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ABSTRACT
Statins are widely used to treat hyperlipidemia and atherosclerotic cardiovascular diseases (ACVD) by 
significantly lowering low-density lipoprotein cholesterol (LDL-C) levels. However, their use has been 
associated with an increased risk of type 2 diabetes (T2D), a paradox given their lipid-lowering benefits. 
This study investigates the role of LDL receptors (LDLR) and proprotein convertase subtilisin/kexin type 
9 (PCSK9) in the diabetogenic effects of atorvastatin on pancreatic β-cells. Using the MIN6 pancreatic β- 
cell line, we assessed the impact of atorvastatin on LDL-C uptake, PCSK9 expression, glucose-stimulated 
insulin release (GSIR), and cell proliferation. Cellular cholesterol assays, EdU labeling, Dil-LDL uptake, 
western blot analysis, reverse transcription-quantitative polymerase chain reaction (RT-qPCR), and 
ELISA, were employed to measure relevant biomarkers and cellular responses. Male C57BL/6j mice 
were treated with atorvastatin to validate in vitro findings. Atorvastatin enhances LDL-C uptake by 
upregulating LDLR on the cell surface, without causing excess cholesterol accumulation. Additionally, 
atorvastatin suppresses PCSK9 expression, which is crucial for LDLR degradation. Interestingly, atorvas
tatin, combined with exogenous LDL-C, impairs glucose-stimulated insulin release (GSIR) but promotes 
cell proliferation, highlighting a potential mechanism for statin-associated diabetes. Oral administration 
of atorvastatin in mice reduced plasma PCSK9 and insulin levels, supporting the in vitro findings. These 
results indicate that while atorvastatin effectively lowers circulating cholesterol, it may adversely affect 
pancreatic β-cell function by modulating LDLR and LDL-C uptake, thereby increasing the risk of T2D. 
This study highlights the importance of further research to develop strategies mitigating the diabeto
genic effects of statins while maintaining their cardiovascular benefits.
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Introduction

Statins are the first-line agents for treating hyperlipi
demia and atherosclerotic cardiovascular diseases 
(ACVD), and they can lower LDL-C levels by as 
much as 60%.1 Statins reduce the relative risk of 
major coronary events by approximately 30%, and 
numerous ACVD patients treated with statins receive 
absolute benefits worldwide.2 In addition to their 
lipid-lowering potency, statins have other beneficial 
effects on ACVD, such as improved endothelial func
tion, reduced plaque vulnerability, inhibited myocyte 
infiltration, and reduced inflammation.3 Despite sta
tins being highly effective and safe for most people,

statins can have adverse effects on some patients, 
causing muscle pain and damage, liver damage, and 
an increased risk of type 2 diabetes (T2D).4 Notably, 
statin-associated T2D has received extensive attention 
because people with ACVD are often accompanied by 
T2D.5 Hyperlipidemia is a risky factor for T2D 
patients, and lipid-lowering therapy with statins is 
supposed to decrease the risk of T2D.6 Paradoxically, 
statin usage is associated with a higher risk of T2D and 
an increased risk of hyperglycemic complications.7

In recent years, numerous clinical studies have 
suggested a causal relationship between statin use
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and new-onset diabetes (NOD), which has greatly 
impacted the clinical use of statins.7,8 To solve this 
puzzle, we have speculated that low-density lipo
protein receptor (LDLR) may play a role in the 
pathological process of statin-associated T2D.9,10 

Briefly, statins may enhance LDL-C intake by pan
creatic islets via upregulation of LDLR; subse
quently, exogenous cholesterol may impair the 
function of pancreatic islets, resulting in an 
increased risk of T2D. However, LDLR expression 
alone does not fully explain the observed effects of 
statins on β-cell function. PCSK9, a key regulator 
of LDLR degradation, is highly expressed in pan
creatic β-cells and may influence cholesterol home
ostasis and insulin secretion.11 Given that statins 
suppress PCSK9 expression in the liver, it is critical 
to determine whether similar regulatory mechan
isms occur in pancreatic β-cells and whether 
PCSK9 plays a role in the diabetogenic effects of 
statins. More importantly, because the effects of 
statins on the function of pancreatic islets and 
their regulation of LDLR are not fully understood, 
there is no efficient method for preventing the 
onset of statin-associated T2D. To address these 
questions, we used atorvastatin to incubate 
a pancreatic β-cell line (MIN6), exploring the 
underlying mechanism of atorvastatin-induced 
LDLR regulation and how LDLR-mediated LDL- 
C uptake affects the function of MIN6 cells.

Materials and methods

Animals

The study was conducted following the Basic & 
Clinical Pharmacology & Toxicology policy for 
experimental and clinical studies.12 Animal experi
ments in this study were conducted by the 
Guidelines for Animal Experimentation of Xi’an 
Medical University (Xi’an, China). The experimen
tal protocols were approved by the Laboratory 
Animal Administration Committee of Xi’an 
Medical University (Institutional Animal Care 
and Use Committee; permit no. XYJZS- 
2024032105). Male C57BL/6j mice (12 weeks old; 
~30 g) were purchased from the laboratory animal 
center at Xi’an Jiaotong University (Xi’an, China). 
A total of 12 C57BL/6j mice were randomly divided 
into two groups and received a normal chow diet.

Referring to a previous study,13 one group was 
treated with atorvastatin via intragastric adminis
tration (10 mg/kg per day; Sigma-Aldrich; Merck 
KGaA, Darmstadt, Germany) for 4 weeks; the other 
group received the same dose of double distilled 
water (n = 6; respectively). All mice were individu
ally housed in plastic cages (30 × 20 × 13 cm) 
throughout the study and maintained on a 
12/12 h light/dark cycle (lights off at noon) at 
a constant temperature of 22°C with 10–15 h cycles 
of fresh air and relative humidity (60 ± 10%). Food 
and water were available ad libitum.

Cell culture and cellular cholesterol assay

The experiments were designed to investigate the 
effect of atorvastatin on LDL receptor-mediated 
LDL-C uptake and its modulation of PCSK9 
expression in pancreatic β-cells. LDLR upregula
tion was hypothesized to enhance cholesterol 
intake, potentially impacting glucose-stimulated 
insulin release (GSIR), and contributing to the 
diabetogenic effects observed with statin use. 
Mouse pancreatic β-cell line (MIN6 cells) was pur
chased from BioTNT (BioTNT, Shanghai, China). 
Cells were cultured in DMEM containing 15% 
FBS, 25 mmol/L glucose, 50 µmol/L 2-mercap
toethanol, 100 U/mL penicillin, and 100 µg/mL 
streptomycin. After the designated treatments, 
cellular assays such as cholesterol quantification, 
EdU proliferation assays, and Dil-LDL uptake 
assays were performed. Western blotting and 
immunofluorescence techniques were employed 
to measure LDL receptor (LDLR) and proprotein 
convertase subtilisin/kexin type 9 (PCSK9) pro
tein expression. The cells were maintained at 37°C 
in a humidified atmosphere of 95% air and 5% 
CO2. MIN6 cells (104) were seeded in 12-well 
plates and treated with atorvastatin hemicalcium 
salt sesquihydrate (0, 1, 10, and 100 nM; 
Sigma‑Aldrich, Merck KGaA, Germany) for 24 h 
with or without LDL-C (10 ug/mL; Yiyuan 
Biotechnologies, Guangzhou, China) (n = 3; 
respectively), referring to a previous study.14

The medium was discarded and washed twice 
with PBS, and cholesterol measurements were per
formed immediately after treatment. The kits 
(Solarbio, Shanghai, China) were used for monitor
ing cellular total cholesterol (TC), free cholesterol
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(FC), and cholesterol ester (CE) (n = 3; each simple 
was performed with 3 technical replicates, respec
tively). MIN6 cells were washed with cold PBS to 
remove the residual medium. Cells were then lysed 
using a cell lysis buffer and incubated on ice for 
30 minutes to ensure complete lysis. The lysate was 
collected, transferred to a microcentrifuge tube, 
and centrifuged at 10,000 × g for 10 minutes at 
4°C to remove cell debris. The supernatant was 
carefully collected and mixed with the cholesterol 
assay reagent as per the kit instructions. The reac
tion mixture was incubated at 37°C for 30 minutes, 
and the absorbance was measured at 500 nm using 
a microplate reader. Cholesterol concentrations 
were determined by comparing the absorbance 
readings to a cholesterol standard curve. For quan
titative analysis, each condition was assessed with 
three biological replicates, and three technical 
replicates were performed for each sample to 
ensure accuracy and minimize variation.

EdU labeling assay

MIN6 cells (1–4 × 104/well) were seeded in 
96-well plates and treated with atorvastatin 
(0, 1, 10, and 100 nM) for 24 h with or without 
LDL-C (10 ug/mL). EdU was added to the cul
ture medium at a concentration of 10 µM for 
2 hours. Cell proliferation was assessed using 
the Cell-Light EdU DNA cell proliferation kit 
(RiboBio, Guangzhou, China) following the man
ufacturer’s instructions. The staining was visua
lized using Nikon TE2000 Inverted Fluorescence 
Microscope (Nikon Corporation, Tokyo, Japan), 
and the red fluorescence was deemed as EdU 
staining-positive cells.

Dil-LDL uptake assay

MIN6 cells were cultured and inoculated in 
confocal dishes, then incubated with atorvasta
tin (0 and 10 nM) for 24 hours. Following this, 
the cells were switched to serum-free media and 
incubated with 10 μg/ml Dil-LDL (Yiyuan 
Biotechnologies, Guangzhou, China) for 
24 hours at 37°C in the dark. After incubation, 
the cells were washed with PBS, fixed in 4% 
paraformaldehyde, and their nuclei stained 
with DAPI. Finally, the cells were examined by

using Nikon TE2000 Inverted Fluorescence 
Microscope (Nikon Corporation, Tokyo, 
Japan), and the red fluorescence was deemed 
as Dil-LDL staining-positive cells.

Protein extraction and western blot analysis

Total protein was extracted from MIN6 cells as 
described.15 Primary antibodies used were: LDLR 
(1:500; Abcam, Cambridge, UK), PCSK9 (1:1000; 
Abcam), inducible degrader of LDL receptor 
(IDOL) (1:2000; Sigma-Aldrich; Merck KGaA), and 
GAPDH (1:2000; Santa Cruz Biotechnology, Inc.). 
The membranes were incubated with these primary 
antibodies overnight at 4°C. Subsequently, they were 
incubated with horseradish peroxidase-conjugated 
secondary antibodies (1:2500; Beyotime Institute of 
Biotechnology, Haimen, China) for 3 hours at room 
temperature. Western blot analysis was performed as 
previously described,16 and relative protein expres
sion was quantified using ImageJ (bundled with Java 
1.8.0_172; NIH). Repeat experiments can be found in 
Supplementary Material.

RNA extraction and reverse 
transcription‑quantitative polymerase chain reaction

The total RNA of MIN6 cells was extracted using 
RNAiso Plus (Takara Bio, Inc., Otsu, Japan) (n = 3; 
respectively). RT‑qPCR was performed and quanti
fied using the 2‑ΔΔCq method as previously described 
(n = 3; respectively).16 The sequences of the primers 
are listed as follows: LDLR, 
5'‑TGACCTTCATCCCAGAGCCTTC‑3' and 
5'‑GGCATGAGCGGGTATCCATC‑3;' proprotein 
convertase subtilisin/kexin type 9 (PCSK9), 
5'‑TATCCCAGCATGGCACCA GA‑3' and 
5'‑ATGGTGACCCTGCCCTCA A‑3;' E3 ubiqui
tin‑protein ligase MYLIP (IDOL), 5'‑AGGA 
GATCAACTCCACCTTCT G‑3' and 5'‑ATCTG 
CAGACCGGACAGG‑3; GAPDH, 5'‑ACTGAGG 
ACCAGGTTGTC‑3' and 5'‑TGCTGTAGCCG 
TATTCATTG‑3.'

ELISA

Plasma PCSK9 and insulin levels were measured 
using commercial ELISA kits (cat. no. MPC900; 
Mouse Quantikine ELISA for PCSK9; R&D Systems,
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Inc., Minneapolis, MN, USA; cat. no. YK060; Insulin 
ELISA; Yanaihara Institute Inc., Fujinomiya, Japan) 
during the 4th week of intervention, as previously 
described.13 For quantitative analysis, each condition 
was assessed with three biological replicates, and tech
nical replicates were performed in triplicate for each 
sample to ensure accuracy and minimize variation.”

Immunofluorescence

After 48 hours of incubation, MIN6 cells were fixed 
with 4% formaldehyde for 1 hour at room tempera
ture, followed by blocking with 5% bovine serum 
albumin (Beyotime Institute of Biotechnology) in 
PBS for 1 hour at room temperature. To prevent the 
detection of internalized LDLR in intracellular lyso
somes, cells were not permeabilized with Triton 
X-100 before incubation. The islets were then incu
bated overnight at 4°C with primary antibodies 
(1:500; Abcam, Cambridge, UK) targeting LDLR. 
Subsequently, Alexa Fluor 488 secondary antibodies 
(1:2000; Thermo Fisher Scientific, Inc.) were applied 
for 3 hours at room temperature. Images were cap
tured using a laser scanning confocal microscope 
(FV1200, Olympus, Japan) and analyzed with 
ImageJ software, as described previously.13

Statistical analysis

Before statistical analysis, normality was assessed 
using the Shapiro-Wilk test, and homogeneity of var
iance was evaluated with Brown-forsythe test 
(Supplementary Material 2). Results confirmed the 
data met parametric assumptions (supplementary 
material). All data are expressed as the mean ± SE. 
Two groups of comparisons were used by Student’s 
t-test. Multiple groups of comparisons were per
formed by using one-way ANOVA with the 
Bonferroni test. Two-way ANOVA with Bonferroni 
posttest was used to evaluate the effects of combined 
atorvastatin and LDL-C on GSIR. p < 0.05 was con
sidered statistically significant. The statistical calcula
tions were performed by using SPSS 19.0 software 
(IBM Corp., Armonk, NY, USA). Group allocations 
were made by an independent researcher. Both the 
experimenters and outcome assessors were blinded to 
the group assignments. Data analysis was performed 
by a statistician who was also blinded to group 
allocations.

Results

Atorvastatin enhances LDL-C uptake without 
causing excess cholesterol accumulation in MIN6 
cells

To assess the effect of atorvastatin on cholesterol 
synthesis and uptake in pancreatic β-cells, we mea
sured TC, CE, and FC after incubating MIN6 cells 
with various concentrations of atorvastatin and LDL- 
C. As shown in Figure 1A, with a 10 µg/mL dose of 
LDL-C (exogenous cholesterol) presenting in 
DMEM, a 10 nM dose of atorvastatin increased TC 
and CE levels in MIN6 cells compared with the con
trol group, and a 100 nM dose of atorvastatin only 
increased the CE level compared with the control 
group. However, atorvastatin did not affect the cellu
lar FC levels (Figure 1A). Statins can promote exo
genous cholesterol uptake by upregulating LDLR 
while suppressing endogenous cholesterol synthesis 
by inhibiting HMG-CoA reductase (HMGCR). This 
dual effect is dose-dependent and influenced by add
ing LDL-C. As shown in Figure 1B, without present
ing LDL-C or addition of 1 ug/mL LDL-C, a 100 nM 
dose of atorvastatin dramatically reduced TC and CE 
levels compared with the control group, showing that 
atorvastatin indeed suppresses endogenous choles
terol synthesis. However, when LDL-C concentra
tions increased to 10 µg/mL, TC and CE levels 
returned to normal compared to the control group, 
indicating that adding exogenous cholesterol neutra
lizes atorvastatin-suppressed endogenous cholesterol 
synthesis. Whereas, adding 100 µg/mL LDL-C, it did 
not cause excess cholesterol accumulation in MIN6 
cells with a 100 nM dose of atorvastatin incubation 
(Figure 1B). To further verify atorvastatin-promoted 
exogenous cholesterol uptake, MIN6 cells were incu
bated with a 10 nM dose of atorvastatin and a 10 µg/ 
mL dose of Dil-LDL. As shown in Figure 1C, atorvas
tatin dramatically increased Dil-LDL uptake 
(Figure 1C).

Differential effects of atorvastatin on MIN6 cell 
proliferation in the presence of LDL-C

Given that cell proliferation is a prerequisite for 
pancreatic islet function, we used EdU staining to 
assess the effect of atorvastatin on the proliferation 
of MIN6 cells. As shown in Figure 2A, a 100 nM 
dose of atorvastatin significantly suppressed MIN6
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Figure 1. Effect of atorvastatin on cholesterol synthesis and uptake in pancreatic β-cells. (A) Total cholesterol (TC), cholesterol ester 
(CE), and free cholesterol (FC) were measured in MIN6 cells after incubation of combined atorvastatin (0, 1, 10, and 100 nM) with LDL-C 
(10 ug/mL) for 24 h. (B) TC, CE, and FC were measured in MIN6 cells after incubation of combined atorvastatin (100 nM) with LDL-C (0, 
1, 10, and 10 ug/mL) for 24 h. (C) LDL uptake was assessed by fluorescence microscope after incubation of combined atorvastatin (10
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cell proliferation. In contrast, the co-incubation of 
atorvastatin (10 nM and 100 nM) and a 10 µg/mL 
dose of LDL- significantly promoted the prolifera
tion of MIN6 cells.

Atorvastatin impairs the glucose-stimulated insulin 
release (GSIR) with the addition of LDL-C

Next, we performed GSIR experiments to assess 
whether atorvastatin could disturb insulin

nM) with Dil-LDL-C (10 ug/mL) for 24 h (n = 12). The effects of combined atorvastatin and LDL-C were analyzed by using two-way 
ANOVA with the Bonferroni test, and Student’s t-test was used to evaluate the comparisons of LDL uptake. The data are expressed as 
the mean ± S.E.M. *p < 0.05, ***p < 0.001 and ****p < 0.0001 versus the control group (0 ug/mL LDL +0 nM Ator). ####p < 0.0001 
versus the group (0 ug/mL LDL +100 nM Ator). &&&&p < 0.0001 versus the group (1 ug/mL LDL +100 nM Ator).

Figure 2. Atorvastatin affects the proliferation of MIN6 cells. (A) EdU staining assesses the effect of atorvastatin (0, 1, 10, and 100 nM) 
on MIN6 cells proliferation (left) and quantification of EdU staining-positive cells (right) (n = 8). (B) EdU staining assesses the effect of 
combined atorvastatin (0, 1, 10, and 100 nM) with LDL-C (10 ug/mL) on MIN6 cells proliferation (left) and quantification of EdU 
staining-positive cells (right) (n = 8). The effects of combined atorvastatin and LDL-C were analyzed by using two-way ANOVA with the 
Bonferroni test. The data are expressed as the mean ± S.E.M. *p < 0.05 versus the control groups (0 ug/mL LDL +0 nM Ator or 10 ug/ 
mL LDL +0 nM Ator); ###p < 0.001 versus the group (0 ug/mL LDL +1 nM Ator).
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secretion. As shown in Figure 3A, a 10 nM dose of 
atorvastatin did not affect GSIR (2 nM and 20 nM 
doses of glucose). However, with presenting 
a 10 µg/mL dose of LDL-C, a 10 nM dose of ator
vastatin significantly suppressed GSIR at a 2 nM 
glucose stimulation (Figure 3B).

Atorvastatin upregulates LDL receptors in the 
cytomembrane without affecting total protein 
levels

Considering that cells can intake exogenous 
cholesterol via LDLR-mediated internalization 
of LDL-C, we measured LDLR expression to 
investigate the mechanism underlying atorvasta
tin-induced LDL-C uptake. As shown in 
Figure 4A,B, various doses of atorvastatin did 
not significantly affect LDLR protein expression, 
which was further confirmed by Real-Time PCR 
measurement of mRNA abundance. Next, by 
using immunofluorescence without membrane 
permeability reagents, we found that a 100 nM 
dose of atorvastatin dramatically promoted 
LDLR protein expression on the cytomembrane 
(Figure 4C). Similarly, when MIN6 cells were 
incubated with atorvastatin and a 10 µg/mL 
dose of LDL-C, three doses of atorvastatin did 
not affect LDLR protein and mRNA expressions 
(Figure 4D,E). However, immunofluorescence 
indicated that atorvastatin could also promote 
LDLR protein expression on the cell surface 
(Figure 4F).

Atorvastatin downregulates PCSK9 expression in 
MIN6 cells without LDL-C addition

Protein post-translational modifications determine 
the LDLR levels on the cell surface, mainly including 
two pathways as PCSK9 and IDOL-mediated LDLR 
degradations. Because of that, we studied the PCSK9 
and IDOL expression in atorvastatin-treated MIN6 
cells. (Figure 5A,B shows, atorvastatin (10 and 100  
nM) radically suppressed PCSK9 protein expression, 
but atorvastatin did not significantly affect IDOL 
protein expression. Whereas, when MIN6 cells 
were incubated by atorvastatin with a 10 ug/mL 
dose of LDL-C, three doses of atorvastatin did not 
significantly affect either PCSK9 or IDOL protein 
expression (Figure 5C,D). Of note, a single applica
tion of atorvastatin did not affect both PCSK9 and 
IDOL mRNA expressions in MIN6 cells (Figure 5E), 
but combined atorvastatin (10 nM) with LDL-C (10 
ug/mL) promoted both PCSK9 and IDOL mRNA 
expression (Figure 5F).

Oral atorvastatin administration decreases plasma 
PCSK9 and insulin levels in mice

Given that circulating PCSK9 levels are key LDLR 
regulators for peripheral organs, we measured 
plasma PCSK9 levels after 4 weeks of oral atorvas
tatin administration (100 mg/day) in mice. As 
shown in Figure 6A,B, plasma insulin, and PCSK9 
levels were reduced following 4 weeks of atorvasta
tin administration.

Figure 3. The effect of atorvastatin on the glucose-stimulated insulin release (GSIR) in MIN6 cells. (A) Glucose (2 and 20 nM) stimulates 
insulin secretion in MIN6 cells after incubation of atorvastatin (10 mm) for 24 h (n = 3). (B) Glucose (2 and 20 nM) stimulates insulin 
secretion in MIN6 cells after incubation of combined atorvastatin (10 nM) with LDL-C (10 ug/mL) for 24 h (n = 3). Two-way ANOVA with 
Bonferroni posttest was used to evaluate the effect of atorvastatin on GSIR. The data are expressed as the mean ± S.E.M. *p < 0.05 
versus the control groups (10 ug/mL LDL +0 nM Ator).
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Figure 4. The effect of atorvastatin on the LDLR expression in MIN6 cells. (A) Immunoblot analysis was performed in MIN6 cells after 
incubation of atorvastatin ((0, 1, 10, and 100 nM) for 24 h (left) and LDLR protein expression was semi-quantified (right; n = 3). (B) 
mRNA expression of LDLR was confirmed by real-time PCR in MIN6 cells after incubation of atorvastatin (10 nM; n = 3). (C) 
Immunohistochemistry and confocal microscopy for LDLR protein expression in MIN6 cells cultured with atorvastatin (100 nM) for 
24 h and the bar indicates 75 μM (left) and the semi-quantification of LDLR protein expression in MIN6 cells (right; n = 6). (D) 
Immunoblot analysis was performed in MIN6 cells after incubation of combined atorvastatin ((0, 1, 10, and 100 nM) with LDL-C (10 ug/ 
mL) for 24 h (left) and LDLR protein expression was semi-quantified (right; n = 3). (B) mRNA expression of LDLR was confirmed by real-
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Discussion

Over the past 20 years, numerous studies have 
indicated that statin use is associated with T2D, 
though the underlying mechanism remains 
unclear.17 Previous studies focused on the effects 
of statins on pancreatic β-cell function, emphasiz
ing insulin pathways, mitochondrial pathways, and 
oxidative stress pathways.18 However, they over
looked that statins are inhibitors of hydroxy
methylglutaryl coenzyme A reductase, primarily 
targeting cholesterol synthesis and influencing 
cholesterol metabolism. Statins may disturb pan
creatic islet function by affecting cholesterol meta
bolism in β-cells. Given that, our study explores the 
interplay between statin therapy, specifically ator
vastatin, and pancreatic β-cell function under 
hyperlipidemic conditions. As shown in our find
ings, atorvastatin suppresses endogenous choles
terol synthesis in MIN6 cells, but the addition of 
LDL-C neutralizes this effect. Interestingly, despite 
atorvastatin promoting LDL-C uptake, cellular 
cholesterol levels do not become excessively high. 
Given there are some negative feedback mechan
isms by the SREBP-2 and HMGCR pathways,19 

pancreatic β-cells may regulate their intracellular 
cholesterol levels thereby lowering cholesterol 
synthesis. Despite that, a certain degree of choles
terol accumulation may impair β-cell function and 
insulin secretion.20 Briefly, cholesterol accumula
tion alters lipid raft composition and membrane 
fluidity, resulting in reduced glucose transporter 
membrane levels, increased glucokinase (GCK) 
retention in insulin granules, and alteration of spa
tial organization of L-type voltage-gated Ca2+ 
channels (VGCC) and K+ ATP channels.21 

Notably, a question arises whether atorvastatin- 
promoted LDL-C uptake can achieve the patholo
gical effects of cholesterol accumulation on these 
cells. Our study finds that atorvastatin combined

with LDL-C impairs GSIR at a 2 nM dose of glu
cose, suggesting that atorvastatin-promoted LDL-C 
uptake may have harmful effects. To address the 
underlying mechanism, further studies should use 
isolated pancreatic β-cells or other β-cells lines to 
elucidate the dose-response relationships between 
atorvastatin, LDL-C, and GSIR. Given that the 
LDLR pathway is also responsible for the interna
lization of modified LDL-C,22 circulating modified 
LDL-C can cause cytotoxicity in pancreatic β cells.

In addition to affecting lipid metabolism, some 
studies also report that statins can promote the β 
cells’ mass.23,24 In contrast, we found that low 
doses of atorvastatin have no significant effect on 
cell proliferation, but a 100 nM dose inhibits MIN6 
cell proliferation. As previously described,14 a 100  
nM dose of atorvastatin reduces 32.12% of cell 
viability and 34.07% of insulin secretion rate, sug
gesting that this dose of atorvastatin causes the 
cytotoxic effect on pancreatic β cells. In contrast, 
atorvastatin combined with a low dose of LDL-C 
can obviously promote the proliferation of MIN6 
cells. Of note, it cannot be simply speculated that 
this effect is good for pancreatic β cells. Because 
atorvastatin combined with LDL-C may act as 
a low-dose of toxic agent, cells respond to the 
minor toxic effect by elevated viability and prolif
eration, and this phenomenon is therefore called 
hormesis.25 If the addition of LDL-C alters the 
effects of atorvastatin on pancreatic β cells, it is 
hard to believe that LDLR not be involved in this 
process. Our study reveals that atorvastatin regu
lates LDLR expression, increasing LDLR on the cell 
surface without altering total protein levels. Given 
the limitations of the current method, future 
research should consider isolating cell membranes 
to investigate LDLR protein expression more accu
rately. In light of total LDLR protein and mRNA 
expressions remaining unchanged, atorvastatin 
may regulate the numbers of LDLR on the

time PCR in MIN6 cells after incubation of combined atorvastatin (10 nM) with LDL-C (10 ug/m) (n = 3). (C) Immunohistochemistry and 
confocal microscopy for LDLR protein expression in MIN6 cells cultured with combined atorvastatin (100 nM) with LDL-C (10 ug/mL) 
for 24 h and the bar indicates 75 μM (left) and the semi-quantification of LDLR protein expression in MIN6 cells (right; n = 6). Multiple 
groups of comparisons were performed by using one-way ANOVA with the Bonferroni test and the effects of combined atorvastatin 
and LDL-C were analyzed by using two-way ANOVA with the Bonferroni test and Student’s t-test was used to evaluate the 
comparisons of two groups. The data are expressed as the mean ± S.E.M. **p < 0.01 and ***p < 0.001 versus the control groups (0 
ug/mL LDL +0 nM Ator or 10 ug/mL LDL +0 nM Ator).
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Figure 5. The effect of atorvastatin on the PCSK9 and IDOL expression in MIN6 cells. (A) Immunoblot analysis for PSCK9 protein 
expression in MIN6 cells after incubation of atorvastatin (0, 1, 10, and 100 nM) for 24 h (left) and the semi-quantification of PCSK9 
protein expression (right) (n = 3). (B) Immunoblot analysis for IDOL protein expression in MIN6 cells after incubation of atorvastatin (0, 
1, 10, and 100 nM) for 24 h (left) and the semi-quantification of IDOL protein expression (right) (n = 3). (C) Immunoblot analysis for 
PCSK9 protein expression in MIN6 cells after incubation of combined atorvastatin (0, 1, 10, and 100 nM) with LDL-C (10 ug/mL) for 24 h 
(left) and the semi-quantification of PCSK9 protein expression (right) (n = 3). (D) Immunoblot analysis for IDOL protein expression in 
MIN6 cells after incubation of combined atorvastatin (0, 1, 10, and 100 nM) with LDL-C (10 ug/mL) for 24 h (left) and the semi- 
quantification of IDOL protein expression (right) (n = 3). (E) mRNA expressions of PCSK9 (left) and IDOL (right) were confirmed by real- 
time PCR in MIN6 cells after incubation of atorvastatin (10 nM) for 24 h n = 3). (F) mRNA expressions of PCSK9 (left) and IDOL (right) 
were confirmed by real-time PCR in MIN6 cells after incubation of combined atorvastatin (10 nM) with LDL-C (10 ug/m) (n = 3). 
Multiple groups of comparisons were performed by using one-way ANOVA with the Bonferroni test and the effects of combined 
atorvastatin and LDL-C were analyzed by using two-way ANOVA with the Bonferroni test and Student’s t-test was used to evaluate the 
comparisons of two groups. The data are expressed as the mean ± S.E.M.*p < 0.05, **p < 0.01 and ***p < 0.001 versus the control 
groups (0 ug/mL LDL +0 nM Ator or 10 ug/mL LDL +0 nM Ator). ###p < 0.001 SOR versus the group (0 ug/mL LDL +1 nM Ator).
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cytomembrane by affecting protein post- 
translational modifications. In these pathways of 
LDLR post-translational modification, PCSK9 is 
the most important post-translation regulatory 
protein for LDLR, which binds LDLR and escorts 
them to lysosome and prevents its recycling to the 
cell surface11. When PCSK9 monoclonal antibody 
inhibitors are combined with statins, it has been 
suggested that it reduces LDL-C by 60% and car
diovascular events by 15–20%.26 β-cells constitute 
the cell type richest in PCSK9 expression, closely 
followed by hepatocytes, and a possible toxic effect 
is found in the PCSK9 knock-out mice and human 
pancreatic β-cells line via excessive cholesterol 
internalization in β-cells.27,28 More importantly, 
pancreatic PCSK9-null mice exhibit normal blood 
PCSK9 and cholesterol levels but are glucose intol
erant and have defective insulin secretion, indicat
ing that in situ PCSK9 plays a key role in 
maintaining the function of pancreatic β cells.29 

Intriguingly, our study finds that PCSK9 protein 
expression in MIN6 cells is reduced by atorvastatin 
incubation, but such PCSK9 reduction is neutra
lized by the addition of LDL-C, indicating that 
statin-induced PCSK9 secretion is regulated by 
exogenous cholesterol. The observed effect may 
be due to the interplay between LDL-C uptake 
and atorvastatin’s action on LDLR, which in turn 
affects the synthesis and degradation of PCSK9. 
Notably, this phenomenon should be further inves
tigated using isolated islets, and the underlying 
mechanism requires further elucidation. Unlike 
PCSK9, IDOL is not easily influenced by

atorvastatin regardless of LDL-C levels. IDOL is 
also called Mylip and is another important regula
tor of the post-transcriptional control of LDLR 
abundance, which can bind LDLR to induce its 
degradation via E3 ubiquitylation30. The differen
tial effects of atorvastatin on PCSK9 and IDOL 
expression further elucidate the regulatory 
mechanisms of LDLR on the cell surface, providing 
insights into how statins may modulate LDLR 
levels and function in pancreatic β-cells. 6, plasma 
PCSK9 and insulin levels in mice were also reduced 
by oral atorvastatin, suggesting that PCSK9 is 
a critical mediator in influencing cholesterol 
uptake and the functional dynamics of pancreatic 
β-cells. Indeed, a real-world study shows that peo
ple treated with PCSK9 inhibitors are associated 
with mild hyperglycemia,31 but there is no firm 
proof to support the association between PCSK9 
inhibitors usage and the risk of NOD.32 However, 
based on our findings, the pathological effect of 
PCSK9 on pancreatic β-cells should be considered 
in the pathogenesis of statin-associated diabetes.

Conclusion

This study provides novel insights into the effects 
of atorvastatin on cholesterol metabolism in pan
creatic β-cells and its potential implications for 
statin-associated diabetes risk. Our findings show 
that atorvastatin increases the uptake of LDL-C in 
MIN6 cells by regulating LDLR levels on the cell 
surface, which is combined with a notable decrease 
in PCSK9 expression. This mechanism does not

Figure 6. The effect of oral atorvastatin on plasma insulin and PCSK9 levels. (A) Plasma insulin and (B) PCSK9 levels were measured by 
ELISA kits after oral atorvastatin (100 mg/day) being administrated for 4 weeks (n = 6). Student’s t-test was used to evaluate the 
comparisons of two groups. The data are expressed as the mean ± S.E.M. *p < 0.05 and **p < 0.01 versus the control groups.
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lead to cholesterol accumulation but may impair 
pancreatic islet function, particularly under condi
tions of added exogenous cholesterol. Our findings 
highlight the importance of PSCK9 in patients 
receiving statin therapy, especially those patients 
with a higher risk of diabetes. Further research is 
necessary to fully elucidate the mechanisms by 
which statins influence pancreatic β-cell function 
and to develop strategies to mitigate the risk of 
statin-associated diabetes.

Limitations

This study provides valuable insights into the 
effects of atorvastatin on LDL receptor regulation 
and pancreatic β-cell function; however, several 
limitations should be acknowledged. First, the 
experiments were conducted using MIN6 cells, 
which, while widely used as a β-cell model, may 
not fully replicate the physiological responses of 
primary pancreatic islets. Future studies using iso
lated islets or in vivo models are needed to validate 
these findings in a more physiologically relevant 
setting. Second, while we observed atorvastatin- 
induced changes in LDL-C uptake and PCSK9 
expression, the long-term effects of these altera
tions on β-cell function and glucose homeostasis 
require further investigation. Lastly, potential com
pensatory mechanisms, such as cholesterol efflux 
or metabolism, were not directly assessed and 
should be explored in future studies to provide 
a more comprehensive understanding of the 
impact of atorvastatin on pancreatic β-cells.
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Abbreviation

ACVD atherosclerotic cardiovascular diseases
LDL-C lowering low-density lipoprotein cholesterol
T2D type 2 diabetes
LDLR LDL receptors
PCSK9 proprotein convertase subtilisin/kexin type 9
GSIR glucose-stimulated insulin release
NOD new onset diabetes
TC total cholesterol
FC free cholesterol
CE cholesterol ester
IDOL inducible degrader of LDL receptor
HMGCR HMG-CoA reductase
GCK glucokinase
VGCC voltage-gated Ca2+ channels.

References

1. Feingold KR. Cholesterol lowering drugs. Feingold KR, 
Anawalt B, Blackman MR, Boyce A, Chrousos G, 
Corpas E, et al., editors. South Dartmouth (MA): 
Endotext; 2000.

2. Saghebasl S, Nobakht A, Saghebasl H, Hayati S, 
Naturi O, Rahbarghazi R. Sandwich-like 
electro-conductive polyurethane-based gelatin/soybean 
oil nanofibrous scaffolds with a targeted release of sim
vastatin for cardiac tissue engineering. J Biol Eng. 
2023;17(1):42. doi: 10.1186/s13036-023-00364-6  .

3. Sirtori CR. The pharmacology of statins. Pharmacol 
Res. 2014;88:3–11. doi: 10.1016/j.phrs.2014.03.002  .

4. Ruscica M, Ferri N, Banach M, Sirtori CR, Corsini A. 
Side effects of statins: from pathophysiology and epide
miology to diagnostic and therapeutic implications. 
Cardiovasc Res. 2023;118(17):3288–3304. doi: 10. 
1093/cvr/cvac020  .

12 Z. ZHANG ET AL.

https://doi.org/10.1186/s13036-023-00364-6
https://doi.org/10.1016/j.phrs.2014.03.002
https://doi.org/10.1093/cvr/cvac020
https://doi.org/10.1093/cvr/cvac020


5. Gourdy P, Schiele F, Halimi JM, Kownator S, Hadjadj S, 
Valensi P. Atherosclerotic cardiovascular disease risk 
stratification and management in type 2 diabetes: 
review of recent evidence-based guidelines. Front 
Cardiovasc Med. 2023;10:1227769. doi: 10.3389/fcvm. 
2023.1227769  .

6. Zhai Z, Yang Y, Lin G, Lin W, Wu J, Liu X, Zhang S, 
Zhou Q, Liu H, Hao G. The hypertension and hyperli
pidemia status among type 2 diabetic patients in the 
community and influencing factors analysis of glycemic 
control. Diabetol Metab Syndr. 2023;15(1):73. doi: 10. 
1186/s13098-023-01013-0  .

7. Mansi IA, Chansard M, Lingvay I, Zhang S, Halm EA, 
Alvarez CA. Association of statin therapy initiation 
with diabetes progression: a retrospective 
matched-cohort study. JAMA Intern Med. 
2021;181:1562–1574.

8. Betteridge DJ, Carmena R. The diabetogenic action of 
statins — mechanisms and clinical implications. Nat 
Rev Endocrinol. 2016;12(2):99–110. doi: 10.1038/ 
nrendo.2015.194  .

9. Yu Q, Chen Y, Xu CB. Statins and new-onset diabetes 
mellitus: LDL receptor may provide a key link. Front 
Pharmacol. 2017;8:372. doi: 10.3389/fphar.2017.00372  .

10. Yu Q, Su X, Liu E. Could familial hypercholesterolemia 
oppose the diabetogenic effect of statin? Comments on 
a new SAFEHEART study. Int J Cardiol. 
2016;202:954–955. doi: 10.1016/j.ijcard.2015.10.016  .

11. Seidah NG, Prat A. The multifaceted biology of PCSK9. 
Endocr Rev. 2022;43(3):558–582. doi: 10.1210/endrev/ 
bnab035  .

12. Tveden-Nyborg P, Bergmann TK, Jessen N, 
Simonsen U, Lykkesfeldt J. BCPT 2023 policy for 
experimental and clinical studies. Basic Clin 
Pharmacol Toxicol. 2023;133(4):391–396. doi: 10. 
1111/bcpt.13944  .

13. Yu Q, Wang F, Meng X, Gong Y, Wang Y, Xu C, 
Wang S. Short‑term use of atorvastatin affects glucose 
homeostasis and suppresses the expression of LDL 
receptors in the pancreas of mice. Mol Med Rep. 
2018;18:2780–2788. doi: 10.3892/mmr.2018.9239  .

14. Zhao W, Zhao SP. Different effects of statins on induc
tion of diabetes mellitus: an experimental study. Drug 
Des Devel Ther. 2015;9:6211–6223. doi: 10.2147/ 
DDDT.S87979  .

15. Yu Q, Liu R, Chen Y, Waqar AB, Liu F, Yang J, Lian T, 
Zhang G, Guan H, Cui Y, et al. Discoidin 
domain-containing receptor 2 is present in human 
atherosclerotic plaques and involved in the expression 
and activity of MMP-2. Oxid Med Cell Longev. 
2021;2021(1):1010496. doi: 10.1155/2021/1010496  .

16. Yu Q, Wang Y, Yu Y, Li Y, Zhao S, Chen Y, Waqar AB, 
Fan J, Liu E. Expression of TRPV1 in rabbits and con
suming hot pepper affects its body weight. Mol Biol 
Rep. 2012;39:7583–7589.

17. Ochoa-Rosales C, Portilla-Fernandez E, Nano J, 
Wilson R, Lehne B, Mishra PP, Gao X, Ghanbari M,

Rueda-Ochoa OL, Juvinao-Quintero D, et al. Epigenetic 
link between statin therapy and type 2 diabetes. 
Diabetes Care. 2020;43:875–884.

18. Urbano F, Bugliani M, Filippello A, Scamporrino A, Di 
Mauro S, Di Pino A, Scicali R, Noto D, Rabuazzo AM, 
Averna M, et al. Atorvastatin but not pravastatin 
impairs mitochondrial function in human pancreatic 
islets and rat beta-cells. Direct effect of oxidative stress. 
Sci Rep. 2017;7:11863.

19. Chen L, Ma MY, Sun M, Jiang LY, Zhao XT, Fang XX, 
Man Lam S, Shui G-H, Luo J, Shi X-J, et al. Endogenous 
sterol intermediates of the mevalonate pathway regulate 
HMGCR degradation and SREBP-2 processing. J Lipid 
Res. 2019;60(10):1765–1775. doi: 10.1194/jlr. 
RA119000201  .

20. Carrasco-Pozo C, Tan KN, Reyes-Farias M, De La 
Jara N, Ngo ST, Garcia-Diaz DF, Llanos P, 
Cires MJ, Borges K. The deleterious effect of cho
lesterol and protection by quercetin on mitochon
drial bioenergetics of pancreatic β-cells, glycemic 
control and inflammation: in vitro and in vivo stu
dies. Redox Biol. 2016;9:229–243. doi: 10.1016/j. 
redox.2016.08.007  .

21. Perego C, Da Dalt L, Pirillo A, Galli A, Catapano AL, 
Norata GD. Cholesterol metabolism, pancreatic β-cell 
function and diabetes. Biochim Biophys Acta Mol Basis 
Dis. 2019;1865(9):2149–2156. doi: 10.1016/j.bbadis. 
2019.04.012  .

22. Llorente-Cortes V, Otero-Vinas M, Hurt-Camejo E, 
Martinez-Gonzalez J, Badimon L. Human coronary 
smooth muscle cells internalize versican-modified 
LDL through LDL receptor–related protein and LDL 
receptors. Arterioscler Thromb Vasc Biol. 2002;22 
(3):387–393. doi: 10.1161/hq0302.105367  .

23. Marchand KC, Arany EJ, Hill DJ. Effects of atorvastatin 
on the regeneration of pancreatic β-cells after strepto
zotocin treatment in the neonatal rodent. Am J Physiol 
Endocrinol Metab. 2010;299(1):E92–E100. doi: 10. 
1152/ajpendo.00132.2010  .

24. Chen ZY, Liu SN, Li CN, Sun SJ, Liu Q, Lei L, Gao L-H, 
Shen Z-F. Atorvastatin helps preserve pancreatic β cell 
function in obese C57BL/6 J mice and the effect is 
related to increased pancreas proliferation and ameli
oration of endoplasmic-reticulum stress. Lipids Health 
Dis. 2014;13(1):98. doi: 10.1186/1476-511X-13-98  .

25. Calabrese EJ, Mattson MP. How does hormesis impact 
biology, toxicology, and medicine? NPJ Aging Mech 
Dis. 2017;3(1):13. doi: 10.1038/s41514-017-0013-z  .

26. Libby P, Tokgözoğlu L. Chasing LDL cholesterol to the 
bottom — PCSK9 in perspective. Nat Cardiovasc Res. 
2022;1(6):554–561. doi: 10.1038/s44161-022-00085-x  .

27. Peyot ML, Roubtsova A, Lussier R, Chamberland A, 
Essalmani R, Murthy Madiraju SR, Seidah NG, 
Prentki M, Prat A. Substantial PCSK9 inactivation in β- 
cells does not modify glucose homeostasis or insulin 
secretion in mice. Biochim Biophys Acta Mol Cell Biol

ISLETS 13

https://doi.org/10.3389/fcvm.2023.1227769
https://doi.org/10.3389/fcvm.2023.1227769
https://doi.org/10.1186/s13098-023-01013-0
https://doi.org/10.1186/s13098-023-01013-0
https://doi.org/10.1038/nrendo.2015.194
https://doi.org/10.1038/nrendo.2015.194
https://doi.org/10.3389/fphar.2017.00372
https://doi.org/10.1016/j.ijcard.2015.10.016
https://doi.org/10.1210/endrev/bnab035
https://doi.org/10.1210/endrev/bnab035
https://doi.org/10.1111/bcpt.13944
https://doi.org/10.1111/bcpt.13944
https://doi.org/10.3892/mmr.2018.9239
https://doi.org/10.2147/DDDT.S87979
https://doi.org/10.2147/DDDT.S87979
https://doi.org/10.1155/2021/1010496
https://doi.org/10.1194/jlr.RA119000201
https://doi.org/10.1194/jlr.RA119000201
https://doi.org/10.1016/j.redox.2016.08.007
https://doi.org/10.1016/j.redox.2016.08.007
https://doi.org/10.1016/j.bbadis.2019.04.012
https://doi.org/10.1016/j.bbadis.2019.04.012
https://doi.org/10.1161/hq0302.105367
https://doi.org/10.1152/ajpendo.00132.2010
https://doi.org/10.1152/ajpendo.00132.2010
https://doi.org/10.1186/1476-511X-13-98
https://doi.org/10.1038/s41514-017-0013-z
https://doi.org/10.1038/s44161-022-00085-x


Lipids. 2021;1866(8):158968. doi: 10.1016/j.bbalip.2021. 
158968  .

28. Ramin-Mangata S, Thedrez A, Nativel B, Diotel N, 
Blanchard V, Wargny M, Aguesse A, Billon- 
Crossouard S, Vindis C, Le May C, et al. Effects of 
proprotein convertase subtilisin kexin type 9 modula
tion in human pancreatic beta cells function. 
Atherosclerosis. 2021;326:47–55. doi: 10.1016/j.athero 
sclerosis.2021.03.044  .

29. Marku A, Da Dalt L, Galli A, Dule N, Corsetto P, 
Rizzo AM, Moregola A, Uboldi P, Bonacina F, 
Marciani P, et al. Pancreatic PCSK9 controls the orga
nization of the β-cell secretory pathway via ldlr- 
cholesterol axis. Metabolism. 2022;136:155291. doi: 10. 
1016/j.metabol.2022.155291  .

30. Yu Q, Zheng H, Zhang Y. Inducible degrader of LDLR: 
a potential novel therapeutic target and emerging treat
ment for hyperlipidemia. Vascul Pharmacol. 
2021;140:106878. doi: 10.1016/j.vph.2021.106878  .

31. Goldman A, Raschi E, Cukierman-Yaffe T, Dankner R, 
Shouval R, Shechter M, Ben-Zvi I, Gerstein HC, 
Maor E. Hyperglycaemic disorders associated with 
PCSK9 inhibitors: a real-world, pharmacovigilance 
study. Eur J Prev Cardiol. 2022;29(9):1334–1342. doi:  
10.1093/eurjpc/zwab209  .

32. Carugo S, Sirtori CR, Corsini A, Tokgozoglu L, 
Ruscica M. PCSK9 inhibition and risk of 
diabetes: should we worry? Curr Atheroscler Rep. 
2022;24(12):995–1004. doi: 10.1007/s11883-022- 
01074-y.

14 Z. ZHANG ET AL.

https://doi.org/10.1016/j.bbalip.2021.158968
https://doi.org/10.1016/j.bbalip.2021.158968
https://doi.org/10.1016/j.atherosclerosis.2021.03.044
https://doi.org/10.1016/j.atherosclerosis.2021.03.044
https://doi.org/10.1016/j.metabol.2022.155291
https://doi.org/10.1016/j.metabol.2022.155291
https://doi.org/10.1016/j.vph.2021.106878
https://doi.org/10.1093/eurjpc/zwab209
https://doi.org/10.1093/eurjpc/zwab209
https://doi.org/10.1007/s11883-022-01074-y
https://doi.org/10.1007/s11883-022-01074-y

	Abstract
	Introduction
	Materials and methods
	Animals
	Cell culture and cellular cholesterol assay
	EdU labeling assay
	Dil-LDL uptake assay
	Protein extraction and western blot analysis
	RNA extraction and reverse transcription<?A3B2 show [CSF char="2011"]?>‑<?A3B2 show [/CSF]?>quantitative polymerase chain reaction
	ELISA
	Immunofluorescence
	Statistical analysis

	Results
	Atorvastatin enhances LDL-C uptake without causing excess cholesterol accumulation in MIN6 cells
	Differential effects of atorvastatin on MIN6 cell proliferation in the presence of LDL-C
	Atorvastatin impairs the glucose-stimulated insulin release (GSIR) with the addition of LDL-C
	Atorvastatin upregulates LDL receptors in the cytomembrane without affecting total protein levels
	Atorvastatin downregulates PCSK9 expression in MIN6 cells without LDL-C addition
	Oral atorvastatin administration decreases plasma PCSK9 and insulin levels in mice

	Discussion
	Conclusion
	Limitations

	Disclosure statement
	Funding
	CRediT authorship contribution statement
	Data availability statement
	Abbreviation
	References

