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Abstract: Obesity and metabolic syndrome are associated with cognitive decline and dementia.
Palmitic acid (PA) is increased in the cerebrospinal fluid of obese patients with cognitive impairment.
This study was therefore designed to examine fatty acid (FA) lipotoxicity in BV2 microglia cells.
We found that PA induced time- and dose-dependent decrease in cell viability and increase in cell
death without affecting the cell cycle profile and that PA lipotoxicity did not depend on cell surface
free fatty acid receptors but rather on FA uptake. Treatment with sulfosuccinimidyl oleate (SSO),
an irreversible inhibitor of fatty acid translocase CD36, significantly inhibited FA uptake in BSA-
and PA-treated cells and blocked PA-induced decrease in cell viability. Inhibition of ER stress or
treatment with N-acetylcysteine was not able to rescue PA lipotoxicity. Our study also showed that
unsaturated fatty acids (UFAs), such as linoleic acid (LA), oleic acid (OA), α-linolenic acid (ALA), and
docosahexaenoic acid (DHA), were not lipotoxic but instead protected microglia against PA-induced
decrease in cell viability. Co-treatment of PA with LA, OA, and DHA significantly inhibited FA
uptake in PA-treated cells. All UFAs tested induced the incorporation of FAs into and the amount of
neutral lipids, while PA did not significantly affect the amount of neutral lipids compared with BSA
control.

Keywords: fatty acid uptake; lipid droplets; lipoprotection; lipotoxicity; neutral lipid accumulation;
palmitic acid; unsaturated fatty acids

1. Introduction

Free fatty acids (FFAs) are central to many critical cellular functions serving as cellular
energy substrates, participating in cell signaling as receptor ligands and second messengers,
and contributing to the structural integrity of cells as integrants of cellular membranes [1].
When in excess, long-chain saturated fatty acids (SFAs) may lead to lipotoxicity, while
unsaturated fatty acids (UFAs) exhibit low lipotoxicity or are lipoprotective in many non-
adipose cells [2]. FFA uptake in the brains of obese patients with metabolic syndrome is
elevated compared to healthy subjects [3]. The level of palmitic acid (PA), a principal FFA
constituent of human plasma [4] and a key SFA in membrane phospholipids [5], is elevated
in the cerebrospinal fluid of overweight and obese subjects and this elevation is associated
with decreased cognitive performance [6]. Indeed, SFA-induced functional abnormalities
in neuronal and glial cells have been suggested to contribute to cognitive decline and
neurodegenerative conditions [7], while UFA-containing fish oil supplementation decreases
apoptosis in hippocampus and cerebrum of rodents [8,9].

The mechanisms by which elevated SFAs evoke pathological states are not clearly
defined. There is evidence suggesting that fatty acids may act as extracellular signaling
ligands by binding to a family of cell surface G protein-coupled receptors called free fatty
acid receptors (FFARs) [10–13]. Among them, FFAR1 and FFAR4 are activated by long-chain
SFAs and UFAs [14]. Different FFAR-dependent functions have been reported in various
cells. α-linolenic acid (ALA) acts on FFAR1 to induce differentiation of anti-inflammatory
M2 macrophages [15]. Linolenic acid (LA) induces the release of glucagon-like peptide
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1 from human epithelial NCI-H716 cells via FFAR4 [16]. Pharmacological inhibition of
FFAR1 with DC260126 protects MIN6 β cells from PA-induced endoplasmic reticulum (ER)
stress and apoptosis [17]. FFAR4 activation has been reported to protect against lipotoxicity-
induced pancreatic β cell dysfunction [18]. FFAR1 and FFAR4 have been reported to act in
concert in the hypothalamus to reduce energy efficiency and regulate obesity-associated
inflammation [19]. FFAR1 and FFAR4 are both detected in BV2 microglia, with FFAR4
expressed at a higher level than FFAR1 [19]. Eicosapentaenoic acid (EPA) reportedly
inhibits the NLR family pyrin domain containing 3 (NLRP3) inflammasome activation
through FFAR1 and FFAR4 in BV2 microglia cells [20].

Conversely, the differential effects of lipotoxic SFAs and lipoprotective UFAs may
depend on their uptake or arise intracellularly. Among the FA transporters reported
to facilitate FA uptake, CD36 is highly expressed in primary mouse microglia cells and
BV2 microglia [21]. After being transported into cells, FFAs are converted into fatty acyl-
CoAs, which may then be catabolized to generate energy or anabolized to produce a
range of molecules, including second messengers, hormones, and diacylglycerols (DAGs).
DAGs may subsequently be converted to triacylglycerols (TAGs) and incorporated into
lipid droplets (LDs) [22]. LDs are cytoplasmic organelles that play important roles in
various cellular functions, including storage of neutral lipids and energy metabolism [23].
UFAs have been reported to enhance the synthesis of neutral lipids and the formation
of LDs [24]. Co-treatment with arachidonic acid (AA) reduces PA-induced lipotoxicity
in C2C12 myotubes, and this AA-induced reduction in PA lipotoxicity is associated with
increased formation of LDs [24]. Furthermore, PA has been reported to induce oxidative
stress and endoplasmic reticulum (ER) stress in a variety of cells such as rat cortical cells [25],
bovine endometrial cells [26], H9C2 cardiomyocytes [27], L6 skeletal muscle cells [27,28],
and pancreatic β cells [29], which may be alleviated by co-treatment with UFAs [25], N-
acetylcysteine (NAC), an antioxidant [26–28], or 4-phenylbutyric acid (4-PBA), an inhibitor
of ER stress [27].

Microglia are resident immune cells that constantly monitor the brain environment
and maintain the homeostasis of the brain by orchestrating neuroinflammatory responses
to various pathophysiological conditions [30]. They are densely populated in gray matter
areas, including hippocampus, basal ganglia, and substantia nigra [31]. Studies have sug-
gested that fatty acids may affect the physiology and function of microglia [30]. Microglia
dystrophy has been linked with β-amyloid deposits due to futile microglial reaction to
insoluble amyloid deposits [32]. While several studies have examined how different FFAs
may affect the immune activation of microglia [33,34], the lipotoxic effects of elevated
levels of FFAs on microglia have not been investigated. Considering that FFAs may affect
different cells in distinct ways, this study was therefore designed to examine PA-induced
lipotoxicity and the potential role of FFAR1/FFAR4 and FA uptake in PA lipotoxicity in
microglia cells, and how UFAs may protect microglia against PA lipotoxicity. Our studies
may provide useful insights into the mechanisms underlying obesogenic cognitive decline
and dementia.

2. Results
2.1. Concentration- and Time-Dependent Inhibition of Microglia Viability by PA

Treatment with 200 µM PA and 200 µM OA for 24 h has been reported to increase
non-mitochondrial respiratory rates and induce distinct metabolic profiling in BV2 mi-
croglia cells [35]. Therefore, we first treated BV2 microglia cells with 200 µM PA or BSA
control for 6, 24, or 48 h in serum-free media, and cell viability was assessed by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Microglia cell
viability was not decreased by PA at 6 h post-treatment, but significantly decreased at 24 h
and continued to decrease at 48 h following treatment with 200 µM PA (Figure 1A). We also
treated microglia cells with different concentrations of PA for 24 h, and their viability was
measured by MTT assay. The viability of BV2 cells was significantly decreased following
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treatment with 50 µM PA for 24 h and continued to decrease as the concentration of PA
increased to 100 and 200 µM (Figure 1B).

Figure 1. Time- (A) and concentration-dependent (B) effects of PA on the viability of BV2 cells. BV2 cells were treated
with 200 µM PA for different periods of time (A) or different concentrations of PA for 24 h (B) in serum-free media, and
their viability was assessed by MTT assay. The values presented were representative of three independent experiments
(mean ± SD). Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple comparison test.
* p < 0.05 vs. time-equivalent BSA control; ** p < 0.01 vs. time-equivalent BSA control; *** p < 0.001 vs. time-equivalent BSA
control.

2.2. PA Induced Microglia Cell Death

To examine whether the PA-induced decrease in cell viability was associated with an
increase in apoptosis in microglia, BV2 cells were subjected to terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay with fluorescein-12-dUTP following
treatment with different concentrations of PA or BSA control for 24 h. TUNEL+ staining was
barely detectable (0–4%) in cells treated with different concentrations of BSA (Figure 2A,B).
A 24 h treatment with 25 µM PA increased TUNEL+ cells to 10.0–12.3%. As the concen-
tration of PA increased, the percentage of TUNEL+ cells continued to increase. A total of
18.4–33.5% cells were TUNEL+ following 24 h treatment with 100 µM PA, and 37.1–48.3%
cells were TUNEL+ following 24 h treatment with 200 µM PA (Figure 2A,B).

To confirm that PA induced apoptosis, BV2 cells were treated with different concentra-
tions of PA or BSA control for 24 h, stained by Annexin V-FITC and PI, and then analyzed by
flow cytometry. As indicated in Figure 2C,D, for cells treated with different concentrations
of BSA control, 79–91% cells were Annexin V−/PI−, 1.9–5.6% cells were Annexin V−/PI+,
3.6–8.7% cells were Annexin V+/PI−, and 1.9–6.2% cells were Annexin V+/PI+. A 24 h
treatment with 100 µM PA increased the percent of Annexin V+/PI+ and Annexin V+/PI−

cells to 10.7–23.3% and 7.1–16.0%, respectively. A 24 h treatment with 200 µM PA further
increased the percent of Annexin V+/PI+ and Annexin V+/PI− cells to 25.8–43.6% and
12.8–18%, respectively (Figure 2C,D). These data confirmed that PA induced apoptosis in
microglia cells. The percent of Annexin V+/PI+ cells was much higher than the percent of
Annexin V−/PI+ cells. It is possible that Annexin V+/PI+ cells may include necrotic cells.



Int. J. Mol. Sci. 2021, 22, 9093 4 of 18

Figure 2. PA-induced microglial cell death. (A,B) Detection of cell death by TUNEL assay (green) with nuclei stained with
PI (red) following treatment with different concentrations of PA and BSA control for 24 h with representative confocal
images presented in A and quantitated data presented in B (mean ± SE). (C,D) Detection of cell death by flow cytometry
after staining the cells with FITC-conjugated Annexin V and PI following treatment with different concentrations of PA and
BSA control for 24 h in serum-free media with representative flow cytometry contour plots shown in C and quantitated data
for each quadrant shown in D (mean ± SE). Top left quadrant (Q1) represented Annexin V−/PI+ necrotic cells. Top right
quadrant (Q2) represented Annexin V+/PI+ late apoptotic and/or necrotic cells. Bottom right quadrant (Q3) represented
Annexin V+/PI− early apoptotic cells. Lower left quadrant (Q4) represented Annexin V−/PI− live cells. The values
presented were representative of three independent experiments (mean ± SE). Statistical analysis was performed using
two-way ANOVA followed by Tukey’s multiple comparison test. * p < 0.05 vs. corresponding BSA control; *** p < 0.001 vs.
corresponding BSA control.

2.3. FFAR Antagonists Did Not Ameliorate PA Lipotoxicity

Long-chain fatty acids have been found to act as extracellular ligands for FFAR1 and
FFAR4 [36–38]. We found that both FFAR1 and FFAR4 were expressed in BV2 microglia
cells, but FFAR1 mRNA was significantly lower than FFAR4 mRNA (Figure 3A). BV2
cells were then pre-treated with different concentrations of DC260126, an antagonist of
FFAR1, or AH7614, an antagonist of FFAR4, followed by treatment with 200 µM PA or
BSA for 24 h, and their viability was analyzed by MTT assay. Incubation with DC260126
did not significantly affect BV2 viability at all concentrations tested in BSA-treated cells,
nor did it ameliorate PA-induced decrease in cell viability (Figure 3B). Similarly, AH7614
did not significantly affect BV2 viability at all concentrations tested, nor did it attenuate
PA-induced decrease in cell viability (Figure 3C). These data suggest that PA lipotoxicity
may not be mediated by FFAR1 or FFAR4 in BV2.
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Figure 3. Viability of BV2 cells pre-treated with DC260126 or AH7614 followed by treatment with BSA or PA. (A) mRNA
expression of FFAR1 and FFAR4 as detected by semi-quantitative RT-PCR with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), a house-keeping gene, as the control. (B,C) BV2 cells were pre-treated with different concentrations of DC260126
(B), a GPR40 antagonist, or AH7614 (C), a GPR120 antagonist, for 1 h followed by treatment with 200 µM PA or equivalent
volume of BSA in serum-free media for 24 h, and their viability was assessed by MTT assay. The values presented were
representative of three independent experiments with triplicate measurements (mean ± SD). Statistical analysis was
performed using two-way ANOVA followed by Tukey’s multiple comparison test. *** p < 0.001 vs. BSA control.

2.4. Inhibition of Fatty Acid Uptake Ameliorated PA Lipotoxicity

In order to examine whether PA needs to be transported into cells to induce lipo-
toxicity, sulfosuccinimidyl oleate (SSO), a widely used irreversible inhibitor of fatty acid
translocase/CD36 [39], was used to block fatty acid uptake in microglia cells. BV2 cells
were pre-treated with different concentrations of SSO followed by treatment with 200 µM
PA or BSA control for 24 h, and cell viability was examined by MTT assay. As shown in
Figure 4, SSO started to rescue PA lipotoxicity at a concentration as low as 25 µM. Higher
concentrations of SSO continued to protect microglia cells from PA lipotoxicity.

Figure 4. Viability of BV2 cells pre-treated with SSO followed by treatment with BSA or PA. BV2
cells were pre-treated with different concentrations of SSO, a CD36 inhibitor, for 1 h followed by
treatment with 200 µM PA or equivalent volume of BSA in serum-free media for 24 h, and their
viability was assessed by MTT assay. The values presented were representative of three independent
experiments (mean ± SD). Statistical analysis was performed using two-way ANOVA followed by
Tukey’s multiple comparison test. *** p < 0.001 vs. BSA control; # p < 0.05 vs. 200 µM PA; ## p < 0.01
vs. 200 µM PA; ### p < 0.001 vs. 200 µM PA.

In order to confirm that SSO indeed blocked fatty acid uptake, the uptake of 4,
4-difluoro-5, 7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid (BODIPYTM FL
C12), a fluorescent fatty acid analog, in the presence of SSO in BV2 cells was examined by
flow cytometry. BODIPYTM FL C12 was deemed as a suitable fluorescent PA analogue since
its chain length is equivalent to PA with the BODIPYTM FL fluorophore accounting for an-
other approximate length of a four-carbon acyl chain while BODIPYTM FL C16 is considered
equivalent to arachidic acid (C20:0). Furthermore, metabolic tracing performed in zebrafish
has also revealed that the complex lipid product profile of 3H-PA most closely resembles
that of BODIPYTM FL C12 rather than BODIPYTM FL C16 [40]. Therefore, BODIPYTM FL
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C12 was deemed as a suitable fluorescent PA analogue to be used in our FA uptake assay.
Cells were pre-treated with different concentrations of SSO for 1 h and then treated with
200 µM PA or BSA for 6 h. At the end of treatment, uptake of BODIPYTM FL C12 was
analyzed by flow cytometry. A 200 µM PA treatment decreased the uptake of BODIPYTM

FL C12 in microglia cells as compared to BSA control. SSO started to significantly decrease
BODIPYTM FL C12 uptake at a concentration as low as 25 µM in BSA-treated cells. As
the concentration of SSO increased, it continued to decrease BODIPYTM FL C12 uptake in
BSA-treated cells (Figure 5A,B). SSO treatment also decreased BODIPYTM FL C12 uptake
in PA-treated cells at 25 and 50 µM, and this decrease was statiscally significant at 100 and
200 µM (Figure 5A,B).

Figure 5. Uptake of BODIPYTM FL C12 in BV2 cells pre-treated with SSO for 1 h followed by treatment with PA or BSA for
6 h. Cells were pre-treated with different concentrations of SSO for 1 h and then treated with 200 µM PA or BSA for 6 h. At
the end of treatment, cells were incubated with BODIPYTM FL C12 for 30 min, and fatty acid uptake was measured by flow
cytometry with representative histograms shown in (A) and quantitated data shown in (B). Data presented (mean ± SEM)
were representative of three independent experiments. Statistical analysis was performed using two-way ANOVA followed
by Tukey’s multiple comparison test. *** p < 0.001 vs. BSA control; # p < 0.05 vs. 200 µM PA.

2.5. Unsaturated Fatty Acids Abolished PA-Induced Decrease in Microglia Viability

To investigate whether unsaturated fatty acids (UFAs) mitigated the effects of PA on
BV2 viability, cells were treated with 25, 50, 100, or 200 µM of linoleic acid (LA), oleic
acid (OA), ALA, and docosahexaenoic acid (DHA), together with 200 µM PA or BSA in
serum-free media for 24 h, and cell viability was determined by MTT assay. All UFAs
examined were found to significantly attenuate the PA-induced decrease in microglia
viability starting at concentrations as low as 25 µM regardless of the number and location
of their double bonds. At 100 and 200 µM, all UFAs examined completely abolished the
PA-induced decrease in BV2 cell viability (Figure 6).

2.6. Differential Effects of FFAs on Fatty Acid Uptake in BSA- and PA-Treated Cells

We next examined whether different FFAs affected the uptake of fatty acids. BV2 cells
were treated with 200 µM of different FFAs, including LA, OA, ALA, DHA, and PA with
BSA as control for 6 h, and uptake of BODIPYTM FL C12 was examined by flow cytometry.
The amount of BODIPYTM FL C12 fluorescence in cells treated with 200 µM PA, LA, OA,
or ALA was significantly lower than that in cells treated with BSA, while 200 µM DHA did
not significantly decrease BODIPYTM FL C12 uptake as compared to BSA-treated cells. The
difference in the amount of BODIPYTM FL C12 uptake in cells treated with 200 µM PA, LA,
OA, or ALA did not reach statistical significance (Figure 7).
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Figure 6. PA-induced decrease in BV2 viability was abolished by LA (A), OA (B), ALA (C), and DHA (D). BV2 cells were
treated with 0, 25, 50, 100, or 200 µM of LA (A), OA (B), ALA (C), and DHA (D) together with 200 µM PA or equivalent
volume of BSA control in serum-free media for 24 h, and their viability was assessed by MTT assay. The values presented
were representative of three independent experiments (mean ± SD). Statistical analysis was performed using two-way
ANOVA followed by Tukey’s multiple comparison test. * p < 0.05 vs. BSA control; ** p < 0.01 vs. BSA control; *** p < 0.001
vs. BSA control; # p < 0.05 vs. 200 µM PA; ## p < 0.01 vs. 200 µM PA; ### p < 0.001 vs. 200 µM PA.

Figure 7. Uptake of BODIPYTM FL C12 in BV2 cells following treatment with BSA or PA together with different FFAs.
Cells were treated with BSA or 200 µM PA together with 200 µM of different FFAs in serum-free media for 6 h. At the end
of treatment, cells were incubated with BODIPYTM FL C12 for 30 min and FA uptake was measured by flow cytometry
with representative histograms shown in (A) and quantitated data shown in (B). Data presented (mean ± SEM) were
representative of three independent experiments. Statistical analysis was performed using two-way ANOVA followed
by Tukey’s multiple comparison test. *** p < 0.001 vs. BSA control; ## p < 0.01 vs. 200 µM PA; ### p < 0.001 vs. 200 µM
PA; & p < 0.05 vs. 400 µM PA.

Since co-treatment with UFAs abolished PA lipotoxicity, we also examined whether
co-treatment with additional 200 µM of FFAs affected FA uptake in cells treated with
200 µM PA. As shown in Figure 7, LA, OA, and DHA significantly decreased the amount
of BODIPYTM FL C12 uptake in PA-treated cells. Co-supplementation with additional
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200 µM ALA also reduced the amount of BODIPYTM FL C12 uptake in PA-treated cells, but
the decrease was not statistically significant. Co-supplementation with additional 200 µM
PA did not significantly affect BODIPYTM FL C12 uptake compared to cells treated with
200 µM PA, which suggests that 200 µM PA may have saturated the protein transporters
for BODIPYTM FL C12. In contrast, additional supplementation with UFAs decreased
BODIPYTM FL C12 uptake in PA-treated cells, suggesting that UFAs may affect FA transport
via alternative mechanisms instead of direct competition with PA for the FA transporters.

2.7. Differential Effects of FFAs on Incorporation of BODIPYTM FL C12 into and Accumulation of
Neutral Lipids

To examine the metabolic fate of intracellular BODIPYTM FL C12, cells were treated
with 200 µM PA, LA, OA, ALA, DHA, or BSA for 6 h, exposed to BODIPYTM FL C12
for 0.5 h, stained with Nile Red for neutral lipids, and then examined under confocal
microscopy. The amount of BODIPYTM FL C12 uptake in BSA-treated cells was higher
than that in PA-treated cells, and the amount of BODIPYTM FL C12 uptake was lower
in cells treated with LA, OA, or ALA than that in PA-treated cells (Figure 8), which is
consistent with our flow cytometry analysis of BODIPYTM FL C12 uptake (Figure 7). The
amount of neutral lipid staining by Nile Red in cells treated with 200 µM PA was minimal
and comparable to the basal level staining in BSA-treated cells. Treatment with 200 µM
LA, OA, ALA, or DHA dramatically enhanced the amount of neutral lipid staining as
compared to cells treated with BSA or PA, suggesting that there was increased neutral lipid
accumulation in UFA-treated cells. Neutral lipid staining in UFA-treated cells appeared
more particulate while that in BSA- and PA-treated cells was more diffuse, suggesting
that there was more formation of lipid droplets (LDs) in UFA-treated cells. Moreover,
the particulate neutral lipid staining was colocalized with the green fluorescence from
BODIPYTM FL C12, suggesting that BODIPYTM FL C12 was incorporated into neutral lipids
and LDs in UFA-treated cells (Figure 8).

Figure 8. Uptake of BODIPYTM FL C12 and its incorporation into neutral lipids and LDs in BV2 cells.
BV2 cells were grown on glass coverslips and treated with 200 µM FFA or BSA control in serum-free
media for 6 h. At the end of treatment, cells were incubated with BODIPYTM FL C12 (green) for fatty
acid uptake, stained with Nile Red (red) for neutral lipids, and stained with DAPI (blue) for nuclei,
washed, mounted, and visualized under confocal microscopy.

2.8. UFAs Enhanced Neutral Lipid Staining in PA-Treated Cells

To examine whether UFAs enhanced neutral lipid accumulation in PA-treated cells
as compared to BSA-treated cells, BV2 microglia were incubated with BSA or 200 µM PA
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together with 200 µM of different FFAs for 6 h, and then the amount of neutral lipids was
detected with BODIPY™ 493/503 by flow cytometry. The amount of neutral lipid staining
in PA-treated cells was at the basal level comparable to BSA-treated cells. Different UFAs,
namely LA, OA, ALA, and DHA, increased the amount of neutral lipids by ~ 100% as
detected by BODIPY™ 493/503 (Figure 9), which is consistent with Nile Red staining of
neutral lipids in Figure 8. As shown in Figure 9, co-supplementation of 200 µM UFAs,
namely LA, OA, ALA, and DHA, significantly enhanced the amount of neutral lipid
staining in PA-treated cells while supplementation with an additional 200 µM PA did not
affect the amount of neutral lipid staining in PA-treated cells. These data suggest that
increased neutral lipid accumulation was not simply due to additional supplementation
with any fatty acids. Instead, the increased neutral lipid accumulation was promoted by
additional supplementation with UFAs, but not PA.

Figure 9. Neutral lipid accumulation in BV2 cells following treatment with BSA or 200 µM PA together with different FFAs.
Cells were treated with BSA or 200 µM PA together with 200 µM PA, LA, OA, ALA, or DHA in serum-free media for 6 h.
At the end of treatment, cells were incubated with BODIPYTM 493/503 for 30 min followed by flow cytometry analysis of
neutral lipid content with representative histograms shown in (A) and quantitated data shown in (B). Data (mean ± SEM)
presented were representative of three independent experiments. Data were analyzed using two-way ANOVA followed
by Tukey’s multiple comparison test. ** p < 0.01 vs. BSA control; *** p < 0.001 vs. BSA control; ## p < 0.01 vs. 200 µM PA;
### p < 0.001 vs. 200 µM PA; & p < 0.05 vs. 400 µM PA.

3. Discussion

Lipotoxicity refers to cellular toxicity caused by excess FFAs [41]. PA, the most abun-
dant saturated fatty acid in plasma circulation [42], has been reported to induce apoptotic
cell death in many types of cells, including neonatal rat ventricular myocytes [43], β
cells [44], skeletal muscle cells [28], liver cells [45,46], podocytes [47], and hypothalamic
neurons [48]. While PA may affect the production of inflammatory mediators in mi-
croglia [33,34,49], PA lipotoxicity in microglia cells have not been well-examined. In this
study, we examined the lipotoxic effects of PA on microglia cells, the potential role of
FFAR1/FFAR4 and FA uptake in PA lipotoxicity, and how UFAs might protect microglia
from PA lipotoxicity.

Our studies found that PA overload induced time- and dose-dependent decrease in
microglia viability. PA also dose-dependently increased TUNEL+ cells, which suggests that
these cells might be apoptotic. Considering that necrosis may also result in DNA strand
breaks [50] and lead to TUNEL+ staining, we also stained cells with Annexin V-FITC and
PI since phosphatidylserine exposure on the outside of cells is an early event of apoptosis.
PI enters necrotic or late apoptotic cells but is excluded from early apoptotic cells, therefore
Annexin V+/PI− population represents early apoptotic cells [51]. In our studies, the popu-
lation of Annexin V+/PI− cells appeared to increase following PA treatment as compared
to BSA controls, suggesting that PA overload may induce apoptosis. Annexin V+/PI+

population was found to be significantly greater than the Annexin V+/PI− population.
Considering that necrotic cells have ruptured membranes, which may allow Annexin V
to access the internal plasma membrane leaflet and stain the cells, the Annexin V+/PI+

population may therefore also contain necrotic cells in addition to apoptotic cells. We
also quantified the activity of lactate dehydrogenase (LDH) in the cell culture media. As
shown in our Supplemental Figure S1, treatment with 200 µM PA for 24 h significantly
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increased LDH activity as compared to BSA-treated control, suggesting that PA lipotoxicity
in microglia may also involve necrosis.

Both FFAR1 and FFAR2 have been suggested to act as receptors for long-chain fatty
acids and play important roles in various physiological and pathological processes, in-
cluding metabolic disorders [52]. While inhibition of FFAR1 by its antagonist, ANT203,
protects human islets against chronic PA-induced decrease in insulin content and glucose-
stimulated insulin secretion [53], a number of studies have suggested that PA’s lipotoxic
effects may not be mediated by FFAR1 [54]. Some studies even reported lipoprotective
effects from FFAR1 and FFAR4 activation [55,56]. Our studies found that FFAR1 and
FFAR4 antagonists did not alleviate PA-induced decrease in cell viability, suggesting that
PA lipotoxicity in microglia cells may not be mediated by FFARs.

Our studies found that PA lipotoxicity in microglia cells was dependent on fatty
acid uptake. Treatment of microglia cells with SSO not only significantly decreased fatty
acid uptake but also abolished PA-induced lipotoxicity, suggesting that PA lipotoxicity in
microglia may be mediated by intracellular mechanisms rather than cell surface receptors.
Each UFA tested, namely LA, OA, ALA, and DHA, was not by itself lipotoxic and was
able to protect microglia cells against PA lipotoxicity. Consistently, LA, OA, and DHA
significantly decreased fatty acid uptake in PA-treated cells. It is well-recognized that UFAs
are susceptible to oxidation and that the extent of autoxidation correlates with the number
of double bonds in UFAs [57]. Oxidized UFAs may exhibit anti-proliferative properties [58].
The lipid dialdehyde products of oxidized UFAs are substrates for aldose reductase (AR),
and inhibition of AR activity reportedly protects BV2 cells from toxic models of oxidative
stress [59]. Among the FFAs used in our studies, the number of double bonds in DHA,
ALA, LA, OA, and PA is 6, 3, 2, 1, and 0, respectively. DHA, ALA, OA, and LA did not
induce a marked decrease in cell viability at 24 h treatment of BV2 microglia cells. Instead,
they all protected microglia against PA lipotoxicity, suggesting that UFA autoxidation may
not have contributed to our observed effects.

We also found that UFAs induced a significant increase in the accumulation of neutral
lipids and in the formation of LDs in microglia cells. Given their central role in lipid
metabolism, LDs have been suggested to protect against various types of cellular stress,
including lipotoxic stress [60]. Arachidonic acid (AA) has been suggested to protect C2C12
cells from PA-mediated lipotoxicity by channeling PA into neutral lipids in C2C12 [24].
However, Plotz et al. reported that the protective effects of UFAs against PA-induced lipo-
toxicity in rat insulin-producing cells are not dependent on UFA-induced LD formation [61].
Whether enhanced neutral lipid synthesis and LD formation contribute to UFA-mediated
protection against PA lipotoxicity in microglia cells will need further investigation. Future
studies on inhibiting or knocking down the activities of diacylglycerol acyltrans-ferases
(DGAT1 and DGAT2), the enzymes catalyzing the synthesis of TAGs from DAGs [62], may
help to shed light on whether neutral lipid synthesis is involved in UFA lipoprotection. It
would also be interesting to examine whether LD formation is involved in UFA lipopro-
tection by knocking down the activities of perilipins and seipin, which reportedly play
important roles in LD biogenesis [62].

Park et al. (2014) reported that PA treatment induces G2/M arrest, increases the
production of reactive oxygen species (ROS), and enhances the levels of two endoplasmic
reticulum (ER) stress-related proteins, namely C/EBP homologous protein (CHOP) and
phosphorylated inositol requiring enzyme 1 alpha (pIRE1α), and that inhibition of ER
stress substantially rescued PA-induced cytotoxicity and cell cycle defects in human Chang
liver cells [63]. Other studies have also examined the mechanisms of PA lipotoxicity and
how UFAs may protect against PA lipotoxicity. For example, Tumova et al. reported that
the protective effects of UFAs on PA-induced toxicity are not mediated by peroxisome
proliferator-activated receptor δ (PPARδ) activation in skeletal muscle cells [64]. UFAs
may rescue PA lipotoxicity by effectively blocking PA-induced H2O2 formation in the
peroxisomes of insulin-producing cells [65] and relieving PA-induced ER stress in HEPG2
cells [66]. In contrast, our studies found that PA treatment induced cell death without
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affecting the cell cycle profile (Supplemental Figure S2) and that treatment with 0.2, 1, or
5 mM N-acetylcysteine (NAC), an antioxidant, did not alleviate PA-induced lipotoxicity
in BV2 microglia cells (Supplemental Figure S3), while 5 mM NAC was found to alleviate
400 µM PA-induced apoptosis in hepatocytes [67].

Furthermore, we found that 24 h treatment with 200 µM of any of the FFAs, including
PA, LA, OA, ALA, and DHA, did not enhance the mRNA expression levels of ER stress
sensors, such as CHOP and glucose regulatory protein 78 (GRP78), when compared with
BSA-treated cells (Supplemental Figure S4). Consistently, inhibition of ER stress with 40 µM,
200 µM, and 1 mM 4-phenylbutyric acid (4-PBA) did not alleviate PA-induced lipotoxicity
in BV2 cells (Supplemental Figure S4) while 4-PBA at 500 nM and 5 mM was able to
attenuate PA-induced expression of CHOP and apoptosis in H9C2 cardiomyocytes [27,68],
suggesting that PA may induce lipotoxicity via different pathways in BV2 cells. Osario
et al. simulated an inflammatory environment for astrocytes using PA, and through this
simulation, they found that PA may affect the flux rate of 586 reactions, including those
involved in oxidative phosphorylation, histidine metabolism, and fatty acid degradation
pathways in astrocytes when compared with the control astrocytes [69]. Considering the
unique immune regulatory function of microglia cells, it would be interesting to examine
how the metabolic pathways are affected in microglia cells and how PA-induced metabolic
effects relate to their immune regulation and lipotoxicity.

In summary, our studies found that PA overload induced microglia lipotoxicity as
indicated by decreased cell viability and increased cell death and that PA lipotoxicity
in microglia cells was dependent on its uptake, suggesting that PA lipotoxicity may be
mediated by intracellular mechanisms rather than cell surface receptors. Our studies
also found that long-chain UFAs were not lipotoxic and were protective of microglia cells
against PA lipotoxicity. This protective effect was associated with their inhibition of fatty
acid uptake and increased synthesis and incorporation of fatty acids into neutral lipids
in PA-treated cells as compared to BSA-treated cells. Considering the reports that obesity
and metabolic syndrome are associated with cognitive decline and dementia [70–72] and
the important role of microglial dystrophy in β-amyloid deposits due to futile microglial
reaction to insoluble amyloid deposits [32], it is important to further study the mechanisms
of PA lipotoxicity and the mechanisms of UFA lipoprotection in microglial cells.

4. Materials and Methods
4.1. Cell Culture

The murine microglia cell line BV2 was kindly provided by Dr. Jau-Shyong Hong
from the National Institutes of Health. These cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM; Corning, NY, USA), supplemented with 10% fetal calf serum
(ThermoFisher Scientific; Waltham, MA, USA), and maintained at 37 ◦C in a humidified
incubator with 5% CO2. All experiments were performed with cells passaged fewer than
20 times.

4.2. Preparation of Fatty Acids

The fatty acids (FAs), namely PA, LA, OA, ALA, and DHA, as well as FA-free, low
endotoxin bovine serum albumin (BSA), were purchased from Sigma-Aldrich (St. Louis,
MO, USA). First, each FA was dissolved in 100% ethanol at 400 mM, and BSA was dissolved
in serum-free DMEM at 13.5% (w/v). An appropriate volume of 400 mM of each FA was
added to 13.5% BSA to prepare a 5 mM FA stock solution with a molar ratio of 1:2.5 (FA:
BSA) [73]. Considering that most of the FFA in serum is bound to albumin [74], the FAs
were conjugated to BSA by sonication for 10 strokes and then mixing on a nutator for 3 h
at room temperature. The resulting FA solution was then filtered through a 0.22 µm filter,
aliquoted, and stored at −80 ◦C until use.
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4.3. MTT Assay

BV2 cells were seeded in 96-well cell culture plates at 3000 cells/well and incubated
overnight. Cells were then treated with 25, 50, 100, or 200 µM FAs or an equal volume
of BSA in serum-free media at concentrations as indicated in the results section. At 2 h
prior to the end of treatment, 10 µL of 5 mg/mL MTT (Sigma-Aldrich, St. Louis, MO, USA)
was added to each well at a final concentration of 0.5 mg/mL and incubated for another
2 h to allow formation of sufficient formazan crystals. At the end of treatment, 100 µL of
solubilization solution was then added to each well. Following complete solubilization
of the purple formazan crystals, absorbance was read on the Varioskan LUX Multimode
Microplate Reader (Thermofisher; Waltham, MA, USA) at 570 nm and 650 nm. The
absorbance at 570 in each well was then subtracted by its absorbance at 650 nm to obtain the
corrected absorbance values. The percent cell viability was calculated using the following
formula: corrected absorbance of the treatment group/corrected absorbance of the BSA
control X 100.

4.4. TUNEL Assay

Cells were seeded in 8-well chamber slides at 8000 cells/chamber. After overnight
incubation, cells were treated with 25, 50, 100, or 200 µM PA or an equal volume of
BSA control in serum-free media as indicated. After fixation with 4% paraformaldehyde
for 30 m at room temperature, cells were rinsed, permeabilized with 0.2% Triton X-100
in PBS for 5 m, rinsed again, and then incubated with a reaction mixture containing
terminal deoxynucleotidyl transferase (TdT) and fluorescein-12-dUTP (Roche; Indianapolis,
IN, USA) for 60 m at 37 ◦C following manufacturer’s instructions. After rinsing, cells
were stained with propidium iodide (PI) and visualized under FluoView FV1000 confocal
microscope (Olympus; Center Valley, PA, USA).

4.5. Annexin V Assay

Annexin V assay was conducted following manufacturer’s instructions. Briefly, fol-
lowing treatments as indicated in the results section, cells were collected by trypsinization,
spun down, and then washed with binding buffer (140 mM NaCl, 4 mM KCl, 0.75 mM
MgCl2, 10 mM HEPES, 2.5 mM CaCl2) before being resuspended in 100 µL binding buffer
with 5% Annexin V-FITC (BD Biosciences; San Jose, CA, USA) and 2 µg/mL propidium
iodide (PI) and incubated at room temperature for 15 min in the dark. Then the cells were
kept on ice, and the volume was adjusted to 500 µL followed by analysis on the MAC-
SQuant Analyzer 10 flow cytometer (Miltenyi Biotec; Auburn, CA, USA). The fluorescent
intensities of FITC and PI were quantified. The central population of forward scatter (FSC)
vs. side scatter (SSC) flow cytometry events was inclusively gated to omit debris. Singlets
were then sub-gated by FSC-A vs. FSC-H. Flow cytometry data were compensated and
analyzed using FlowJo 10 (FlowJo).

4.6. Lactate Dehydrogenase (LDH) Assay

LDH is a stable cytosolic enzyme released upon cell lysis. Its activity in cell cul-
ture supernatants was analyzed using the CytoTox 96® non-radioactive cytotoxicity kit
(Promega; Madison, WI, USA) following manufacturer’s instructions. Briefly, at the end
of treatment, cell culture supernatants were collected, and cells were lysed in 1X lysis
solution to generate maximum LDH release. 50 µL of samples were mixed with 50 µL of
the CytoTox 96® Reagent, incubated in the dark for 30 min at room temperature. Then
50 µL of Stop Solution was added to stop the reaction, and the absorbance was measured
at 490 nm on the Varioskan LUX Multimode Microplate Reader (Thermofisher; Waltham,
MA, USA). The background absorbance of the culture media from wells without cells was
then subtracted from experimental wells. Percent cytotoxicity was calculated using the
following formula: net absorbance of experimental samples/net absorbance of maximum
LDH release X 100.
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4.7. Cell Cycle Analysis

Cells were seeded in 12-well plates at 1.0 × 105 cells/well. After overnight incubation,
cells were treated with 200 µM PA, LA, OA, ALA, DHA, or BSA in serum-free media for
24 h. At the end of treatment, cells were collected by trypsinization and washed with D-PBS
prior to fixation with 70% ethanol on ice for at least 1 h. Ethanol-fixed cells were then
spun down, washed, resuspended in D-PBS, and incubated with 1 µg/mL 4′,6-diamidino-
2-phenylindole (DAPI) staining solution for 30 m in the dark on ice. DAPI fluorescence
was then determined by flow cytometry on the MACSQuant Analyzer 10 flow cytometer
(Miltenyi Biotec; Auburn, CA, USA). Flow cytometry events were gated, and data were
analyzed using FlowJo10 (FlowJo; Ashland, OR, USA).

4.8. RNA Isolation

Total RNA from BV2 cells was isolated using the TRIzol reagent (Sigma-Aldrich;
St. Louis, MO, USA) according to manufacturer’s instructions. The prepared RNA samples
were dissolved in RNase-free water and stored at −80 ◦C.

4.9. Semi-Quantitative Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) Assay

RT-PCR was conducted as described before [75,76]. Briefly, cDNA was synthesized
from 1 µg of total RNA using oligo (dT)12–18 primer and Moloney Murine Leukemia Virus
(M-MLV) reverse transcriptase (Promega; Madison, WI, USA). After cDNA synthesis, PCR
amplification was carried out using appropriate sense and antisense primers specific for
mouse GAPDH (a house-keeping gene), CHOP, GRP78, FFAR1, and FFAR4 synthesized
by Eurofins Genomics (Huntville, AL) in a final volume of 20 µL containing 1 µL of
cDNA, 1X PCR buffer, 0.2 µM of each sense and antisense primer, 0.2 mM of dNTPs,
and 0.5 unit of Taq DNA polymerase (Applied Biosystems; Foster City, CA, USA) [75,76].
The forward (F) and reverse (R) primers for FFAR1, FFAR4, CHOP, GRP78, and GAPDH
were 5′-TTGGTCATCACTGCCTTCTG-3′ (F) and 5′-CCCTGTGATGAGTCCCAACT-3′ (R);
5′-CTCTGAGAGCCACCAGATCC-3′ (F) and 5′-AAGAAAAGGGATGGCCAGAT-3′ (R);
5′-CTGGAAGCCTGGTATGAGGAT-3′ (F) and 5′-CAGGGTCAAGAGTAGTGAAGGT-3′

(R) [77]; 5′-AGTGGTGGCCACTAATGGAG-3′ (F) and 5′-CAATCCTTGCTTGATGCTGA-3′

(R) [77]; 5′-CGAACATCATCCCTGCATCCA-3′ (F) and 5′-CCCAGTGAGCTTCCCGTTCA-
3′ (R), respectively. The reaction was heated to 94 ◦C for 5 min, followed by denaturation
at 94 ◦C for 30 s, annealing at 57 ◦C for 30 s, and extension at 72 ◦C for 30 s for 35 cycles,
30 cycles, 29 cycles, 28 cycles, and 24 cycles, respectively, for FFAR1, FFAR4, CHOP, GRP78,
and GAPDH. After the final cycle, a 7 min extension step at 72 ◦C was included. PCR
products were then run on a 2.0% agarose gel, and the gel image was recorded using the
FluorChem system (Protein Sample; San Jose, CA, USA). The band intensities of genes of
interest were digitized using VisionWorksTM LS software (UVP; Upland, CA, USA) and
normalized against the intensity of GAPDH in the same sample.

4.10. Analysis of the Effects of FFA Overload on Fatty Acid Uptake by Flow Cytometry

To examine the effects of FFA overload on FA uptake using flow cytometry, cells were
seeded in 48-well cell culture plates at 0.25 × 105 cells/well. Following overnight incuba-
tion, cells were treated with 200 µM FAs or BSA for 6 h in serum-free media as indicated
in the results section and then incubated with 15 µM 4, 4-difluoro-5,7-dimethyl-4-bora-
3a,4a-diaza-s-indacene-3-dodecanoic acid (BODIPYTM FL C12) (ThermoFisher Scientific;
Waltham, MA, USA), a fluorescent long-chain saturated fatty acid analogue, in serum-free
media for 30 min at 37 ◦C. BODIPYTM FL C12 was deemed to resemble the length of
C16 FA since the BODIPYTM FL fluorophore contributes an additional four-carbon length
of acyl chain while BODIPYTM FL C16 would be equivalent to the C20:0 arachidic acid.
Furthermore, metabolic tracing performed in zebrafish has revealed that the complex
lipid product profile of 3H-PA most closely resembles that of BODIPYTM FL C12, rather
than BODIPYTM FL C16 [40]. Therefore, BODIPYTM FL C12 was deemed as a suitable
fluorescent PA analogue. Considering that PA is the most abundant FA in plasma [42],
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BODIPYTM FL C12 was used in our FA uptake assay. At the end of treatment, cells were
collected by trypsinization, rinsed with ice-cold D-PBS, spun down, resuspended in 200 µL
ice-cold D-PBS, and immediately analyzed by flow cytometry.

4.11. Analysis of the Effects of FFAs on Neutral Lipid Contents by Flow Cytometry

To analyze microglial neutral lipid content by flow cytometry, cells were seeded in
24-well plates at a density of 0.5 × 105 cells/well. After overnight incubation, cells were
treated with 200 µM FFAs or BSA in serum-free media for 6 h. Following treatment,
cells were incubated with 5 µM 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-
indacene (BODIPYTM 493/503; ThermoFisher; Waltham, MA, USA), a fluorescent marker
for neutral lipids, in serum-free media for 30 min at 37 ◦C. Cells were rinsed with PBS, then
trypsinized, rinsed with PBS again, resuspended in 400 µL ice-cold PBS, and analyzed by
flow cytometry.

4.12. Visualization of Fatty Acid Uptake and Neutral Lipid Accumulation Using Confocal
Microscopy

To visualize the localization of BODIPYTM FL C12 and its incorporation into neutral
lipids in microglia treated with FFAs, microglia cells were seeded on glass coverslips in
24-well plates at 2.5 × 104 cells/well, incubated overnight, and treated with 200 µM FFAs
or BSA in serum-free media for 6 h. Following treatment, cells were incubated with 15 µM
BODIPYTM FL C12 (ThermoFisher Scientific; Waltham, MA, USA) and 2 µM Nile Red
(Cayman Chemical; Ann Arbor, MI, USA) in serum-free media for 30 min at 37 ◦C. Cells
were then rinsed with D-PBS, fixed with 4% paraformaldehyde for 20 min at 4 ◦C, rinsed
with D-PBS again, and stained with 1 µg/mL 4′,6-diamidino-2-phenylindole (DAPI) in
D-PBS for 5 min. Cells were then rinsed with D-PBS again, and then the coverslips were
mounted onto glass slides and visualized under confocal microscopy.

4.13. Statistical Analysis

Data were analyzed using GraphPad Prism 6 (GraphPad Software; San Diego, CA,
USA). p < 0.05 was considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22169093/s1, Figure S1: LDH cytotoxicity assay of BV2 cells following treatment with BSA
and PA, Figure S2: Cell cycle analysis of BV2 cells following treatment with different FFAs, Figure
S3: Viability of BV2 cells pre-treated with NAC followed by treatment with BSA or PA, Figure S4:
Relative mRNA expression of CHOP and GRP78 in BV2 cells following 24 h treatment with different
FFAs and viability of BV2 cells pre-treated with 4-PBA followed by treatment with BSA or PA for
24 h.
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