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Abstract. Protein structure is extraordinarily complex and 
consists of various folding processes, namely, primary, 
secondary, tertiary and quaternary. Currently, researchers are 
eager to acquire knowledge and elucidate the mechanisms 
involved in these processes. Over the past decade, several 
studies have indicated that the endoplasmic reticulum stress 
(ERS) response assists in the protein response via intracel‑
lular signaling. ERS plays a key role in protein folding and 
unfolding. An increase in ERS promotes the unwinding of the 
folded protein. The present review specifically discusses the 
protein complexity involved in dyslipidemia (the condition of 
elevated cholesterol levels in the blood) with the ERS response 
and unfolded protein response. ERS in dyslipidemia is achieved 
by several pathological conditions, including oxidative stress, 
calcium imbalance and high levels of cholesterol in the blood. 
Therefore, in the present review, the ERS response in dyslipid‑
emia is specifically highlighted as regards protein complexity, 
which indicates that considering oxidative stress, calcium 

imbalance and high levels of cholesterol would be a great 
benefit to reducing the ERS. The present literature review was 
performed using the search engines of the web‑based databases 
(Google Scholar and ScienceDirect) with keywords such as 
‘Role of chaperones in dyslipidemia’ and ‘Protein complexity’ 
or ‘Protein involved in dyslipidemia’. Furthermore, the role of 
chaperones associated with ER in finding novel therapeutics 
for disease prevention is also discussed.
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1. Introduction

Dyslipidemia is a condition of elevated cholesterol levels in the 
blood, which leads to premature atherosclerotic cardiovascular 
disease. The common clinical features of this condition are 
the development of xanthomas, early coronary atherosclerosis, 
hemolytic anemia and liver dysfunction (1). The pathogenesis 
of dyslipidemia involves lipid metabolism and several other 
signaling pathways. Some of the known risk factors include 
obesity and diabetes. The development and evolution of athero‑
sclerotic lesions are influenced by the pathological processes 
of lipid deposition in the artery walls, localized inflamma‑
tory processes and endothelial dysfunction (2). Previous 
research has indicated that endoplasmic reticulum (ER) stress 
(ERS) signaling pathways are crucial in the development of 
dyslipidemia and associated cardiovascular diseases (CVDs). 
In eukaryotic cells, the ER plays a crucial role in calcium 
homeostasis, protein synthesis, folding and transport (3). ER 
homeostasis may be disrupted by several pathogenic condi‑
tions, including hyperlipidemia, oxidative stress and calcium 
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imbalance. ERS is then caused in the ER lumen by the pres‑
ence of unfolded or misfolded proteins (4). Through various 
pathways, chronic ERS is connected to the development of 
cardiovascular disorders; inflammatory response mechanisms 
and apoptotic signaling pathways are also activated as a result 
of ERS during this disease phase. This has an impact on lipid 
metabolism, which results in dyslipidemia, cell dysfunction, 
and an alteration in the creation and stability of atheroscle‑
rotic plaques, all of which are vital factors in the emergence 
of CVD (5,6). Recent therapeutic research has also revealed 
an important function in a chaperone family known as heat 
shock protein (HSP)70, a cytoprotective molecular chaperone 
involved in protein folding and degradation. HSP70 is effective 
in treating and preventing type 2 diabetes mellitus (T2DM). 
As a result of ERS, mitochondrial dysfunction and inflamma‑
tion, HSP70 leads to the emergence of insulin resistance (IR) 
as well (7,8). Due to the crucial role of ERS signaling pathways 
and their modulation of other pathogenic pathways, targeting 
ERS pathways may be the most effective therapeutic strategy 
for dyslipidemia. Furthermore, this may pave the way for a 
better understanding of the mechanisms involved and may aid 
the development of novel therapeutics for this condition. Thus, 
the present review discusses the role of the ERS response and 
the chaperone system associated with dyslipidemia.

2. Biogenesis of dyslipidemia

It is fascinating to note that several aspects of metabolic 
syndrome, including T2DM, hypertension, cerebrovascular 
illness and IR, are associated with dyslipidemia (9). As obesity 
is driven by pro‑inflammatory adipokines and IR, vitamin D 
(VD) is associated with maintaining the lipid status; thus, 
dyslipidemia also plays a crucial role in obese individuals 
metabolically. Genes such as proprotein convertase subtil‑
isin/kexin type 9 (PCSK9) and sphingosine‑1‑phosphate (S1P) 
are the key components that regulate low‑density lipoprotein 
(LDL) and high‑density lipoprotein (HDL) metabolism and 
function (10). PCSK9 is also used as a novel pharmaceutical 
target for lowering LDL cholesterol (LDL‑C). It lowers the 
LDL‑C intake from the circulation by promoting the LDL 
receptor (LDLR) breakdown and blocking LDLR recircula‑
tion to the cell surface (11). By contrast, S1P obtained by the 
phosphorylation of sphingosine is catalyzed by sphingosine 
kinase (SPHK)1 at the plasma membrane and SPHK2 in the 
ER, mitochondria and nucleus. S1P contributes to dyslipidemia 
by its concentration, i.e., a low S1P concentration leads to the 
vasodilation of isolated arterioles, and a high S1P concentra‑
tion promotes the circulating lipids to accumulate inside the 
arterioles, leading to vasoconstriction (12).

Nuclear receptors, such as the peroxisome prolifer‑
ator‑activated receptor (PPAR) and the liver X receptor 
(LXR) are considered to be the transcriptional regulators in 
lipid metabolism, and they also play a crucial role in main‑
taining glucose homeostasis and inflammation by making 
the receptor signaling networks novel molecular targets for 
treating lipid‑related illnesses (13). The nuclear hormone 
receptor superfamily's PPAR‑α is a ligand‑activated tran‑
scription factor that is agonistic toward fibrates. Fibrate 
medications are a significant class of medications used in the 
treatment of dyslipidemia (14). LXR, on the other hand, helps 

in maintaining cholesterol homeostasis by preventing the 
uptake of cholesterol through the intestinal tract, promoting 
the efflux of cholesterol from cells into HDLs, facilitating 
the liver's conversion of HDL into bile acids, and facilitating 
biliary excretion. Synthetic LXR agonists, such as T0901317 
and GW3965 mainly target dyslipidemia due to their notable 
impact on reverse cholesterol transport, cholesterol absorption 
and plasma HDL (15). A diagrammatic representation of the 
mechanisms and functions of PPAR, SP1, LXR and PCSK9 is 
presented in Fig. 1.

The most frequent cause of chronic liver disease, 
non‑alcoholic fatty liver disease (NAFLD), is considered to 
be the hepatic manifestation of the metabolic disease and is 
intricately linked to obesity, IR and dyslipidemia. Via hepatic 
and extrahepatic routes, insulin affects the metabolism of 
glucose and lipids in the liver, and IR serves as a critical factor 
in the emergence of dyslipidemia associated with NAFLD, 
which ultimately increases the risk of developing early cardio‑
vascular illnesses, the main cause of morbidity and mortality 
in patients with NAFLD (16).

Several lipid molecules, such as phosphatidylcholine 
(PC), lysophosphatidylcholine (LPC), sphingomyelin (SM), 
diglyceride (DG), monoglyceride (MG) and sphingosine, 
are involved in alterations in individuals with dyslipidemia; 
in these individuals, it has been found that LPC, DG, MG 
and sphingosine levels are upregulated, whereas PC and 
SM levels are downregulated. By utilizing the phosphocho‑
line from CDP‑choline, DGs can be transformed into PCs, 
and CDP‑choline also contributes phosphocholine for the 
biosynthesis of SMs. DGs interact with acyl CoA to generate 
triglycerides (TGs) if they are not transformed into PCs (17). 
A downregulation in the levels of PCs and SMs may also be 
related to decreased activities of triggering receptor expressed 
on myeloid cells 2 (TREM2), which are significant and potent 
ligands for activating TREM2 signals that promote macro‑
phage activation. Thus, it could be concluded that the onset 
of elevated cholesterol levels in bodily fluids provokes the 
immune response associated with various signaling pathways 
involved in metabolism.

3. Proteins associated with dyslipidemia

Dyslipidemia is a medical condition that affects the levels of fat 
in the blood. It is characterized by increased levels of LDL‑C 
and TGs and/or decreased levels of HDL‑cholesterol. This 
dysfunction can lead to a high risk of developing metabolic 
syndrome, obesity, NAFLD or combined hyperlipidemia (18). 
The levels of cholesterol and TGs in the blood are closely 
linked to the number of LDL particles in the circulation. 
LDL particles bind to receptors on the surface of liver cells, 
including LDL receptor‑related protein 1, fatty acid translo‑
case scavenger receptor (CD36) and LDLR. LDLR is the most 
important of these receptors and plays a crucial role in the 
removal of LDL particles from the blood (19). The activity of 
LDLR is modulated by several factors, including hormones, 
growth factors and sterol regulatory element‑binding protein 2 
(SREBP2). SREBP2 is a transcription factor that controls 
the expression of the LDLR gene (20). The degradation and 
recirculation of LDLR to the plasma membrane surface are 
influenced by proprotein convertase subtilisin/kexin type 9 
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serine protease (PCSK9). PCSK9 binds to the EGF‑A domain 
of LDLR through its catalytic domain, and it directs LDLR to 
the endocytic pathway towards the lysosomes (21).

The interaction between PCSK9 and LDLR is another 
key perspective for the regulation of blood cholesterol levels. 
Genetic studies have demonstrated that individuals with 
loss‑of‑function mutations in PCSK9 have low cholesterol 
levels (22). By contrast, individuals with gain‑of‑function 
mutations in PCSK9 have high cholesterol levels. Earlier 
studies on PCSK9 in patients treated with various therapeutic 
strategies demonstrated that it may be a promising therapeutic 
target for dyslipidemia. In addition to LDLR, PCSK9 also 
enhances the degradation of CD36 (23). CD36 is a protein that 

has a number of lipid‑related functions in the liver, such as 
binding free long‑chain fatty acids, or LDL, facilitating their 
transport into the cells. The level of CD36 has also been found 
to be increased in hepatocytes under lipotoxic conditions or in 
NAFLD (24).

The PCSK9‑mediated control of LDLR recycling is 
also influenced by another protein known as Annexin A2 
(ANXA2). When ANXA2 binds to PCSK9, it causes a confor‑
mational change in the protein and hampers its binding to 
LDLR. This reduces the degradation of LDLR and increases 
its recycling to the plasma membrane surface. As previously 
demonstrated, LDLR levels were decreased by 20% in the 
liver of ANXA2‑deficient mice. The reduction was even more 

Figure 1. Schematic representation of the mechanisms and role of (A) PPAR, (B) S1P, (C) LXR, and (D) PCSK9 in dyslipidemia. PPAR, peroxisome prolifer‑
ator‑activated receptor; S1P, sphingosine‑1‑phosphate; LXR, liver X receptor; PCSK9, proprotein convertase subtilisin/kexin type 9; RXR, retinoid X receptor; 
PPRE, PPAR response element; LXRE, LXR response element.
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marked in tissues like the adrenal gland and colon, which 
are known to be rich in ANXA2 and resistant to the PCSK9 
effect (25,26).

Ceramides are a type of lipid that can modulate insulin 
sensitivity, cause metabolic derangement and stimulate cell 
death. They are also involved in the oxidation of LDL parti‑
cles. The lipid composition of the diet can affect the levels of 
ceramides in the body, and different diet patterns will have 
differential effects on lipid profiles in hepatocytes. Some lipids 
are more toxic, and they induce oxidative and inflammatory 
processes. This can promote the progression and severity of 
dyslipidemia‑associated diseases, such as NAFLD (27). The 
difference between the effects of ceramides and lipids is 
summarized in Table I.

The most common cause of secondary hyperlipidemia in 
children and adults is nephrotic syndrome, which causes the 
kidneys to leak protein into the urine, which leads to various 
health disorders, including high cholesterol levels. In patients 
with nephrotic syndrome, the levels of lipoproteins, including 
intermediate‑density lipoprotein, very high LDL and LDL are 
elevated. This is due to the fact that the liver produces more 
lipoproteins in an attempt to compensate for the protein loss 
in the urine. In addition, patients with nephrotic syndrome 
exhibit a downregulation in hepatic lipase and lipoprotein 
lipase activities that are responsible for breaking down 
lipoproteins. The downregulation of such enzymatic events 
leads to an increase in the levels of lipoproteins in the blood. 
Patients with nephrotic syndrome also have high plasma 
PCSK9 levels (28). PCSK9 breaks down the LDL receptor to 
remove LDL from the blood. Thus, the high levels of PCSK9 
lead to decreased LDL clearance and elevated plasma LDL‑C 
levels. As a result of these changes, patients with nephrotic 
syndrome are more likely to develop atherosclerosis, which is 
a narrowing of the arteries that can lead to heart attack, stroke, 
and other cardiovascular complications. Furthermore, they are 
also more likely to experience progressive kidney disease and 
premature death (29).

4. Endoplasmic reticulum stress

In order to ensure that only proteins that have been correctly 
folded may reach their destination, the main role of the ER is 
to perform effective quality control (30). Specific chaperones 
of the reticular compartment tightly control this maturation 
process, and three groups may be formed from these: i) glucose 

regulated protein (GRP)78 and GRP94, which promote the 
folding and assembly of quasi‑proteins (31); ii) lectins, calre‑
ticulin and calnexin play a crucial role in the maturation phase 
of glycoproteins (32), whereas in collagens; iii) HSP47 plays a 
major role (33). Moreover, there is a diverse functional family 
of enzymes, such as protein disulfide isomerases, that catalyze 
the synthesis or destruction of disulfide bonds [protein disulfide 
isomerases (PDIs)], which are essential for protein complexity. 
The steps involved in protein folding are illustrated in Fig. 2.

Endoplasmic reticulum‑associated protein degradation 
(ERAD) is the process by which broken or improperly folded 
proteins are trapped and removed under physiological circum‑
stances (34). Calcium is essential to this process as reticular 
chaperones have a range of affinities for it, and their activity is 
regulated by variations in its concentration (35). Folding and 
refolding constitute a net energy consumption in the form of 
ATP in any circumstance that alters intracellular concentration 
levels, which can inhibit their function. Reticular homeostasis 
is modified when the capacity of the reticular antioxidant 
systems is saturated as PDI activity involves a net generation 
of reactive oxygen species. This stress response has the power 
to impair the ability of protein complexes to ensure the proper 
folding of newly synthesized proteins, leading to aggregation 
and protein misfolding, a state more appropriately known as 
‘reticular stress’ (36). Furthermore, it has been found that the 
unfolded protein response (UPR) signal transduction system 
is triggered in response to ERS. The UPR activation enables 
the cell to manage the increased demand for protein folding 
in the ER.

Moreover, apart from the biological mechanisms, no 
evidence has been found in clinical analyses (via biological 
fluids) to prove that ERS is associated with chaperones. By 
contrast, an important ERS moderator known as GRP78 
has been studied (37). Such circumstances involve the 
ER‑stress‑dependent dysregulation of lipid metabolism and its 
homeostasis.

5. Role of the ER in protein complexity

In ER, misfolded proteins trigger the production of ER‑resident 
chaperones, thus activating GRP78/binding immunoglobulin 
protein (BiP) as a result, and temporarily reducing protein 
synthesis. The UPR is regarded as an adaptive and cytopro‑
tective mechanism as it restores ER capacity by rebalancing 
protein load and folding (38). The inositol‑requiring enzyme 
1 (IRE1), activating transcription factor 6 (ATF6) and protein 
kinase RNA‑activated (PKR)‑like ER kinase (PERK) are the 
three main transmembrane protein/stress sensors that regulate 
the UPR. These stress sensors are kept in an inactive state by the 
ER chaperone GRP78/BiP, which is linked to them. Unfolded 
or misfolded proteins bind to BiP when ERS causes it to 
accumulate in the ER lumen, facilitating BiP dissociation and 
activating downstream signaling (39,40). Homodimerization 
and trans‑autophosphorylation are used to activate PERK 
when proteins are detached from Bip. The activated PERK 
phosphorylates the α‑subunit of eukaryotic translation initia‑
tion factor 2 (eIF2) at Ser51, resulting in temporary inhibition 
of protein synthesis. Activating transcription factor (ATF)4 is 
a transcription factor whose translation is paradoxically made 
more efficient by eIF2 phosphorylation in post‑translational 

Table I. Effects of ceramides and lipids under different meta‑
bolic conditions.

 Effect of Effect of
Metabolic conditions ceramides lipids

Insulin sensitivity Decreased Decreased
Metabolic derangement Increased Increased
Cell death Stimulated Stimulated
Oxidation of LDL particles Increased Increased
Oxidative stress Increased Increased
Inflammation Increased Increased
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modifications. To dephosphorylate eIF2 and restore overall 
mRNA translation, ATF4 enhances the expression of its 
target genes, including DNA damage‑inducible protein 34 and 
growth arrest.

IRE1 is the same as PERK; activated IRE1 produces a 
transcription factor (Xbp1s), and it regulates the gene expres‑
sion of ER protein folding, ERAD, and protein secretion from 
the cell. ATF6 produces a cytosolic fragment (p50ATF6α), 
which acts as a transcription factor to enhance the activity of 
ER capacity (41). Hence, it is suggested that further in vivo 
studies tuning the transcription factors of Xbp1s and ATF6 
with modified proteins or chemical components are required 
to overcome the stress responses caused by liver disorders and 
lipid abnormalities (42). The overall possibilities of the ERS 
response in intracellular signaling are illustrated in Fig. 3.

6. Role of chaperones in dyslipidemia

Chaperones are the molecules of the ER that encounter proteins 
in folding mechanisms. Generally, chaperones can be classi‑
fied into three types based on their biological, chemical and 
pharmacological properties. Unspecific molecular chaperones 
are found in all living organisms and assist in protein folding. 
Similarly, chemical chaperones are extracellular components 

that aid in protein folding. By contrast, pharmacological chap‑
erones, which are G protein coupled receptor (GPCR) ligands, 
are particularly beneficial for GPCR folding (43). Some of 
the key chaperone systems linked to dyslipidemia include the 
following:

i) HSP70 and HSP72. HSPs are cytoprotective as they protect 
proteins, lipids and nucleic acids from oxidative stress, and 
additionally, they influence gene expression and cell func‑
tion, which contribute to maintaining protein homeostasis. 
Fat deposition, the accumulation of oxidants, mitochondrial 
malfunction and an overactive renin‑angiotensin system 
are linked to nitric oxide (NO), and nicotinamide adenine 
dinucleotide phosphate oxidase activity is all associated with 
IR, leading to dyslipidemia. The reduced NO release in the 
blood promotes HSP70, which protects against oxidative stress 
damage, inflammation, and apoptosis in IR and diabetes, 
whereas HSP72 is connected to vascular complications 
brought on by a high‑fat diet (44,45). Thus, elucidating the 
functions of NO and HSPs is critical for use in novel therapies, 
such as thermal therapy, nitrosylated medications, chemical 
chaperones and exercise training.

VD and vitamin D receptor (VDR) play a crucial role in 
the cardiovascular system and IR metabolism. Maintaining 
VD concentrations is critical. Koroshi and Idrizi (46) proved 
that HSP70 is involved in regulating the VDR concentrations 
of cells, and intracellular VD‑binding proteins associated with 
HSP70 control the metabolism of VD. Thus, HSP70 in VD is 
concerned with the therapeutic advantage of controlling the 
protein expression in the cell corresponding to cardiovascular 
illness (47). It is fascinating to note that T2DM, hypertension, 
cerebrovascular illness and IR are several conditions of meta‑
bolic syndrome related to Alzheimer's disease (AD), apart 
from dyslipidemia.

ii) Clusterin. Clusterin, otherwise known as apolipoprotein J 
(ApoJ), functions as a molecular chaperone in secreted protein 
folding, and it has been shown that altered clusterin expres‑
sion and protein levels have been linked to IR, dyslipidemia 
and AD associated with CVDs (48). In our view, ApoJ is a 
heterodimeric glycoprotein involved in muscle and nerve 
actions. Hence, it can be utilized in the transportation of lipid 
molecules from one region to another. In addition, it plays a 
major role in tissues and membranes in maintaining protein 
folding stability. Recently, ApoJ has been investigated in 
neurodegenerative disorders, such as Parkinson's disease (49) 
and AD (50).

iii) HSP47. HSP47 is a responsible chaperone in collagen 
folding, otherwise known as collagen‑specific stress protein. 
In vivo studies on rats with hypercholesteremia supplemented 
with a 2% cholesterol diet have demonstrated that HSP47 

Figure 2. Steps involved in protein folding. The linear chain of amino acids in the protein undergoes a series of reactions to become a properly folded state.

Figure 3. ER stress response in intracellular signaling. The ER stress response 
contribution to inflammation is schematically represented using ER stress 
sensors and transcription factors, respectively. ER, endoplasmic reticulum; 
IRE1, inositol requiring enzyme 1; PERK, protein kinase RNA‑activated 
(PKR)‑like ER kinase; ATF6, activating transcription factor 6; eIF2, eukary‑
otic translation initiation factor 2; Xbp1s, spliced form of X‑box binding 
protein 1.
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induction serves as a treatment for hypercholesteremia by 
contributing to glomerulosclerosis and collagen synthesis. 
Of note, HSP47 is abundantly involved in liver fibrosis (a 
condition of excess accumulation of collagen) (51) and further 
studies are required to shed further light on its actions.

It is known that chaperones work based on ER signals 
(intracellular signals), which play a significant role in 
post‑translational modifications. Thus, the further development 
of chemically synthesized chaperones that have the capability 
to reduce ERS may serve as novel therapeutics for diseases. 
In addition, it has been shown that tauroursodeoxycholic acid 
(TUDCA; a chemical chaperone) reduces ERS and rescues 
hypercholesteremia in neutrophil extracellular traps (52).

A summary of the roles and differences between chaperone 
systems in dyslipidemia is presented in Table II (53‑60).

7. Summary and conclusions

The long‑term consequences of ERS on protein complexity 
were not discussed in the present review. To fully comprehend 
the long‑term effects of ERS on protein folding and function, 
further investigations are required. The present study did not 
account for individual differences in ERS responsiveness. 
It is possible that some individuals are more vulnerable to 
the effects of ERS than others. Although the ERS response 
is implicated in other illnesses, including diabetes, obesity 

and cancer, the present review concentrates on the involve‑
ment of the ERS response in dyslipidemia and is based on a 
small amount of research. Therefore, in order to create novel 
therapeutics that target the ERS response, further studies are 
required to confirm the findings discussed herein and clarify 
the function of protein complexity and the ERS response in 
dyslipidemia. Furthermore, to comprehend the significance 
of the ERS response in other disorders with the potential to 
significantly influence the development of novel therapeutics 
for dyslipidemia, the current review offers a fresh and thor‑
ough assessment of the function of protein complexity and the 
ERS response in dyslipidemia.

The present review provides an overview of the roles played 
by protein complexity and the ERS response in dyslipidemia. 
A significant risk factor for CVD is characterized by high 
blood levels of TGs and/or cholesterol. Due to oxidative stress, 
calcium imbalance and elevated cholesterol levels, dyslipid‑
emia can result in an overflow of unfolded proteins in the ER. 
This sets off the ERS response, which can cause inflammation 
and mortality; however, it can also have an adaptive effect by 
upregulating chaperone expression and aiding in the restora‑
tion of ER function.

Aside from highlighting the significance of taking oxida‑
tive stress, calcium imbalance and high cholesterol into 
account when developing novel therapeutics for dyslipidemia, 
the present review also provides new insight into the role of 

Table II. Role and differences between chaperone systems.

Chaperone   
 system Role in dyslipidemia Differences Authors/(Refs.)

HSP70 Aids in the preservation of cholesterol All cells have the ubiquitous chaperone Gungor et al (53),
 homeostasis by encouraging the system HSP70. It is engaged in many Wang et al (54)
 breakdown of excess cholesterol and different biological functions, such 
 avoiding its cellular build‑up as the folding, transport, and 
  destruction of proteins 
HSP72 In dyslipidemia, it plays a similar role to Although HSP72 is a chaperone  Dong et al (55), 
 HSP70, although it is more selectively belonging to the HSP70 family, it  Johnson et al (56)
 expressed in the liver and other organs possesses several distinct  
 involved in lipid metabolism characteristics. For instance, it has a  
  greater affinity for certain proteins  
  and is more resistant to denaturation  
  than HSP70 
Clusterin A versatile protein that chaperones lipids Clusterin is a distinct chaperone  Wittwer and Bradley (57),
 and lipoproteins among other types of system because it is not a member of Zhu et al (58)
 proteins. It is considered that clusterin the HSP family of chaperones. It is  
 contributes to the prevention of also the only known chaperone  
 cholesterol and other lipids from mechanism that is secreted from cells 
 clumping together in dyslipidemia  
HSP47 A chaperone that plays a specific role in HSP47 belongs to the chaperone  Xu et al (59), 
 collagen transport across the endoplasmic HSP40 family. HSP40 and HSP70  Sepulveda et al (60)
 reticulum membrane. HSP47 is chaperones collaborate to aid in  
 hypothesized to have a unction in protein folding and transport 
 limiting cholesterol buildup in the  
 liver in dyslipidemia  
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protein complexity and the ERS response in the disease. It 
also discusses the role of chaperones in the ERS response 
and how this may be used to develop novel therapies for 
dyslipidemia.

8. Suggestions and future perspectives

The identification of multiple roles for ER in physiology and 
disease was made possible by the progression in our under‑
standing of ER activities. Relevant opportunities to make use 
of this knowledge were made possible by the ER, and several 
aspects were identified, including homeostatic regulators and 
the UPR. The UPR connects with a variety of physiological 
functions, including protein folding, transcriptional regulation, 
translational control, protein degradation, and the regulation 
of signaling pathways that determine the destiny of a cell. 
Moreover, ERS regulators and chaperones are considered 
to be novel molecular diagnostic indicators and therapeutic 
targets. With this salient point, some of the key techniques and 
molecules for the development of future novel therapeutics are 
provide below, which include clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR associated 
protein 9 (Cas9), TUDCA, adenosine monophosphate activated 
protein kinase (AMPK), C/EBP homologous protein (CHOP) 
and PH domain and leucine rich repeat protein phosphatase 1 
(PHLPP1).

i) FDA‑approved compounds that can be utilized in human 
medicine include 4‑phenylbutyric acid and TUDCA, which 
are chemically synthesized chaperones. It has been proven 
that TUDCA can relieve ERS and prevent hypercholesterol‑
emia in macrophages (52). Additionally, sirtuin‑1 chaperone 
activity is regulated to control raptor acetylation, which in turn 
suppresses mammalian target of rapamycin complex 1‑depen‑
dent protein synthesis and decreases ER overload (61).

ii) CHOP drives the main proapoptotic pathways brought on 
by ERS. Hence, CHOP inhibitors can be designed selectively 
to target the host to achieve a reduced ERS response. Research 
on CHOP activation has determined that the upregulation 
of microRNAs (miR‑33) in atherosclerotic macrophages 
disrupted the ERS response in lipid metabolism (62).

iii) PHLPP1, when disrupted using CRISPR/Cas9, zebrafish 
larvae and C. elegans, exhibits less lipid deposition in their 
intersegmental arteries, as well as lower levels of total choles‑
terol and TGs in vivo analysis (63). Thus, PHLPP1 can be 
utilized in similar animal models to reduce the accumulation 
of lipids in the arteries.

iv) The AMPK signaling pathway is considered to regu‑
late ERS (64). AMPK functions as a physiological ERS 
inhibitor, and the effect of inhibition is maintained by the 
sarco‑endoplasmic reticulum calcium ATPase activity and 
intracellular Ca2+. Among the widely used statin drug types 
in dyslipidemia, it has been shown that atorvastatin is an 
extensively researched pharmaceutical drug that can decrease 
ERS through activating AMPK in in vivo studies on athero‑
sclerotic mice and cultured human umbilical vein‑derived 
endothelial cells (65).

v) Additionally, it is suggested that utilizing herbal remedies 
may also serve as a preventative against dyslipidemia by inhib‑
iting the signaling pathways that are upregulated during ERS. 
For instance, a study in the journal ‘Phytomedicine’, found that 
the herb ginger (Zingiber officinale) was able to inhibit the 
expression of genes involved in ERS and inflammation in mice 
with high cholesterol levels. The study also found that ginger 
was able to reduce the levels of cholesterol and TGs in the 
blood of mice (66). Another study was conducted on turmeric 
(Curcuma longa) and explored similar results to ginger (67). The 
mechanisms by which ginger and turmeric exert these effects 
are not yet fully understood, although it is considered that they 
may involve the inhibition of enzymes called kinases, which are 
involved in the signaling pathways that are upregulated during 
ERS. The detailed perspectives and mechanisms involved are 
under research that may conclude with an alternate remedy to 
decrease the levels of cholesterol and TGs in the blood (66,68).
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