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Background: The prevalence of obesity is growing rapidly and has become a global problem
that increases the risk for many diseases. It is influenced by many factors, including consumption
of the Western-style diet, characterized as a high-fat diet. Within the central nervous system, the
hypothalamus is a critical site in maintaining energy homeostasis and sensing nutrient status,
including palmitate, the major component of high-fat-diet.

Methods: In the present study, we conducted a variety of studies to investigate the specific role
of salubrinal on palmitate-induced hypothalamic cell death, leptin signaling, and ER stress in an
embryonic hypothalamic cell line. Experiments were also performed to identify the underlying
mechanisms of the protective effect of salubrinal.

Results: Our results indicate that salubrinal protects hypothalamic cells against PA-induced
ER stress and improves hypothalamic leptin sensitivity.

Conclusion: Taken together, our findings conclusively reveal that salubrinal abrogates palmitate-
induced hypothalamic leptin resistance and ER stress via NF-kB pathway.
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Introduction
The prevalence of obesity is growing rapidly worldwide and has become a severe
problem that increases the risk for various chronic diseases, including heart disease,
type 2 diabetes, certain types of cancer, and obstructive sleep apnea.'? In the last
two decades, there has been a growing interest in studies involving the interrelated
physiological and pathological factors affecting obesity including genetics, physi-
cal activities, and diet. Among all these factors, high-fat diet (HFD) has become of
particular interest as it is a major contributor to the increased prevalence of obesity.
HFD-induced obese mice display increased free fatty acid levels, including palmitate
(PA).*3 PA is the main saturated free fatty acids in adipose tissue and circulation. It is
often used to mimic HFD in experiments in vitro and will downregulate nicotinamide
phosphoribosyltransferase activity and nicotinamide adenine dinucleotide levels in
human hepatocytes, which are critical for liver functions.*’

Moreover, HFD-susceptible mice develop increased circulating leptin concen-
trations but fail to regulate food intake and energy expenditure, hallmarks of leptin
resistance. Leptin is an essential hormone secreted by adipocytes. It mainly binds
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to leptin receptors in the arcuate nucleus of the hypothala-
mus and activates the Janus-activated kinase 2 (JAK2)/
signal transducer and activator of transcription 3 (STAT3)
signaling. Leptin acts to inhibit orexigenic agouti-related
peptide (AgRP) neurons and promote anorexigenic pro-
opiomelanocortin neurons.® 10

Leptin resistance is a major feature of obesity. Impaired
leptin signaling and oxidative stress occurring within the
hypothalamus are identified as important factors related to
leptin resistance and obesity. Although the precise neuronal
basis of leptin resistance remains unknown, some defects have
been proposed to be predominant underlying causes, including
endoplasmic reticulum (ER) stress.!' ER stress occurs when
there is an accumulation of misfolded proteins and can, in turn,
activate various biological processes including apoptosis.'%!?

Salubrinal, a well-known inhibitor of eukaryotic initia-
tion factor 2 subunit ALPHA phosphatase, counteracts ER
stress and protects various cell types against ER stress-related
cellular damage and cell death.!*'® However, the effects of
salubrinal on PA-induced cellular damage in the hypothala-
mus have yet to be determined, particularly under the context
of cell death, leptin resistance, and ER stress.

In the present study, we performed a series of studies to
determine the influence of PA in hypothalamic cells and to
examine the protective effect of salubrinal on PA-induced
hypothalamic cell death. In addition, we also verify the
signaling pathways underlying this protection. Our results
indicate that salubrinal protects hypothalamic cells against
PA-induced ER stress and improves hypothalamic leptin
sensitivity.

Materials and methods

Chemicals and antibodies

Recombinant mouse leptin was purchased from R&D Sys-
tems (Minneapolis, MN, USA). Salubrinal was purchased
from Calbiochem (La Jolla, CA, USA). Antibodies used in
these experiments include anti-phospho-JAK?2 Tyr1007/1008
(1:1,000, #3771), anti-phospho-Stat3 Tyr705 (1:1,000, #9145),
anti-Stat3 (1:1,000, #8768), anti-phospho-PERK Thr980
(1:1,000, #3179), anti-PERK (1:1,000, #5683), anti-CHOP
(1:1,000, #2895), anti-NF-xB p65 (1:1,000, #8242), anti-
Lamin B1 (1:1,000, #13435), anti-phospho-IxBo (1:1,000,
#2859), anti-IxkBo (1:1,000,#9242), and anti-B-Actin (1:5,000,
#3700) from Cell Signaling Technology (Beverly, MA, USA).
PA was purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). PA was solubilized in pre-heated 0.1 N NaOH and
diluted in pre-warmed 10% fatty acid free-BSA solution to give

a final concentration of 5 mM. Control media were prepared
with 0.1 N NaOH and 10% BSA without lipid. PA solution
was freshly made before each experiment.

Cell culture

The mouse embryonic hypothalamic cell line, mHypoE-44,
was purchased from Cedarlane Cellutions Biosystems
(Burlington, Ontario, Canada) and maintained in DMEM
(Gibco, Waltham, MA, USA) with 10% FBS (Thermo Fisher
Scientific, Waltham, MA, USA) and 1% penicillin (Gibco)
in a humidified incubator with 5% CO, atmosphere at 37°C.
Cells were grown to 70%—80% confluency and serum starved
for 1 hour before leptin treatment.

Cell viability assays

Cell viability was assessed by Cell Counting Kit-8 (CCK-8)
and a trypan blue staining assay. In brief, 2x10° mHypoE-44
cells were plated in each well of a 96-well plate with 100 L
medium. After different treatments were applied, cell viability
was assessed by the CCK-8 (Dojindo, Japan) according to the
manufacturer’s instructions. Meanwhile, cells were collected
and stained with trypan blue (Thermo Fisher Scientific). The
number and the percentage of trypan blue-positive cells were
counted and calculated using Countess™ Automated Cell
Counter from Thermo Fisher Scientific.

TUNEL assay

TUNEL assay was performed with an in situ cell death detec-
tion kit (Roche) according to the manufacturer’s instruction.
Cells were TUNEL-stained and subjected to DNA staining
with Hoechst 33342. TUNEL-positive cells were detected
and counted using the confocal microscope. At least 200
cells in 5 random scope fields were analyzed to calculate the
TUNEL-positive percentage.

Western blotting

Cells were collected, and the whole cell lysates were prepared
by sonication in CelLytic MT buffer from Sigma-Aldrich
Co. Samples consisting of 50 pg of protein were loaded on
a denaturing 4%-20% precast SDS-PAGE gel (Bio-Rad
Laboratories Inc., Hercules, CA, USA) and then transferred
to immobilon-FL PVDF membranes (EMD Millipore, Bil-
lerica, MA, USA) by electrophoresis. The membranes were
blocked in Odyssey Blocking Buffer (PBS) (LI-COR) at room
temperature for 1 hour and then incubated with specific pri-
mary antibodies at 4°C overnight. Blots were incubated with
species-specific secondary antibodies at room temperature
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for 1 hour the next day. The signals were detected by ECL
reagent (Thermo Fisher Scientific) and analyzed by ImageJ
software (LOCI, University of Wisconsin, USA).

Statistical analysis

All data shown were expressed as the mean = SEM using
unpaired Student’s #-tests or two-way ANOVA with Bonferroni
posttests (GraphPad Software, Inc., La Jolla, CA, USA). The
data represented at least three independent experiments, and
P-values were calculated using GraphPad Prism software 7.0.

Results
Salubrinal prevents hypothalamic cells
from PA-induced cell death

Within the central nervous system, the hypothalamus is a
critical site in sensing nutrient status, regulating food intake

A 150+
-o- PA
- PA+Salbrinal
£ 100-
__é’ * ok
E *k
8
>
2 504
(&]
0 1 1 1 1 1
0 0.2 0.4 0.8 1
PA (mM)
Tunel DAPI Merged

Figure | Salubrinal protects hypothalamic cells against PA-induced cell death.

and energy expenditure, and maintaining energy homeo-
stasis.!”1* We therefore carried out experiments using the
mHypoE-44 cell line, a mouse embryonic hypothalamic cell
line expressing AgRP and leptin receptor. To determine the
effects of salubrinal on PA-induced hypothalamic cell death,
mHypoE-44 cells were pretreated with salubrinal prior to PA
treatment at the indicated concentrations. Cell viability was
then assessed by CCK-8 (Figure 1A), trypan blue staining
assay (Figure 1B), and TUNEL assay (Figure 1C, D). As
expected, PA treatment led to a reduction of hypothalamic
cell viability where this cytotoxic effect was significantly
diminished by salubrinal pretreatment (Figure 1A). The
results from the trypan blue staining assay also demonstrated
that salubrinal significantly decreases PA-induced cell death,
consistent with the previous data. Similar results were also
observed in the TUNEL assay experiments. After the treat-
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Notes: mHypoE-44 cells were pretreated with salubrinal at 20 pM for | hour prior to PA treatment at the indicated concentrations. After 24 hours, cell viability was tested
by Cell Counting Kit-8 (A) and TUNEL assay (C, D); cell death was assessed by trypan blue staining assay (B). Data were expressed as mean * SEM of three independent

experiments. *P<0.05, **P<0.01, ***P<0.001 compared with control groups.
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ment of salubrinal, the number of TUNEL-positive cells
was significantly reduced compared with the control group
in response to PA. Taken together, these results suggest that
salubrinal protects hypothalamic cells from PA-induced cell
death.

PA induces hypothalamic leptin resistance

and ER stress

To study the effects of PA in regulating leptin signaling and
ER stress in the hypothalamic cells, mHypoE-44 cells were
treated with PA at indicated doses for 24 hours prior to leptin
treatment. After 45 minutes, cells were collected and prepared
for Western blot analysis. Leptin treatment increased levels of
phospho-JAK?2 and phospho-STAT3 where this increase was
significantly diminished by PA challenge in a dose-dependent
manner (Figure 2A—C). These results indicate that PA treat-
ment is able to induce hypothalamic leptin resistance. ER
stress is well known as one major cause of leptin resistance.
To further assess the role of PA in ER stress, we treated mHy-
poE-44 cells with PA only and subjected them to Western blot
analysis for ER stress markers, phospho-PERK and CHOP
(Figure 2D-F). Significant induction of these two markers
was found in response to PA treatment, which implicates that
PA promotes hypothalamic leptin resistance and ER stress.

Salubrinal promotes hypothalamic leptin
sensitivity via inhibiting PA-induced ER
stress response

To verify the effect of salubrinal on PA-Induced leptin
resistance and ER stress, mHypoE cells were co-treated
with salubrinal, PA, and leptin. Cells were then subjected
to Western blot analysis and probed for the expressions of
phosoho-STAT3 and CHOP. Results demonstrated that the
elevated expression levels of CHOP induced by PA treatment
were significantly attenuated by co-treatment with salubrinal
(Figure 3A, C). In addition, PA-induced impairment of leptin
signaling was also rescued by salubrinal (Figure 3A, B). These
results suggest that salubrinal promotes leptin sensitivity and
protects hypothalamic cells against PA-induced ER stress.

Salubrinal inhibits the activation of
hypothalamic nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-
KkB) pathway induced by PA

NF-«B pathway is implicated in many biological progresses
in the nervous system, including inflammation, stress
response, and cell survival.?*?! To test whether PA treat-

ment can activate NF-kB pathway and salubrinal is able
to inhibit the activation, we challenged hypothalamic cells
with salubrinal and PA. Western blot analysis probing for
the NF-xB pathway demonstrated that salubrinal notably
blocked the transportation of NF-xB p65 from cytoplasm to
nucleus induced by PA treatment (Figure 4A, B, D, and E).
Furthermore, the degradation of IxB induced by PA was also
diminished by salubrinal (Figure 4C, F). In sum, these results
indicate that salubrinal attenuated the activation of the NF-xB
pathway induced by PA treatment in hypothalamic cells.

Discussion

With an increase in consumption of the Western-style diet,
characterized as an HFD, obesity has become a global prob-
lem related to the rise of a wide range of diseases. Much
effort has been made to explore novel chemicals that may
help protect against HFD-induced metabolic syndromes.
In the present study, we aim to testify the protective role of
salubrinal against PA-induced hypothalamic cell death, leptin
resistance, and ER stress. Furthermore, we want to determine
the mechanism underlying its protective role.

The hypothalamus is the main site in the central nervous
system in controlling energy homeostasis. In the present study,
we performed our experiments using the hypothalamic cell
line, mHypoE-44. This cell line has a neuronal morphology
and is derived and immortalized from mouse embryonic
day 17 hypothalamic primary cultures by retroviral transfer
of SV40 T-Ag. In addition, mHypoE-44 cells are known to
express neuropeptide Y, AgRP, and leptin receptor. As a major
component in the HFD, PA is reported to cause hypothalamic
inflammation and insulin resistance.?>?* In addition, PA also
leads to insulin signaling impairment. However, the correla-
tion between PA and hypothalamic cell death is still elusive.
ER stress, which is well known as a major cause of leptin resis-
tance, can also regulate neuron death, neuron inflammation,
and neurogenesis.?*?¢ In our study, we found that exposure to
PA results in hypothalamic cell death, leptin resistance, and
ER stress. Co-treatment with salubrinal largely reverses these
effects of PA and protects hypothalamic cells from apoptosis.
These results delineate the specific role of PA in hypothalamic
leptin signaling and establish a putative agent, salubrinal, to
reverse the adverse effects of over-nutrition.

Finally, we aimed to determine the underlying mecha-
nism by which salubrinal acts in the hypothalamic cell death.
The pro-inflammatory NF-xB pathway plays various roles
in the nervous system, including regulation of neuroprotec-
tion, neuron proliferation, and inflammation.?’” It has been
reported that HFD induces chronic hypothalamic inflam-
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Notes: (A) mHypoE cells were treated with PA at indicated doses for 24 hours prior to leptin treatment. After 45 minutes, cells were prepared for Western blot analysis.
Representative Western blots show levels of phospho-JAK2 (pJAK2), phospho-STAT3 (pSTAT3), total-STAT3, and B-Actin levels. (B, C) Quantification of pJAK2 and
pSTAT3 normalized to B-Actin and total-STAT3, respectively. (D) mHypoE cells were treated with PA at indicated doses for 24 hours and subjected to Western blot analysis.
The results show the levels of phosphor-PERK (pPERK), total PERK, CHOP, and B-Actin. (E,F) Quantification of pPERK and CHOP normalized to total-PERK and B-Actin,
respectively. Results were expressed as mean + SEM of three independent experiments at least. **P<0.01, ***P<0.001 compared with control groups.

Abbreviations: ER, endoplasmic reticulum; JAK2, Janus-activated kinase 2; STAT3, signal transducer and activator of transcription 3.

mation and increases the secretion of pro-inflammatory
cytokines in the hypothalamus.?® Moreover, leptin resis-
tance is also associated with neuroinflammation.?® This is
consistent with our findings in the present study that PA

treatment activates the NF-kB pathway. When activated,
NF-xB enters into the nucleus and induces the transcrip-
tion of pro-inflammatory genes. Meanwhile, IkB is phos-
phorylated then degraded. Currently, we have verified that
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Figure 3 Salubrinal promotes hypothalamic leptin sensitivity by inhibiting PA-induced ER stress response.

Notes: (A) mHypoE cells were pretreated with salubrinal prior to PA treatment and then subjected to leptin challenge. The expressions of pSTAT3, STAT3, CHOP, and
B-Actin expression were assessed by Western blot. (B) Protein expressions of pSTAT3 were quantified by Image | software relative to levels of total STAT3. (C) Protein
expressions of CHOP were quantified by Image ] software relative to levels of B-Actin. Data were expressed as mean + SEM of three independent experiments. ***P<0.001|
compared with control group.

Abbreviations: ER, endoplasmic reticulum; JAK2, Janus-activated kinase 2; pSTAT3, phospho-STAT3; STAT3, signal transducer and activator of transcription 3.
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Figure 4 Salubrinal inhibits the activation of hypothalamic NF-xB pathway induced by PA treatment.

Notes: (A) mHypo-E44 cells were pretreated with salubrinal prior to PA treatment. Cytoplasmic extracts were isolated and subjected to Western blot analysis probing
for NF-kB p65 and B-Actin. (B) Nucleus fraction was extracted and prepared for Western blot for NF-kB p65 and Lamin BI. (C) Whole cell lysates were prepared and
subjected to Western blot analysis for Phosphor-lxBa, total-IkBa, and B-Actin. The levels of cytoplasmic NF-kB p65 (D), nucleus NF-xB p65 (E), p-IxBo,, and total-lxBo
(F) were quantified by Image ] software relative to their loading controls. Data shown were representative as mean + SEM for three independent experiments. **P<0.01,
*#¥P<0.001 compared with control groups.

Abbreviation: NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells,
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salubrinal inhibits the activation of the NF-xB pathway and
attenuates the degradation of IxB induced by PA treatment.
These results suggest that the NF-xB pathway is critical
for the protective role of salubrinal against PA-induced
hypothalamic cell death and ER stress.

In sum, we have revealed the protective role of salubrinal
in PA-induced hypothalamic cell death via inhibiting ER
stress and promoting leptin sensitivity. Our results demon-
strate that salubrinal can be a potential therapeutic chemical
used in preventing HFD-induced obesity.
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