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Abstract: Dyslipidemia is described as a hallmark of metabolic syndrome, promoting a stage of
metabolic inflammation (metainflammation) that could lead to misbalances in energetic metabolism,
contributing to insulin resistance, and modifying intracellular cholesterol pathways and the renin–
angiotensin system (RAS) in pancreatic islets. Low-density lipoprotein (LDL) hypercholesterolemia
could disrupt the tissue communication between Langerhans β-cells and hepatocytes, wherein extra-
cellular vesicles (EVs) are secreted by β-cells, and exposition to LDL can impair these phenomena.
β-cells activate compensatory mechanisms to maintain insulin and metabolic homeostasis; therefore,
the work aimed to characterize the impact of LDL on β-cell cholesterol metabolism and the impli-
cation on insulin secretion, connected with the regulation of cellular communication mediated by
EVs on hepatocytes. Our results suggest that β-cells can endocytose LDL, promoting an increase in
de novo cholesterol synthesis targets. Notably, LDL treatment increased mRNA levels and insulin
secretion; this hyperinsulinism condition was associated with the transcription factor PDX-1. How-
ever, a compensatory response that maintains basal levels of intracellular calcium was described,
mediated by the overexpression of calcium targets PMCA1/4, SERCA2, and NCX1, together with
the upregulation of the unfolded protein response (UPR) through the activation of IRE1 and PERK
arms to maintain protein homeostasis. The LDL treatment induced metainflammation by IL-6, NF-
κB, and COX-2 overexpression. Furthermore, LDL endocytosis triggered an imbalance of the RAS
components. LDL treatment increased the intracellular levels of cholesterol on lipid droplets; the
adaptive β-cell response was portrayed by the overexpression of cholesterol transporters ABCA1 and
ABCG1. Therefore, lipotoxicity and hyperinsulinism induced by LDL were regulated by the natural
compound auraptene, a geranyloxyn coumarin modulator of cholesterol-esterification by ACAT1
enzyme inhibition. EVs isolated from β-cells impaired insulin signaling via mTOR/p70S6Kα in hepa-
tocytes, a phenomenon regulated by auraptene. Our results show that LDL overload plays a novel
role in hyperinsulinism, mechanisms associated with a dysregulation of intracellular cholesterol,
lipotoxicity, and the adaptive UPR, which may be regulated by coumarin-auraptene; these conditions
explain the affectations that occur during the initial stages of insulin resistance.

Keywords: β-cells; LDL; insulin; cholesterol; metainflammation; PDX-1; auraptene;
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1. Introduction

The relationship among obesity, high levels of Low-Density Lipoproteins (LDL), low
levels of High-Density Lipoprotein (HDL), insulin resistance, and arterial hypertension
involve a high lipid diet and adipose tissue mass gain, leading to the development of low-
grade systemic inflammation. These conditions are associated with the synthesis and release
of pro-inflammatory cytokines TNF-α, IL-6, and IL-1 [1], a phenomenon-denominated
metainflammation, wherein an increase in serum LDL occurs. Moreover, excessive lipid
accumulation could contribute to dysfunctional insulin secretion in Langerhans β-cells [2,3].

During the early stage of type 2 diabetes mellitus (T2DM), the synthesis and secre-
tion of insulin by islet β-cells are enhanced, coupled with endoplasmic reticulum (ER)
stress [4], and alterations in the management of lipid metabolism. Elevated levels of
plasmatic insulin may contribute to nonalcoholic fatty liver disease (NAFLD) [5]. The
presence of NAFLD promotes the transition from metabolically healthy to metabolically
unhealthy obese patients [6], possibly impacting insulin signaling and lipid metabolism.
LDL-hypercholesterolemia could promote a deleterious response to a systemic metabolism,
considering the presence of the metainflammation [1,7]. However, the effect of these
alterations on β-cell physiology is not yet elucidated. In vitro assays suggest hyperc-
holesterolemia could promote islet dysfunction [2], modifying insulin secretion. Under
this condition, adaptive responses such as ER stress and calcium homeostasis would
be triggered.

ER stress triggers the unfolded protein response (UPR), and this pathway consists of
three major signaling branches initiated by ATF6, PERK, and IRE1, which function as sen-
sors of misfolded protein overload in the ER lumen, activating transcription factors ATF6α,
CHOP, and XBP1s, respectively [8]. UPR promotes the folding capacity by increasing the
production of chaperones and enzymes of lipid synthesis [9]; likewise, ER luminal Ca2+

regulates protein synthesis and folding [10]. Moreover, cellular perturbations induced by
lipotoxicity can also lead to ER stress [11]. Altogether, these mechanisms maintain cell
homeostasis [12]. However, the role of UPR in LDL-hypercholesterolemia and the impact
on intracellular cholesterol and insulin metabolism in β-cells has not been elucidated.

Cells obtain cholesterol exogenously from lipoproteins and de novo biosynthesis [13].
In this sense, the ER serves as the primary site of cholesterol biosynthesis. The ER-resident
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA reductase) controls the
rate-limiting reaction, for which the levels are modulated by the master regulator sterol
regulatory element-binding protein 2 (SREBP2). Critically, the cellular cholesterol con-
centrations are highly regulated; ATP-binding cassette (ABC) transporters ABCA1 and
ABCG1 are the central modulators of cholesterol homeostasis through cholesterol ex-
portation [14]. Indeed, ABCA1 downregulation induced cholesterol accumulation and
progressive lipotoxicity [15,16]. Then, a close association between cholesterol metabolism,
calcium dysregulation, lipotoxicity, and ER stress could be present.

In results obtained by our group, treatment with saturated fatty acids triggered
UPR. It promoted lipotoxicity through the dysregulation of calcium modulators such
as plasma membrane Ca2+-ATPase (PMCA1/4), the Na+/Ca2+ exchanger (NCX1), and
Sarco/endoplasmic reticulum Ca2+-ATPase (SERCA2) in β-cells [17]. Therefore, cells main-
tain subtle mechanisms to regulate cytoplasmic calcium concentrations, considering its
critical role in insulin exocytosis; moreover, imbalances in calcium levels are triggering
conditions of UPR [18]. Indeed, a connection between the calcium-binding protein involved
in maintaining endoplasmic reticulum (ER) Ca2+ has been established with the UPR under
high-fat diet-induced lipotoxicity in β-cells [19].

Related to high levels of LDL and insulin processing, local mechanisms can be affected,
for instance, the ones that depend on the signaling of the renin–angiotensin system (RAS).
RAS hyperactivity has been recognized as a metabolic regulator in Langerhans islets [20].
The angiotensin II receptor type 1 (AT1R) overexpression is associated with endothelial
dysfunction, oxidative stress, and angiogenesis [21]. A parallel axis is performed by
carboxypeptidase ACE2, which hydrolyzes angiotensin II, providing a compensatory
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mechanism to counteract the detrimental effects of hyperactive RAS [20]. ACE2 has been
described to improve glycemia in angiotensin II-infused mice [20], and hepatocyte nuclear
factor 1-alpha (HNF1α) induces the expression of ACE2 in the pancreas [22], which could
improve glucose homeostasis. Then, a regulatory mechanism could exist between HNF1α
and LDL-hypercholesterolemia connected with metainflammation in β-cells.

Moreover, metainflammation could disrupt processes implicated in tissue communica-
tion, especially those involving extracellular vesicles (EVs). EVs are a heterogeneous group
of vesicles surrounded by a lipid bilayer secreted by multiple cells, including exosomes, mi-
crovesicles, and apoptotic bodies [23]. Modifications in the tissue microenvironment, such
as the adipose, pancreas, liver, and muscle, changes in the metabolism status, and exposure
to cytokines stimulate the secretion and modification in cargo molecules of EVs, which are
associated with pathologic conditions such as insulin resistance, high blood pressure, and
metabolic syndrome [24,25]. For instance, EVs secreted by hepatocytes have been shown
to induce β-cell proliferation [26]; even more, multi-organ crosstalk with the endocrine
pancreas could be mediated by EVs [27]. Primarily, β-cell-dependent mechanisms with
hepatocytes could regulate systemic metabolism.

Targeting lipid metabolism pathways that regulate β-cell homeostasis by using small
molecules obtained from natural sources may offer potential treatment options for T2DM.
For instance, Auraptene (Aur), a geranyloxyn coumarin, has been described as an inhibitor
of cholesterol esterification [28], possibly alleviating the harmful effect of cholesterol accu-
mulation in lipid droplets. Therefore, the aim of this work was to characterize the impact
of LDL treatment on β-cell cholesterol metabolism and its implication on insulin secre-
tion, connected with the regulation of EVs’ cellular communication between Langerhans
β-cells and hepatocytes. Finally, we lead a strategy for their regulation mediated by the
coumarin, Auraptene.

2. Materials and Methods
2.1. Reagents

Cell culture reagents were purchased from Thermo-Fisher Scientific (Waltham, MA,
USA), tissue culture plates and plastic materials were obtained from Corning (Corning,
NY, USA). RPMI-1640 and DMEM media, trypsin, fetal bovine serum (FBS), penicillin,
streptomycin, and amphotericin B were obtained from Thermo-Fisher Scientific. MTT,
auraptene (Aur > 98% of purity), and tunicamycin (Tum) were obtained from Merck. Anti-
SREBP2, anti-HMGCR, anti-LDL-R, anti-β-adaptin, anti-ACE2, anti-HNF1α, anti-AT1R,
anti-TMPRSS2, anti-AT1R, anti-PDX-1, anti-Bcl-2, anti-BAX, anti-Lamin B, anti-GAPDH,
anti-PMCA1/4, anti-SERCA2, anti-NCX1, anti-CHOP, anti- NF-κB, anti-IL-6, anti-COX-2,
anti-XBP1s, anti-PDI, anti-ABCA1, anti-ABCG, anti-PPARα, anti-ACAT, and anti-β-actin
antibodies were obtained from Sta. Cruz Biotechnology (Dallas, TX, USA). Anti-XBP1s was
purchased from Abcam (Cambridge, UK).

2.2. Cell Cultures

The established β-cell line RIN-m5F (American Type Culture Collection, ATCC, Man-
assas, VA, USA) was grown in RPMI-1640 medium supplemented with 10% FBS, 10 U/mL
penicillin, 10 µg/mL streptomycin, and 25 µg/mL amphotericin B. The culture medium
was changed every 3 to 4 days and also passaged once per week, according to ATCC
recommendations. In addition, C9-derived rat liver cells (ATCC) were grown in the DMEM
medium using 10% FBS, 10 U/mL penicillin, 10 µg/mL streptomycin, and 25 µg/mL
amphotericin B. The culture medium was changed every 1 to 2 days and also passaged
twice per week. Cultures were maintained at 37 ◦C in a humidified atmosphere of 95% air
and 5% CO2.

2.3. LDL Isolation and Fluorescent Labeling

Human plasma samples were obtained from a healthy donor that signed informed
consent. The protocol was designed and carried out according to the Declaration of
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Helsinki and registered in the Research Ethics Committee of Facultad de Medicina Mex-
icali (FMM/CEI/0010/2020-2). Plasma density was adjusted to 1.019 g/mL with KBr
and centrifuged at 345,500× g for 160 min using an S140-AT 2555 rotor; the VLDL- and
IDL-containing layer was discarded. Subsequently, density was adjusted to 1.053 g/mL
and centrifuged at 377,000× g for 200 min; the upper fraction-containing LDL was recov-
ered. The HDL fraction was isolated, adjusted to a 1.21 g/mL density, and centrifuged at
377,000× g for 180 min. LDL preparation was dialyzed against 150 mM NaCl and filtered
through 0.45 µm. LDL protein concentration was measured with the bicinchoninic acid
(BCA) assay (Thermo Fisher Scientific). For the experimentation, a defined volume of buffer
(NaCl 150 mM, EDTA 0.024 mM) corresponding to a dose of 20 µg/mL was evaluated as a
control. The quality of the isolates was evaluated by characterization of apolipoproteins
apoB-100 and apoA1 (Supplementary Figure S1).

Labeling of LDL fraction was carried out with the dilC18 probe (D3911), which is
incorporated in the phospholipid monolayer, through incubation of 10 µL of the probe
(2 mg/mL) for each 1 mg of protein-LDL for 18 h at 37 ◦C, obtaining dil-LDL. Solution
density was adjusted to a 1.053 g/mL density and centrifuged at 377,000× g for 180 min to
recover fluorescent lipoproteins. The fraction was recovered and dialyzed against PBS. In
the experiments, the volume of PBS corresponding with a dose of 20 µg/mL was evaluated
as a vehicle.

2.4. Cell Cytometer Assays

Before internalization experiments, RIN-m5F cultures at 90% confluence were incu-
bated in a FBS-free culture medium. After 1 h of fasting, cells were incubated under
increasing dil-LDL concentrations (0–40 µg/mL). After having carried out the experiments
in 10-mm wells, cells were washed twice with PBS and recovered in a volume of 200 µL.
Cellular characterization was performed in a Beckman–Coulter cytometer Cytoflex; 30,000
events were registered, employing the PC7-A channel to record the dil-LDL fluorescence.

2.5. Confocal Microscopy

A LEICA TCS-SP8 confocal scanning biological microscope (LEICA, Germany) was
employed in the characterization of the subcellular localization of dil-LDL. RIN-m5F cells
were proliferated to 90% confluence and treated with dil-LDL for 20 h. Later, cultured cells
were washed with PBS; then the Hoescht probe was added and incubated for 30 min at
37 ◦C. Finally, cells were washed twice with PBS, fixed with 4% paraformaldehyde for 2 min,
and mounted for observation. Macroscopically different zones were recorded, preferentially
at the center of the specimens. Images were recorded at excitation/emission wavelengths
of 408/430-550 and 552/562-700 nm for detection of Hoescht (blue) and dil-LDL (red),
respectively, according to previous work reported by our group [29].

2.6. Western Blot (WB) Analysis

Cell cultures were maintained in proliferation until 90% confluence. Afterward, cells
were incubated under different treatments. Cells were washed with PBS and lysed with
protein lysis buffer (150 mM NaCl, 10 mM Tris, pH 7.4, 1% Triton X-100, 0.5% NP40, EDTA,
0.2 mM sodium orthovanadate, 0.3 µM aprotinin,130 µM bestatin, 14 µM E-64, and 1 µM
leupeptin) for 30 min at 4 ◦C. Subsequently, the lysate was centrifuged at 4100× g for 10 min,
the supernatant was recovered, and protein was quantified using the BCA assay. Samples
(25 µg/lane) from the total protein fraction were analyzed by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) on 10 % gels and subsequently transferred to PVDF membrane
(Millipore, MA, USA).

Membranes were blocked with 5% nonfat milk in Tris-buffered saline 0.1%-Tween-
20 (TBS-T) for 1 h at 37 ◦C and incubated at 4 ◦C overnight with the corresponding
primary antibody. Following TBS-T washings, membranes were further incubated for 2 h
at 37 ◦C with the corresponding horseradish peroxidase-conjugated secondary antibodies
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(HRP). Later, membranes were washed with TBS-T and detected the HRP activity with the
Immobilon kit (Millipore, MA, USA).

2.7. Cellular Fractionation

Three nuclei analysis and organelle separation protocols were explored: protocol
A (sucrose/imidazole), protocol B (mannitol/sucrose), and protocol C (sucrose/HEPES)
(Supplementary Figure S7) [29,30]. The most satisfactory method to analyze nuclei was
protocol A using sucrose (250 mM) and imidazole (3 mM) pH 7.4 buffer, supplemented
with protease and phosphatase inhibitors. Cells were scraped from culture dishes and
performed 35 passages through a 30 G syringe. Nuclei separation was verified with Trypan
blue staining. For nuclei recovery, lysates were centrifuged at 3400 rpm for 15 min. Then,
the two fractions (cytoplasm and nucleus) were lysed with protein lysis buffer for 25 min
at 4 ◦C; both fractions (25 µg/lane) were analyzed by SDS-PAGE and transferred to PVDF
membranes.

2.8. Isolation of Lipid Droplets and Lipid Quantification

Cells were processed as reported elsewhere [31]. Cells were washed with PBS, scraped
from the plate, transferred to a 2 mL tube, and then centrifuged at 2000× g for 2 min. The
pellet was dissolved in 200 µL of a buffer of 60% sucrose, 10 mM HEPES, 1 mM EDTA, and
pH 7.4. After mixing, samples were ice-incubated for 10 min. Next, 800 µL of ice-cold lysis
buffer was added and incubated on ice for 10 min. Cells were lysed by 5 passes through a
27-G needle and centrifuged at 100× g for 2 min. A mixture of 2 µL of methylene-blue per
mL of lysis buffer was prepared; then, 600 µL of this mixture was carefully layered on top
of the cell homogenate and centrifuged at 20,000× g at 4 ◦C for 120 min. Tubes were frozen
at −70 ◦C and the dye layer containing lipids was recovered (lipid droplets). Triglyceride
and cholesterol content of this fraction were measured (Spin React, S.A.U., Girone, Spain).

2.9. Insulin ELISA Assays

Cells were proliferated in 20-mm cell culture plates at a density of 2 × 105 cells/mL,
which were processed in a counting-chamber device. Cells were maintained in proliferation
for 72 h to reach 90% of confluence, and specific treatments were performed on a volume
of 1000 µL. Then, the cell culture medium was recovered and centrifuged for 5 min at
5000 rpm. The supernatant was recovered and diluted in PBS (1/10). Insulin concentrations
were quantified with the Ultrasensitive Insulin ELISA kit employing several adaptations
according to manufacturer recommendations (80-INSRTU-E01; ALPCO Diagnostics, NH,
USA). Absorbance readings were performed at 450 nm and results were reported as ng/mL.

2.10. Quantitative PCR for Insulin

Total RNA from RIN-m5F cells was obtained with Trizol reagent, following the supplier’s in-
structions. cDNA was synthesized using 1 µg of RNA and the Primer Script RT-PCR Kit (Takara
Inc, Tokyo, Japan). cDNA concentration was standardized for qPCR with the PowerUp Sybr
Green Master Mix 2X (Applied Biosystems, Waltham, MA, USA) according to the manufacturer’s
instructions. Primer sequences were insulin forward 5′AGGACCCACAAGTGGAACAACT3′, in-
sulin reverse 5′CAACGCCAAGGTCTTGAAGGT3′, GAPDH forward
5′AGACAGCCGCATCTTCTTGT3′, and GADPH reverse 5′CTTGCCGTGGGTAGAGTCAT3′.
qPCR reactions were performed in triplicate using an ABI PRISM 7000 sequence detection
system; data were analyzed with the 2−∆∆Ct method with GAPDH as reference calibrator
and reported as fold change. In addition, insulin detection was performed in hepatocytes
to validate quantification; the detection was negative.

2.11. Intracellular Calcium Quantification

Cells were processed as previously described [17], and calcium levels were calculated
according to Patel et al. [32]. After treatments, RIN-m5F cells were washed with PBS and
incubated at 37 ◦C with 1.5 µM Fura-2/AM (fluorescent Ca2+ indicator) in the opti-MEM
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medium for 75 min. Subsequently, cells were washed with PBS and incubated for 20 min at
25 ◦C. Cells were washed with PBS and fluorescence measurements were carried out at 340
and 380 nm excitation wavelengths, and a 510 nm emission wavelength, employing a Cary
Eclipse fluorescence spectrophotometer (Santa Clara, CA, USA). Rmax was obtained with
the addition of Triton X-100 (0.035%) and Rmin with the EGTA (4.5 mM) incubation [33]. In
addition, the insulin-secretagogue effect was evaluated with KCl (30 mM), according to
Scullion et al., 2012 [34].

2.12. Auraptene Treatment

Auraptene (98% purity) was prepared in a 1 mM DMSO stock solution, then evaluated
in a concentration range (1–16 µM) on β-cell cultures and concomitant LDL treatment
(20 µg/mL). Based on the results of ABCA1 expression and the impact on cholesterol
metabolism, we selected a dose of 4 µM to evaluate the protective effect on several indicators
such as insulin secretion, intracellular calcium, and EV secretion. In the experiments, DMSO
corresponding with a dose of auraptene 4 µM was evaluated as a control.

2.13. Isolation of EVs from Cell Culture-Conditioned Medium

After treatments, β-cells conditioned medium was diluted in PBS and centrifuged
twice at 200× g for 15 min using an S50-A 2559 rotor; subsequently, the pellet was discarded,
and the supernatant was recovered. In the next step, the supernatant was centrifuged
at 600× g for 30 min, the pelleted cell debris was discarded, then the supernatant was
centrifuged at 2000× g for 30 min, later at 10,000× g for another 30 min, and finally at
125,000× g for 80 min in a Sorvall MTX 150 ultracentrifuge. This ultracentrifugation step
generates EVs’ pellet [34]. The pellet was suspended in PBS and centrifuged one last time
to eliminate contaminant proteins, mainly insulin, and obtain a fraction with a high degree
of purity. The quality of the isolated EVs was characterized by the markers flotillin-2
and CD63.

2.14. Extracellular Vesicle Analysis

C9 cells were grown on 20-mm well plates (100,000 cells/mL) in DMEM supplemented
medium. At 90% confluence, C9 cells were incubated under different treatments with 40 µL
of EVs isolated from β-cells previously incubated under several conditions. Afterward,
the cells were washed with ice-cold PBS and lysed for 35 min at 4 ◦C with protein-lysis
buffer and centrifuged for 10 min at 8000 rpm. The supernatant was recovered, and protein
was quantified using a BCA assay. Samples (25 µg) were electrophoresed on SDS-PAGE
(10%) gels and transferred to PVDF membranes to evaluate the protein targets of insulin
signaling mTOR/p70S6Kα, as well as cholesterol targets.

2.15. MTT Assay

Cell viability was assessed by MTT reduction assay under different conditions for
20 h. First, cells were seeded onto 96-well plates at 23,000 cells/well density and allowed
to grow at 90% of confluence. Next, the culture medium was replaced with an Opti-MEM
medium. After 2 h under this condition, cells were treated under several experiments.
Later, 30 µL of an MTT 2.1 mg/mL stock solution was added to the culture media to obtain
a final concentration of 0.5 mg/mL. Formazan crystals formed after 4 h of incubation
were further dissolved by adding buffer lysis (20% sodium dodecyl sulfate, 50% N, N-
dimethylformamide, pH 4.0), according to the previous report [29]. Finally, optical density
was measured at 570 nm using a microplate reader.

2.16. Organelle Fractionation

Cells grown in 100 mm dishes were treated with LDL (25 µg/mL) for 20 h. Later,
cell cultures were washed once with cold PBS and scrapped. Cells were homogenized in
1 mL of buffer 0.27 M sucrose and 10 mM MOPS-Tris (pH 6.8) (SMT buffer), passing the
cell suspension three times through a 21-gauge needle and a 27-gauge needle. Cell debris
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and nuclei were removed by centrifugation for 5 min at 1000× g. The supernatant was
recovered, and the pellet was homogenized in 0.25 mL of SMT buffer by passing them three
times through a 21-gauge needle and a 27-gauge needle, centrifuged for 5 min at 1000× g;
the resulting supernatant was pooled with the first one. Pellet corresponds to the nucleus,
and the supernatant was centrifuged at 25,000× g for 20 min to separate organelles from the
cytosol. The pellet was resuspended in 150 µL SMT, loaded on a discontinuous Nycodenz
gradient composed of three layers (23.4, 8.8, and 4.4%), and centrifuged at 107,000× g
for 75 min. The Nycodenz-enriched fraction was recovered and loaded on a 27% Percoll
solution, later centrifuged at 35,000× g for 45 min.

2.17. Molecular Docking Experimentation

Atomic coordinates of protein ACAT/SOAT (PDB ID: 6L47) with a resolution of 3.50 Å
were evaluated. The structure of auraptene (CID: 1550607) was obtained from the PubChem
database [35]. For docking experimentation, the protein structure was prepared; waters and
small molecules were removed. The ligand and protein were 3D-protonated and energy
minimization was carried out by employing Molecular Operating Environment software
(MOE) using default parameters (Placement: Triangle Matcher, Rescoring 1: London ∆G,
AMBER99 force field). Each ligand was generated up to different conformations and protein
was visualized with ligand interactions implemented in MOE.

2.18. Statistical Analysis

Data are expressed as mean ± SD. Statistical analyses were conducted with one-way
ANOVA, and differences among means were compared with the Bonferroni assay using a
significance level of p < 0.01, unless otherwise specified. The software used was GraphPad
Prism version 6 (San Diego, CA, USA). For the analysis of the expression of proteins by
Western blot, a semiquantitative analysis was performed using loading controls with the
ImageJ software (Bethesda, MD, USA).

3. Results
3.1. Characterization of LDL Internalization in Insulin-Secreting Cells and Expression of
Cholesterol Protein Targets

We focused on the effect of LDL treatment on the cholesterol management capability
of β-cells. In the first instance, LDL isolation was performed by the KBr ultracentrifugation
method and validated through the evaluation of protein targets apoA-1 and apoB-100 on
the VLDL, LDL, and HDL fractions. Our results verified the appropriate isolation of the
LDL fraction (Supplementary Figure S1). According to previous work, the LDL fraction
was labeled with a fluorescent dil-C18 probe (dil), obtaining dil-LDL particles [36]. β-cell
cultures were treated under a concentration range of dil-LDL (0–40 µg/mL) (Figure 1A).
Based on our previous work associated with the fatty acid overload and lipopolysaccharide
effect on β-cell proteostasis and its impact on insulin secretion [17], we have established a
critical range in the β-cell physiology, the interval of 18–24 h, in which biological phenom-
ena such as changes in gene expression occur, with an insulin half-life of approximately
30 h [37]. Therefore, as a criterion for acute stimuli, we selected a range of 20 h. Results
suggest a concentration-dependent dil-LDL internalization, wherein the dil-LDL signal was
located in the cytoplasm and perinuclear area (Figure 1A). In parallel, LDL characterization
was accomplished by flow cytometry; results confirmed the LDL endocytosis phenomenon
(Figure 1B). As a control, we characterized the LDL endocytosis on hepatocyte cultures;
dose-dependent (0–40 µg/mL) endocytosis was registered by confocal microscopy, finding
a similar response in the LDL internalization (Supplementary Figure S2).
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Figure 1. LDL endocytosis in β-cells is associated with the alteration of cholesterol targets.
(A) RIN-m5F cells were treated with increasing concentrations of dil-LDL (0–40 µg/mL), repre-
sentative images showing Hoescht (blue), dil-LDL (red), and merge for each treatment. (B) Flow
cytometry analysis of dil-LDL endocytosis (0–20 µg/mL), under incubation for 20 h. PBS was used
as a vehicle. (C) Effect of LDL treatment (0–40 µg/mL) on the expression of HMGCR and SREBP2
in β-cells, hepatocytes were evaluated as a control. (D) Densitometry analysis of SREBP2 in β-cells,
results are reported as mean ± SD (n = 3), * p < 0.05 concerning control. β-actin was used as a
loading control.

To gain insights into the mechanisms involved in cholesterol regulation under LDL
treatment, we characterized the expression of HMGCR and SREBP2, critical elements for
the de novo cholesterol pathway. The data suggest a specific regulation of these targets
in β-cells and hepatocytes, wherein cholesterol synthesis could be triggered in β-cells,
considering an increased SREBP2 and HMCGR expression (Figure 1C,D). This response may
suggest an abnormal cholesterol metabolism in β-cells associated with the internalization
and activation of de novo synthesis. In this sense, hepatocytes cultures were evaluated
as controls, showing a constant high expression of SREBP2 and an HMGCR reduction
(Figure 1C), suggesting a better balance between endocytosis and de novo synthesis of
cholesterol. Moreover, a connection between cholesterol homeostasis and Ca2+ has been
proposed; for instance, a critical condition of the basal sensitivity of the sterol sensing
SREBP activity is the concentration of ER Ca2+ [18].

3.2. Insulin Secretion Is Promoted by LDL Endocytosis and Regulation of Targets That Modulate
Intracellular Calcium

Considering the presence of LDL endocytosis in β-cells and its potential implications
on regulating metabolism by modifying insulin secretion, we explored the secretagogue
effect of LDL and the possible dependence on Ca2+ concentrations. Contrary to expectations,
the results showed increased insulin exocytosis activity under the LDL incubation in a
concentration-dependent manner (0–40 µg/mL), evaluated by the measurement of insulin
concentrations in the extracellular media (Figure 2A).
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Figure 2. Insulin secretion promoted by LDL is associated with the modulation of targets control-
ling intracellular calcium levels. (A) Effect of LDL treatments (0–40 µg/mL) on insulin secretion
(n = 3, mean ± SD), ** p < 0.005. (B) Evaluation of insulin mRNA expression under the same LDL
concentrations and 20 h of treatment, qPCR reactions were performed for triplicate, and GAPDH
was used as a reference calibrator. Results are reported as mean ± SD (n = 3), * p < 0.05, ** p < 0.005.
(C) Quantification of intracellular Ca2+. (D) Expression of PMCA1/4 and SERCA2 on cytoplasm
lysates, representative Western blots are showed; quantitative characterization of the (E) SERCA2
and (F) PMCA1/4 expression (n = 3, mean ± SD), * p < 0.05, ** p < 0.005. (G) Western blot of NCX1 in
cellular lysates; β-actin was used as a loading control.

To gain further insights into the cellular responses originated by LDL treatment, we
characterized the insulin mRNA levels, wherein an increased expression was detected
(Figure 2B), with behavior corresponding to the augmented protein concentrations in the
extracellular media. Our data suggest the presence of a hyperinsulinism response mediated
by LDL. Notwithstanding, intracellular calcium concentrations were maintained without
significant changes at basal levels (Figure 2C); in this case, we evaluated the calcium
concentrations by obtaining for each measurement the Rmax and Rmin parameters [33].
To explain this phenomenon, we focused on the characterization of primary regulators of
cytoplasmic calcium concentrations. Our results showed the overexpression of PMCA1/4
and SERCA2 in cytoplasmic fractions of β-cells dependent on LDL treatment (Figure 2D–F).
In addition, we broadened the description of these cellular responses, exploring the LDL
effect on the Na+/Ca2+ exchanger NCX-1 (Figure 2F,G). Critically, the increase of PMCA1/4,
SERCA2, and NCX-1 could play an adaptive response to modulate cytoplasmic calcium
and then insulin exocytosis. In contrast, in a previous report, saturated palmitic acid in
combination with lipopolysaccharides promoted the proteolytic degradation of PMCA1/4,
affecting the regulation of calcium, insulin exocytosis, and cellular viability [17].

To explore into the mechanisms inducing the increment in LDL-dependent insulin
secretion, the expression of pancreatic and duodenal homeobox 1 (PDX-1) was evaluated.
PDX-1 is the critical transcription factor for insulin expression and, with the gene BETA2, is
associated with β-cell proliferation [38]. LDL treatment (0–40 µg/mL) induced an increase
in the levels of PDX-1 (Figure 3A,B). To assess whether insulin mRNA and extracellular-
insulin levels correlated with an increase in the intracellular concentration, we performed
two methodologies for the isolation of several organelles. We showed the results obtained
in cytosolic and organelles fractions, where targets such as ER-SERCA2 were evaluated as
a control (Figure 3C). The insulin quantification in organelles suggests that LDL treatment
(20 µg/mL) promoted an increment (Figure 3D). This phenomenon could explain the effects
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registered in the insulin mRNA levels and secretion; therefore, the impact of cholesterol
overload could be mediated through PDX-1.
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Figure 3. LDL modulates the extracellular insulin concentration through a transcriptional mechanism.
(A) PDX-1 expression under LDL treatment (0–40 µg/mL). (B) Densitometry analysis of PDX-1 in
β-cells, results are reported as mean ± SD (n = 3); * p < 0.05, ** p < 0.005 with respect to control.
(C) Characterization of SERCA2 on cytosol (Cyt) and organelles (Org) isolates; for this experimen-
tation, LDL (20 µg/mL) effect was evaluated. (D) Under this condition, insulin quantification was
performed in organelles fraction; effect of KCl depolarization (30 mM) on intracellular Ca2+ concen-
tration (E) and insulin in extracellular media (F). Stimuli were performed for 40 min. (D–F) Results
are reported as mean ± SD (n = 3), * p < 0.05, ** p < 0.01, *** p < 0.005. (G) Under the same condition,
PDX-1 expression was characterized. In panels (A,C,G) β-actin was used as a loading control.

As a control, we evaluated the effect of the main secretagogue that regulates intracel-
lular calcium, K+, the classical inducer of membrane depolarization (Figure 3E,F). β-cells
were stimulated with KCl (30 mM) for 40 min, according to Scullion et al., 2012. Under
this condition, results confirm the increase of Ca2+ levels induced by KCl (Figure 3E),
corresponding with insulin levels in extracellular media (Figure 3F) and evidencing the
changes in the electrochemical gradient in the membrane. However, PDX-1 expression
levels remained constant under this condition (Figure 3G). Then, cholesterol overload must
be the factor that turns on the expression of PDX-1, and a predominant LDL-metabolic
effect on the insulin transcription is present, possibly accompanied by lipotoxicity.

3.3. Evaluation of UPR Activation and Inflammatory Pathway

We previously demonstrated that lipotoxicity induced cyclooxygenase-2 (COX-2) over-
expression in hepatocytes, connected with steatosis, activating PERK/CHOP signaling [39].
In β-cells, results suggested that hypercholesterolemic LDL-stimuli was coupled with the
induction of COX-2 expression (Figure 4A,B). Moreover, an associated inflammatory cell
response was registered by the IL-6 induction dependent on NF-κB expression (Figure 4C).
However, exposure to high LDL concentration was not enough to modify the cellular
viability (Figure 4D). In this regard, we registered a pro-survival response mediated by
LDL, evaluating anti-apoptotic Bcl-2 (Figure 4E,F), possibly generating a compensatory
mechanism. Data suggest the evidence of a pro-inflammatory response without affecting
cellular viability. These results support the low-grade systemic inflammation connected
with obesity [40], considering obese patients showed increased levels of plasmatic IL-6 and
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IL-1β, inducing a higher risk of β-cell dysfunction and T2DM [41]. For the first time, this
phenomenon is described in β-cells.
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Figure 4. In β-cells, activation of UPR induced by LDL is connected with inflammatory markers.
(A) COX-2 expression under the LDL treatment (0–40 µg/mL) for 20 h in cytoplasm. Tunicamycin
(Tum, 1 µg/mL) was used as an ER-stress inducer. (B) Densitometry analysis of COX-2, results are
reported as mean ± SD (n = 3) and expressed as % of control, * p < 0.1, ** p < 0.0005. (C) IL-6 and
NF-κB expression under LDL increasing concentrations. (D) Effect of LDL treatment (0–40 µg/mL)
on β-cell viability, results are reported as mean ± SD (n = 6), * p < 0.05. (E) Under the same conditions,
expression of apoptosis regulator, Bcl-2; (F) quantitative characterization of the Bcl-2 expression
(n = 3, mean ± SD), * p < 0.05, ** p < 0.005. (G) Western blot of the UPR targets XBP1s and CHOP
under LDL stimuli (0–40 µg/mL) in nucleus isolates. Lamin B1 was used as a loading control.
Tunicamycin (Tum) was used as a control (1 µg/mL). (H) PDI expression levels under the LDL
treatment. (I) Densitometry analysis of PDI, results are reported as mean ± SD (n = 3) and expressed
as % of control. In panels A, C, E, and H, β-actin was used as a loading control.

Chronic hyperglycemia and hyperlipidemia associated with T2DM disrupt ER home-
ostasis, which could originate the UPR activation [42]. LDL treatment promoted the
translocation of the transcriptional factors XBP1s and CHOP in the nucleus, indicative of
the activation of the IRE1 and PERK arms of UPR (Figure 4G). Tunicamycin (Tum), an ER-
stress inducer that inhibits N-linked glycosylation, was included as a control (Figure 4G).
The expression of genes involved in lipid synthesis and chaperones could accompany this
response to alleviate ER stress [42], a phenomenon confirmed by the modulation of the lipid
synthesis regulator SREBP2, as we demonstrated in Figure 1. Misbalances in the secretory
protein synthesis pathway could be critical during insulin maturation; proinsulin is folded
at the ER by chaperones such as protein disulfide isomerase (PDI) [43]. The PDI response
was constant under LDL treatment (Figure 4H,I), suggesting the importance of maintain-
ing insulin folding. Furthermore, we completed the PDI characterization on ER isolates
showing the same response (Supplementary Figure S3). We have described the importance
of PDI under proteotoxicity induced by islet amyloid polypeptide (IAPP)-derived peptides
under β-sheet conformation [44]; IAPP is a hormone co-secreted with insulin. Described
as a chaperone with critical functions, PDI has a high expression level in the ER lumen, to
a lower extent in the cytosol and different cellular membranes [45]. Taking into account
the high PDI expression and according to these results and previous characterization, we
suggest that maintaining a high PDI expression would be critical in β-cell homeostasis.



Metabolites 2022, 12, 754 12 of 22

Likewise, despite the over-activation of pro-inflammatory proteins and the UPR, β-cell
viability was not affected under LDL stimuli (Figure 4D). Although, high levels of LDL and
the exacerbated cellular disposal of cholesterol could affect other sensitive mechanisms.

3.4. Effect of LDL Treatment on Renin–Angiotensin System (RAS) Components

An impaired glucose tolerance and insulin resistance are associated with ACE2-
knockout [46,47], and possibly, HNF1α plays a critical role. Under LDL treatment in β-cells,
we registered a distinctive LDL-dependent drop in HNF1α (Figure 5A,B). Expression levels
of HNF1α correspond with ACE2 levels (Figure 5A–C), a consistent phenomenon since
HNF1α has been described as the primary regulator of ACE2 [22], without affecting the syn-
thesis of insulin, whose main transcription factor is PDX-1. Specific mechanisms whereby
LDL modulates HNF1α expression are not elucidated. Taking into account that the expres-
sion of cholesterol regulators such as PCSK9 is controlled mainly at the transcriptional gene
level by HNF1α [48], intracellular cholesterol overload [49] and the induction of ER stress
associated with lipotoxicity could disrupt HNF1α expression.

To elucidate the potential implication of LDL stimulus on RAS, we focused on the
ACE2 primary regulator, the transmembrane Serine Protease 2 (TMPRSS2) (Figure 5D). In
the first instance, we reported the expression of TMPRSS2 in β-cells, as has been reported
by other study [50]. Under LDL stimulus, results suggested the presence of basal levels of
TMPRSS2 in the cytoplasmic fractions (Figure 5D). Although ACE2 and HNF1α diminished,
the expression of TMPRSS2, a regulator in binding to various ligands such as modified
LDL, remained constant (Figure 5D,E). Indeed, in a meta-analysis, the co-regulation of
ACE2 and TMPRSS2 has been suggested [51].
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Figure 5. Effect of LDL treatment on renin–angiotensin system (RAS). (A) Western blot of HNF1α
and ACE2 under increasing concentrations of LDL (0–40 µg/mL) at 20 h treatment. Quantitative
characterization of HNF1α (B) and ACE2 (C), results are expressed as % of control, * p < 0.05,
** p < 0.005 (n = 3, mean ± SD). (D) Under the same experimental condition, expression of TMPRSS2
on cytoplasm extracts; (E) densitometry analysis of TMPRSS2 (n = 3, mean ± SD). GAPDH was used
as a loading control. (F) AT1R expression levels under LDL incubation. (G) Densitometry analysis of
AT1R, results are expressed as % of control, * p < 0.05, ** p < 0.005 (n = 3, mean ± SD). In panels (A,F),
β-actin was used as a loading control.
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Cellular responses triggered by the downregulation of HNF1α/ACE2 were broadened;
in this case, the increased expression level of AT1R dependent on the LDL concentration was
registered (Figure 5F,G), possibly as an initial cascade of events during metainflammation
and RAS hyperactivity. Evidence suggests that chronic hypercholesterolemia induced the
upregulation of the AT1R function in vivo [41]. Under our conditions, AT1R expression
was promoted by high LDL concentrations, being described for the first time in β-cells
as part of the metainflammatory response. According to meta-analysis, AT1R blockers
could reduce the risk for new-onset T2DM in individuals with hypertension or an elevated
cardiovascular risk [42]. However, their impact on the physiology of β-cells has not been
proposed. Since insulin maturation occurs at the ER and Golgi lumen and UPR activation
reduces ER stress, cholesterol storage alterations could have critical implications and impair
mechanisms such as the RAS.

3.5. Intracellular Cholesterol Accumulation Induces Transporter Expression

To gain insights into the intracellular cholesterol responses under treatment with LDL
(0–20 µg/mL), we isolated the fat droplet fraction of β-cells according to the procedure
reported by Harris et al., 2012 [30]. We identified a sustained increase in cholesterol
concentrations (Figure 6A); this response was coupled with an overexpression of the
transporters ABCA1 and ABCG1 (Figure 6B,C) as an adaptive mechanism triggered under
the cholesterol accumulation. Cellular cholesterol homeostasis is controlled by the uptake,
synthesis, and efflux. Cholesterol efflux is critical in several conditions, for instance, reverse-
cholesterol transport [51], and possibly in the physiology of highly metabolic β-cells.
Therefore, the overexpression of cholesterol transporters is a compensatory mechanism to
maintain homeostasis. ER stress promoted by Tum did not induce ABCA1 overexpression
(Figure 6B), suggesting a metabolic response to the ABCA1.
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Figure 6. LDL treatment promotes the intracellular accumulation of cholesterol and triggers ABCA1
and ABCG1 expression. Intracellular cholesterol concentrations (A) on fat droplets under treatment
with LDL (0–20 µg/mL) at 20 h. Results are reported as mean ± SD (n = 3), * p < 0.1, ** p < 0.005.
(B) Western blot of cholesterol transporters ABCA1 and ABCG1. β-actin was used as a loading
control. Tunicamycin (Tum) was used as a control (1 µg/mL). (C) Densitometry analysis of ABCA1,
results are reported as mean ± SD and expressed as % of control (n = 3), # p < 0.05, ** p < 0.005.

Results suggest that LDL treatment modified the intracellular cholesterol metabolism,
coupled with alterations of insulin secretion and signaling. Under metainflammation,
the accumulation of bioactive lipids such as diacylglycerols as a response to triglyceride
biosynthesis triggers protein kinase C-ε activation to disrupt insulin signaling [52]. Then,
metabolic tissues could be susceptible to intracellular lipid modifications. In this sense, acyl-
coenzyme A: cholesterol acyltransferase (ACAT1), is an integral protein of ER, catalyzing
cholesteryl esters (CE) synthesis from cholesterol and fatty acyl-coenzyme A. CE are
stored as cytoplasmic lipid droplets inside the cells [53,54] and are associated with insulin
metabolism. ACAT1 activity could impact ABCA1 cholesterol export, considering ABCA1
mediates the removal of free cholesterol and phospholipids from lipid-laden cells [55].
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We have, therefore, sought the regulation of metainflammation through multifaceted
approaches, for instance, by exploiting the broad diversity of natural compounds found in
plants [39] with, mainly, dietary phytochemicals represent a promising therapy.

3.6. Regulation of Intracellular Cholesterol Metabolism by Auraptene

We focused on strategies to inhibit cholesterol esterification and thus prevent its
accumulation, inducing mechanisms that carry out cholesterol to the extracellular media
through the transporter ABCA1. ACAT can be regulated by an Aur molecule [28], a
geranyloxyn coumarin found in citrus fruits and Ferula species [56]. Based on this evidence
and the activity of cholesterol transporters, we focused on the effect of Aur on ABCA1
expression. First, we determined that the ABCA1 compensatory mechanism mediated
by LDL is maintained under Aur treatment (0–16 µM) (Supplementary Figure S4). Then,
we focused on the Aur effect at 4 and 8 µM, and the concomitant LDL treatment with
Aur maintained an elevated expression of ABCA1 (Figure 7A,B). This phenomenon was
coupled with regulating the hyperinsulinism promoted by LDL treatment; remarkably, Aur
reduced the insulin peak induced by LDL (Figure 7C). This may be associated with the
inhibition of ACAT and, possibly, the induction of its degradation (Figure 7D). A dynamic
balance between the esterification and hydrolysis of cholesterol in cells could be essential
to maintain homeostasis [57], considering that the esterification of sterols and hydrolysis of
cholesteryl-esters could buffer both an excess and a deficiency of free sterols [58].
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Figure 7. Auraptene (Aur) treatment modulates insulin secretion through intracellular cholesterol
metabolism in β-cells. (A) Characterization of ABCA1 under LDL (20 µg/mL) and concomitant
treatment with Aur (4 and 8 µM) at 20 h, control treatments were performed with Aur. (B) Densito-
metry analysis of ABCA1, results are reported as mean ± SD (n = 3) and expressed as % of control,
* p < 0.05, ** p < 0.005. (C) Effect of LDL (20 µg/mL) and Aur treatment (0–8 µM) on insulin se-
cretion in extracellular media (n = 3, mean ± SD), * p < 0.05 with respect to LDL treatment. (D)
Under the same conditions, with ACAT1 expression in cellular lysates, β-actin was used as a loading
control. DMSO was evaluated as a control. (E,F) Representation of the ACAT1 (blue, PDB: 6L47)
binding to Aur (green) by molecular docking; the residues (pink) indicate the interactions with Aur.
(G) Intracellular calcium quantification under LDL (20 µg/mL) and Aur treatment (4 µM) at 20 h of
incubation; a statistical significance was not found. Under the same conditions, the cellular viability
(H) and expression of PDX-1 by Western blot (I) were evaluated. (J) Densitometry analysis of PDX-1,
results are reported as mean ± SD and expressed as % of control (n = 3), * p < 0.05. In panels (A,D,I)
β-actin was used as a loading control.

In addition, by employing in silico experimentation on an ACAT structure (PDB: 6L47),
molecular docking results suggest the interaction of Aur with the residues Arg350, Asn351,
Tyr523, Arg525, Gln526, His527, Cys528, and Pro529 (Figure 7E,F). The Aur molecule could
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move away from the active site of ACAT when exposed to the solvent, which does not
allow the interaction of Aur with the crucial catalytic residues within the active site (H460,
N421, and W420) [59]. The crystal structure of ACAT1 reveals a tetramer integrated by a
dimer with a symmetric rubber raft shape. Each subunit comprises nine transmembrane
helices, showing a disulfide bond (C528 and C546) that is not modified by the interaction
with Aur [59,60]. An inhibitory phenomenon on cholesterol esterification could occur,
inducing higher levels of free cholesterol for cellular exportation and impacting the ABCA1
activity (Figure 7). Strategies such as ACAT inhibition showed relevant functions regulating
the β-cell physiology. Under the concentration evaluated (4 µM), Aur did not affect the
intracellular calcium levels (Figure 7G) and only a subtle difference in cellular viability
concerning the controls was registered (Figure 7H). Moreover, we have shown the cellular
effect of Aur in a range of 4–16 µM on the expression of ABCA1. However, we have
restricted ourselves to the lowest Aur 4 µM concentration. Our data suggest Aur modulates
PDX-1 activation under the LDL treatment (Figure 7I,J), showing that Aur induces the
regulation of insulin secretion by PDX-1. The results point out the role of Aur in metabolism
regulation [61].

The regulation of the PERK arm of UPR in β-cells could prevent liver steatosis in mice
under a high-fat diet [5] and, possibly, a communication process parallel to insulin among
these tissues could be mediated by EVs. Furthermore, once in circulation, EVs can regulate
intercellular communication in an endocrine way, facilitating the transmission of reciprocal
signals among different tissues involved in metabolism [62]. Therefore, metainflammation
in β-cells could modify cholesterol metabolism and promote insulin resistance in distant
tissues via EVs.

3.7. Cellular Communication Mediated by EVs

We evaluated this proposal employing EVs released under LDL treatment. First, β-cells
were incubated for 24 h with LDL (20 µg/mL) and concomitant Aur (4 µM); then, treatments
were withdrawn and cells were washed and incubated for another 24 h. Therefore, we
ruled out the background effect of LDL. Next, the supernatant medium was recovered
and the isolation of the EVs fraction was performed. In the first instance, we confirmed a
correct EVs isolation process by characterizing the exosome marker flotillin-2 on several
extracellular media taken at different experiment stages. The results showed that adequate
EVs fractions could be obtained 24 h after LDL treatment (Figure 8A). Likewise, the isolation
process demonstrated the presence of irrelevant insulin concentration in EVs fractions,
thus ruling out interferences (Figure 8B). As a criterion of reference, the insulin in EVs
was compared with concentrations in the supernatant media of control and LDL-treated
RIN-m5F cells (Figure 8B). In a complementary way, VPS4 protein was evaluated in β-cells,
a target associated with the endosomal sorting complexes required for transport (ESCRT)
machinery and essential for EVs formation [63]. VPS4 expression levels were evaluated
under concomitant LDL and Aur treatment and significant changes were not registered
(Supplementary Figure S5), suggesting the EVs formation is not affected.
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Figure 8. The effect of extracellular vesicles (EVs) in β-cells on insulin signaling in hepatocytes.
(A) Characterization of the purity of EVs isolated in extracellular media of β-cells was carried out
through several steps; flotillin-2 was used as a marker. Pre-EVs: extracellular vesicles at 0 h; Post-EVs:
extracellular vesicles at 20 h; FM-EVs: free medium of extracellular vesicles. β-cells and triple-
negative breast cancer cells (TNBC) lysates were used as controls. In addition, Coomassie stain was
performed on PVDF membranes. (B) Insulin quantification in EVs samples and extracellular media
of β-cells employing the ultrasensitive insulin ELISA assay. (C) Characterization of insulin signaling
in hepatocytes by p-p70S6kα, p70S6kα, eIF4E, and SREBP2 under the treatment of EVs derived from
β-cells incubated with LDL (20 µg/mL) and concomitant Aur (4 µM) treatment, respectively. PBS
was used as a control. Densitometry analysis of p-p70S6kα (D), p70S6kα (E), and SREBP2 (F). Results
are reported as mean ± SD (n = 3) and expressed as % of control, * p < 0.05, ** p < 0.01.

The effect of EVs isolated from β-cells was characterized under the treatment of hep-
atocytes cultures for 20 h. We found a diminished insulin signaling phenomenon under
the EVs incubation in which vesicles were isolated from β-cells treated with LDL; this
phenomenon was characterized by a reduction in the activation of p-p70S6Kα, which
was dependent on mTOR signaling, without affecting the expression levels of p70S6Kα
(Figure 8C–E). p70S6Kα activation is a crucial target in the regulation of protein transla-
tion, cellular growth, and proliferation, dependent on insulin signaling [64]. Notably, the
concomitant treatment of LDL plus Aur (4 µM) avoided this reduction in the p-p70S6kα
(Figure 8C–E). Direct treatment with LDL (20 µg/mL) and insulin (28 IU/L) was used as a
control (Supplementary Figure S6). Protein translation modifications have been described in
obesity, promoting the translation of targets that modulate lipid accumulation. A determin-
ing factor is the cap-binding eukaryotic translation initiation factor 4E (eIF4E) [65], a hub
target in protein translation and lipogenesis for which regulation depends on Akt/mTOR
(Figure 8C). Moreover, the EV-induced cellular alteration was coupled with a modification
in the expression of the SREBP2 transcription factor (Figure 8C,F). The results confirm the
affectation induced by EVs isolated from LDL-treated cells.
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4. Discussion

Based on the characterization of insulin phenomena such as exocytosis and mRNA
synthesis, β-cells were highly sensitive to LDL. Therefore, compensatory mechanisms
mediated by ABCA1 and calcium-regulator proteins were triggered. Calcium management
through the overregulation of SERCA2, NCX1, and PMCA1/4 could maintain free Ca2+

at a resting concentration of ∼100 nM [66]. Enzymes in charge of cholesterol metabolism,
calcium homeostasis, and ones involved in regulating plasmatic membrane cell turnover
and dynamics are located in the ER. UPR is a crucial regulator of the metabolism of lipids
and sterols [67]. Thus, a direct connection between ER stress and cholesterol overload
could be established, with consequences on calcium regulation, insulin exocytosis, and the
alteration of RAS.

Based on our results, a cellular response promoted by high LDL concentrations was the
activation of UPR; in this regard, under a saturated lipid stimulus, the UPR sensitization of
β-cells by IRE1/XBP1s and PERK/CHOP contributed to the upregulation of inflammatory
pathways mediated by NF-κB [17,68], impairing insulin synthesis and glucose-stimulated
insulin secretion (GSIS) [27]. Our evidence suggests that the induction of an adaptive
mechanism, triggered by LDL-cholesterol overload, and slight UPR activation promote a
hyperinsulinism phenomenon correlated to the synthesis of proinflammatory cytokines.

Therefore, the simultaneous function of Ca2+ management proteins and UPR main-
tains an essential contribution to the regulation of insulin exocytosis. Subtle mechanisms
to sustain cholesterol homeostasis involve esterification and hydrolysis [57]; cholesterol
biosynthesis is performed in several organelles, ER acts as the primary site of biosynthesis,
and enzymes such as HMG-CoA reductase reside and control the rate-limiting synthesis.
Under LDL treatment, β-cells increased the expression of HMG-CoA reductase and SREBP2
(Figure 1), and an active mechanism for cholesterol management could be present and
increase intracellular levels in agreement with LDL stimulation. In addition, a cholesterol-
induced inflammatory response occurred in parallel with the hyperinsulinism mediated
by the PDX-1 mechanism, impacting the physiology of β-cells. Therefore, based on our
results, novel mechanisms induced a hyperinsulinism phenomenon connected with an
LDL-cholesterol overload.

LDL treatment increased insulin gene expression; however, intracellular calcium and
counterbalance mechanisms might be triggered to maintain β-cell proteostasis. Hyperin-
sulinism was associated with ER stress, metainflammation, and a compensatory response
of ABCA1 overexpression. On the other hand, the highly proatherogenic oxidized LDL has
been described as downregulating ABCA1 expression via the MEK/ERK/LXR pathway,
leading to impaired insulin synthesis and GSIS in a β-cell model [69]. Indeed, ABCA1
reduction could lead to cholesterol accumulation coupled with an increased risk of islet
amyloid polypeptide (IAPP) aggregation [70], which suggests the importance of ABCA1.
According to our previous results, lipid overload affects the structural characteristics and
stability of IAPP, modifying its secretion [44]; this phenomenon was accompanied by β-cells
islet cytotoxicity [44]. In this work, our results suggest another response associated with
ABCA1 overexpression, highlighting the importance of maintaining high levels of ABCA1.

Membrane cholesterol content due to hypercholesterolemia has been associated with
low insulin secretion and glucose intolerance [71]. Likewise, a connection between elevated
serum cholesterol and reduced insulin secretion in β-cell cultures has been reported; this
condition was associated with increased neuronal nitric oxide synthase activation [72],
but without establishing a specific mechanism. Our data refer to the initial stages of
damage during the prediabetes, wherein one of the hallmarks is hyperinsulinemia, and
reveals the adaptive mechanisms that β-cells develop to alleviate this phenomenon. Indeed,
during prediabetes, elevated levels of small dense LDL-cholesterol (sdLDL-C) and LDL-
triglycerides have been registered [73]. Therefore, conditions of LDL-hypercholesterolemia
could represent an early damage mechanism during hyperinsulinism.

Auraptene treatment ameliorated hyperinsulinism coupled with high ABCA1 levels,
which maintained cholesterol homeostasis; therefore, the activity of cholesterol transport
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and the inhibition of cholesterol esterification through ACAT1 could play a significant
protective role. Cholesterol should be the regulatory factor that induces the expression
of the PDX-1, impacting hyperinsulinemia. In this regard, the insulin promoter has been
described as SREBPs target [74]; specifically, SREBP-1c, implicated in fatty acid synthesis
genes, can repress PDX-1 expression, promoting the inhibition of insulin expression and
β-cell failure, a phenomenon induced under a lipotoxic condition [75]. Based on the results,
other transcription factors regulated by sterols such as SREBP2 could promote PDX-1
expression Figures 1C,D and 3A,B). A decrease in the cholesterol accumulation by Aur
treatment could increase cholesterol export and Langerhans β-cell functionality, reducing
the activation of PDX-1 and, thus, insulin secretion (Figure 7C,I). Pharmacologic treatments
in development could enhance insulin synthesis and secretion [76,77], however, approaches
that consider the role of lipotoxicity are still limited.

Likewise, an intrinsic connection may exist between the cholesterol regulation and car-
bohydrate metabolism triggered by factors synthesized in β cells. Our results suggest that
the EV originated from metabolic damage in β-cells may contribute to insulin resistance
in hepatocytes by decreasing mTOR/p70S6Kα activation. We previously demonstrated
that exosomes isolated from supernatants of macrophages exposed to lipopolysaccharides
caused a metainflammation phenomenon on hepatocytes, promoting a rearrangement
in the cholesterol metabolism [39]. Our evidence suggests the impact of lipid-induced
inflammatory conditions on β-cells and their influence on hepatocytes mediated by EVs.
As part of this communication mechanism among cells and considering the metabolic
dysfunction in β-cells, the effect exerted by metabolic overload is not only seen on insulin
secretion, but a critical rearrangement of the cholesterol pathways could also occur and
represent the trigger condition. As hyperinsulinemia might be related to liver-cholesterol
management, and considering the presence of intercellular communication mechanisms
mediated by EVs, β-cell activity could exert a regulatory node at the systemic level. How-
ever, this phenomenon can be modulated by the natural compound Aur, a small molecule
that displays Lipinski’s criteria in pharmacologic development. Additional studies on
pancreatic islets to corroborate this phenomenon are necessary.

The implications between RAS and β-cell metainflammation may impact systemic
metabolic regulation and other related mechanisms. The role of HNF1s and ACE2 has
been proposed in β-cell activity-dependent glucose homeostasis [46,47]. A defective allele
of HNF1α in humans has been shown to cause Maturity Onset Diabetes of the Young
(MODY) type 3 [78]. Evidence suggests that HNF1α could control the growth and function
of β-cells by the gene regulation of targets such as glucose transporter 2, pyruvate kinase,
collectrin, hepatocyte growth factor activator, and HNF4α [79]. Our results suggest that
high LDL-cholesterol promotes a reduction in HNF1α, which causes a low expression of
ACE2, contributing to the impact on processes implicated in metainflammation.

5. Conclusions

The regulation of intracellular cholesterol metabolism represents a fundamental target
for insulin secretion, and cholesterol must modulate the concentration of the PDX-1 tran-
scription factor. β-cells showed high metabolic activity, wherein a feedback mechanism in
cholesterol management could occur, modifying insulin secretion and activating compen-
satory mechanisms critical in calcium regulation, proteostasis, and cholesterol homeostasis,
mechanisms that allow the maintenance of homeostasis and perform adaptive insulin
secretory activity. A concomitant response, originated in β-cells and mediated by EVs,
could be triggered in a manner involving tissues such as the liver. The results confirm the
role of auraptene on the metabolic effect and implication of LDL on β-cell functionality,
maintaining cellular homeostasis, and allow the basis for the use of molecules isolated
from natural sources or dietary phytochemicals to be established. Therefore, the results
emphasize the importance of strategies to reduce plasmatic LDL concentrations.
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zation of fractions of LDL isolation was obtained by the KBr-ultracentrifugation method. Supple-
mentary Figure S2: Evaluation of protocols employed in cellular fractionation on Langerhans β-cell
cultures. Supplementary Figure S3: LDL endocytosis in C9 cells (hepatocytes). Supplementary Figure
S4: Characterization of endoplasmic reticulum isolates through the evaluation of protein markers
PDI, SERCA2 under LDL treatment. Supplementary Figure S5: Auraptene (Aur) treatment (4–16 µM)
regulates the expression of cholesterol transporter ABCA1 in Langerhans β-cells. Supplementary
Figure S6: VPS4 expression in Langerhans β-cells under LDL and auraptene (Aur) treatment. Sup-
plementary Figure S7: Effect of LDL (20 µg/mL) and insulin (Ins) (28 IU/L) on insulin signaling in
hepatocyte cultures.
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