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Abstract. Dendrobium nobile Lindl. alkaloids (DNLA) are 
active ingredients that can be extracted from the traditional 
Chinese herb Dendrobium Nobile Lindl. DNLA exhibits 
hypoglycemic and antihyperlipidemia effects. However, to 
the best of our knowledge, the specific molecular mechanism 
by which DNLA can regulate lipid metabolism remains 
unclear. The aim of the present study was to investigate the 
effect of DNLA on lipopolysaccharide (LPS)‑induced lipid 
metabolism in HepG2 cells and its potential mechanism. 
HepG2 cells were treated with LPS with or without different 
concentrations of DNLA (0, 0.035, 0.35 and 3.5 µg/ml) for 
48 h. Cell viability was then detected using the Cell Counting 
Kit‑8 assay. The 1,1'‑dioctadecyl‑3,3,3',3'‑tetramethyl‑indocar‑
bocyanideperchlorate‑low‑density lipoprotein (LDL) uptake 

assay was used to examine LDL uptake. In addition, possible 
mechanisms were explored using western blot analysis. The 
effect of the combination of DNLA with rosuvastatin calcium 
on the expression levels of the LDL receptor (LDLR) and 
proprotein convertase subtilisin/Kexin type 9 (PCSK9) was 
examined. The results indicated that LPS stimulation reduced 
the uptake of LDL by HepG2 cells, decreased the intracel‑
lular LDLR content, and increased the expression levels of 
inducible degrader of the LDLR (IDOL) and liver X receptor 
(LXR)α. DNLA intervention reversed all of the aforemen‑
tioned LPS‑induced effects in HepG2 cells. Additional 
mechanistic experiments revealed that DNLA exerted 
its effects mainly by regulating the LXRα/IDOL/LDLR 
pathway. It was shown that DNLA also reduced the expres‑
sion levels of PCSK9, sterol regulatory element binding 
protein 2 and hepatocyte nuclear factor 1α. In addition, DNLA 
decreased the expression levels of PCSK9 in rosuvastatin 
calcium‑induced HepG2 cells. Notably, DNLA was able to 
decrease 3‑hydroxy‑3‑methylglutaryl‑coenzyme A reductase 
and increase cytochrome p450 7A1 expression at the protein 
level, which are rate‑limiting enzymes in cholesterol synthesis 
and metabolism. Collectively, these data suggested that DNLA 
could enhance LDL uptake of HepG2 cells by increasing 
LDLR expression through the LXRα/IDOL/LDLR pathway to 
alleviate the effects induced by LPS, suggesting the potential 
benefit of DNLA in improving lipid metabolism disorders.

Introduction

Atherosclerosis forms the pathological basis of atherosclerotic 
cardiovascular disease (ASCVD), which can lead to ischemic 
heart disease, stroke and peripheral vascular disease  (1). 
Elevated levels of low‑density lipoprotein (LDL) cholesterol 
(LDL‑C) have been previously shown to increase the risk of 
ASCVD (2). By contrast, cholesterol homeostasis is mainly 
regulated by the dynamic balance among its biosynthesis, 
uptake, export and metabolism (3). The liver is an important 
organ for cholesterol synthesis and metabolism (4). The LDL 
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receptor (LDLR) is a cell surface protein that is mainly 
expressed in the liver and mediates the clearance of >70% of 
plasma LDL‑C through endocytosis (5,6). Therefore, strate‑
gies to increase cellular LDLR expression and stability to 
reduce plasma LDL‑C levels may be effective in preventing 
the development of ASCVD. Recently, several drugs, such 
as proprotein convertase subtilisin/Kexin type 9 (PCSK9) 
inhibitor and ezetimibe, which target individual regulatory 
factors involved in the pathogenesis of ASCVD, have been 
developed  (7,8). Anti‑PCSK9 is a monoclonal antibody 
that functions as an inhibitor to prevent PCSK9 binding to 
LDLR on the cell surface, which inhibits LDLR degradation 
induced by PCSK9. Anti‑PCSK9 can enhance the clearance 
of LDL particles from the circulation mediated by LDLR to 
subsequently reduce plasma LDL‑C levels (9,10).

At the transcriptional level, LDLR gene expression is 
controlled by a cholesterol‑responsive negative feedback 
mechanism through sterol regulatory element (SRE)‑binding 
proteins (SREBPs), which bind to the SRE region of the 
LDLR promoter and enhance mRNA transcription, thereby 
increasing the expression of hepatocyte surface LDLR (11‑13). 
Post‑translational regulation of LDLR can be achieved 
through two major pathways, namely PCSK9 and induc‑
ible degrader of the LDLR (IDOL) (14). PCSK9 is a plasma 
protein that is mainly produced and secreted by the liver (15). 
It is transcriptionally regulated by SREBP‑2 and hepatocyte 
nuclear factor 1α (HNF1α) (16). Inflammatory pathological 
stimuli can increase PCSK9 expression (16,17). PCSK9 binds 
to the extracellular structural domain of LDLR on the cell 
surface, interfering with LDLR endocytosis, followed by the 
intracellular degradation of endocytosed LDLR by lysosomes, 
which results in reduced LDLR recycling back to the cell 
surface (18,19). IDOL is an E3 ubiquitin ligase that triggers 
the ubiquitination of LDLR cytoplasmic domain and promotes 
lysosomal degradation, reducing the abundance of LDLR on 
the cell surface (14). Unlike PCSK9, IDOL gene expression is 
induced only by the liver X receptor (LXR), which belongs to a 
key family of nuclear receptors required for the transcription of 
genes involved in cholesterol and lipid metabolism (20). These 
regulators collectively function to control the abundance of 
LDLR on hepatocytes (21,22).

Dendrobium nobile Lindl. alkaloids (DNLA) are active 
ingredients that can be extracted from Dendrobium nobile 
Lindl., a traditional Chinese herbal medicine with a long 
history of use in China (23). A previous study has shown 
that DNLA reduced carbon tetrachloride‑induced liver 
injury in mice by reducing mitochondrial oxidative stress, 
which was evidenced by the decrease in mitochondrial malo‑
ndialdehyde production and a marked increase in manganese 
superoxide dismutase activity  (24). Another recent study 
reported that DNLA exerted neuroprotective effects against 
lipopolysaccharide (LPS)‑induced neuronal damage and 
cognitive impairment by attenuating NOD‑, LRR‑ and 
pyrin domain‑containing protein 3‑mediated pyroptosis in 
mice (25). In addition, DNLA has also been documented to 
effectively ameliorate streptozotocin (STZ)‑induced eleva‑
tion of blood glucose and lipid levels to protect against 
STZ‑induced fatty liver degeneration (26). DNLA has been 
suggested to exert a beneficial effect on hepatic lipid homeo‑
stasis (27). Treatment of diabetic mice with DNLA has been 

reported to confer beneficial effects on glucose and lipid 
metabolism (28). However, the mechanisms underlying the 
DNLA‑mediated improvement of lipid metabolism remain to 
be fully elucidated. To address this, the present study inves‑
tigated the effects of DNLA on lipid metabolism and the 
associated mechanisms in HepG2 cells following treatment 
with LPS.

Materials and methods

Chemicals. Dendrobium Nobile Lindl. (DNL) was purchased 
from Xintian Traditional Chinese Medicine Industry 
Development Co., Ltd. DNLA was isolated from DNL based 
on our previous research methods (29,30), and analyzed by 
Thermo Fisher Q‑Exactive UPLC‑Q/Orbitrap MS (Thermo 
Fisher Science, Inc.). Alkaloids accounted for 79.8% of DNLA, 
with 92.6% dendrobium (C16H25O2N) as the major compound 
based on liquid chromatography‑mass spectrometry/mass spec‑
trometry analysis as described previously (31‑33). Minimum 
Essential Medium (MEM) was purchased from Procell Life 
Science & Technology Co., Ltd., and FBS was obtained from 
Gibco; Thermo Fisher Scientific, Inc.

Cell culture. The HepG2 human liver cancer cell line was used. 
The cell line was provided by China Infrastructure of Cell 
Line Resources, Institute of Basic Medical Sciences, Chinese 
Academy of Medical Sciences (Beijing, China) with a state‑
ment of authentication using the short tandem repeat profiling 
method. HepG2 cells were incubated in MEM containing 10% 
FBS, 100 units/ml penicillin and 100 mg/ml streptomycin at 
37˚C in a 5% CO2 incubator.

In LPS (Beijing Solarbio Science & Technology Co., Ltd.) 
stimulation experiments, HepG2 cells were grown to 80% 
confluence and the medium without FBS was subsequently 
replaced. The HepG2 cells were then co‑incubated with 
both LPS (5 µg/ml) and different concentrations of DNLA 
for 48 h at 37˚C. For LXR agonist experiments, following 
replacement with 0% FBS medium, the cells were treated 
with 5 µM T0901317 (Selleck Chemicals) with or without 
3.5 µg/ml DNLA for 48 h at 37˚C. For statin experiments, the 
medium was replaced with medium without FBS and the cells 
were treated with LPS alone or LPS and 1 µM rosuvastatin 
calcium (Beijing Solarbio Science & Technology Co., Ltd.) 
and/or 3.5 µg/ml DNLA for 48 h at 37˚C. The HepG2 cells in 
the control group were treated with PBS of the same volume 
as DNLA or LPS in the other groups. The reagents were 
dissolved in DMSO and diluted with medium to a maximum 
final DMSO concentration of ≤0.025%.

Cell viability assay. The cytotoxic effects of DNLA and LPS 
were evaluated in HepG2 cells using the Cell Counting Kit‑8 
(CCK‑8) assay.

HepG2 cel ls were seeded into 96‑well plates 
(1x104 cells/well) for 24 h. Following the incubation period at 
37˚C, the cells were treated with or without DNLA (0.035, 0.35 
and 3.5 µg/ml) for 24 and 48 h at 37˚C, respectively.

HepG2 cel ls were seeded into 96‑well plates 
(1x104 cells/well) for 24 h at 37˚C. Following the incubation 
period, the cells were treated with or without LPS (1, 2, 5 and 
10 µg/ml) for 48 h at 37˚C.
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Following the treatment period, 10 µl CCK‑8 (Dojindo 
Molecular Technologies, Inc.) was added for incubation at 
37˚C for 2 h before the absorbance values were measured at 
450 nm using a microplate reader.

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis. 
A total of 5x105 HepG2 cells per well were seeded into 12‑well 
plates and then treated with DNLA (0.035, 0.35 and 3.5 µg/ml) 
at 37˚C for 48 h in the presence of LPS (5 µg/ml) . To quantify 
gene expression, the total RNA was extracted from HepG2 cells 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) and then converted to cDNA using the PrimeScript™ 
RT Master Mix (cat. no. RR036A; Takara Bio, Inc.). Reverse 
transcription was performed at 37˚C for 15 min and then 85˚C 
for 5 sec, holding at 4˚C. qPCR was performed in triplicate 
using SYBR Green qPCR master mix (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) and the cDNA was amplified 
using a Vii7 Real‑Time PCR System. The qPCR thermocy‑
cling conditions were as follows: 95˚C for 3 min, followed 
by 40 cycles of 95˚C for 15 secs and 60˚C for 60 sec, with 
a 4˚C hold. The expression of the target genes in each group 
were compared using the 2‑ΔΔCq method (34) and normalized 
using statistical analysis. The primers for the reactions were 
as follows: LDLR forward, 5'‑CAG​CTA​CCC​CTC​GAG​ACA​
GA‑3' and reverse, 5'‑GCA​GGC​AAT​GCT​TTG​GTC​TT‑3'; and 
GAPDH forward, 5'‑CAT​GAG​AAG​TAT​GAC​AAC​AGC​C‑3' 
and reverse, 5'‑AGT​CCT​TCC​ACG​ATA​CCA​AAG‑3'.

Western blot analysis. A total of 1x106 HepG2 cells were 
seeded into 6‑well plates and treated as aforementioned. The 
cells were lysed in RIPA buffer (Thermo Fisher Scientific, 
Inc.) containing 1 mM phenylmethylsulfonyl fluoride, homog‑
enized on ice, allowed to stand for 30 min and centrifuged 
at 13,500 x g for 15 min at 4˚C. The protein concentrations 
were determined using a bicinchoninic assay kit (Thermo 
Fisher Scientific, Inc.). Total proteins (30 µg from each sample) 
were then separated using 10% SDS‑PAGE and transferred 
onto polyvinylidene difluoride membranes. Subsequently, 
the membranes were blocked with 5% skimmed dry milk 
in Tris‑buffer solution with 0.1% Tween‑20 (TBST) at room 
temperature for 2  h before being incubated overnight at 
4˚C with the following primary antibodies (1:1,000): Rabbit 
anti‑LDLR (cat.  no.  ab30532; Abcam), rabbit anti‑PCSK9 
(cat. no. ab185194; Abcam), rabbit anti‑IDOL (cat. no. bs‑9674R; 
BIOSS), rabbit anti‑SREBP2 (cat. no. ab30682; Abcam), rabbit 
anti‑LXRα (cat. no. bs‑10311R; BIOSS), rabbit anti‑HNF1α 
(cat.  no.  89670S; Cell Signaling Technology, Inc.), rabbit 
anti‑3‑hydroxy‑3‑methyl glutaryl‑coenzyme A reductase 
(HMGCR; cat. no. ab242315; Abcam), rabbit anti‑cytochrome 
P450 (CYP) 7A1 (cat.  no.  bs‑21430R; BIOSS) and mouse 
anti‑GAPDH (cat. no. 97166S; Cell Signaling Technology, Inc.). 
The membranes were then washed with TBST three times and 
subsequently probed with the appropriate HRP‑conjugated 
secondary antibodies (1:2,000) (cat.  nos.  SA00001‑1 abd 
SA00001‑2; Proteintech Group, Inc.) for 1  h at room 
temperature. All protein bands were visualized using an 
electrochemiluminescence kit (Thermo Scientific SuperSignal 
West Pico PLUS Chemiluminescent Substrate; cat. no. 34577; 
Thermo Fisher Scientific, Inc.) and semi‑quantified by ImageJ 
1.48j software (National Institutes of Health).

1,1'‑dioctadecyl‑3,3,3',3'‑tetramethyl‑indocarbocyanideper‑
chlorate (Dil)‑LDL uptake assay. LDL labeling with Dil‑LDL 
represents the cellular cholesterol uptake ability (35). A total 
of 5x105 HepG2 cells were cultured, inoculated into confocal 
dishes and subjected to different treatments with both LPS 
(5 µg/ml) and different concentrations of DNLA (0.035, 0.35 
and 3.5 µg/ml) for 48 h at 37˚C. Following the removal of 
culture medium and replacement with serum‑free medium, the 
cells were incubated with 10 µg/ml Dil‑LDL (Beijing Solarbio 
Science & Technology Co., Ltd.) for 4‑5 h at 37˚C in the dark. 
Subsequently, the cells were washed with PBS and fixed in 4% 
paraformaldehyde (Beijing Zhongshan Jinqiao Biotechnology 
Co., Ltd.) at room temperature for 15  min. The nuclei of 
the cells were then stained with DAPI (Beyotime Institute 
of Biotechnology) for 10 min. The cells were examined by 
confocal microscope (Leica SP8 laser‑scanning confocal 
microscope) and subsequently analyzed using ImageJ 1.48j 
software (National Institutes of Health). In each group, 
six fields of view were used per well for quantification.

LDLR immunofluorescence. A total of 5x105 HepG2 cells 
were seeded into 12‑well plates lined with cell slides and 
treated as aforementioned. Following three washes with 
PBS, HepG2 cells were fixed with 4% paraformaldehyde for 
15 min at room temperature and 0.5% Triton X‑100 in PBS 
was applied for 10 min. Subsequently, the cells were blocked 
in 10% sheep serum blocking solution (Beijing Zhongshan 
Jinqiao Biotechnology Co., Ltd.) for 1 h at room tempera‑
ture and incubated with primary anti‑LDLR rabbit (1:1,000; 
cat. no. SA00001‑2; Proteintech Group, Inc.) antibody at 4˚C 
overnight, followed by incubation with Alexa Fluor 488‑conju‑
gated goat anti‑rabbit IgG (1:1,000; cat. no. ZF‑0511; Beijing 
Zhongshan Jinqiao Biotechnology Co., Ltd.) at room tempera‑
ture for 1 h. Excess antibody was removed by washing with 
PBS. The cells were subsequently stained with DAPI (5 µg/ml; 
Beyotime Institute of Biotechnology) at room temperature for 
10 min before being imaged using a laser‑scanning confocal 
microscope (Leica SP8). The cells were analyzed using the 
ImageJ 1.48j software (National Institutes of Health). In each 
group, six fields of view used per well for quantification.

Statistical analysis. All experiments were repeated at least 
three times. The data are presented as the mean ± standard 
deviation. The significance of the differences was evaluated 
using one‑way ANOVA followed by the Bonferroni post hoc 
test. Statistical analysis was performed using SPSS 19.0 (IBM 
Corp.) and GraphPad Prism 8.0 software (Dotmatics). P<0.05 
was considered to indicate a statistically significant difference.

Results

Effects of different concentrations of DNLA and LPS on 
HepG2 cell viability. To assess the cytotoxic effects of DNLA 
and LPS, HepG2 cells were treated with various concentra‑
tions of DNLA (0.035, 0.35 and 3.5 µg/ml) for 24 or 48 h, 
followed by evaluation of cell viability with the CCK‑8 assay. 
None of the concentrations of DNLA tested exerted significant 
cytotoxic effects on HepG2 cells at the 24 and 48 h time points 
(Fig. 1A). Examination of the viability of HepG2 cells treated 
with different concentrations of LPS (1, 2, 5 and 10 µg/ml) for 
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48 h revealed that 10 µg/ml LPS exerted a significant cyto‑
toxic effect at this time point compared with the control group 
(Fig. 1B). Based on these findings, 5 µg/ml LPS and DNLA 
(0.035, 0.35 and 3.5 µg/ml) were selected for 48 h treatment 
under basal conditions for subsequent experiments.

DNLA restores LDL uptake by HepG2 cells under LPS 
stimulation. To investigate the effect of DNLA on the uptake 
of LDL, treated HepG2 cells were incubated with Dil‑LDL 
particles for 4‑5  h, before LDL uptake was visualized by 
confocal microscope. As shown in Fig. 2A and B, LPS signifi‑
cantly reduced LDL uptake. However, treatment with DNLA (at 
concentrations of 0.35 and 3.5 µg/ml) significantly restored the 
uptake of LDL by HepG2 cells in the presence of LPS (Fig. 2).

DNLA causes an upregulation in the protein and mRNA 
expression levels of LDLR in HepG2 cells. LDL uptake is 
associated with the amount of LDLR on the cell surface (20). 
Immunofluorescence and western blotting results revealed a 
significant decrease in LDLR protein expression following 
LPS stimulation compared with that in the control group 
(Fig. 3A‑D). DNLA treatment (at concentrations of 0.35 and 

3.5 µg/ml) led to a marked increase in the LDLR protein 
expression in HepG2 cells in the presence of LPS (Fig. 3A‑D). 
To investigate whether LDLR expression could be regulated by 
DNLA at the transcriptional level, LDLR mRNA expression 
was then examined. The results of RT‑qPCR demonstrated that 
DNLA significantly increased the mRNA expression levels 
of LDLR in HepG2 cells in the presence of LPS (Fig. 3E). 
Therefore, these findings suggested that DNLA could increase 
the expression levels of LDLR at both transcriptional and 
post‑translation levels in the presence of LPS.

DNLA downregulates IDOL and LXRα protein expres‑
sion in LPS‑stimulated HepG2 cells. IDOL is an important 
factor involved in post‑transcriptional regulation of LDLR, 
promoting its ubiquitination and lysosomal degradation, 
and IDOL expression is regulated by LXRα (36). Western 
blot analysis was used to examine IDOL and LXRα protein 
expression in treated cells. As shown in Fig. 4, LPS stimula‑
tion significantly enhanced the protein expression levels of 
IDOL and LXRα compared with those in the control group. 
By contrast, treatment with DNLA induced a significant 
reversal of the increase in IDOL and LXRα protein expression 

Figure 1. Effects of DNLA and LPS on cell viability. HepG2 cells were treated with (A) the indicated concentrations of DNLA for 24 and 48 h, or (B) LPS (1, 
2, 5 and 10 µg/ml) for 48 h. Results are representative of three independent experiments (n=3). **P<0.01. DNLA, Dendrobium nobile Lindl. alkaloids; LPS, 
lipopolysaccharides.

Figure 2. DNLA increases LDL uptake inhibited by LPS in HepG2 cells as determined using confocal microscopy. (A) Dil‑LDL staining (red), DAPI staining 
(blue) and overlay. Magnification, x400. Scale bar, 25 µm. (B) Semi‑quantification of (A). Data are presented as the mean ± SD of three independent experiments. 
****P<0.0001. DNLA, Dendrobium nobile Lindl. alkaloids; LPS, lipopolysaccharides; LDL, low‑density lipoprotein; Dil, 1,1'‑dioctadecyl‑3,3,3',3'‑tetra‑
methyl‑indocarbocyanideperchlorate.
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caused by LPS (Fig. 4). These results suggested that DNLA 
could serve a role in ameliorating lipid metabolism disorder by 
activating the LXRα/IDOL/LDLR signal pathway.

DNLA increases LDLR content in LPS‑stimulated HepG2 
cells through regulation of the LXRα/IDOL axis. LXRs 
are cholesterol‑sensitive transcription factors activated in 
response to excess intracellular cholesterol to induce the 
expression of key genes involved in the regulation of choles‑
terol homeostasis, including IDOL (37). To further investigate 

the potential mechanism underlying the therapeutic effects 
of DNLA on lipid metabolism disorders, the LXR agonist 
T0901317 was next utilized. Before the protein expression 
levels of LDLR, IDOL and LXRα were detected by western 
blot analysis. Treatment with T0901317 significantly reversed 
the DNLA‑mediated reduction of IDOL and LXRα protein 
expression, whilst significantly decreasing LDLR expression in 
HepG2 cells (Fig. 5). Based on these findings, it was proposed 
that DNLA increased LDLR expression by regulating the 
LXRα/IDOL signaling pathway in HepG2 cells.

Figure 3. DNLA promotes LDLR expression in HepG2 cells. Cells were treated with a range of concentrations of DNLA (0.035, 0.35 and 3.5 µg/ml) and/or 
LPS (5 µg/ml) for 48 h. (A) Immunofluorescence detection of LDLR in HepG2 cells. Magnification, x400. Scale bar, 25 µm. (B) Semi‑quantification of (A). 
(C) Protein expression of LDLR in HepG2 cells examined using western blotting. (D) Semi‑quantification of (C). (E) mRNA expression levels of LDLR in 
HepG2 cells analyzed by reverse transcription‑quantitative PCR. Data are represented as the mean ± SD of three independent experiments. *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001. DNLA, Dendrobium nobile Lindl. alkaloids; LPS, lipopolysaccharides; LDLR, low‑density lipoprotein receptor.

https://www.spandidos-publications.com/10.3892/etm.2025.12796
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DNLA suppresses PCSK9, SREBP2 and HNF1α protein 
expression in LPS‑stimulated HepG2 cells. PCSK9 is a 
post‑transcriptional regulator that can promote the degradation 
of LDLR and reduce its recycling to the cell membrane (38). As 
shown in Fig. 6D, LPS stimulation led to significant upregulation 

of PCSK9 protein expression, which was significantly reversed 
following DNLA intervention. PCSK9 expression is further 
regulated by SREBP2 and HNF1α (39). LPS was found to induce 
a significant increase in SREBP2 and HNF1α expression, which 
was markedly reversed by DNLA treatment (Fig. 6A and B). 

Figure 4. DNLA suppresses LXRα and IDOL protein expression in HepG2 cells. (A) Protein expression of LXRα and IDOL in HepG2 cells was assessed 
by western blotting. Normalized intensity of (B) LXRα and (C) IDOL vs. GAPDH, presented as the mean ± SD of three independent experiments. *P<0.05, 
**P<0.01 and ****P<0.0001. DNLA, Dendrobium nobile Lindl. alkaloids; LPS, lipopolysaccharides; LXRα, liver X receptor α; IDOL, inducible degrader of the 
low‑density lipoprotein receptor.

Figure 5. T0901317, an LXRα agonist, reverses the decrease in IDOL and LXRα expression induced by DNLA and reduces the LDLR content in HepG2 
cells. (A) Protein expression of LXRα, IDOL and LDLR in HepG2 cells assessed by western blotting. Normalized intensity of (B) LXRα, (C) IDOL and 
(D) LDLR vs. GAPDH, presented as the mean ± SD of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. DNLA, Dendrobium 
nobile Lindl. alkaloids; LPS, lipopolysaccharides; LXRα, liver X receptor α; IDOL, inducible degrader of the low‑density lipoprotein receptor; LDLR, 
low‑density lipoprotein receptor.
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Taken together, these data suggested that DNLA may improve 
lipid metabolism disorders by regulating the expression levels of 
PCSK9, SREBP2 and HNF1α.

DNLA enhances CYP7A1 expression and suppresses HMGCR 
expression in LPS‑stimulated HepG2 cells. DNLA appeared 
to enhance the cellular uptake of LDL. To determine whether 
DNLA serves a role in maintaining intracellular cholesterol 
homeostasis, its effects on the expression levels of HMGCR, 
which is the rate‑limiting enzyme in the cholesterol synthesis 
pathway, were examined (40). In addition, the effects of DNLA 
on the expression levels of CYP7A1, which is the rate‑limiting 
enzyme in the classical pathway of cholesterol conversion to 
bile acids, were examined (41). DNLA effectively decreased 
HMGCR and increased CYP7A1 expression at the protein 
level in HepG2 cells following LPS stimulation (Fig. 7).

DNLA reduces PCSK9 expression in rosuvastatin 
calcium‑treated HepG2 cells. Statins are widely used to lower 
plasma LDL‑C levels due to their ability to upregulate hepatic 
LDLR expression whilst enhancing the subsequent uptake of 
LDL‑C from the blood, in addition to their inhibitory effects 

on HMGCR activity (42). In the present study, the effects of 
DNLA in combination with statins on the expression levels 
of LDLR and PCSK9 were examined. LDLR and PCSK9 
protein levels were determined by western blot analysis. As 
shown in Fig. 8, rosuvastatin calcium induced the upregula‑
tion of PCSK9 expression compared with the LPS stimulation 
group. Administration of DNLA led to a significant decrease 
in rosuvastatin calcium‑induced PCSK9 expression (Fig. 8). 
The combined treatment with DNLA and rosuvastatin calcium 
resulted in an overall increase in LDLR expression compared 
with treatment with rosuvastatin in HepG2 cells under LPS 
stimulation. These findings support the hypothesis that DNLA 
could inhibit statin‑induced PCSK9 expression and increase 
the intracellular LDLR content, thereby potentially improving 
the efficacy of statin therapy.

Discussion

The present study focused on the effects of DNLA on 
LPS‑induced lipid metabolism disorders in HepG2 cells. The 
results suggest that DNLA effectively increased the expres‑
sion levels of LDLR, enhanced the uptake of Dil‑LDL, and 

Figure 6. DNLA suppresses PCSK9, SREBP2 and HNF1α protein expression in HepG2 cells. HepG2 cells were treated with varying concentrations of 
DNLA (0.035, 0.35 and 3.5 µg/ml) and/or LPS (5 µg/ml) for 48 h. (A) Protein expression of SREBP2, HNF1α and PCSK9 in HepG2 cells assessed through 
western blotting. Normalized intensity of (B) SREBP2, (C) HNF1α and (D) PCSK9 vs. GAPDH, presented as the mean ± SD of three independent experi‑
ments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. DNLA, Dendrobium nobile Lindl. alkaloids; LPS, lipopolysaccharides; PCSK9, proprotein convertase 
subtilisin/Kexin type 9; SREBP2, sterol regulatory element‑binding protein 2; HNF1α, hepatocyte nuclear factor 1α.
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inhibited IDOL, LXRα, PCSK9, SREBP2 and HNF1α protein 
expression in HepG2 cells. Simultaneously, DNLA inhibited 
the expression of HMGCR, the rate‑limiting enzyme in 
the cholesterol synthesis pathway whilst promoting that of 
CYP7A1, the rate‑limiting enzyme in the classical metabolic 
pathway of cholesterol to bile acids. In addition, DNLA in 
combination with statins was found to enhance LDLR expres‑
sion in HepG2 cells, and DNLA inhibited the statin‑induced 
increase in PCSK9 expression. These findings suggested that 
DNLA alleviated lipid metabolism disorders by regulating the 
LXRα/IDOL/LDLR pathway in HepG2 cells.

Elevated plasma LDL‑C is an important risk factor for 
atherosclerosis, where inflammation serves a key role (43). 
In the absence of stimulation by other inflammatory factors, 
excessive free cholesterol can induce an inflammatory 
response, which then further promotes the uptake and accu‑
mulation of lipids by cells to inhibit the outflow of cellular 
lipids, increasing the risk of lipid metabolism disorders to 
accelerate the process of atherosclerosis (44). Disorders in lipid 
metabolism eventually trigger an inflammatory response (45). 
Atherosclerosis is a complex pathological process, where 
abnormal lipid metabolism is typically accompanied by an 
inflammatory response (46,47). Previous studies have shown 
that LPS stimulation could suppress LDLR expression, and 
increase SREBP2 and PCSK9 expression, whilst decreasing 
Dil‑LDL uptake by HepG2 cells (48,49). In mice, LPS‑induced 
systemic inflammation was observed to increase PCSK9 

mRNA expression, decrease hepatic LDLR expression and 
increase plasma LDL‑C levels (50). In the present study, stim‑
ulation with LPS consistently suppressed the protein levels of 
LDLR and the uptake of LDL in HepG2 cells.

Dendrobium species, which have been documented to 
confer beneficial therapeutic effects, have been widely used as 
a traditional Chinese medicine (23). The use of Dendrobium 
nobile Lindl. as a herbal medicine is particularly common 
in Guizhou, China (25,26), which is included in the Chinese 
Pharmacopoeia. To date, ≥82 active ingredients have been 
isolated from Dendrobium nobile Lindl., including alkaloids, 
glycosides, polysaccharides, phenanthrene and dibenzyl 
compounds  (51,52). DNLA appears to be the main active 
compound, and its pharmacological effects are relatively 
complex (53). To the best of our knowledge, its effects on LDL 
have not been previously studied. In total, >70% of plasma 
LDL‑C is cleared by cell surface LDLR‑mediated endocy‑
tosis (8). LDLR is a receptor that is mainly expressed in the 
liver. Therefore, the liver is an important site for cholesterol 
metabolism (4,5). Increasing hepatic LDLR expression or its 
activity will likely accelerate the clearance of circulating LDL 
particles, serving as a potential strategy for regulating choles‑
terol metabolism. Changes in LDLR expression are driven 
by a combination of transcriptional and post‑translational 
regulation processes  (54‑56). At the transcriptional level, 
LDLR expression is mainly regulated by SREBP, which 
binds to the SRE region of the LDLR promoter to promote 

Figure 8. Combination of DNLA with rosuva calcium treatment reduces statin‑induced PCSK9 expression, increasing the LDLR content in HepG2 cells. 
(A) Protein expression of PCSK9 and LDLR in HepG2 cells was assessed by western blotting. Normalized intensity of (B) LDLR and (C) PCSK9 vs. GAPDH, 
presented as the mean ± SD of three independent experiments. **P<0.01, ***P<0.001 and ****P<0.0001. DNLA, Dendrobium nobile Lindl. alkaloids; LPS, 
lipopolysaccharides; LDLR, low‑density lipoprotein receptor; PCSK9, proprotein convertase subtilisin/Kexin type 9; rosuva, rosuvastatin.

Figure 7. DNLA decreases HMGCR and increases CYP7A1 protein expression in LPS‑stimulated HepG2 cells. (A) Protein expression of HMGCR and 
CYP7A1 in HepG2 cells assessed via western blotting. Normalized intensity of (B) HMGCR and (C) CYP7A1 vs. GAPDH, presented as the mean ± SD 
of three independent experiments. *P<0.05, ***P<0.001 and ****P<0.0001. DNLA, Dendrobium nobile Lindl. alkaloids; LPS, lipopolysaccharides; HMGCR, 
3‑hydroxy‑3‑methyl glutaryl‑coenzyme A reductase; CYP7A1, cytochrome P450 7A1.
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transcription, thereby increasing the expression of LDLR on 
the cell membrane (54). IDOL and PCSK9 are the two main 
regulators of LDLR stability during the post‑translational 
phase (14). Both of these aforementioned proteins can induce 
the lysosomal degradation of LDLR through different path‑
ways. Extracellular mature PCSK9 interacts with cell surface 
LDLR to trigger receptor‑mediated endocytosis, leading to 
lysosomal LDLR degradation and reducing its localization to 
the cell membrane (19). By contrast, intracellular IDOL binds 
to the intracellular structural domain of LDLR, promoting 
ubiquitination of this region and protein localization to lyso‑
somes for degradation (51,57). In the present study, DNLA was 
found to increase LDLR protein expression and enhance the 
uptake of LDL in LPS‑stimulated HepG2 cells.

IDOL expression is mainly regulated by the LXR, which 
is activated by a number of LXR ligands, such as oxysterols 
and synthetic agonists (18,58). Previous genome‑wide associa‑
tion studies have identified genetic variants at the IDOL locus 
that can affect serum LDL‑C levels  (59‑61). Furthermore, 
knockdown of IDOL expression with short interference RNA 
has been previously associated with elevated LDLR levels in 
HepG2 cells (62,63). Therefore, inhibition of IDOL‑mediated 
LDLR degradation may provide a therapeutic direction to 
improve hepatic clearance of LDL‑C. In the present study, 
DNLA suppressed IDOL and LXRα protein expression 
in LPS‑stimulated HepG2 cells. To further investigate the 
mechanisms by which DNLA can improve lipid metabolism 
disorders, the LXR synthetic agonist T0901317 was used. 
T0901317 was able to reverse the inhibitory effects of DNLA 
on IDOL and LXRα protein expression to reduce the expres‑
sion of LDLR in HepG2 cells. These findings suggested that 
DNLA could promote LDLR expression in HepG2 cells in 
association with the inhibition of IDOL and LXRα expres‑
sion. Specifically, DNLA reduced LXRα expression, which in 
turn reduced IDOL expression. Therefore, it can be proposed 
that DNLA functioned as an inhibitor of LXRα rather than 
antagonizing the activity of LXRα. Accordingly, DNLA may 
exert beneficial effects on lipid metabolism in HepG2 cells by 
regulating the LXRα/IDOL/LDLR pathway.

PCSK9 is a plasma protein regulated mainly by SREBP2 
and HNF1α (64). Deficiency of PCSK9 has been previously 
associated with an increase in cell surface LDLR expression 
and a decrease in the plasma cholesterol concentration (65). 
PCSK9 has been identified to be a therapeutic target for 
cardiovascular diseases, where its inhibitors compete with 
LDLR to interact with PCSK9. This suppresses endocytosis 
and degradation of LDLR to increase the LDLR content on 
the hepatocyte membrane, thereby promoting the metabolism 
of LDL‑C by the liver and reducing plasma LDL‑C levels (66). 
The results of the present study indicated that DNLA down‑
regulated PCSK9, SREBP2 and HNF1α protein expression 
in LPS‑stimulated HepG2 cells, suggesting that its activity 
against lipid metabolism disorders may also be associated with 
regulation of the PCSK9‑related pathway. However, the present 
study only focused on the LXRα/IDOL/LDLR pathway using 
the agonist of LXR, and the results demonstrated that DNLA 
regulated LDLR expression. Further studies are necessary to 
establish the underlying mechanisms.

Statins are the most widely used cholesterol‑lowering drugs. 
They act as potent inhibitors of HMGCR, the rate‑limiting 

enzyme for ab initio cholesterol synthesis (67,68). Statins upreg‑
ulate LDLR and PCSK9 expression whilst increasing LDL‑C 
uptake by activating the SREBP2 pathway (69). Concomitant 
PCSK9 expression attenuates LDLR protein activity and is 
considered to limit the efficacy of statins in lowering cholesterol 
levels (70). In the present study, DNLA intervention suppressed 
rosuvastatin calcium‑induced PCSK9 expression and further 
increased LDLR levels compared with those mediated by rosu‑
vastatin calcium alone. However, the molecular mechanism of 
action underlying the effects of this DNLA‑statin combination 
remain to be fully established. The present study showed that 
DNLA reduced statin‑induced PCSK9 expression and increased 
LDLR protein stability. Therefore, combinations of these drugs 
with different mechanisms of action may exert a synergistic 
effect, thereby improving the efficacy of statin therapy.

Intracellular cholesterol homeostasis is maintained by 
cholesterol biosynthesis and export in addition to relying on 
uptake (3). In total, ~30 reaction steps are involved in choles‑
terol biosynthesis. HMGCR, the rate‑limiting enzyme involved 
in this pathway, is regulated by SREBP2 (71). Conversion of 
cholesterol to bile acids and biliary excretion of cholesterol 
are critical mechanisms for cholesterol removal in vivo (72). 
CYP7A1 is involved in the initial and rate‑limiting steps in the 
classical pathway of cholesterol conversion to bile acids (73). 
In the present study, DNLA treatment was found to inhibit 
HMGCR expression and enhance CYP7A1 expression in 
LPS‑stimulated HepG2 cells. One suggested theory to explain 
these findings is that DNLA maintains intracellular cholesterol 
homeostasis with regard to synthesis and metabolism whilst 
increasing LDL uptake by HepG2 cells.

In conclusion, the results of the present study suggested 
that DNLA could serve a role in ameliorating lipid metabo‑
lism disorders by regulating the LXRα/IDOL/LDLR pathway 
to increase LDLR expression in HepG2 cells. In addition, 
the effects of DNLA on LDLR are potentially associated 
with inhibition of SREBP2, HNF1α and PCSK9 protein 
expression, and the detailed mechanism of the effects of 
the SREBP2/HNF1α/PCSK9 pathway on LDLR expres‑
sion should be examined in future studies. In combination 
with statins, DNLA could increase LDLR expression whilst 
inhibiting the statin‑induced upregulation of PCSK9 protein 
expression in HepG2 cells. Simultaneously, DNLA could 
regulate the expression of HMGCR and CYP7A1 proteins, 
which are rate‑limiting enzymes in cholesterol synthesis and 
metabolism. The results of the present study provided insights 
into the pathways regulated by DNLA in terms of lipid 
metabolism. However, further in vivo studies are necessary 
to comprehensively establish the pharmacological actions of 
DNLA and evaluate its utility as a combination drug for the 
prevention and treatment of ASCVD.
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