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ABSTRACT

The prevalence of metabolic syndrome caused by diets containing excessive fatty acids is
increasing worldwide. Patients with metabolic syndrome exhibit abnormal lipid profiles,
chronic inflammation, increased levels of saturated fatty acids, impaired insulin sensitivity,
excessive fat accumulation, and neuropathological issues such as memory deficits. In
particular, palmitic acid (PA) in saturated fatty acids aggravates inflammation, insulin
resistance, impaired glucose tolerance, and synaptic failure. Recently, adiponectin, brain-
derived neurotrophic factor (BDNF), and glucose-like peptide-1 (GLP-1) have been investigated
to find therapeutic solutions for metabolic syndrome, with findings suggesting that they

are involved in insulin sensitivity, enhanced lipid profiles, increased neuronal survival, and
improved synaptic plasticity. We investigated the effects of adiponectin, BDNF, and GLP-1 on
neurite outgrowth, length, and complexity in PA-treated primary cortical neurons using Sholl
analysis. Our findings demonstrate the therapeutic potential of adiponectin, BDNF, and GLP-1
in enhancing synaptic plasticity within brains affected by metabolic imbalance. We underscore
the need for additional research into the mechanisms by which adiponectin, BDNF, and GLP-1
influence neural complexity in brains with metabolic imbalances.

Keywords: Metabolic syndrome; Adiponectin; BDNF; GLP-1; Palmitic acid

INTRODUCTION

The prevalence of metabolic syndrome accompanying obesity is increasing dramatically
worldwide [1]. Diets containing excessive saturated fatty acids, such as palmitic acid

(PA), accelerate the development of metabolic complications, including obesity, diabetes
mellitus, glucose intolerance, inflammation, and insulin resistance [2]. PA has been shown
to induce impaired glucose metabolism, inflammatory responses [3], insulin sensitivity
attenuation [4], and the autophagic flux pathway in neurons [5]. A recent study found that
PA could aggravate memory loss and neuroinflammation by stimulating the production of
pro-inflammatory cytokines, such as tumor necrosis factor alpha [6], through the nuclear
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factor kappa-light-chain-enhancer of activated B cells signaling pathway [7]. High levels

of PA promote cell death, impaired neural differentiation, mitochondrial dysfunction, and
abnormal neurite outgrowth [8]. To overcome the synaptic dysfunction observed in people
with obesity, it is essential to study neuronal dysfunction under PA toxicity and identify drugs
that can improve it.

Adiponectin is a 30-kDa hormone produced by adipose tissue that is found at lower levels in
patients with obesity and diabetes [9]. Adiponectin promotes insulin sensitivity, regulation
of fatty acid metabolism, antioxidant responses, and anti-inflammatory responses [10].
Adiponectin contributes to synaptic plasticity, ATP production rates, glucose uptake,
neuronal excitability, neuronal survival, neurogenesis, and glial cell activation in the central
nervous system [11]. In patients with Alzheimer’s disease (AD), a reduction in adiponectin
levels is observed in the blood, accompanied by synaptic failure [12].

Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, promotes
axonal branching, synapse refinement, dendritic growth, synapse maturation, induction of
long-term potentiation (LTP), and spine maturation [13]. A lower level of circulating BDNF
is observed in the sera of patients with metabolic syndrome, obesity [14], and psychiatric
disease [15].

Glucagon-like peptide-1 (GLP-1), a glycoprotein hormone produced by gut L-cells and
specific neurons in the nucleus tractus solitarius of the brain [16], improves impaired
glucose metabolism, reduces the sensation of hunger, and reduces food intake in patients
with metabolic syndrome and obesity [17]. Lower GLP-1 levels have been associated with
obesity [18]. GLP-1 promotes neuronal survival and neurite outgrowth in PC12 neurons

[19] by modulating cyclic adenosine monophosphate (cAMP) signaling [20]. GLP-1 also
regulates synaptic transmission, neuronal function [21], calcium channel-related signaling
[22], depolarization of neuronal cell membrane potential, and spike firing rates [23]. GLP-1
modulates neuronal activity through signaling pathways such as the mitogen-activated
protein kinase extracellular signal-regulated kinases 1 and 2, protein kinase C, and protein
kinase A (PKA) pathways [22]. Additionally, GLP-1 can inhibit neuroinflammation and
enhance energy metabolism, neural connectivity, and neural structure [24] in models of
neurodegenerative diseases such as AD [25].

As mentioned, adiponectin, BDNF, and GLP-1 are known to influence neuronal survival,
synaptic plasticity, neural structure, and neuronal activity in neurons under conditions of
metabolic imbalance. However, there have been no studies on the effects of adiponectin,
BDNF, and GLP-1 on neural structure in PA-treated neurons. Thus, using Sholl analysis, we
investigated the effects of a 30-kDa adipocyte complement-related protein (Acrp30—as an
adiponectin globular form), BDNF, and exendin-4 (as a GLP-1 analog) on neuronal structure
and neurite outgrowth in PA-treated cortical neurons.

Mouse primary cortical neuron (PCN) culture

PCNs were isolated from the cerebral cortices of C57BL/6 mouse embryos provided by
Koatech (Pyeongtaek, Korea) on embryonic day 14. Cortices were isolated and then incubated
in 0.25% trypsin containing dissection/dissociation medium (1X Hank’s balanced salt
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solution, 20% glucose solution, 1X sodium pyruvate, and 1 M HEPES [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid] were purchased from Thermo Scientific, Waltham, MA, USA)
for 15 min with inverting every 5 minutes. Cells were triturated to single cells in a plating
medium (Minimum Essential Medium containing Earle’s balanced salt solution, 10% fetal
bovine serum, 20% glucose solution, 1X sodium pyruvate, 1X GlutaMAX, and 100 U/mL
penicillin-streptomycin) and incubated for 2 hours in 5% CO, at 37°C. The plating medium was
replaced with a maintenance medium (Neurobasal medium, 1X B27, 1X GlutaMAX, 100 U/mL
penicillin-streptomycin) for cell growth. The maintenance medium was replaced every 3 days.

PCNs were pretreated for 2 hours with PA (250 pM) [26], Acrp30 (100 ng/mL) [27], BDNF (50
ng/mL) [28], and exendin-4 (10 nM) [8] to analyze neurite complexity on a day in vitro 7 (DIV7).

For neurite complexity visualization, PCNs were transfected with the pMAX-GFP plasmid
(Lonza, Lake Charles, LA, USA) with FuGENE 6 transfection reagent (Promega, Madison, WI,
USA) for 48 hours, according to the manufacturer’s instructions.

Sholl analysis

For the neurite complexity analysis, PCNs were transfected with a green fluorescent protein
(GFP) using the FuGENE 6 transfection reagent (Promega). Neurite complexity was visualized
using an Eclipse Ts2 fluorescence microscope (Nikon, Tokyo, Japan). Neurite complexity was
analyzed using the Sholl analysis plugin in Image] (National Institutes of Health, Bethesda,
MD, USA). Seven PCNs were selected and analyzed in a blinded manner. With a point tool,
the soma center was selected and used to quantify size-related parameters, such as total
neurite length and the number of intersections, from radii of 10 pm and 700 pum, with a step
size of 10 um. Samples were set at 3 per radius, and the degree of polynomial fit was set as the
“best-fitting degree.” We selected and combined data from the intersection columns of the
Sholl profile list.

Statistical analysis
All data were analyzed using unpaired 2-tailed t-tests with Welch’s correction between the
groups. Data were considered significant at p <0.05 and p < 0.01 in the statistical analysis.

We investigated the effects of adiponectin, BDNF, and GLP-1 on neurite outgrowth in

PCNs. The PCNs were treated according to a treatment plan (Figure 1). We performed a
morphological analysis of the GFP-transfected PCN images (Figure 2). PCNs were analyzed
using Sholl analysis and in terms of neurite complexity, encompassing the neurite length,
number of neurites from the soma, and number of secondary branches (Figure 3). The
intersection of neurites from the soma was lower in PA-treated PCNs than in control neurons
(Figure 3A). However, under PA-induced metabolic imbalance conditions, the decreased
intersection of neurites in PCNs was increased by pretreatment with Acrp30 (Figure 3B).
BDNF also increased the intersection of neurites in the PCNs, which was reduced by PA
treatment (Figure 3C). Additionally, exendin-4 treatment ameliorated the PA-induced
reduction in neurite intersections (Figure 3D). The total neurite length was shorter in PA-
treated PCNs than in control neurons (Figure 3E). However, Acrp30, BDNF, and exendin-4
treatment tended to increase neurite length, which was decreased by PA in PCNs, indicating
that Acrp30, BDNF, and exendin-4 enhance neurite outgrowth through metabolic damage.
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Furthermore, the number of secondary branches, which was reduced in PA-treated PCNs,
was increased by treatment with Acrp30, BDNF, and exendin-4 (Figure 3F). Collectively, these
results indicate that adiponectin, BDNF, and GLP-1 pretreatment tended to enhance neurite
complexity in terms of parameters such as neurite outgrowth and neurite formation under
conditions of PA-induced metabolic imbalance.

Change media every 3 days

DIvO DIV3 DIV6 DIV7
| |
| | e |
Pr]mary cortical Pretreatment Treat PA |maging
neuron culture Acrp30, BDNF, for 24 hours

Ex-4 for 2 hours

PA: 250 pM
Acrp30: 100 ng/mL
BDNF: 50 ng/mL
Ex-4:10 nM

Schematic image of drug treatment in primary cortical neurons. This schematic shows the study’s
experimental plan.
DIV, day in vitro; BDNF, brain-derived neurotrophic factor; Ex-4, exendin-4; PA, palmitic acid.

PCN_Ctr _ PCN_PA+Acrp30 PCN_PA+BDNF PCN_PA+Ex-4

100 pm TN J

Fluorescence images of primary cortical neurons. Fluorescence images of neurite complexity in green fluorescent protein: transfected PCNs on day in
vitro 7 after treatment with vehicle (Ctr), PA, PA+Acrp30, PA+BDNF, and PA+Ex-4. The scale bars represent 100 um.
PCN, primary cortical neuron; PA, palmitic acid; BDNF, brain-derived neurotrophic factor; Ex-4, exendin-4.
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Figure 3. Sholl analysis for neurite complexity in primary cortical neurons. (A) Histogram of neurite intersection in PCNs on DIV7 after treatment with vehicle
(Ctr) and PA. (B) Histogram of neurite intersection in PCNs on DIV7 after treatment with PA, as well as PA+Acrp30. (C) Histogram of neurite intersection in PCNs
on DIV7 after treatment with PA, as well as PA+BDNF. (D) Histogram of neurite intersection in PCNs on DIV7 after treatment with PA, as well as PA+Ex-4. (E)
Histogram of neurite length after treatment with reagents. (F) Histogram of secondary branches on DIV7 after treatment with reagents. Data information: PCNs
were treated with 250 uM of PA, 100 ng/mL of Acrp30, 50 ng/mL of BDNF, and 10 nM of Ex-4 in each group according to the treatment plan. (A-D) Data are shown
as the mean = standard error of the mean.

PCN, primary cortical neuron; DIV7, day in vitro 7; PA, palmitic acid; BDNF, brain-derived neurotrophic factor; Ex-4, exendin-4.

*p < 0.05 and Tp < 0.01 (unpaired 2-tail t-test with Welch’s correction).

DISCUSSION

We investigated the effects of Acrp30, BDNF, and exendin-4 on neurite outgrowth and neural
structure in PA-treated cortical neurons. Our study findings suggested that excessive dietary
intake of saturated fatty acids, such as that associated with a PA-enriched diet, aggravates
synaptic plasticity, neuronal death, and abnormal neurite outgrowth, leading to cognitive
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decline [29]. First, we identified that adiponectin improves neurite length and contributes

to the complicated neural structure of PA-treated cortical neurons. Acrp30, a secreted
adiponectin protein expressed in differentiated adipocytes [30], belongs to a family of
proteins containing the C1q globular domain [31]. In a previous study, Acrp30 was shown to
regulate insulin sensitivity, mitochondrial biogenesis, and inflammation [32]. Adiponectin
exerts multiple regulatory roles by binding the adiponectin receptors AdipoR1 and AdipoR2,
which are expressed in brain regions that contribute to learning and memory function, such
as the cerebral cortex and hippocampus [33]. A recent study found that adiponectin could
enhance neurite outgrowth, memory loss, and synaptic complexity in both AD and obesity-
related cognitive impairment [34]. Adiponectin administration, including the administration
of the adiponectin homolog osmotin, has been shown to enhance LTP impairment [35]

and rescue memory loss in AD mouse models through AdipoR activation [36]. Adiponectin
mimics the drug AdipoRon and improves fear-related memory deficits and synaptic
transmission [37]. Zhang et al. [38] showed an improvement in synaptic density, increased
dendritic spine maturation, and increased neurite length through AdipoR1. According to our
data, globular adiponectin from Acrp30 maintains neural complexity and enhances synaptic
plasticity in obese brains with high levels of PA.

Our data showed that the mature form of BDNF improved neurite outgrowth and maintained
a complicated neural structure in PA-treated cortical neurons. Some studies have shown

that mature BDNF ameliorates neurite outgrowth, synaptic function, axon sprouting,

and neuronal excitability in hippocampal neurons [39]. In contrast, some studies have
demonstrated that pro-form BDNF suppresses neurite outgrowth in primary cultured
neurons through the activation of RhoA [40]. According to our data and previous evidence,
mature BDNF enhances neural complexity and synaptic plasticity in the brains of obese
animal models with high PA levels.

Finally, our data show that exendin-4, a GLP-1 analog, enhances neurite outgrowth and
maintains the neural structure of PA-treated cortical neurons. Exendin-4 is a39—amino acid
peptide agonist of GLP-1 [41] that increases insulin sensitivity in diabetes following cAMP/
PKA signaling [42]. A recent study found that exendin-4 improved memory loss, synaptic
plasticity, and neuronal death in hippocampal neurons in a streptozotocin-induced AD rat
model [43]. Exenatide, a synthetic version of exendin-4, has been shown to improve cognitive
performance and activate the expression of neurotrophic factors in a diabetic mouse

model [44]. Additionally, exendin-4 facilitates rearrangement of the actin cytoskeleton and
influences the axon growth cone in SH-SY5Y and PC12 neurons by downregulating RhoA
activation [45]. Exendin-4 improves neurite dendritic growth, spine maturation, and LTP
induction in high-fat diet-fed mice and in vitro primary hippocampal and cortical neurons
under obesity conditions [46]. GLP-1 improves neural differentiation through PI3K-AKT
signaling in neuroblastoma cells [47]. GLP-1 contributes to increased synaptic formation
and memory consolidation in both diabetes and AD [48]. GLP-1 and GLP-1 analogs prevent
synaptic failure in AD [49]. GLP-1 agonist injection enhances spatial, learning, and fear-
related memory [50]. According to our data and previous results, exendin-4, a GLP-1 agonist,
prevents synaptic impairment and neural complexity in the brains of obese animal models
with high levels of PA.

In conclusion, we corroborated the beneficial effects of adiponectin, BDNF, and GLP-1 on

cortical neurons under PA toxicity. Adiponectin, BDNF, and GLP-1 prevent cortical neuronal
death and maintain neural complexity and neuronal length in conditions of PA toxicity.
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We hypothesize that adiponectin, BDNF, and GLP-1 could be effective and safe options for
treating metabolic imbalance—associated cognitive decline accompanied by synaptic failure.

Exercise could be an easy and effective approach to stimulate the secretion of adiponectin,
BDNF, and GLP-1 in both nonobese and obese individuals. Several studies have shown that
consistent exercise can increase the levels of adiponectin [51], BDNF [52], and GLP-1 [53] in
the blood of both nonobese and obese people.
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