated using the Prism 5 software (Graph-Pad Software,
San Diego, CA, USA).

5. Conclusions

In conclusion, the present study demonstrates that dietary PLs were capable of amelio-
rating weight loss and fat accumulation in HFD-induced mice. Among the phospholipids
with different fatty acid compositions, EPA-PLs showed more pronounced benefits in terms
of weight loss. Furthermore, the anti-obesity and lipid-lowering effects of PS were superior
to those of PC and PE. Mechanistic investigation revealed that EPA-PS reduced fat storage
by activating PPARα and regulating genes related to lipid metabolism. The novelty in this
work is that we investigated the anti-obesity effects of multiple phospholipids that vary in
acyl-chain and polar headgroup composition in one study. Compared to soy phospholipids
and egg phospholipids, marine phospholipids have a more unique fatty acid composition.
These phospholipids, which contain specific fatty acids, such as EPA and DHA, could have
a more significant impact on human health. Moreover, phospholipids products such as soy
lecithin are a mixture of various phospholipids, and the production of specific phospholipid
species (e.g., PS) deserves further attention.
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Abstract: Selenium (Se) and fish oil (FO) exert anti-epidermal growth factor receptor (EGFR) action
on tumors. This study aimed to compare the anti-cancer efficacy of EGFR inhibitors (gefitinib and
erlotinib) alone and in combination with nutritional supplements of Se/FO in treating lung cancer.
Lewis LLC1 tumor-bearing mice were treated with a vehicle or Se/FO, gefitinib or gefitinib plus
Se/FO, and erlotinib or erlotinib plus Se/FO. The tumors were assessed for mRNA and protein ex-
pressions of relevant signaling molecules. Untreated tumor-bearing mice had the lowest body weight
and highest tumor weight and volume of all the mice. Mice receiving the combination treatment with
Se/FO and gefitinib or erlotinib had a lower tumor volume and weight and fewer metastases than did
those treated with gefitinib or erlotinib alone. The combination treatment exhibited greater alterations
in receptor signaling molecules (lower EGFR/TGF-β/TβR/AXL/Wnt3a/Wnt5a/FZD7/β-catenin;
higher GSK-3β) and immune checkpoint molecules (lower PD-1/PD-L1/CD80/CTLA-4/IL-6; higher
NKp46/CD16/CD28/IL-2). These mouse tumors also had lower angiogenesis, cancer stemness,
epithelial to mesenchymal transitions, metastases, and proliferation of Ki-67, as well as higher cell
cycle arrest and apoptosis. These preliminary results showed the Se/FO treatment enhanced the
therapeutic efficacies of gefitinib and erlotinib via modulating multiple signaling pathways in an
LLC1-bearing mouse model.

Keywords: anti-tumor signaling pathway; gefitinib; erlotinib; Lewis lung carcinoma; mice; selenium;
fish oil

1. Introduction

Lung cancer is a major cause of cancer-related deaths worldwide, with non-small-
cell lung cancer (NSCLC) accounting for about 85% of lung cancer deaths. Patients with
NSCLC have a five-year survival rate below 15%, owing to a lack of early detection, a high
recurrence rate, and the limited efficacy of anticancer agents. Therefore, there is a critical
need to develop new treatments, including neoadjuvant therapeutic strategies [1].

The aberrant upregulation of the epidermal growth factor receptor (EGFR) and other
receptor tyrosine kinases, such as the transforming growth factor beta receptor (TβR)
and AXL, in NSCLC tumors is associated with poor outcomes; meanwhile, their overex-
pression activates the downstream PI3K/Akt/mTOR, Raf/MEK/ERK, and JAK/STAT
pro-oncogenic signaling pathways, resulting in tumor proliferation, angiogenesis, migra-
tion and invasion, and anti-apoptosis [2–4]. The binding of transforming growth factor-β
to its receptor TβR can activate the EGFR, angiogenesis, and the epithelial–mesenchymal
transition (EMT) in cancer cells [5,6]. The overexpression of AXL and its ligand Gas6 is
also associated with EGFR activation and acquired resistance to the EGFR tyrosine kinase
inhibitor (EGFR-TKI) in EGFR-mutated NSCLC cells [7]. β-catenin is a pivotal media-
tor of Wnt signaling and the aberrant activation of Wnt/β-catenin signaling is found in
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gefitinib/erlotinib-resistant NSCLC cells [8]. The crosstalk between the EGFR and Wnt/β-
catenin can contribute to the invasion and metastasis of NSCLC cells [9]. AXL degradation
or the suppression of the Wnt/β-catenin pathway, in contrast, may improve patients’ re-
sponses to anticancer drugs and decrease EMT marker levels [10,11]. Furthermore, the
crosstalk between the EGFR and programmed cell death protein 1/programmed cell death
ligand 1 (PD-1/PD-L1) is observed in the NSCLC, which downregulates T cell signaling
and helps the tumor evade immune surveillance [12]. Thus, the effective modulation of
multiple cancer signaling pathways is important in NSCLC treatment.

Recent studies have demonstrated that an essential micronutrient, selenium (Se), and
n-3 polyunsaturated fatty-acid-enriched fish oil (FO) have well-established anti-cancer
properties among different tumor types through various signaling pathways in the tumor
microenvironment and in immune cells [13–15]. For example, the chemotherapy agent
doxorubicin, in combination with Se, markedly decreased the proliferation, migration, and
invasion, and increased the apoptosis of the EGFR and KRAS-activating mutant A549 lung
adenocarcinoma cells as compared to doxorubicin alone [16]. The combination of Se and
FO significantly decreased the growth and promoted the apoptosis of A549 cells as well
as induced AMP-activated kinase (AMPK) activation and β-catenin downregulation [17].
The combination treatment of Se and FO induced the apoptosis of cancer stem cell-like
A549 sphere cells, further decreasing the cisplatin resistance [18]. This combined treatment
also decreased the AXL levels and gefitinib resistance in EGFR-mutant HCC827 lung
adenocarcinoma cells, thereby increasing apoptosis, suppressing the EMT, and eliminating
cancer-cell stemness [19]. Therefore, hypothetically a combination of Se plus FO can be a
potential adjuvant therapy to increase the efficacy of anticancer agents in NSCLC.

The EGFR wild type and KRAS mutant Lewis lung carcinoma (LLC1)-bearing mouse
is widely used as a model for testing the molecular mechanisms, anti-metastatic activity,
and immunity of anticancer agents, although it is not an EGFR-mutant lung cancer model.
Treatment with gefitinib or erlotinib, a first-generation EGFR-TKI, often used in NSCLC
treatment, can cause lung metastasis inhibition and the inhibited phosphorylation of EGFR
in LLC1 cells treated with radiotherapy and LLC1-bearing tumors [20–22]. Gefitinib treat-
ment improved the progression-free survival ratio among patients with EGFR-mutated
NSCLC but was not observed in those without the EGFR mutation [23]. Recent stud-
ies have shown that a combination of gefitinib and a commercial formula containing
Se/FO/coenzyme Q10 plus multi-antioxidants markedly inhibits EMT markers’ expression
over gefitinib alone via the suppression of TGF-β and hypoxia-inducible factor-1α (HIF-1α)
expression [24]. Meanwhile, it is supposed that Se and FO are the critical components of
the formula for anti-cancer efficacy. The commercial formula also enhanced the anticancer
effects of radiotherapy by decreasing lung metastasis and EGFR expression and increasing
apoptosis in LLC1 tumor-bearing mice [25,26]. On the other hand, a previous study has
demonstrated that Se/FO can enhance the anticancer activity of bevacizumab by inhibiting
tumor EGFR, TβR, and AXL proteins in breast tumor-bearing mice [27]. Thus, Se/FO
may inhibit cancer activity, such as angiogenesis, EMT, metastasis, and anti-apoptosis via
modulating the tumor receptor signaling molecules in NSCLC cells. In the present study,
it is interesting whether combining first-generation EGFR-TKI with Se/FO increases the
in vivo anti-cancer efficacy over that of EGFR-TKI alone in NSCLC without the EGFR
mutation, although the KRAS mutation inhibitor is currently available.

This preliminary study aimed to address the anticancer efficacy of combination treat-
ment using gefitinib or erlotinib with nutritional supplements (Se/FO) in an LLC1 lung
carcinoma cancer model. The selective targeting of oncogenic signaling molecules and the
tumor immune microenvironment molecules (i.e., PD1/PD-L1/cytotoxic T lymphocyte
associated antigen-4, CTLA-4/NKp-46/CD16/CD28/CD80/IL-2/IL-6) were evaluated.
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2. Results

2.1. Inhibition of LLC1 Lung Cells Growth by EGFR-TKI (Gefitinib or Erlotinib)

The median IC50 values for gefitinib and erlotinib in LLC1 cells are 4.79 μM and
40.96 μM, respectively. Compared with the untreated group, the treatment of LLC1 cells
with gefitinib (at 4, 8, 16, and 32 μM) significantly showed growth inhibitory effects after
48 h of incubation (p < 0.05) (Figure 1a). Additionally, there was higher growth inhibition
in all groups treated with erlotinib (at 20, 40, 50, and 60 μM) than that of the untreated
group (Figure 1b).

Figure 1. Inhibitory effect of EGFR-TKIs (a) gefitinib and (b) erlotinib on the LLC1 cell viability.
Cell viability was analyzed by MTT assay. The IC50 values resulting in 50% cell growth inhibition
via the 48 h treatment with gefitinib or erlotinib compared with untreated control cells were calcu-
lated. Means sharing the same superscript (a, b, c, d) are not significantly different from each other
(p > 0.05); means with different superscripts are significantly different from each other (p < 0.05).

2.2. Effects of Combination Treatment on Body Weight, Organ Weight, and Subcutaneous Tumor
Size of LLC1 Tumor-Bearing Mice

Compared with the healthy controls (C), the tumor-bearing mice in the TB group had
markedly lower body weights (Figure 2a), higher mean organ weights (swollen lung, liver,
and spleen), as well as lower weights of gastrocnemius muscle and adipose tissue (white
and brown fat) (Figure 2b). Compared to the TB group, tumor-bearing mice receiving
Se/FO (TB-N group) had markedly higher body weights, smaller tumor sizes and weights,
lower organ weights, and higher weights of gastrocnemius muscle and adipose tissue.

The tumor-bearing mice treated with gefitinib or erlotinib (TB-G and TB-E groups,
respectively) had tumors of significantly smaller sizes and weights, higher body weights,
lower organ weights, and higher muscle and adipose tissue weights than those of the
untreated tumor-bearing mice. The mice treated with Se/FO in addition to gefitinib or
erlotinib (TB-I-N and TB-T-N groups) exhibited a greater reduction in tumor sizes and
weights than those treated with gefitinib or erlotinib alone.

Tumors isolated from mice treated with and without nutritional supplements (Se/FO)
differed significantly in size from those of the corresponding group (Figure 2c). Mice in the
TB-N group had significantly fewer large liver and lung metastases than did those in the TB
group, and mice in the TB-G-N and TB-E-N groups exhibited fewer small liver metastasis
than did those in the TB-G and TB-E groups, respectively (Figure 2d).
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Figure 2. (a) Body weight, tumor weight, and size; (b) Weight of organs and adipose tissue;
(c) Representative images of excised tumors; (d) Number of tumor nodules in the lung and liver
tissues; and (e) Serum interleukin (IL)-6 levels of Lewis LLC1 tumor-bearing mice. The mean count of
metastatic nodules in isolated tissues was determined by three laboratory technicians. Healthy mice
were treated with vehicle (C) or FO/Se (C-N); LLC1 tumor-bearing mice were treated with vehicle
(TB) or Se/FO (TB-N), gefitinib (TB-G) or gefitinib plus FO/Se (TB-G-N), and erlotinib (TB-E) or
erlotinib plus Se/FO (TB-E-N). Data are expressed as the mean ± SEM (n = five mice in each group).
* p < 0.05 TB vs. TB-N, TB-G vs. TB-G-N, TB-E vs. TB-E-N; ** p < 0.05 TB vs. TB-G or TB-E; # p < 0.05
TB vs. C.
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2.3. Effects of Combination Treatment on Survival and Serum IL-6 Levels of LLC1
Tumor-Bearing Mice

No significant difference in survival was observed among the six groups, with a
survival rate of 100% in all groups (data not shown). Additionally, there were significantly
lower serum interleukin (IL-6) levels in the TB-N, TB-G-N, and TB-E-N groups compared
with the TB, TB-G, and TB-E groups, respectively (Figure 2e).

2.4. Effects of Combination Treatment on Tumor Transmembrane Receptors, β-Catenin, and
GSK-3β Levels

Lower expression levels of EGFR mRNA were found in the TB-N, TB-G-N, and TB-E-
N groups than in the TB, TB-G, and TB-E groups, respectively (Figure 3a). TB-E-N mice
exhibited lower levels of EGFR mRNA than did those in the TB-G-N group. AXL receptor
tyrosine kinase and its ligand growth arrest-specific 6 (Gas6) have been implicated in tumor
growth and proliferation of NSCLC. The level of AXL mRNA was non-significantly lower
in the TB-N and TB-G-N groups than in the TB and TB-G groups, respectively.

Figure 3. Expression of tumor receptor-signaling molecules in Lewis LLC1 tumor-bearing mice.
(a) EGFR and AXL mRNA levels; (b) Protein expression of EGFR, TGF-β/TβR2, AXL/Gas6,
Wnt3a/5a/FZD7, and β-catenin/GSK-3β; and (c) Densitometric analysis of Western blots. Quantita-
tive values are expressed as the mean ± SEM of five independent samples in each group. Furthermore,
the tumor homogenates pooled from 5 mice per group were loaded on each blot for the expression of
target proteins. * p < 0.05 TB vs. TB-N, TB-G vs. TB-G-N, TB-E vs. TB-E-N. Treatment for each group
is as in Figure 1.

A trend toward lower protein levels of EGFR and phosphorylated EGFR (p-EGFR),
transforming growth factor beta (TGF-β) and TGF-β receptor (TβR-2), p-AXL and Gas6,
Wnt3a/5a and FZD7, β-catenin, and GSK-3β was showed in the TB-N, TB-G-N, and
TB-E-N groups compared with the TB, TB-G, and TB-E groups, respectively (Figure 3b).
Mice receiving FO/Se (TB-N group) had significantly lower levels of TβR-2, p-AXL/Gas6,
Wnt3a/5a and FZD7, and β-catenin protein than did those in the TB group. Tumor-bearing
mice in the TB-G-N group showed markedly lower levels of p-EGFR, TGF-β, p-AXL, Wnt3a,
and β-catenin proteins compared to those in the TB-G group. Markedly lower expression
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of EGFR, p-EGFR, and β-catenin proteins was observed in the TB-E-N group than in the
TB-E group.

2.5. Effects of Combination Treatment on Expression of Tumor Angiogenic Markers

The upregulation of hypoxia-inducible factors (HIFs) and their chaperone, heat shock
proteins (HSPs), increases the expression of the vascular endothelial growth factor (VEGF),
which is involved in tumor angiogenesis and progression. Compared with the TB group,
those mice in the TB-N group showed markedly reduced HIF-1α, HIF-2α, HSP-70, HSP-90,
and VEGF protein expression levels (Figure 4a,b). Mice treated with both gefitinib and
FO/Se (TB-G-N group) expressed significantly lower levels of HIF-2α, HSP-70, HSP-90,
and VEGF protein than did those in the TB-G group. Mice treated with both erlotinib and
FO/Se (TB-E-N group) expressed significantly lower levels of HIF-1α, HSP-70, HSP-90,
and VEGF receptor (VEGFR) protein compared to those treated with erlotinib alone.

Figure 4. Tumor angiogenic marker expression in Lewis LLC1 tumor-bearing mice. (a) Protein
expression of angiogenic markers; and (b) Densitometric analysis. Quantitative values are expressed
as the mean ± SEM of five independent samples in each group. Furthermore, the tumor homogenates
pooled from five mice per group were loaded on each blot for the expression of target proteins.
* p < 0.05 TB vs. TB-N, TB-G vs. TB-G-N, TB-E vs. TB-E-N. Treatment for each group is as in Figure 1.

2.6. Effects of Combination Treatment on Tumor EMT Markers and Metastasis

The activation of the EMT increases tumor invasiveness and metastatic activity. Tumor-
bearing mice treated with Se/FO (TB-N group) had significantly higher tumor E-cadherin
and lower N-cadherin mRNA levels than did those without Se/FO (Figure 5a). The
TB-N mice also had markedly lower protein levels of matrix metalloproteinases (MMP-
2 and MMP-9), mesenchymal markers (vimentin and N-cadherin), and EMT-activated
transcription factors (SLUG and SNAIL), as well as a higher expression of E-cadherin
protein than did those without Se/FO (Figure 5b,c).
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Figure 5. Comparison of epithelial to mesenchymal transition (EMT) markers and metastasis in Lewis
LLC1 tumor-bearing mice according to treatment. (a) mRNA levels of E-cadherin and N-cadherin;
(b) Protein expression of EMT and metastatic factors and MMPs; and (c) Densitometric analysis.
Quantitative values are expressed as the mean ± SEM of five independent samples in each group.
Furthermore, the tumor homogenates pooled from five mice per group were loaded on each blot for
the expression of target proteins. In (a), * p < 0.05 TB vs. TB-N, TB-E vs. TB-E-N, TB-G vs. TB-G-N,
TB-E vs. TB-E-N. ** p < 0.05 TB vs. TB-G, TB-E. In (c), * p < 0.05 TB vs. TB-N, TB-G vs. TB-G-N,
TB-E vs. TB-E-N. Treatment for each group is as in Figure 1.

Mice receiving gefitinib and Se/FO (TB-G-N group) had significantly lower N-cadherin
mRNA and protein levels, lower protein levels of vimentin, MMP-2, MMP-9, and SNAIL,
and higher protein levels of E-cadherin than did those treated with gefitinib alone (TB-G
group). Compared with the mice treated with erlotinib alone (TB-E group), those treated
with erlotinib and Se/FO (TB-E-N group) had markedly lower levels of N-cadherin mRNA,
lower protein levels of vimentin, MMP-2, MMP-9, SLUG, and SNAIL, and higher levels of
E-cadherin protein.

2.7. Effects of Combination Treatment on Immune Checkpoint Molecules Expression

The inhibitors of the immune checkpoint proteins programmed cell death ligand-1
(PD-L1), programmed cell death-1 (PD-1), and cytotoxic T lymphocyte-associated protein-4
(CTLA-4) are therapeutic agents used to treat NSCLC. The PD-1 mRNA level was markedly
lower in mice treated with gefitinib and Se/FO (TB-G-N group) than in those treated with
gefitinib alone (TB-G group) (Figure 6a). The tumors of mice in the TB-N group expressed
higher mRNA levels of NKp46, CD16, and IL-2 that did those in the TB group. Furthermore,
the TB-N group had markedly lower levels of PD-L1, PD-1, CTLA-4, and IL-6 and higher
levels of NKp46, CD16, and IL-2 proteins compared with the TB group (Figure 6b,c).
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Figure 6. Tumor immune checkpoint molecules and cytokines in Lewis LLC1 tumor-bearing mice
according to treatment. (a) mRNA levels of PD-1, PD-L1, NKp46, and IL-2; (b) Protein expression of
immune checkpoint molecules and cytokines; and (c) Densitometric analysis. Quantitative values are
expressed as the mean ± SEM of five independent samples in each group. Furthermore, the tumor
homogenates pooled from five mice per group were loaded on each blot for the expression of target
proteins. In a, * p < 0.05 TB-E vs. TB-E-N, TB-G vs. TB-G-N, TB-E vs. TB-E-N. ** p < 0.05 TB vs. TB-G,
TB-E. In c, * p < 0.05 TB vs. TB-N, TB-G vs. TB-G-N, TB-E vs. TB-E-N. Treatment for each group is as
in Figure 1.

Compared with the untreated tumor-bearing mice, the gefitinib-treated mice in the
TB-G group expressed markedly lower mRNA levels of NKp46 and CD16 and higher IL-2
mRNA levels (Figure 6a). The erlotinib treatment (TB-E group) also resulted in lower
PD-L1 and IL-2 mRNA levels than in untreated tumor-bearing mice. Compared with mice
treated with gefitinib alone (TB-G group), those treated with gefitinib and Se/FO (TB-G-N
group) expressed dramatically higher levels of IL-2 protein and CD16 as well as NKp46
mRNA and protein, and lower levels of CD80, CTLA-4, PD-1, PD-L1, and IL-6 protein.
Compared to mice treated with erlotinib alone (TB-E group), those treated with erlotinib
and Se/FO (TB-E-N group) expressed markedly lower PD-L1 and higher NKp46 mRNA
levels, had higher protein expressions of CD28, CD16, NKp46, and IL-2, and had lower
protein expressions of CD80, CTLA-4, PD-1, and IL-6.

2.8. Effects of Combination Treatment on Tumor Proliferation, Cell Cycle Proteins, and Apoptosis

Ki-67 is a cancer proliferation marker, and cyclins D1 and E are major regulators of
cell cycle progression. Compared with untreated tumor-bearing mice, those treated with
Se/FO alone (TB-N group) expressed significantly lower mRNA levels of Ki-67, cyclin D1,
and cyclin E (Figure 7a), markedly higher cleavage levels of apoptosis-related proteins
caspase-3 and caspase-9, and non-significantly lower protein expressions of the cancer stem
cell (CSC) markers CD24, CD29, and CD133 (Figure 7b,c).
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Figure 7. Tumor proliferation, cell cycle, cancer cell stemness, and apoptosis markers in Lewis
LLC1 tumor-bearing mice according to treatment. (a) mRNA levels of Ki-67, cyclinD1, and cyclin E;
(b) Protein expression of cancer stem cell and apoptotic markers; and (c) Densitometric analysis of
Western blot. Quantitative values are expressed as the mean ± SEM of five independent samples in
each group. Furthermore, the tumor homogenates pooled from five mice per group were loaded on
each blot for the expression of target proteins. In a, * p < 0.05 TB vs. TB-N, ** p < 0.05 TB vs. TB-G,
TB-E. In c, * p < 0.05 TB vs. TB-N, TB-G vs. TB-G-N, TB-E vs. TB-E-N. Treatment for each group is as
in Figure 1.

The mice treated with gefitinib and Se/FO (TB-G-N group) expressed non-significantly
lower mRNA levels of Ki-67, cyclin D1, and cyclin E than those treated with gefitinib alone
(TB-G group), had significantly lower expressions of CD24, CD29, CD133, as well as
a higher cleavage of caspase-3 and caspase-9 and a lower anti-apoptotic Bcl-2 protein
expression (Figure 7b,c). Similarly, mice treated with erlotinib and Se/FO in the TB-E-N
group expressed non-significantly lower mRNA levels of Ki-67, cyclin D1, and cyclin E,
significantly lower levels of CSC markers, higher cleavage levels of caspase-3 and caspase-9,
and lower Bcl-2 proteins.

3. Discussion

This preliminary study compares the anticancer efficacy of EGFR-TKIs (gefitinib or
erlotinib) in Lewis LLC1 tumor-bearing mice when administered alone or in combination
with Se and FO. We observed that the combination treatment with Se/FO and either of
the EGFR-TKIs resulted in tumors with lower weights and smaller sizes, lower metastases,
and higher body masses of muscle and fat compared to those treated with the EGFR-TKI
alone. Nutritional supplementation with Se/FO could serve as a potential modulator to
improve the treatment efficacy of first-generation EGFR-TKI by regulating multiple targets
in a non-EGFR mutant NSCLC tumor model.

Our results show that combined EGFR inhibitors and Se/FO treatment suppress EGFR
expression in tumors more than EGFR inhibitor therapy alone. Docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) are the major n-3 poly-unsaturated fatty acids
present in the FO component. DHA and EPA may be potential EGFR antagonists, thus
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reducing the activation of the EGFR signaling pathway [27]. DHA decreased the cell
viability in H1299, and KRAS-mutant A549 and LLC1 lung cancer cells in a dose-dependent
manner, via the EGFR and downstream proteins’ inhibition [28,29]. The combined DHA
and gefitinib treatment suppressed the EGFR signaling in EGFR-mutant human NSCLC
PC9 and TKI-resistant A549 lung cancer cells [30]. The combined treatment with Se and
radiation is more effective and results in the markedly improved inhibition of EGFR
expression in human lung cancer cells (NCI-H460 and H1299) without EGFR mutation
than in the treatment with radiation alone [31]. Additionally, the combination treatment
with Se/FO and chemotherapeutic agents increases the efficacy of EGFR inhibition in the
tumor tissues of mammary tumor-bearing mice [27].

The present study further demonstrates that the combination treatment modulates the
expression of the tumor receptor signaling molecules, including TGF-β/TβR-2, AXL/Gas6,
and Wnt/FZD/β-catenin/GSK-3β, in LLC1 tumor tissues. Recent studies report that
the blockade of TGF-β/TβR, Wnt/β-catenin, and AXL/Gas6 signaling can potentially
reduce the EGFR-TKI resistance in lung cancer A549, HCC827, and PC9 cell lines [3,4,11].
Treatments with FO result in a significant reduction in the serum levels of TGF-β in the
bladder cancer model [32]. The combination treatment with FO and Se suppresses AXL
expression in HCC827 lung adenocarcinoma cells [19], although few studies show either FO
or Se modulates AXL/Gas6 expression in cancer cells. Our previous studies have shown
that the Se/FO combination treatment increases the therapeutic efficacy of anti-cancer
agents against breast cancer via the dose-dependent downregulation of TGF-β/TβR-2,
AXL/Gas6, and β-catenin signaling [27]. Se suppresses the growth of HT-29 colorectal
cancer cells by inhibiting Wnt/β-catenin signaling [33]. The downregulation of Wnt/β-
catenin signaling through DHA/EPA treatment is also linked to growth inhibition in human
pancreatic cancer cells [34]. Thus, the combination treatment in Lewis LLC1-tumor-bearing
mice regulates these receptor kinase signaling pathways.

Angiogenesis is an important prognostic factor in advanced NSCLC. HIF-1α/HIF-2α
regulates multiple genes involved in the response to hypoxia, promoting angiogenesis and
EMT activation in NSCLC [35,36]. HSP-70 and HSP-90 are also highly expressed in tumors
and contribute to high tumor invasion and cancer stemness [37]. Studies have shown
that EPA and DHA have potent anti-angiogenic effects on cancer cells via the inhibition
of HIF-1α, VEGF, and VEGFR production [38–40]. Additionally, Se inhibits the activity
of HIF-1α, HIF-2α, and VEGF in cancer cells [41]. The present study shows that Se/FO
increases the erlotinib-induced reduction in the expression of HIF-1α and VEGFR and
increases the gefitinib-induced reduction in HIF-2α and VEGF expression in tumors. These
combinations also result in even greater reductions in the levels of HSP-70/HSP-90.

In addition, the present study demonstrates that combination treatment has greater
inhibitory effects on metastases and invasiveness than EGFR inhibitor therapy alone. The
activation of the EMT upregulates the expression of EMT-related transcription factors and
mesenchymal markers through TGF-β and Wnt signaling, MMPs, and HIF-1α, increasing
the invasiveness of cancer cells [42]. Erlotinib suppressed the TGF-β1–induced EMT
phenotype in A549 cells [43] and inhibited the MMP-9 levels in the LLC1 cells and LLC1
tumor-bearing mice [21]. A recent study showed that DHA inhibits EMT-related markers
and invasion by inhibiting TGF-β in colorectal carcinoma cells [44].

CTLA4 competes with CD28 receptors to bind to CD80, thereby inhibiting T-lymphocyte
activation [45], but EPA treatment suppressed CD4+ T-cell activation by inhibiting CTLA4,
with no change in CD28 expression [46]. In EGFR-mutant NSCLC cells, PD-L1 upregulates
TGF-β signaling to activate the EMT pathway, thereby contributing to acquired resistance
to gefitinib [47]. Additionally, AXL inhibition increases the efficacy of anti-PD-1 therapy
in mutant KRAS-driven NSCLCs [48]. Higher circulating IL-6 levels are associated with
immunotherapeutic resistance. The combined inhibitors of IL-6 and CTLA-4, by contrast,
improve the survival of LLC1 tumor-bearing mice [49]. Recent studies showed that Se
treatment suppressed cancer cell survival and induced apoptosis in vitro through the
blockade of PD-L1 [15]. Se also ameliorated NK cell activation and cytotoxicity attributed
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to the upregulation of IL-2 receptors on the surface of NK cells [50]. Our results show that
combined treatment decreases the levels of PD-1, PD-L1, CTLA-4, CD80, and IL-6 and
increases the expression of surface receptors on NK cells and IL-2 in Lewis LLC1 tumors.

The expression of the high proliferation marker Ki-67 is an indicator of poor prognoses
in NSCLC patients [51]. Erlotinib increased the sub-G1 population of lung cancer cells,
while gefitinib reduced this population of lung cancer cells [52]. Supplemental FO intake
decreased Ki-67 levels in benign hyperplastic breast tissue [53]. DHA and EPA triggered
cell cycle arrest at the G0/G1 phase, which was accompanied by a reduction in the protein
levels of CDK2 and cyclin E in human cancer cells [54]. The present results show that
mice receiving either supplemental FO/Se or an EGFR inhibitor have significantly lower
expression of Ki67 and the cell-cycle marker proteins cyclin D1/E than untreated tumor-
bearing mice.

Several surface markers for lung cancer stemness have been identified, including
CD133, CD29, and CD24. EPA treatment decreases CD133 and increases the sensitivity to
colorectal cancer chemotherapy [55]. The combined treatment with Se and FO resulted in
the greater suppression of CD44 and CD133 expression than FO alone in gefitinib-resistant
HCC827 cells [19]. We observed here that the combination treatment in LLC1 tumor-bearing
mice markedly reduced the expression of NSCLC stemness markers. Thus, Se plus FO may
alter the CSC phenotype that contributes to CSC inhibition.

Gefitinib and erlotinib inhibit the activation of EGFR-mediated PI3K/Akt/mTOR
in A549, A549-gefitinib-resistant, KRAS-mutant H358, and H441 cells, leading to lung
cancer cell apoptosis [56,57]. Positive crosstalk between the TβR, AXL, Wnt/β-catenin, and
EGFR can contribute to the activation of PI3K/Akt/mTOR signaling, blocking apoptotic
pathways in NSCLC [3,7,58]. Our results indicate that supplemental Se/FO downregulates
EGFR/TβR/AXL/Wnt/β-catenin and increases apoptotic signaling induced by EGFR-TKI.
Se supplementation triggers the phosphorylation of Bcl-2 and apoptosis of neuroblastoma
cells under hypoxia [59]. EPA and DHA increase the apoptosis of NSCLC A549 and
A427 cells linked to Akt inactivation [60]. Previous studies have also reported that Se/FO
supplements target EGFR/TβR/AXL/PI3K/Akt/mTOR signaling and therefore increase
the apoptotic efficacy of anti-cancer agents in breast-cancer-bearing mice and NSCLC
cells [17,27].

4. Materials and Methods

4.1. Anti-Cancer Agents and Nutritional Supplements

Gefitinib (Iressa, AstraZeneca, UK) and erlotinib (Tarceva, OSI Pharmaceuticals,
Melville, NY, USA) were purchased from commercial sources. The nutritional supple-
ments FO and Se yeast were premixed with a control powder (Do Well Laboratories, Irvine,
CA, USA) as described previously [13,27]. The final concentrations of FO and elemental Se
were 6.7 mg/g and 1.5 μg/g, respectively. The other chemical reagents were of analytical
grade and were obtained from commercial suppliers unless stated otherwise.

4.2. Cell Culture and Animal Experiments

Murine Lewis lung carcinoma cells (LLC1)(ATCC CRL-1642) were obtained from
the Bioresource Collection and Research Center (BCRC, Hsinchu, Taiwan). The cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM), powdered high-glucose
supplemented with 10% heat-inactivated fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, USA), 2 mmol/L L-glutamine, 100 mg/mL streptomycin, and 100 U/mL
penicillin in a humified incubator containing 5% CO2 at 37 ◦C.

MTT assay was used to determine the viability of LLC1 cells. Briefly, cells were seeded
at a density of 1 × 104 cells/well in 96-well plates and then incubated with different levels
of gefitinib (0, 2, 4, 8, 16, and 32 μM) or erlotinib (0, 10, 20, 40, 50, and 60 μM) for 48 h. After
the incubation period, 20 μL of MTT was added to all wells and further incubated at 37 ◦C
for 3 h. The optical density value was then evaluated at 570 nm. Viability was expressed as
a percentage of optical density in treated cells relative to that in control cells.
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Animal experiments were approved by the Institutional Animal Care Committee of
Hung Kuang University. Six-week-old healthy C57BL/6 male mice were obtained from
the National Laboratory Animal Centre (Nangang Taipei, Taiwan). Mice were housed in
a controlled environment with a 12 h light/dark period at 24 ± 1 ◦C and 60–70% relative
humidity. A one-week acclimatization period was allowed for the animals, and rodent
chow (Lab Diet #5001, Ralston Purina, St. Louis, MO, USA) and distilled deionized water
were made available ad libitum to all animals throughout the experimental period.

A Lewis lung carcinoma mouse model was established according to recent
studies [21–23], as described below. On day 0 of the experiment, LLC1 cells (1 × 106)
in 100 μL normal saline were subcutaneously injected into the right hind thigh of the mice.
On day 6, tumor-bearing mice were randomized into 6 weight-matched groups of 5 mice
each, as follows: (1) TB and TB-N groups: mice receiving either normal saline (TB) or
nutritional supplement FO/Se (TB-N); (2) TB-G and TB-G-N groups: mice treated with
gefitinib (50 mg/kg/day by oral gavage on days 6–16) alone (TB-G) or in combination with
FO/Se (0.5 g, by oral gavage twice daily on days 6–20) (TB-G-N); (3) TB-E and TB-E-N
groups: mice treated with erlotinib (10 mg/kg/day by oral gavage on days 6–16) alone
(TB-E) or in combination with FO/Se (0.5 g, by oral gavage twice, 8 hr apart, a day from
day 6 to day 20) (TB-E-N). Additionally, healthy controls were allocated to C and C-N
groups according to treatment with either normal saline or FO/Se, respectively.

All mice were euthanized after blood collection on Day 21 since cancer survival was
not the primary purpose of this investigation. Primary tumors, lungs, livers, spleens,
and brains were carefully excised and weighed. Tumor volume was calculated using
the formula [(short diameter in mm)2 × (long diameter in mm)]/2 based on manual
caliper measurements. Furthermore, the determination of metastasis in a distal organ’s
surface was determined by visual inspection and classification. Small metastases were
defined as tumor nodules < 2 mm in the lung tissue, and large metastases were defined as
those > 0.5–1 cm.

4.3. Determination of Serum IL-6

Serum levels of mouse IL-6 were assayed according to the instructions of Quantikine
ELISA IL-6 immunoassay kits (M6000B, R&D Systems, Inc., Minneapolis, MN, USA).
In brief, each sample was added to the individual well and incubated for 2 h at room
temperature. Then 100 μL of mouse IL-6 conjugate was added to each well and it was
incubated for 2 h, followed by repeated washing. Finally, we added a stop solution to
each well. Absorbance values of each well were detected at 450 nm with the correction
wavelength set at 540 nm or 570 nm.

4.4. Western Blot Analysis

Parts of the tumor specimen were extracted in a homogenization buffer containing
1% NP-40, 0.5% sodium deoxycholic acid, and 0.1% SDS, supplemented with a protease
inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany) [24]. The total protein
concentrations of lysates were measured by Bio-Rad Protein Assay (Bio-Rad, Hercules,
CA, USA) using a series of bovine serum albumin as standards. A total of 50 μg per
sample was separated on a homemade 10 or 12% SDS-polyacrylamide gel electrophoresis
and then transferred onto nitrocellulose membranes and incubated with different primary
antibodies (Table S1) overnight at 4 ◦C, followed by incubation with horseradish peroxidase-
conjugated rabbit (#7074, Cell signaling, Danvers, MA, USA), goat (sc-2354, Santa Cruz,
Dallas, TX, USA), and anti-mouse secondary antibodies for one hour at room tempera-
ture. The blots were then visualized using an enhanced chemiluminescence detection kit
(PerkinElmer Life Sciences Inc. Waltham, MA, USA). Anti-β-actin monoclonal was used as
a loading control. Finally, signal intensities were measured using the Luminescent image
system (FUJIFILM, LAS-4000, Tokyo, Japan) and Multi Gauge 3.0 software (Fuji, Japan).
Densitometry analysis of each bot was normalized by β-actin (n = 5 mice were analyzed in
each group).
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4.5. RNA Isolation and Real-Time qPCR Analysis

Total RNAs from tumors were extracted using the Bio-Rad RNA kit (Bio-Rad Lab,
Hercules, CA, USA) and RNAs were then used for cDNA synthesis using a thermocycler
(T100 Thermal Cycler, Bio-Rad, Hercules, CA, USA) with the iScript cDNA synthesis kit
(Bio-Rad Lab, Hercules, CA, USA) according to the manufacturer instructions. Briefly,
amplified cDNA was assessed by the CFX Connect RT-PCR detection system using the
SYBR Green Supermix (Bio-Rad Lab, Hercules, CA, USA) and was normalized to 18S
as the housekeeping gene. Fold changes between samples were measured using the
2-ΔΔCt method. N = 5 mice were analyzed in each group. The primer pair sequences for
quantitative real-time PCR used were list in Table S2.

4.6. Statistical Analysis

Continuous variables were presented as the mean (standard error of the mean, SEM).
The normality of the measurements was determined by using the Shapiro–Wilk test. Stu-
dent’s t-test and one-way ANOVA (analysis of variance) followed by post hoc analysis with
Duncan’s multiple-range tests were used for comparisons as appropriate. A two-tailed
p-value less than 0.05 was considered statistically significant.

5. Conclusions

In summary, our preliminary results show that combination therapy using Se/FO
differentially enhances the responses of Lewis LLC1 tumor-bearing mice to treatments with
gefitinib or erlotinib via the modulation of the receptor signaling and immune checkpoint
molecules. This combination treatment further results in the greater inhibition of angio-
genesis and cancer stemness, the EMT, metastases, as well as the proliferation and cell
cycle, and increases apoptosis in tumor tissues. Thus, supplemental Se plus FO can offer a
therapeutic alternative to gefitinib or erlotinib therapy for Lewis lung carcinoma. Future
experiments will be needed to clarify the therapeutic effects of combination treatment in
other KRAS mutant mouse models of NSCLC. Moreover, we found that Se/FO markedly
reduces tumors’ HSP-70/-90 protein levels, and consequently may promote the efficacy
of hyperthermia treatments and act as a chemosensitizer in advanced NSCLC therapy. A
further study is underway to evaluate the anti-cancer efficacy of a combination treatment
with hyperthermia and Se/FO in an NSCLC model.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md20120751/s1, Table S1. List of antibodies used in this study.
Table S2. The primer pair sequences for quantitative real-time PCR used in this study.
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Abstract: Heme oxygenase-1 (HO-1), which could be highly induced under the stimulation of oxida-
tive stress, functions in reducing the damage caused by oxidative stress, and sulforaphane (SFN) is
an antioxidant. This study aims to investigate whether HO-1 is involved in the repair of oxidative
damage induced by oxidized fish oil (OFO) in Litopenaeus vannamei by sulforaphane (SFN). The
oxidative stress model of L. vannamei was established by feeding OFO feed (OFO accounts for 6%),
and they were divided into the following four groups: control group (injected with dsRNA-EGFP and
fed with common feed), dsRNA-HO-1 group (dsRNA-HO-1, common feed), dsRNA-HO-1 + SFN
group (dsRNA-HO-1, supplement 50 mg kg−1 SFN feed), and SFN group (dsRNA-EGFP, sup-
plement 50 mg kg−1 SFN feed). The results showed that the expression level of HO-1 in the
dsRNA-HO-1 + SFN group was significantly increased compared with the dsRNA-HO-1 group
(p < 0.05). The activities of SOD in muscle and GPX in hepatopancreas and serum of the dsRNA-HO-1
group were significantly lower than those of the control group, and MDA content in the dsRNA-HO-1
group was the highest among the four groups. However, SFN treatment increased the activities of
GPX and SOD in hepatopancreas, muscle, and serum and significantly reduced the content of MDA
(p < 0.05). SFN activated HO-1, upregulated the expression of antioxidant-related genes (CAT, SOD,
GST, GPX, Trx, HIF-1α, Nrf2, prx 2, Hsp 70), and autophagy genes (ATG 3, ATG 5), and stabilized
the expression of apoptosis genes (caspase 2, caspase 3) in the hepatopancreas (p < 0.05). In addition,
knocking down HO-1 aggravated the vacuolation of hepatopancreas and increased the apoptosis of
hepatopancreas, while the supplement of SFN could repair the vacuolation of hepatopancreas and
reduce the apoptosis signal. In summary, HO-1 is involved in the repair of the oxidative damage
induced by OFO in L. vannamei by SFN.

Keywords: Litopenaeus vannamei; sulforaphane; HO-1; oxidative damage; apoptosis; autophagy

1. Introduction

Litopenaeus vannamei is one of the most widely cultivated prawn species in China,
with fast growth and high economic value. However, shrimp often suffer from various
oxidative stresses in the aquaculture environment, such as ammonia and nitrite nitrogen
stimulation [1], abnormal salinity stimulation [2], etc., which have a negative impact on
the body’s antioxidant and immune abilities, eventually leading to the outbreak of shrimp
diseases and restricting the healthy development of shrimp aquaculture. Oxidative stress
reflects the imbalance between reactive oxygen species (ROS) produced and accumulated
in cells and tissues and the body’s anti-stress ability [3]. Excessive accumulation of free
radicals in the body will not only damage macromolecules such as DNA and protein but
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also lead to lipid peroxidation [4]. Fish oil contains unsaturated fatty acids, which are
essential for the growth and reproduction of aquatic animals [5]. Fish oil, as one of the
important ingredients in shrimp feed, is easily oxidized to oxidized fish oil (OFO), which
can cause oxidative stress in shrimp. OFO is often used to establish the oxidative stress
model of aquatic animals because it has the negative effect of reducing the antioxidant
capacity of aquatic animals, leading to liver injury and fatty liver in aquatic animals [6,7].

Heme oxygenase-1 (HO-1), which could be highly induced by the stimulation of
oxidative stress, has the function of reducing the damage caused by oxidative stress [8].
Previous studies have shown that HO-1 could alleviate cell stress and injury by reducing
inflammation, regulating antioxidation, and inhibiting apoptosis [9,10]. Stimulated by
lipopolysaccharide, mice that knock down HO-1 will suffer more oxidative stress, resulting
in increased mortality and end organ damage [11]. Hypoxia increases the activity of HO-1
in fish gills and increases the acute hypoxic ventilation frequency response after inhibition
of HO-1 [12].

Sulforaphane (SFN), as a natural antioxidant, has strong antioxidant performance
and a significant role in stabilizing free radicals [13]. SFN could alleviate the stress on the
endoplasmic reticulum of hippocampal neurons caused by a high glucose environment,
reduce neuronal apoptosis [14], significantly reduce the oxidative damage of L. vannamei
stimulated by ammonia nitrogen, and improve its antioxidant capacity [15]. SFN can not
only reduce the content of malondialdehyde (MDA) and improve antioxidant capacity,
but also reduce the production of ROS, thus reducing myocardial cell damage caused by
ischemia/reperfusion [16,17].

Based on the above research, the purpose of this study is to evaluate the repair effect
of SFN and explore whether HO-1 is involved in the repair of oxidative damage induced
by OFO in L. vannamei by SFN, to further understand the protective effect of SFN and the
function of HO-1 in oxidative stress.

2. Result

2.1. Expression Profile of HO-1 after Knock-Down

As shown in Figure 1, in the hepatopancreas, the expression of HO-1 in the dsRNA-
HO-1 + SFN and SFN groups increased significantly compared with the control and dsRNA-
HO-1 groups (p < 0.05). The expression of HO-1 in the SFN group was significantly higher
than that in the control group (p < 0.05).

Figure 1. The expression of HO-1 in the hepatopancreas of four groups. Different letters denote a
significant difference (p < 0.05).
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2.2. Determination of Antioxidative Parameters

As shown in Figure 2, the activities of GPX in the muscle and serum of the dsRNA-
HO-1 + SFN group markedly increased compared with those of the control and dsRNA-
HO-1 groups (p < 0.05). In the dsRNA-HO-1 group, the activities of SOD in the muscle
and hepatopancreas and GPX in the serum significantly decreased compared with those
of the control and dsRNA-HO-1 + SFN groups (p < 0.05). The content of MDA in the
hepatopancreas, muscle, and serum was the highest in the dsRNA-HO-1 group, while it
was lower in the dsRNA-HO-1 + SFN and SFN groups (p < 0.05).

  

  

  

Figure 2. The activities of SOD, GPX, and the MDA content in the hepatopancreas, muscle, and
serum of L. vannamei. Different letters denote a significant difference (p < 0.05).
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2.3. Expression of Antioxidant-Related Genes

As shown in Figure 3A, at 48 h, the expression levels of GPX, prx 2, and HSP 70 were
significantly increased in the dsRNA-HO-1 + SFN and SFN groups compared with the
dsRNA-HO-1 group (p < 0.05). In the hepatopancreas, the expression of antioxidant-related
genes in the dsRNA-HO-1 + SFN group basically reached its peak at 48 h, and the levels
of CAT, SOD, and GST in the dsRNA-HO-1 group were significantly lower than those in
the control group at 24 h (p < 0.05). In muscle, the expression levels of antioxidant-related
genes in the SFN group showed an upward trend from 0 to 96 h, and the peak expression
of these genes was concentrated at 96 h.

Figure 3. Cont.
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Figure 3. The expression of antioxidant-related genes (CAT, SOD, GST, GPX, Trx, HIF-1α, Nrf2, prx 2,
and Hsp 70) in hepatopancreas (A) and muscle (B). Different letters denote a significant difference
(p < 0.05).

2.4. Expression of Apoptosis- and Autophagy-Related Genes

In the hepatopancreas, the expression of caspase 2 and caspase 3 in the dsRNA-HO-1 + SFN
group first decreased, then increased, and then decreased from 0 to 96 h. At 96 h, the
expression of caspase 2 in the dsRNA-HO-1 group was the highest among the four groups
(p < 0.05, Figure 4). The expression peaks of ATG 3 and ATG 5 in the dsRNA-HO-1 + SFN
group appeared at 48 h (p < 0.05). In muscle, the expression of caspase 2 in the dsRNA-HO-1
group first increased and then decreased from 24 to 96 h. Moreover, the expression of ATG
5 in the dsRNA-HO-1 + SFN group decreased gradually after reaching the peak at 24 h,
while that in the SFN group increased gradually from 24 h to 96 h (p < 0.05).

134



Mar. Drugs 2023, 21, 548

Figure 4. The expression of apoptosis-related and autophagy-related genes (caspase 2, caspase 3, ATG
3, and ATG 5) in the hepatopancreas and muscle. Different letters denote a significant difference
(p < 0.05).

2.5. Hepatopancreatic Histology

As shown in Figure 5, the pathological sections of the hepatopancreas of the oxidized
model shrimp in the control group showed an abnormal structure, including vacuolation
of the lumen and obvious enlargement of some lumens. In the dsRNA-HO-1 group, not
only the lumen was vacuolated, but also the wall of the tube was thinned. However, in the
dsRNA-HO-1 + SFN and SFN groups, the lumen cavity and abnormal wall were improved,
and the lumen was star-shaped.
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Figure 5. Histological analysis of hepatopancreas in four groups. Hematoxylin and eosin staining
under 100× (A) and 200× (B) magnifications. The position shown by the arrow represents the
cavitation and wall thinning of the tubule (Scale plate: 50 μm).

2.6. Detection of Hepatopancreatic Apoptosis

As shown in Figure 6, in the control group and the dsRNA-HO-1 group, an obvious
green fluorescent signal was observed, and the signal was stronger in the dsRNA-HO-1
group. However, this signal was significantly attenuated in the dsRNA-HO-1 + SFN group.
In the positive control group, the apoptotic TUNEL-positive nuclei were digested by DNase
1 and labeled with FITC to show green fluorescence.
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Figure 6. Apoptosis of hepatopancreatic cells of L. vannamei. The signal of apoptosis is marked in
green. The nucleus is marked in blue. All sections were observed at 100× magnification (A), and the
relative fluorescence intensity of four groups was compared (B) (Scale plate: 50 μm). The asterisks
reveal a significant difference (“*” means that p < 0.05, “**” means that p < 0.01, ns: no significance).

3. Materials and Methods

3.1. OFO and Experimental Diets

Fresh fish oil with a peroxide value (POV) of 1.15 meq kg−1 was placed in a water
bath pot at 55 ◦C and continuously oxygenated with an air pump until the POV was
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120 meq kg−1. Then, OFO was placed at −20 ◦C to prevent further oxidation until use.
In addition, shrimp feed was purchased from Guangdong Yuehai Feed Group Co., Ltd.
(Zhanjiang, China), and SFN was purchased from Aladdin Company (Shanghai, China).
Commercial feed contains approximately 43% crude protein, 5% crude fat, and 16% crude
ash. Two experimental diets were prepared for shrimp: (1) a supplemental diet with OFO
and without SFN (OFO feed), used for constructing oxidative stress models; and (2) a
supplemental diet with OFO and SFN (with 50 mg kg−1 SFN addition, SFN feed), used
for later experiments. The experimental diet was mixed evenly and stored at −20 ◦C to
prevent its components from deteriorating.

3.2. Construction of an Oxidative Stress Model

L. vannamei juveniles were provided by a breeding hatchery (Zhanjiang, China). Before
the experiment, they were raised in an outdoor cement pool for 20 days, and then shrimp
with clear body color, good vitality, and a clear and full outline of the stomach, hepatopan-
creas, and intestine were randomly divided into four groups (the group name will be
named in 2.3) with three parallel barrels at a density of 30 shrimp per barrel. After 10 days
of acclimation, shrimp (the average weight was 0.75 ± 0.05 g) were fed with the OFO feed
(OFO accounts for 6% of the feed; the daily feeding amount is 10% of the total weight of
shrimp) prepared above at 8:00, 12:00, 16:00, and 22:00 for 28 consecutive days [18]. The
feces and leftover diets were removed by syphoning. At the same time, two-thirds of the
water in each bucket was changed every two days, and air was continuously injected into
the water in the bucket during this period. During the experimental period, the water tem-
perature was maintained at 26.8–28.0 ◦C, and the pH and salinity values were maintained
at 8.0–8.2 and 26.7‰, respectively.

3.3. RNAi Assay

According to previous research [19], the double-stranded RNA (dsRNA) of enhanced
green fluorescent protein (EGFP) and HO-1 was synthesized with the T7 RNAi transcription
kit (Takara, Beijing, China). The quality and quantity of dsRNA were detected by 1% agar
gel and spectrophotometry. After being fed with OFO feed for 28 days, the shrimp were
starved for 24 h and then injected with dsRNA. For the dsRNA-HO-1 group, the shrimp
were injected with dsRNA-HO-1 (0.50 μg/g shrimp; the same as below) and fed with
common feed (commercial feed). For the dsRNA-HO-1 + SFN group, the shrimp were
injected with dsRNA-HO-1 and fed with SFN supplement feed. For the control group, the
shrimp were injected with dsRNA-EGFP and fed with common feed. For the SFN group,
the shrimp were injected with dsRNA-EGFP and fed with SFN supplement feed. The
hepatopancreas and muscles of shrimp were sampled at 24, 48, 72, and 96 h after injection
(six shrimp were sampled from each group, and the hepatopancreas and muscles of nine
shrimp in the control group were taken as control before injection) for total RNA extraction.

3.4. Sample Collection

During the experiment, the hemolymph, hepatopancreas, and muscle of five shrimp
in each group were randomly collected for enzyme activity determination, and the hep-
atopancreas and muscle of six shrimp in each group were randomly collected for the
qRT-PCR experiment. Meanwhile, the hepatopancreas of six shrimp in each group were
also randomly collected and fixed with Carnoy’s Fluid for pathological analysis and TUNEL
apoptosis detection. After hemolymph was collected, it was left at 4 ◦C for 12 h, then cen-
trifuged at 3500 rpm at 4 ◦C for 10 min, and the supernatant was obtained. The supernatant
was stored at −80 ◦C until it was used for enzyme activity determination. All shrimp were
anesthetized before sampling.

3.5. Histological Analysis

Samples of hepatopancreas were fixed in Carnoy’s Fluid for 24 h, dehydrated in
gradient ethanol (70%, 85%, 95%, and 100%), made transparent in xylene, embedded
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in paraffin, and sliced into 8 μm sections. After dewaxing and rehydrating, the slices
were stained with a hematoxylin and eosin staining kit (Beyotime, Shanghai, China). The
stained sections were observed and photographed with a Nikon DS-Ri2 microscope (Nikon,
Tokyo, Japan).

3.6. TUNEL Apoptosis Detection

The apoptosis in the hepatopancreas was measured by a TUNEL assay kit (Green FITC,
Elabscience, Wuhan, China). According to the manufacturer’s instructions, the paraffin
sections prepared above were used for testing.

3.7. Measurement of Biochemical Parameters

In accordance with the scheme of the manufacturer, the activities of SOD and GPX
and the content of MDA were analyzed using a commercial assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

3.8. Determination of mRNA Expression

Total RNA was immediately extracted from hepatopancreas and muscle by using
RNAiso Plus (TaKaRa, Dalian, China). The quality and quantity of the extracted RNA were
evaluated in the same manner as described above. The PrimeScript RT kit (Takara, Dalian,
China) containing a gDNA eraser was used to reverse-transcribe the extracted total RNA.

The expressions of genes related to antioxidation, autophagy, and apoptosis in the
hepatopancreas and muscle of L. vannamei were detected using the Quant Studio 6 Flex
RT-PCR system (Thermo Fisher Scientific, Waltham, MA, USA) and PerfectStart Green
qPCR SuperMix (Trans). The EF-1 α gene of L. vannamei was used as the internal control.
Table 1 lists all the primer sequences used in this study. The relative gene expression level
of the data was analyzed by the 2−ΔΔCt method [20]. All data were presented as mean ±
S.E.M from three samples with three parallel repetitions.

Table 1. Sequences of primers used in this study.

Primer Name Sequence (5′–3′) GenBank Accession Number Product Length

qHO-1-F GCATGGCAGTGACCGAGATTGA
XM_027376282.1 108qHO-1-R GTCGCTGCTTCGTCTCCTCATC

qCAT-F TCAGCGTTTGGTGGAGAA
AY518322.1 147qCAT-R GCCTGGCTCATCTTTATC

qNrf2-F GATGAGAAGCGAGCCAGAGCG
XM_027367068.1 142qNrf2-R GCCGTCGGATGTCTCGGATAA

qHSP70-F GCGTACTGCCTGTGAGCG
AY645906 108qHSP70-R CGGGTGATGGAGGTGTAGAAA

qGST-F AAGATAACGCAGAGCAAGG
AY573381.2 146qGST-R TCGTAGGTGACGGTAAAGA

qGPX-F AGGGACTTCCACCAGATG
XM_027372127.1 117qGPX-R CAACAACTCCCCTTCGGTA

qSOD-F CTGGTTCCGTTGCTTGGC
DQ005531 122qSOD-R CGCTCATTCACGTTCTCCC

qTrx-F TTAACGAGGCTGGAAACA
XM_027377405.1 116qTrx-R AACGACATCGCTCATAGA

qHIF-1α-F GGAGGCCTACAAGACACTGC
FJ807918.1 152qHIF-1α-R TGAGACACACGACGTACTGC

qprx2-F AATGACCGCGTTGAGGAGTT
XM_027353910.1 134qprx2-R AGTGGGATCTTCAGCTTGCC
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Table 1. Cont.

Primer Name Sequence (5′–3′) GenBank Accession Number Product Length

qATG3-F CGCTGCCAAGACCAAACCATA
MH797018.1 105qATG3-R TGCTCACTGCGATACTCCATT

qATG5-F GGAACCTCACTGCCCACTTT
MH797023.1 127qATG5-R TGCCCTCTGTGCTTCAAACC

qcaspase2-F TAAAGTTCCCTCACGACAA
XM_027358707.1 278qcaspase2-R GCTCATCACCATCCCTAAT

qcaspase3-F AACCAAGGCATCCCTGTCA
XM_027378310.1 190qcaspase3-R GGGTTTATTCTGAAGTTGTGGG

qEF1α-F GTATTGGAACAGTGCCCGTG
XM_027373349.1 143qEF1α-R ACCAGGGACAGCCTCAGTAAG

3.9. Statistical Analysis

The data of each group were analyzed by one-way ANOVA with SPSS software (SPSS
18.0; SPSS, Chicago, IL, USA), and different lowercase letters showed significant differences
between the groups, and the significance level was set to p < 0.05.

4. Discussion

Our previous research successfully cloned the HO-1 gene of L. vannamei, detected
its expression in different tissues, and found that it participated in the antioxidant and
anti-apoptosis effects of ammonia-induced oxidative stress [19]. In this study, we found
that SFN could repair the oxidative damage caused by OFO to L. vannamei and significantly
improve the expression level of HO-1 in the hepatopancreas and muscles. These preliminary
results indicated that SFN could repair oxidative damage by activating HO-1.

The members of the antioxidant system, including CAT, SOD, GST, and GPX, are
usually used as indicators to evaluate the current antioxidant status of the organism [21].
Antioxidant enzymes are usually upregulated after cells are exposed to oxidative stress
to reduce damage caused by oxidative stress [22,23]. In this study, SFN supplementation
significantly increased the activities of GPX and SOD in shrimp (p < 0.05). These results
indicated that SFN may be beneficial for improving the antioxidant capacity of L. vannamei.
This is consistent with the result that the antioxidant enzyme activity in shrimp tissues
increased significantly compared with the control group after eating SFN-supplemented
feed [15]. Trx plays an important role in maintaining the balance between oxidative stress
and the antioxidant system and protecting the body from oxidative damage [24]. HIF-1α
can rapidly induce the expression of genes related to oxygen utilization, thus improving
the oxygen utilization of cells [25], and prx2 is a member of peroxidase [26]. Under the
stimulation of copper-induced oxidation, the Nrf2/HO-1 pathway was activated, thus
alleviating the damage caused by oxidative stress [8]. Overexpression of HO-1 will not only
weaken the replication of the hepatitis C virus but also protect liver cells from oxidative
damage [27]. In this study, compared with those of the control group and dsRNA-HO-1
group, the expression levels of CAT, SOD, GST, GPX, Trx, HIF-1α, prx 2, and HSP 70 in the
hepatopancreas and muscle of the dsRNA-HO-1 + SFN group were significantly increased
(p < 0.05). This may be because SFN treatment activates the Nrf2/HO-1 pathway, thus
regulating the expression of a series of antioxidant-related genes and finally alleviating
oxidative damage caused by oxidative stress. HSP 70 could be activated by oxidative stress,
similar to HO-1, and could reduce the damage caused by oxidative stress [28,29]. In this
study, SFN activated the expression of antioxidant-related genes, including HO-1 and HSP
70, and enabled the body to better repair the damage caused by OFO.

Oxidative stress can cause cell apoptosis [30]. HO in the nervous system of Drosophila
melanogaster is closely related to apoptosis [31]. In this study, compared with the control
group, the expression levels of caspae 2 and caspase 3 in the hepatopancreas of the dsRNA-
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HO-1 + SFN group reached their peak at 48 h and were then lower than those in the
control group at 96 h (p < 0.05). Furthermore, there was no significant difference in the
expression level of caspase 2 between the SFN group and the control group. However, at
96 h, the expression of caspase 2 in the dsRNA-HO-1 group was the highest among the
four groups (p < 0.05). The TUNEL experiment also showed that when HO-1 was knocked
down, there would be more apoptosis signals in the hepatopancreas, but this apoptosis
signal was obviously weakened after SFN treatment. Overexpression of HO-1 inhibited
the apoptosis of bovine ovarian granulosa cells [32]. In addition, Cobalt-protoporphyrin
could reduce liver injury by increasing the expression of HO-1, and Sichuan pepper could
also enhance its antioxidant defense system by upregulating the expression of HO-1 [33,34].
These results confirmed that the treatment of SFN increased the expression of HO-1, and
HO-1 participated in the process of regulating apoptosis and was finally involved in the
repair of oxidative damage by SFN. Interestingly, the expression level of caspase 3 in the
hepatopancreas of the dsRNA-HO-1 group was also lower than that of the control group at
96 h, and it was basically the same as that of the dsRNA-HO-1 + SFN group. The reason may
be that cells are necrotic due to excessive oxidative damage, thus reducing the expression
of apoptosis and apoptosis-related genes.

Autophagy is an evolutionary-conserved intracellular process that is used to degrade
and recycle cellular materials [35]. HO-1 can induce protective autophagy and reduce
emphysema caused by cadmium [36]. Overexpression of HO-1 can significantly restore
autophagy and protect cells from apoptosis caused by the external environment [37]. This
study also found that SFN increased autophagy in the hepatopancreas and muscle by
increasing the expression level of HO-1 and finally reducing cell apoptosis. These results indi-
cated that HO-1 could repair the oxidative damage induced by OFO by promoting autophagy.

Hepatopancreas is the most important organ in crustaceans and is extremely sensitive
to pollutants in the diet, so hepatopancreas is usually used to monitor the effects of various
poisons on the body [38]. Knocking down HO-1 in L. vannamei will significantly change
the morphology of hepatic tubules [19]. This study also found similar results. After
knocking down HO-1, the wall of hepatic tubules became thinner or even disappeared.
However, this phenomenon was restored in the dsRNA-HO-1 + SFN group. The existence
of astaxanthin significantly improved the abnormal tubular structure and arrangement
of the hepatopancreas caused by the consumption of OFO by L. vannamei [39]. MDA
is usually used as a symbol of oxidative stress. In this study, the MDA content in the
dsRNA-HO-1 group was the highest, while that in the dsRNA-HO-1 + SFN group was the
lowest (p < 0.05). These results showed that when the expression of HO-1 was inhibited, the
body would suffer from more oxidative stress, which could lead to more serious oxidative
damage. SFN could promote the expression of HO-1, which could help the body recover
from oxidative damage more quickly. The increase in HO-1 expression levels reduces
oxidative damage and the production of ROS [40]. The results showed that SFN could
repair oxidative damage caused by OFO by promoting the expression of HO-1.

In summary, SFN could increase the antioxidant enzyme activity and reduce the MDA
content in the hepatopancreas, muscle, and serum of L. vannamei. SFN could activate
the expression of HO-1 in L. vannamei, thus regulating the expression of antioxidant,
autophagy, and apoptosis genes and finally repairing the oxidative damage brought by
OFO on L. vannamei. Knocking down HO-1 aggravated the vacuolation of hepatopancreas
and increased the apoptosis of hepatopancreas, and the existence of SFN could repair the
oxidative damage of hepatopancreas and reduce the apoptosis signal. The results indicated
that HO-1 is involved in the repair of oxidative damage induced by OFO in L. vannamei
by SFN.
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Abstract: The purpose of the study was to investigate the stability and oral delivery of DHA-
encapsulated Pickering emulsions stabilized by soy protein isolate–chitosan (SPI-CS) nanoparticles
(SPI-CS Pickering emulsions) under various conditions and in the simulated gastrointestinal (GIT)
model. The stability of DHA was characterized by the retention rate under storage, ionic strength,
and thermal conditions. The oral delivery efficiency was characterized by the retention and release
rate of DHA in the GIT model and cell viability and uptake in the Caco-2 model. The results showed
that the content of DHA was above 90% in various conditions. The retention rate of DHA in Pickering
emulsions containing various nanoparticle concentrations (1.5 and 3.5%) decreased to 80%, while
passing through the mouth to the stomach, and DHA was released 26% in 1.5% Pickering emulsions,
which was faster than that of 3.5% in the small intestine. After digestion, DHA Pickering emulsions
proved to be nontoxic and effectively absorbed by cells. These findings helped to develop a novel
delivery system for DHA.

Keywords: DHA; soy protein isolate–chitosan nanoparticles; Pickering emulsions; stability; oral
delivery; cell viability

1. Introduction

Fish oils are rich in polyunsaturated fatty acids, including docosahexaenoic acid (DHA)
and eicosapentaenoic acid (EPA). DHA has many physiological functions in humans, such
as improving nervous system activity, promoting brain development, restraining obesity,
and preventing cardiovascular diseases [1,2]. DHA has attracted attention because of its
nutritional functions, and the development and application of DHA-related products have
become a hot trend. However, due to its fishy smell, lipophilic structure, and the presence
of unsaturated double bonds [3], the application of DHA was limited in common liquids
and other food systems. Thus, it is necessary to develop a suitable delivery system to stably
distribute it in the system and protect it from oxidation. Encapsulation of lipophilic func-
tional substances using formulations containing lipids has been proven to be an effective
method to apply, which can protect them from pro-oxidants present in the surrounding
aqueous phase and increase water solubility [4].

The fabrication of delivery systems generally depends on the aim that we want to
achieve from them. Generally, there are several factors, as follows: Firstly, the delivery
system consists of food-grade ingredients using easy and economical processing operations.
Secondly, the system must maintain the physical and chemical stability of bioactive sub-
stances during a period of preparation, storage, and digestion. Thirdly, the system has no
adverse effect on the physiological environment and sensory properties of humans. Lastly,
the ideal system should be the one where the encapsulated bioactive component is released
until it reaches a specific site, for example, the small intestine [5–7]. The last factor is also
the most important because gastrointestinal digestion is a complicated process. In fact,
the state of food changes dramatically under a range of physical and chemical (e.g., pH,
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enzymes, bile salt, etc.) conditions as it passes through the mouth to the stomach and small
intestine after digestion. When food enters the mouth, it comes into contact with saliva,
experiences heating or cooling to body temperature, changes in ionic strength and pH,
and binds to mucin during chewing. After the mouth, food enters the stomach, where it
continues to mix with various enzymes (pepsin and gastric lipase) and continues to change
in ionic strength and pH [8,9]. Thus, it is crucial to choose a suitable delivery system.

In the food field, emulsions have been applied to encapsulate and deliver bioactive
compounds [10]. Traditional emulsions use small molecular weight surfactants and biopoly-
mers as emulsifiers. However, the application of some surfactants may have a negative
effect on gut microbiota [11], which limits their application in the food industry. Meanwhile,
because of low viscosities, most emulsions are not stable in acidic conditions, leading to fast
demulsification in GIT conditions [12]. In recent years, solid-particle-stabilized emulsions
(Pickering emulsions) have been widely applied because solid particles could be strongly
absorbed into the droplet surface and form a thick shell to maintain the stability of the
emulsions. In the food and cosmetic fields, natural ingredients have enhanced consumer
interest and improved the bioavailability of targeted substances, which have become the
optimal delivery system for functional compounds. Nevertheless, it is difficult to produce
large-scale natural edible particles with enough suitability to stabilize emulsions. Thus, the
particles need to be modified to be effective stabilizers of Pickering emulsions. Previous
kinds of literature suggest that the emulsions stabilized by protein–polysaccharide particles
possessed better resistance against coalescence than the emulsions stabilized by protein
alone, which is attributed to the greater resistance of the complex compounds [13,14].
Nowadays, many protein–polysaccharide particles are used to stabilize Pickering emul-
sions, including pea protein-pectin [15], whey protein–chitosan [16], zein–pectin [17], and
zein–soybean polysaccharide [18]. These studies focus on preparing Pickering emulsions
with various nanoparticles and investigating the physical performance of Pickering emul-
sions; only a few studies investigate the protection effect and digestion mechanism of
Pickering emulsions as the delivery system. Therefore, more research is needed to explore
the oral delivery of compounds in Pickering emulsions.

In our previous work, we investigated the preparation of Pickering emulsions sta-
bilized by SPI-CS nanoparticles [19]. The physical stability and rheological properties of
Pickering emulsions have also been explored. Up to now, no research has been focused
on the protection effect and in vitro digestion of SPI-CS Pickering emulsions for DHA.
Hence, in this study, DHA was selected as a targeted lipophilic compound to explore the
feasibility of SPI-CS Pickering emulsions as the oral delivery system. The stability of DHA
in SPI-CS Pickering emulsions under storage and processing conditions was examined, and
the digestion mechanism was illuminated by the simulated GIT model. Caco-2 cells were
used to investigate the absorption of DHA after the digestion process.

Prior research has demonstrated that O/W emulsions have specific benefits over bulk
oil in terms of lipid oxidation and DHA bioavailability [20]. As a result, the primary focus
of our work was on the digestive properties of O/W emulsions containing DHA at various
stable nanoparticle concentrations. The aims of this work were to: (1) investigate the
stability of DHA under storage, ionic strength, and temperature conditions; (2) measure
the retention and release rate of DHA in the in vitro digestion; and (3) examine the toxicity
and biocompatibility of the emulsions after the digestion process.

2. Results and Discussion

2.1. Stability of DHA-Encapsulated Pickering Emulsions

DHA was unstable and susceptible to oxidation because of the presence of many
double bonds [3]. The retention rate of DHA during storage for 10 days was shown in
Figure 1A. The retention of DHA was 100% for 7 days of storage and decreased to 95% on
the tenth day. Although the retention had decreased, DHA-encapsulated Pickering emul-
sions expressed good stability and a high retention rate. The SPI-CS Pickering emulsions
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had good protection of DHA, which was attributed to providing screens to resist DHA
degradation and oxidation by forming a dense and thick particle layer around oil droplets.

Figure 1. (A) The retention of DHA in SPI-CS Pickering emulsions during storage up to 10 days;
(B) The retention of DHA in SPI-CS Pickering emulsions at various temperatures (37–90 ◦C); (C) The
retention of DHA in SPI-CS Pickering emulsions at various ionic strengths (0–1000 mM) after 1 day
and 10 days of storage; (D) Microscope image of emulsion at different ion concentrations.

In addition to determining the storage stability of DHA-encapsulated Pickering emul-
sions, thermal treatment was used in food processing and purchasing. To measure the
thermal stability of DHA-encapsulated Pickering emulsions, three temperature modes,
including body temperature (37 ◦C for 4 h) and sterilization temperature (60 ◦C for 30 min
and 90 ◦C for 3 min), were selected. The results were shown in Figure 1B; the retention of
DHA-encapsulated Pickering emulsions was 92–96% under various conditions. These find-
ings reflected that SPI-CS Pickering emulsions used to encapsulate functional substances
were stable at various temperatures. According to previous research, octenyl succinic acid
(OSA)-modified starch-stabilized Pickering emulsions could be heated to better protect the
oil phase because the starch granule stabilized on the oil droplet interface, which allowed
the starch to expand and caused a barrier that better covered the oil [21].

Salt is often used in cooking food, and emulsions may be used in products with various
concentrations of salt. Thus, it is necessary to determine the ionic strength and stability of
DHA-encapsulated Pickering emulsions. The retention rate of DHA was still evaluated as
an effect of the NaCl level in Pickering emulsions (Figure 1C). With the increase in ionic
strength from 0 mM to 500 mM, the retention was basically maintained at 96%. When
ionic strength reached 1000 mM, the retention decreased to 92%. It was attributed to a
decrease in electrostatic repulsion between salt and oil droplets due to the electrostatic
screening effect. In addition, the retention rate of DHA in all DHA-encapsulated Pickering
emulsions with various ionic strengths decreased to 90% after 20 days of storage. Although
the concentration of DHA decreased, it remained relatively high in general. These findings
were consistent with previous studies [22]. High salt concentrations lowered the stability
of lycopene microemulsions due to the decrease in surface charge with an increase in NaCl
concentration, which in turn reduced the repulsive force between the droplets.
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2.2. In Vitro Oral Digestion of DHA-Encapsulated Pickering Emulsions

To explore the mechanism of the in vitro digestion system, DHA-encapsulated Pick-
ering emulsions of different nanoparticle concentrations (1.5 and 3.5%) were prepared to
pass through the GIT model. Firstly, the microstructure of DHA-encapsulated Pickering
emulsions and the retention rate of DHA were determined in an oral environment. In the
mouth stage, there was no significant change in retention compared to the initial emulsions
(Figure 2A), which was attributed to DHA-encapsulated Pickering emulsions staying in the
mouth for a short time. Figure 3 showed that the size of the emulsion drops as the nanopar-
ticle concentration rises from 1.5% to 3.5%. This might be because droplet agglomeration is
inhibited by the high interfacial energy created by the high nanoparticle concentration [23].
Meanwhile, the droplets showed a slight amount of coalescence when DHA-encapsulated
Pickering emulsions moved to the simulated mouth stage. These results might be due to
depletion and bridging mechanisms in the presence of mucin, which is a large anionic
biopolymer in SSF [24] and further induced oil droplets to coalesce and flocculate [25]. Both
DHA-encapsulated Pickering emulsions containing different nanoparticle concentrations
were stable after exposure to mouth conditions.

Figure 2. (A) The retention of DHA-encapsulated Pickering emulsions containing various concen-
trations (1.5 and 3.5%) in SSF during storage up to 10 min; (B) The retention of DHA-encapsulated
Pickering emulsions containing various concentrations (1.5 and 3.5%) in SGF during storage up to
2 h. There were significant differences between the initial group and different concentrations (1.5 and
3.5%) of DHA encapsulation Pickering emulsion with different letters (a, b) (p < 0.05).; “*” represents
the statistical difference between 1.5% and 3.5% particle concentration data, in general: * (p < 0.05);
(C) The retention of DHA-encapsulated Pickering emulsions (3.5%) in SGF within 120 min.
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Figure 3. Influence of gastrointestinal tract stage on microstructure (fluorescence microscopy images)
of DHA-encapsulated SPI-CS Pickering emulsions with different concentrations (1.5 and 3.5%).

2.3. In Vitro Gastric Digestion of DHA-Encapsulated Pickering Emulsions

Due to the acidic pH condition and pepsin, the stomach can easily break down
various kinds of food. To protect emulsions encapsulated with lipophilic functional active
substances from the influence of acidic conditions, it is essential for emulsions to remain
stable in the gastric environment [26]. A simulated gastric condition was used to measure
the retention rate of DHA and the microstructure of DHA-encapsulated Pickering emulsions
containing various nanoparticle concentrations. The retention rate of DHA-encapsulated
Pickering emulsions is shown in Figure 2B. The retention rate of DHA decreased to 82%
after simulated gastric digestion for 30 min and had no significant change in the next
90 min, which suggested that the DHA-encapsulated SPI-CS Pickering emulsions had
good stability at the gastric digestion condition. Compared with the DHA-encapsulated
Pickering emulsions containing nanoparticles with a concentration of 3.5% (c = 3.5%),
the retention rate of the DHA-encapsulated Pickering emulsions (c = 1.5%) was low at
80% (Figure 2C). The difference in retention might result from two reasons: (1) the SPI-
CS Pickering emulsions become slightly unstable at low concentrations [27], and (2) the
formation of a gel-like network in SPI-CS Pickering emulsions at c = 3.5% would provide
additional protection to resist lipid degradation [28]. In the digestion system, the rate and
content of lipid digestion depended on how fast the gel-like network broke down because
lipid degradation occurred when the lipases bound to the lipids [29]. The confocal laser
scanning microscopy (CLSM) images (Figure 3) suggested that coalescence of the droplets
occurred under gastric digestion conditions, which was attributed to the electrostatic
screening decreasing the electrostatic repulsion by counter-ions in the simulated gastric
fluid (SGF) and the surface charge of the protein-coated droplet changing due to the change
from neutral pH to acidic condition [30].

2.4. In Vitro Small Intestine Digestion of DHA-Encapsulated Pickering Emulsions

The lipophilic substance was released into the mixed micelle phase during the small
intestine digestion, which can be taken as a marker of absorption in the small intestine.
Thus, an in vitro small intestine digestion model was used to measure the release rate of
DHA and the microstructure of DHA-encapsulated SPI-CS Pickering emulsions (c = 1.5
and 3.5%). The release rate of DHA under the SIF condition was shown in Figure 4. As
presented in Figure 4, the release rate of DHA increased to 8% in the SPI-CS Pickering
emulsions (c = 1.5%) at the first 2 h, followed by a rapid release of about 26% in the next
1 h. In addition, the DHA-encapsulated Pickering emulsions (c = 3.5%) were observed
with a sustained release of about 7% in the whole digestion process. The decreased release
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rate with increasing nanoparticle concentrations can be attributed to several reasons. First
of all, the specific surface area accessible for lipase digestion increases with droplet size,
and the larger the interface area that lipase molecules are coated with, the more favorable
conditions there are for accelerating the rate of lipid digestion [31,32]. Secondly, SPI-CS
nanoparticles formed a protective coating around oil droplets to resist lipase and bile salts
entering the droplets. The coating was stable with increasing nanoparticle concentrations.
Thirdly, the SPI-CS Pickering emulsions formed a network gel that enhanced the viscosity,
inhibiting the movement of lipase to the oil droplets. Previous work had demonstrated
that higher nanoparticles had higher viscosity [19]. The DHA-encapsulated Pickering
emulsions were released slowly in the process of small intestine digestion, which made
them suitable for the body to digest and absorb. The CLSM images showed the change in
microstructure in the small intestine digestion (Figure 3). It was shown that the droplet size
of the Pickering emulsion with a stable 3.5% particle concentration decreased sharply after
the DHA-encapsulated Pickering emulsion was digested in the small intestine, whereas that
of the Pickering emulsion with a stable 1.5% particle concentration showed a larger droplet
size while most of the droplet size decreased, which may be because there were so few
nanoparticles on the droplet surface. Protein in the particles is broken down, which causes
the droplets to break and even causes the emulsion to demulsify, releasing lipids [33]. The
SPI-CS nanogel-created interface layer prevents lipase and other substances from adhering
to the oil droplet’s surface. Instead, bile salt and lipase were only able to absorb and
digest lipase by diffusion in the space between the barrier’s layers. DHA release is further
inhibited by the high-concentration nanoparticles’ larger interfacial layer, significant steric
hindrance, and smaller gap [34]. The reduced concentration of nanoparticles and their
digestion in the colon, however, indirectly cause the creation of certain larger-particle-size
droplets, which lowers the interfacial spatial barrier of droplets and speeds up the digestion
of lipids. The quicker release of DHA at a concentration of 1.5% nanoparticles may also
be due to this. Finally, after intestinal digestion, most of the drop size reduction can be
explained by several reasons: Firstly, some big oil droplets became small droplets after lipid
digestion. Secondly, there were small colloidal particles (insoluble calcium soaps, micelles,
and vesicles) after lipid digestion [35]. The DHA-encapsulated SPI-CS Pickering emulsions
still observed a few oil droplets during the small intestine digestion, suggesting that the
DHA-encapsulated Pickering emulsions could not be completely digested, which might
illustrate the delay of lipid digestion [36].

Figure 4. The retention of DHA-encapsulated SPI-CS Pickering emulsions containing various concen-
trations (1.5 and 3.5%) in SIF within 3 h.
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2.5. Cell Viability of SPI-CS Pickering Emulsions

To develop a new functional food, it is necessary to determine cell viability to ensure
the safety of the food. Cell viability is influenced by several factors, such as composition,
chemical environment, surface chemistry, and physical organization [37]. Caco-2 cell lines
were treated with SPI-CS Pickering emulsions containing various concentrations of DHA
and left untreated as the control group. As shown in Figure 5A, cell viability was basically
maintained at 98% at concentrations of 20, 40, 80, 120, and 160 μg/mL and decreased to 92%
at the concentration of 200 μg/mL. The cell viability was not affected by any concentration,
which indicated no toxicity of DHA-encapsulated SPI-CS Pickering emulsions in cells. In
addition, the cells were stained using a Calcein-AM/PI double stain kit (Figure 5B–E), which
revealed nearly no dead cells and showed no noticeable dead cell fluorescence. The images
also indicated that DHA-encapsulated SPI-CS Pickering emulsions were nontoxic. These
findings were consistent with previous studies. SH-SY5Y cells were used to evaluate the
biocompatibility of starch nanoparticle stabilization emulsions. The staining distribution
of living cells was uniform, and the survival rate of cells was >90%, indicating that the
emulsion had no obvious cytotoxicity. The purpose of the preparation of this emulsion is
to add it to food as a nutritional fortification agent. Combined with previous studies and
dietary guidelines for Chinese residents [38], according to the amount of DHA added in
the emulsion, the maximum daily intake of this emulsion is recommended to be 5.74 mL,
and the dilution concentration in food should be less than 200 μg/mL.

Figure 5. Cont.
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Figure 5. (A) Cell viability of SPI-CS Pickering emulsions with various concentrations of DHA
(0–200 μg/mL). The same letter “a” in SPI-CS Pickering emulsion treatment groups with different
concentrations of DHA (0–200 μg/mL) indicated no significant difference (p > 0.05). Fluorescent
image of cell viability in SPI-CS Pickering emulsions containing 200 μg/mL DHA: (B) phase contrast
image; (C) the emulsion stained with calcein; (D) the emulsion stained with PI; (E) the emulsion
stained with calcein/PI.

2.6. Cellular Uptake of SPI-CS Pickering Emulsions

Caco-2 cells were used to access the absorption of lipophilic compounds in the small
intestine [39,40]. To determine cellular uptake of DHA-encapsulated Pickering emulsions,
DHA-encapsulated Pickering emulsions after in vitro digestion were accessed by the ad-
dition of Nile red dye into the oil phase. The CLSM images of the control group without
DHA-encapsulated Pickering emulsions were shown in Figure 6A,C, which indicate that
the cells had no fluorescence. Figure 6B,D showed that the images of SPI-CS Pickering
emulsions containing DHA and Nile red were distributed where the cells were located.
This result indicated that DHA-encapsulated Pickering emulsions could be uptaken by
Caco-2 cells effectively. The findings of the present work were consistent with the previous
literature [41]. Magnetic cellulose nanocrystal-stabilized emulsions were stained with Nile
red. According to cell uptake images, Nile red and cur were distributed in the cytoplasm of
the cells, which proved that the emulsions had cell uptake ability.

Figure 6. Cont.
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Figure 6. Phase contrast and fluorescent image of cellular uptake of SPI-CS Pickering emulsions
containing 200 μg/mL DHA: (A,C) control normal saline and (B,D) SPI-CS Pickering emulsions
stained with Nile red.

3. Materials and Methods

3.1. Materials

Fish oil (DHA ≥ 70%) and ethyl ester DHA standard were purchased from Qinyecao
Biotechnology Co., Ltd. (Xi’an, China). Soy protein isolate (SPI, protein content ≥ 90%) was
obtained from Yihaijiali Protein Industry Co., Ltd. (Qinhuangdao, China). Chitosan (MW
3000–6000 Da, degree of deacetylation 90%) was obtained from Hefei Bomei Biotechnology
Co., Ltd. (Hefei, China). Corn oil was obtained from Xiwang Food Co., Ltd. (Zouping,
China). Simulated saliva fluid (SSF) and simulated intestinal fluid (SIF) were purchased
from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). N-Hexane was pur-
chased from Acros Co., Ltd. (Beijing, China). Nile red was purchased from Sigma-Aldrich
Co., Ltd. (Shanghai, China). 3-(4, 5-Dimethylthiazol-z-yl)-2, 5-diphenyl tetrazolium bro-
mide (MTT), dimethyl sulfoxide (DMSO), and Calcein-AM/PI Double Stain Kit were
purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). Phosphate-buffered
saline (PBS, pH 7.4), dialysis cassettes (molecular weight cut off 3500 Da), and Dulbecco’s
modified eagle’s medium (DMEM) were purchased from Solarbio Science & Technology
Co., Ltd. (Beijing, China). Fetal bovine serum (FBS) was purchased from Biological Indus-
tries Co., Ltd. (Kibbutz Beit Haemek, Israel). Acetic acid, hydrochloric acid, anhydrous
ethanol, methanol, NaOH, and NaCl were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). Ultrapure water was used for the preparation of all solutions.

3.2. Preparation of DHA-Encapsulated Pickering Emulsions

SPI-CS nanoparticles stabilized Pickering emulsions were prepared as described
in our previous work [19] The characterization of SPI-CS nanoparticles was shown in
Figures S1–S3. DHA was added to the corn oil phase at a concentration of 20%. Briefly,
the corn oil phase (ϕ = 0.5) containing DHA and the SPI-CS nanoparticles (1.5% and 3.5%)
were added to a glass bottle. The mixture was homogenized at 15,000 r/min for 2 min with
an UltraTurrax®T18 (IKA, Berlin, Germany). The DHA-encapsulated SPI-CS Pickering
emulsions were stored at 4 ◦C for further analysis.

3.3. Cell Culture

Caco-2 cells were cultured in DMEM, which contained 10% fetal bovine serum, 0.1%
nonessential amino acids, 100 μg/mL streptomycin, and 100 U/mL penicillin. The cells
were cultured in incubators at 37 ◦C, 5% CO2, and appropriate relative humidity [42].
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3.4. Microscopy of DHA-Encapsulated Pickering Emulsions

Microscopy images of emulsions were observed from a confocal laser scanning micro-
scope (CLSM) (TCS, SP 8, Leica, Wetzlar, Germany) with 10× objective microscopy, which
was used to evaluate structural changes in various conditions. Fresh DHA-encapsulated
Pickering emulsions were stained with 0.1% Nile red, which was used to stain the oil phase,
and argon laser fluorescence was excited at 488 nm.

3.5. Determination of DHA Retention Rate of Pickering Emulsions
3.5.1. Gas Chromatography (GC) Quantification of DHA

The GC system (Agilent 7820, USA) with an FID detector was used to quantify DHA
concentration. Column: HP-INNOWax, 30 m × 0.32 mm ID × 0.25 μm (Agilent, Santa
Clara, CA, USA) with a detector temperature of 300 ◦C and injector temperature set at
240 ◦C. Temperature ramp: starting temperature 170 ◦C for 5 min, rising 3 ◦C/min until
reaching 210 ◦C for 30 min. Flame gas: hydrogen 40 mL/min and air 350 mL/min. A
1 mg/mL DHA solution was prepared by adding a 10 mg DHA standard sample and a
10 mL n-Hexane solution. The solution was further diluted to various concentrations (0.04,
0.08, 0.1, 0.2, and 0.4 mg/mL). The DHA concentration of the solution was measured using
the above-described GC system and the obtained standard curve.

3.5.2. Extraction and Determination of DHA in Pickering Emulsions

The 1 mL DHA-encapsulated Pickering emulsions were fully mixed with 2 mL of
anhydrous ethanol and then 2 mL of n-Hexane solution. The micelle layer was taken out
after 10 min, and the other layers were extracted twice with an n-Hexane solution. All
micelle layers were combined into a constant final volume of 5 mL. The n-Hexane in the
1 mL micelle layer was blown away with nitrogen, and then 5 mL of hydrochloric-methanol
(1:5, v/v) was added to the test tube. To make sure the DHA was fully methylated, the test
tube was then heated in an incubator for 30 min at 70 ◦C and shaken for 10 s every 5 min.
After heating, the tube was cooled to room temperature, and 5 mL of n-Hexane solution
was added to take out the micelle phase. The phase was filtered with a 0.22 μm pore-sized
filtering membrane and then injected (1 μL) into the GC system. The retention rate was
measured as the percent of DHA concentration by Equation (1).

Retention rate (%) = (Ct/C0) × 100% (1)

where Ct is the DHA concentration of treated DHA-encapsulated Pickering emulsions, and
C0 is the DHA concentration of untreated DHA-encapsulated Pickering emulsions.

3.6. Stability of DHA-Encapsulated SPI-CS Pickering Emulsions
3.6.1. Storage Stability of DHA-Encapsulated Pickering Emulsions

Freshly prepared DHA-encapsulated SPI-CS Pickering emulsions were stored at 4 ◦C
for 10 days. The storage stability of DHA-encapsulated SPI-CS Pickering emulsions was
measured by DHA concentration as a function of storage time. The DHA retention rate
was measured at regular intervals by using the method described in previous description.

3.6.2. Thermal Stability of DHA-Encapsulated SPI-CS Pickering Emulsions

The thermal stability of DHA-encapsulated SPI-CS Pickering emulsions was measured
under three various thermal conditions [34]. In brief, DHA-encapsulated SPI-CS Pickering
emulsions were placed in the tubes and put into a water bath. The DHA retention rate was
measured at 37 ◦C for 4 h, 60 ◦C for 30 min, and 90 ◦C for 3 min. The samples were cooled
after incubation and measured using the method described above.

3.6.3. Ionic Strength Stability of DHA-Encapsulated SPI-CS Pickering Emulsions

To determine the stability of DHA-encapsulated SPI-CS Pickering emulsions under
various ionic strengths, NaCl was added to SPI-CS nanoparticle suspension at various
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concentrations (0 mM, 100 mM, 300 mM, 500 mM, 1000 mM). Then, the SPI-CS nanoparticle
suspension was mixed with corn oil containing DHA and further homogenized as described
above. The retention rate of DHA was measured after 1 day and 10 days of storage by
using the method described in previous description.

3.7. In Vitro Digestion Model

To study the in vitro digestion of DHA, DHA-encapsulated SPI-CS Pickering emul-
sions were passed through a simulated gastrointestinal (GIT) model, including the mouth,
stomach, and small intestinal stages [43]. This model is an international consensus
model [44]. For the mouth stage, the SSF was preheated for 2 min at 37 ◦C before adding
the DHA-encapsulated Pickering emulsions. Then, 10 mL of SSF was mixed with 10 mL of
initial DHA-encapsulated Pickering emulsions, and the pH of the mixture was adjusted to
6.8. The system was stirred at 100 r/min in the incubator at 37 ◦C for 10 min. The treated
sample was measured for retention rate and visualized microstructures. For the gastric
stage, the SGF method was slightly modified from previous work [24] by dissolving 2 g
NaCl and 3.2 g pepsin in 1 L of water and adjusting pH to 1.2 using 1 M hydrochloric acid
solution. The SGF was preheated for 2 min at 37 ◦C before mixing, and then 1 mL of sample
from the mouth phase (pH 6.8) was mixed with 9 mL of SGF. The mixture was placed in
a dialysis cassette, which was placed in 1 L of SGF at 37 ◦C with continued shaking for
2 h. A total of 1 mL of the treated sample was taken out every 30 min in the total digestion
process. The sample was measured for retention rate and visualized microstructures.

For the small intestine stage, the SIF was preheated for 2 min at 37 ◦C before mixing.
A 10 mL sample from the gastric phase (pH 1.2) was mixed with 10 mL of SIF, and the pH
was adjusted to 6.8. The mixture was placed in a dialysis cassette, which was placed in
the incubator at 37 ◦C with continued shaking for 3 h. Then, 1 mL of the treated sample
was taken out every 1 h during the total digestion process. The sample was measured for
retention rate and visualized microstructures.

3.8. Cytotoxicity of Pickering Emulsions

Cell viability of digested DHA-encapsulated Pickering emulsions was measured using
the MTT method [41]. Caco-2 cell lines were cultured on 96-well plates at a density of
10,000 cells/well and allowed to adhere for 24 h. DHA-encapsulated Pickering emulsions
were diluted to various concentrations at 20, 40, 80, 120, 160, and 200 μg/mL and added to
each well. Untreated cells were set as the control group. Cell culture fluid was removed
after 24 h of treatment, and 10 μL of MTT solution (5 mg/mL MTT) was added to each well.
The cells were incubated at 37 ◦C for 3 h. Then MTT solution was removed and DMSO
(100 μL/well) was added to dissolve the formazan product formed in cells. After 30 min,
the absorbance at 560 nm was measured using a microplate reader (Biotek, Winooski, VT,
USA). The data were measured three times. The percentage of cell viability was calculated
by Equation (2).

Cell viability (%) = (Nt/Nc) × 100% (2)

where Nt is the absorbance of treated cells and Nc is the absorbance of untreated cells.

3.9. Cell uptake Assay

The cell uptake of DHA in digested SPI-CS Pickering emulsions was visualized fol-
lowing the method described in the literature [42]. DHA-encapsulated Pickering emulsions
were stained with 0.1% Nile red to be observed clearly. Caco-2 cell lines were cultured
on 48-well plates at a density of 10,000 cells/well. The cells were cultured with Pickering
emulsions containing DHA at a concentration of 200 μL/mL for 24 h and normal saline
as a control group. The cell culture plate was taken out of the incubator, and 200 μL of
PBS (0.01 M, pH 7.4) was added to wash the cells in triplicate to remove the sample. The
images of cells were captured using CLSM with 10× objective microscopy using the method
described in the previous description.
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3.10. Statistical Analysis

All experiments were performed in triplicate, and the data were expressed as the mean
and standard deviation. The data were analyzed using Origin Pro 2019 software (9.650169)
and statistical SPSS Software (Version 25, SPSS Inc., Chicago, IL, USA).

4. Conclusions

In this work, Pickering emulsions stabilized by SPI-CS nanoparticles were fabricated to
encapsulate and deliver DHA. DHA-encapsulated SPI-CS Pickering emulsions were stable,
which showed that the retention rate of DHA still maintained a high level under different
temperatures and ion concentrations. DHA-encapsulated SPI-CS Pickering emulsions
containing two nanoparticle concentrations (1.5 and 3.5%) were prepared in the pass GIT
model. The emulsions had good stability in the mouth and harsh gastric conditions,
with only a small loss of DHA. In the small intestine tract, the DHA-encapsulated SPI-CS
Pickering emulsions containing low levels of nanoparticles released faster than high levels
of nanoparticles. In addition, some oil droplets were not fully digested after the whole
digestion process, suggesting that lipid digestion was delayed in the SPI-CS Pickering
emulsions. Meanwhile, DHA-encapsulated SPI-CS Pickering emulsions proved to be
nontoxic and effectively absorbed by cells. This work might provide insights into the
encapsulation and delivery of DHA in SPI-CS Pickering emulsions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md21100546/s1, Figure S1: TEM image of SPI-CS nanoparticles.
(In a chitosan solution concentration of 0.5 mg/mL at pH 5.4, a soybean protein isolate solution
concentration of 2% at pH 7.0, a volume ratio of 5:8 between the two solutions, and a chitosan
molecular weight of 5 kDa); Figure S2: SEM image of SPI-CS nanoparticles. (In a chitosan solution
concentration of 0.5 mg/mL at pH 5.4, a soybean protein isolate solution concentration of 2% at pH
7.0, a volume ratio of 5:8 between the two solutions, and a chitosan molecular weight of 5 kDa);
Figure S3: The particle size distribution of SPI-CS nanoparticles. (In a chitosan solution concentration
of 0.5 mg/mL at pH 5.4, a soybean protein isolate solution concentration of 2% at pH 7.0, a volume
ratio of 5:8 between the two solutions, and a chitosan molecular weight of 5 kDa).
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