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Introduction

Hypertriglyceridaemia (HTG) is one of the most common 
types of dyslipidaemia affecting about 10% of the adult pop-
ulation worldwide and defined as having high plasma tri-
glyceride (TG) levels.1 While there are no globally defined 
threshold values to classify HTG, both fasting and non-fast-
ing TG levels are usually applied.2 Patients with HTG are at 
higher risk of atherosclerosis and other cardiovascular dis-
eases (CVD)3–5 and pancreatitis.6 HTG is often concomitant 
with other diseases, such as metabolic syndrome (MetS), 
type 2 diabetes (T2D), and obesity, thus contributing to their 
associated morbidity and mortality.7,8 HTG can manifest in 
various disorders, including familial chylomicronaemia syn-
drome (FCS), multifactorial chylomicronaemia syndrome, 
syndromic HTG, and autoimmune hyperchylomicronaemia, 
type III dysbetalipoproteinaemia, and others.9

Mechanically, HTG affects the biosynthesis, metabolism, 
or clearance of TG, thereby increasing TG levels in the 
blood. Chylomicrons deliver TGs absorbed from the diet to 
skeletal and cardiac muscle, adipose tissue, and other tissues 
where lipases – lipoprotein lipase (LPL), hepatic lipase (HL), 

and endothelial lipase (EL) – break down the TG.10 In gen-
eral, 80% of FCS cases are caused by a mutation in the LPL 
gene, while the remaining cases are caused by variants in 
genes involved in LPL function and maturation – 
Apolipoprotein A-V, Apolipoprotein C-II, glycosylphos-
phatidylinositol anchored high-density lipoprotein binding 
protein 1 (GPIHBP1), or lipase maturation factor 1 (LMF1) 
– thus also affecting TG levels.11 LMF1 is an ER membrane-
localised chaperone protein consisting of an evolutionarily 
conserved LMF domain (PF06762 or IPR009613), which 
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comprises five transmembrane segments that partition the 
protein into six distinct parts, with an N-terminal tail, loops 
B and D oriented towards the cytoplasm, and a C-terminal 
tail and loops A and C oriented towards the ER lumen.12

The connection between HTG and the risk of CVD has 
been debated for many years. Thus, earlier meta-analyses 
demonstrated an absence of significant association between 
HTG and CVD risk,13 while more recent meta-analyses and 
clinical studies have confirmed such association.14–17 
Nonetheless, recent observational and interventional studies 
provided necessary support for the hypothesis that HTG is 
indeed a causal risk factor for CVD. In particular, patients 
treated with statins to maintain low-density lipoprotein cho-
lesterol (LDL-C) levels but with elevated TG levels still 
exhibit a higher risk of CVD compared to those with effec-
tively managed TG levels.18 Furthermore, several clinical 
investigations have demonstrated that HTG remains inde-
pendently associated with a higher CVD risk even after 
accounting for other lipid metabolism-related factors.19,20 At 
the same time, large-scale meta-analyses and clinical studies 
have confirmed that both fasting and non-fasting serum TG 
levels can serve as independent predictors of CVD risk.21,22

Further in this review, we focus on the recent findings 
deciphering the role of LMF1 in ER homeostasis, protein 
secretion, and maturation. Additionally, we describe the 
known molecular mechanisms regulating LMF1 expression 
and the role of LMF1-derived circular RNA in atherosclero-
sis. Finally, we discuss the recently identified LMF1 variants 
associated with HTG and the molecular mechanisms con-
necting HTG and atherosclerosis. PubMed, ScienceDirect, 
OpenMD, and Google Scholar search engines were used to 
search relevant recent publications and ‘LMF1’, ‘lipase’, 
‘lipoprotein lipase’, ‘hypertriglyceridaemia’, and ‘lipase 
maturation factor’ were used as search word/s.

The functions of LMF1

The role in the post-translational maturation of 
lipases

Originally identified in 1983 as mouse mutation associated 
with combined lipase deficiency (cld),23 this mutation was 
later named LMF1.24 LMF1 is ubiquitously expressed in 
adult mouse tissues, and heterozygous mice displayed no 
notable abnormalities, while homozygous neonates suffered 
from severe HTG and perished within a few days after birth, 
primarily because of the near absence of enzyme activity for 
all three homodimeric lipases: LPL, HL, and EL. However, 
the monomeric pancreatic lipase was not affected. 
Interestingly, despite the mutation, the homodimeric lipases’ 
mRNA and protein levels remained normal in cld mice tis-
sues, suggesting that the mutation-affected LMF1 chaperone 
function involved in the post-translational acquisition of 
lipases enzymatic activity.24,25 Similarly, a rare nonsense 
mutation (Y439X) was identified in the human LMF1 gene, 

and a patient homozygous for the Y439X mutation exhibited 
combined lipase deficiency accompanied by severe HTG, 
recurrent episodes of pancreatitis, tuberous xanthomas, and 
acquired partial lipodystrophy alongside T2D.24 Later, a 
patient with another homozygous nonsense mutation 
(c.1395G > A, W464X) was reported and characterised by 
HTG, pancreatitis, and combined lipase deficiency, while 
tuberous xanthomas and lipodystrophy were not observed. 
The Y439X mutation completely eliminates LMF1 activity, 
whereas W464X represents a hypomorphic mutant, which 
reduces LPL activity and mass by 76% and 50%, 
respectively.26

As shown in the LMF1-null mice model, LMF1 is ubiqui-
tous and highly expressed in the normal mouse embryo; 
however, it is not essential for embryonic viability. Despite 
the absence of apparent morphological defects, the plasma 
LMF1−/− pups exhibited a milky appearance due to severe 
HTG (TG levels were ~80-fold elevated compared to con-
trols) resulting from combined lipases deficiency. 
Additionally, total cholesterol (TC) levels were elevated, 
while HDL-C levels were not affected. Initially, the LMF1−/− 
genotype was represented at a Mendelian ratio (25%), but no 
LMF1−/− pups survived beyond the fourth day after birth.24 
Experiments on tissue-specific LMF1 over-expressing mice 
demonstrated that LMF1 expression was associated with 
increased LPL activity without changes in LPL mass. 
Furthermore, it was suggested that natural genetic variation 
in LMF1 (single-nucleotide polymorphisms – SNPs) may 
affect its expression and/or activity, thereby regulating lipase 
activity.27

While early work on natural LMF1 mutants (Y439X and 
W464X) showed that the C-terminal tail is essential for 
proper lipase maturation,24,26 the functional role of other 
parts of the LMF1 protein remained unknown. Further 
research on LMF1 with truncated N-terminal region demon-
strated that the full-length protein is necessary for LPL matu-
ration. These truncated variants were correctly localised and 
oriented in the ER membrane; however, they were unable to 
rescue cld/cld cells. Moreover, evaluation of the endogenous 
level of LMF1 expression and LPL molecules showed that 
although LMF1 was expressed at a rather low level, each 
LMF1 molecule promoted the maturation of approximately 
50 LPL molecules.12

Additionally, because several naturally occurring iso-
forms of LMF1 and all isoforms of LMF228 have truncated 
LMF domain (PF06762), it has been proposed that LMF1 
may play a broader role in ER homeostasis beyond its estab-
lished function in the post-translational maturation of 
lipases.28,29

The role in ER-homeostasis

Three crucial ER quality-control mechanisms – ER-associated 
degradation (ERAD), unfolded protein response (UPR), and 
ER-phagy – are known to maintain ER homeostasis and 
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adapt ER capacity in response to environmental signals.30 
ERAD targets misfolded secretory and membrane proteins 
for degradation by the proteasome, while autophagy can be 
engaged to clear protein aggregated within the ER.31 
Insufficient degradation of misfolded proteins in the ER 
leads to ER stress and activation of the UPR, which initiates 
widespread changes in transcription and translation.32 The 
Hrd3-Hrd1 (hydroxymethylglutaryl reductase degradation 
protein) complex plays a central role in ERAD by targeting a 
specific subset of misfolded or unfolded proteins for protea-
somal degradation.33 The loss of Sel1L (Sel-1 suppressor of 
lin-12-like protein), the mammalian homologue of Hrd3, 
results in embryonic lethality, underscoring its significance 
in mammalian development.34 Functionally, Hrd1 regulates 
Sel1L stability, and Sel1L is indispensable for maintaining 
ER homeostasis and ERAD in adult mice.35,36 However, the 
specific functions of Sel1L and ERAD in different cell types 
remain largely unexplored.

Interestingly, the mice with adipocyte-specific Sel1L 
deficiency (limited to white adipose tissue and brown adi-
pose tissue) were resistant to diet-induced obesity but exhib-
ited postprandial HTG and enlarged livers with steatosis. In 
mutant mice, postprandial LPL activity and mass were lower 
in plasma, but higher in white adipose tissue, with only 
10%–20% LPL secreted compared to control mice, suggest-
ing that Sel1L is indispensable for LPL secretion in adipo-
cytes. Furthermore, Sel1L was shown to physically interact 
with and stabilise the LPL-LMF1 maturation complex 
(Figure 1). In the Sel1L-deficient cells, LPL was retained in 
the ER and formed aggregates that were cleared by 
autophagy. These data demonstrate that Sel1L, in addition to 
its role in ERAD, is involved in LPL secretion and, subse-
quently, in regulating and systemic lipid metabolism.37

Furthermore, the application of ER stress inducer tunica-
mycin41 upregulated LMF1 expression in vivo, and further 
experiments on mouse embryonic fibroblasts and liver 
revealed that this effect was activating transcription factor 6 
(ATF6)-dependent (Figure 1).38 ATF6 is one of the tree ER 
quality control mechanisms (the other two being inositol-
requiring enzyme 1 and protein kinase R-like endoplasmic 
reticulum kinase), which primarily induces the expression of 
genes involved in ER homeostasis.42 Interestingly, ATF6 was 
sufficient to induce LMF1 expression even in the absence of 
ER stress, while ATF6 deficiency abolished tunicamycin-
induced LMF1 upregulation. In total, these results demon-
strated that LMF1 is a crucial player in ER homeostasis, and 
its function is not limited to lipase maturation.38

Recently, the interaction of LMF1 with several lectin chap-
erones and disulphide bonds processing enzymes has been 
demonstrated. Among them, calnexin, endoplasmic reticulum 
protein 44 and 72 (ERp44 and ERp72), Endoplasmic 
Reticulum DNA J Domain-Containing Protein 5 (ERdj5), and 
UDP-Glucose Glycoprotein Glucosyltransferase (UGGT1 
and UGGT2) have been identified as LMF1’s most significant 
interaction partners in HEK cell cultures (Figure 1).40 Calnexin 
is a well-known type I integral ER membrane protein 

consisting of a transmembrane helix and cytosol-oriented 
C-terminal domain and is responsible for the folding and  
maturation of ER-synthesised glycosylated proteins.43 
Co-expression of LPL with calnexin increased LPL-specific 
activity by about three-fold, confirming LPL as its target.44 
Interestingly, other members of the ER molecular chaperone 
network (disulphide isomerases ERp44, ERp72, and ERdj545) 
play different roles in LPL and PL maturation. The knock-
down of ERp72 decreased secretion of both LPL and PL, 
while the effects of ERp44 and ERdj5 knockdown were more 
pronounced for LPL.40 Similarly, knockdown of UGGT1 and 
UGGT2, which selectively re-glucosylate unfolded glycopro-
teins,46 decreased LPL secretion more dramatically than that 
of PL.40

Because identified chaperones have catalytically active 
thioredoxin (TRX) domains and TRX-like domains, it was 
suggested that the cytosolic electron donor TRX may also be 

Figure 1.  A model for the regulation and function of LMF1. 
ER stress regulates LMF1 expression in ATF6-dependent way.38 
LMF1-derived circular RNA negatively regulates miR-125a, 
which subsequently negatively regulates its downstream direct 
targets VEFGA and FGF1 – crucial players in atherosclerosis 
development.39 Lipases (LPL, HL, and EL), fibronectin, and 
LDLR are known clients of LMF1, while other chaperones and 
disulphide bonds processing enzymes (ERp44, ERp72, ERdj5, 
calnexin, UGGT1, and UGGT2) directly interact with LMF1 
and facilitate lipase maturation.40 Hrd1 regulates Sel1L stability, 
while Sel1L interacts with and stabilises the LMF1-LPL complex. 
Negative regulation (red), positive regulation (black), indirect 
effect through several steps (dotted), direct interactions (blue), 
and LMF1 chaperone clients (dotted green double arrows). 
ER stress upregulates LMF1 (magenta arrow); treatment with 
the VSMCs proliferation and migration regulator PDGF-BB 
upregulates circLMF1, VEGFA, and FGF1 (cyan arrow), while 
downregulating miR-125a-3p (orange arrow).
LMF1: lipase maturation factor 1; circLMF1: LMF1-derived circular RNA; 
miR: microRNA; LPL: lipoprotein lipase; HL: hepatic lipase; EL: endothelial 
lipase; LDLR: low-density lipoprotein receptor; ERp44, ERp72: endoplas-
mic reticulum protein; ERdj5: endoplasmic reticulum DNA J domain-con-
taining protein 5; UGGT1: UDP-glucose glycoprotein glucosyltransferase; 
Sel1L: Sel-1 suppressor of lin-12-like protein; Hrd1: HMG-CoA reductase 
degradation 1; PDGF-BB: platelet-derived growth factor-BB; VEGFA: vas-
cular endothelial growth factor A; VSMCs: vascular smooth muscle cells.
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involved in LPL secretion. Indeed, the application of both 
siRNA and TRX inhibitor TXNIP reduced LPL secretion, 
while PL secretion was not affected. Further analysis of LMF1 
with introduced point mutations of conserved C residues 
(C145A, C188A, C231A, C237A, C288A, C322A, C445A, 
and C453A) demonstrated that these redox-active cysteines 
interacted with TRX and ERdj5, thus contributing to the main-
tenance of the redox state of the ER (Figure 2). Finally, analy-
sis of proteins whose secretion was compromised in cld/cld 
and cld/wt cells showed that fibronectin and the low-density 
lipoprotein receptor (LDLR) are additional non-lipase client 
proteins of LMF1 (Figure 1).40 Interestingly, the oligomeric 
state, presence of disulphide bonds, and N-linked glycans47 
make fibronectin more similar to LMF1’s known lipase sub-
strates than LDLR, a large multi-domain protein with 30 
disulphide bonds and five N-linked glycans.48

In total, these results demonstrate that LMF1 contributes 
to the regulation of ER redox homeostasis and the secretion 
of ER client proteins, which required the reduction of disul-
phide bonds during folding. Besides homodimeric lipases, 
fibronectin and LDLR have been identified as novel LMF1 
client proteins. However, the exact mechanisms by which 
LMF1 performs these functions are not yet understood and 
require further investigation.

Role of LMF1-derived circRNA in atherosclerosis

In recent years, non-coding RNA has attracted significant 
attention as essential regulators and modulators of the pro-
gression of various diseases, including CVD.49 A considera-
ble amount of atherosclerosis research has focused on 
circular RNA (circRNA), a type of the non-coding RNA 
formed by back-splicing into covalently closed-loop 

structures, which makes them more stable and resistant to 
the RNA exonuclease-mediated degradation.50,51 Modulation 
of circRNA (e.g. circDHCR24, circ_0010283, and cir-
cRNA_0029589) levels has been successfully used to regu-
late vascular smooth muscle cell (VSMC) proliferation, 
viability, and migration in miRNA-dependent manner, thus 
confirming the important role of circRNA in atherosclerosis 
progression.52–54. Recent research has reported the role of 
LMF1 circRNA (derived from exon 6–8 of the LMF1 gene) 
in the development of atherosclerosis.39 The levels of cir-
cLMF1, vascular endothelial growth factor A (VEGFA), and 
FGF1 were increased in platelet-derived growth factor-BB 
(PDGF-BB)-induced human aortic VSMCs, while the level 
of miR-125a-3p decreased (Figure 1). However, circLMF1 
knockdown repressed cell viability, cell cycle progression, 
and migration of PDGF-BB-treated VSMCs. Mechanically, 
circLMF1 interacted directly with miR-125a-3p, which 
acted on its downstream targets VEGFA and FGF1. Indeed, 
miR-125a-3p upregulation resulted in reduced expression of 
VEGFA or FGF1. Overall, these findings revealed a novel 
role of LMF1-derived circRNA in atherosclerosis progres-
sion, at least partly through the miR-125a-3p/VEGFA\FGF1 
axis, suggesting that circLMF1 can be a promising target for 
atherosclerosis treatment.39

LMF1 variants associated with HTG

While mutations in the LPL gene are responsible for most 
reported cases of HTG, an increasing number of reports have 
identified novel mutations in other genes, including the APO 
family, GPIHBP1, and LMF1, that affect LPL-mediated 
TG-rich lipoprotein metabolism that can significantly ele-
vate the risk of developing severe HTG.55–58 In the following 
section, we review recently discovered variants in the LMF1 
gene in patients with HTG and related disorders (Table 1).

Unfortunately, the effect of the majority of identified LMF1 
variants on lipases secretion/activity has not been tested under 
in vitro conditions, but has instead been predicted using differ-
ent in silico tools. We have marked some in vitro tested vari-
ants on the LMF1 topology diagram (Figure 2). Interestingly, 
three out of four variants that decrease LPL secretion/activity 
(red circles) are localised on the C-terminal tail, while only 
one variant (G172R) is localised on the B loop. Neutral vari-
ants (with no significant effect on LPL – yellow circles) are 
localised on the loop C and the C-terminal tail (except G36D, 
which is localised on the N-terminal tail) (Figure 2). 
Furthermore, the T143M variant has been reported to increase 
LPL activity in vitro in one study,69 but was characterised as 
neutral in another.73 Thus, despite the fact that the selected 
variants tend to localise on the C loop and C-terminal tail, 
more studies are necessary to better understand the role of 
each structural element of LMF1 and the possible active sites 
in the process of lipases maturation and/or interaction with 
other co-chaperones and unknown bioactive molecules that 
can affect LMF1 functionality.

Figure 2.  Schematic representation of LMF1’s topology, in vitro 
tested mutations, and conserved cysteine (C) residues.24–26,40 
Mutations affecting lipases secretion/activity are depicted in red 
circles, mutations without significant effect on lipases are shown 
in yellow circles, and the only identified mutation that increases 
lipase activity, T143M, is depicted in magenta/green circle. 
Conserved C residues are shown in olive.
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Table 1.  LMF1 variants identified in HTG patients.

Position/substitution Diagnosis; SNPs details Patients notes References

CHZ, c.257C>T, p.P86L, c.1184C>T, 
p.T395I

HTG, AS, lacunar infarction, multiple 
intracranial vascular stenosis, history of 
pancreatitis

Case study, Chinese man 59

HZ, c.1380C>G, p.Y460* HTG Case study, Italian man 60
Het, c.1024C>T, p.R342* HTG, pancreatitis; heavy smoker with 

severe obesity
Case study, Chinese man 61

Het, c.590G>A, p.R197H (LPL), Het, 
c.1523C>T, p.P508L (LMF1)

HTG of digenic origin, the combination of 
both mutations decreased LPL levels in vitro

Case study, Chinese man 62

Het, c.106G>A, p.D36N (LPL), HZ, 
c.107G>A, p.G36D (LMF1)

HTG, obesity Case study, Oman man 58

CHZ, c.157delC, p.R53Gfs*5, c.410C>T, 
p.S137L

HTG, obesity, pancreatitis; reduced LMF1 
expression, reduced active LPL levels

Case study, two brothers of 
Italian origin

63

CHZ, c.1351C>T, p.R451W, c.41C>G, 
p.S14W

Monogenic chylomicronaemia, HTG, mild 
hypertension

Case study, the Netherlands 
man

56

HZ, c.730-1528_898-3417del, p.T244_
Q299del, HZ, c.1091G>A, p.R364Q

HTG, multifactorial chylomicronaemia; 
overweight, decreased LPL and HL activities 
and levels

Case study, Algerian woman 64

HZ, c.697C>T, p.Arg233* Severe HTG at the first-trimester 
pregnancy, acute pancreatitis in the last 
trimester; reduced LPL and HL activities

Case study, Japanese woman 65

HZ, c.897G>A, p.Q299= (both females) Monogenic chylomicronaemia, HTG, 
pancreatitis

Case study, 3 related Ecuadorian 
patients (2 women and 1 men)

66
HZ, c.233T>C, p.L78P (male)
Studies in patients with selected conditions
 CHZ, c.1560A>T, p.K520*, c.1655T>G, 
p.L552R

Novel mutations associated with HTG 118 HTG Spanish patients and 
53 controls

67

  Het, c.418G>A, p.V140I
  Het, c.703C>A, p.L235I
  Het, c.1036A>G, p.M346V Novel mutations associated with HTG 26 Korean patients with very 

high TG
68

  Het, c.1228G>A, p.G410R
  Het, c.1621G>A, p.G541R
  Het, c.107G>A, p.G36D Common SNPs, probably benign
  Het, c.1685C>G, p.P562R
  Het, c.428C>T, p.T143M Increased LPL activity in vitro 385 France HTG patients 69
  HZ, c.514G>A, p.G172R Decreased LPL activity in vitro (by 38%–

79%)  Het, c.1060C>T, p.R354W
  Het, c.1091G>A, p.R364Q
  Het, c.1609C>T, p.R537W
 � Het, p.R116Q (LPL). Het, c.697C>T, 

p.R233* (LMF1)
Novel mutations associated with FCS and 
extremely high TG

52 Canadian FCS patients 70

  HZ, p.P248S
  Het, c.107G>A, p.G36D Found also in controls, therefore cannot 

account for the observed HTG phenotype
86 Netherlands HTG patients 71

  Het, c.1052G>A, p.R351Q
  Het, c.1060C>T, p.R354W
  Het, c.1091G>A, p.R364Q
  Het, c.1685C>G, p.P562R
  Het, c.689G>A, p.R230Q None of the identified LMF1 variants 

reduced LPL activity in vitro  Het, c.790C>T, p.R264C
  HZ, c.1568G>A, p.R523H
  Het, c.1091G>A, p.R364Q Mild defect in LPL availability in vivo 62 French MCM patients 72
  Het, c.107G>A, p.G36D No significant effect on LPL secretion/

activity
101 Thai HTG patients 73

  Het, c.746A>G, p.N249S
  Het, c.860C>T, p.A287V
  Het, c.1501A>T, p.N501Y
  Het, c.1685C>G, p.P562R

 (Continued)
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For readers, interested in other lipid metabolism genes, 
we wish to recommend recent papers discussing the role of 
Cholesteryl ester transfer protein and ATP-binding cassette 
transporter A1 (and their variants) in the development of 
CVD and associated diseases, design of novel diagnostic 
tools, therapeutic interventions, and treatment strategies.78,79

HTG and CVD risk

Atherosclerosis is a complex chronic inflammatory disease 
characterised by the pathological remodelling of arterial 

walls, resulting in their narrowing due to lipid accumulation 
and the formation of atheromatous plaques. The progression 
of atherosclerosis is linked to various medical conditions, 
including chronic kidney disease, peripheral artery disease, 
ischaemic stroke, and coronary artery disease. Collectively, 
CVD associated with advanced atherosclerosis contribute to 
17.9 million deaths annually, accounting for 32% of all 
global deaths and making atherosclerosis the leading cause 
of mortality today.80

In the initial stages of vascular remodelling, the inner-
most layer of blood vessels undergoes diffuse thickening, 

Position/substitution Diagnosis; SNPs details Patients notes References

  Het, c.1688T>G, p.L563R
  Het, c.428C>T, p.T143M
  Het, c.1228G>A, p.G410R
  Het, c.1568G>A, p.R523H
  Het, c.1297G>A, p.D433N Rare LMF1 variants associated with HTG
  Het, c.1471G>A, p.D491N
  Het, c.1511C>T, p.A504V
  Het, c.1036A>G, p.M346V
  Het, c.1184C>T, p.T395I
  c.194-28 T>G Common LMF1 variants associated with 

HTG
112 Spanish HTG patients 74

  c.729+18C>G
  c.254T>C, p.L85L Rare LMF1 variants associated with HTG
  c.1091G>A, p.R364Q
  Het, c.1352G>A, p.R451W
  Het, c.1685C>G, p.P562R
  c.-40_-22del (36.2% of MA) A novel LMF1 mutation, a risk factor for 

HTG
58 Mexican HTG patients 75

  c.-21G>T (12.1% of MA) Common LMF1 variants associated with 
HTG  c.194-77G>A (43.1% of MA)

  c.194-28T>C (52.6% of MA)
  c.306G>A, p.T102T (30.2% of MA)
  c.540G>A p.T180T (20.7% of MA)
  c.543G>A p.G181G (39.7% of MA)
  c.664-58G>C (44% of MA)
  c.664-35T>C (44% of MA)
  c.729 + 18C>G (56.9% of MA)
  c.756G>A p.A252A (9.5% of MA)
  c.1685C>G p.P562R (16.4% of MA)
  Het, c.746A>C p.N249T Novel rare LMF1 variants identified in 1 

(p.N249T) and 2 (p.P562) patients
329 Chinese HTG patients with 
pancreatitis

76
  Het, c.1685C>G, p.P562R
  c.668T>A p.L223Q Novel rare LMF1 variants identified in MetS 

patients
48 Korean MetS patients and 48 
controls

55
  c.1177A>T p.M393L
  c.1207G>T p.V403F
  c.1621G>A p.G541R
  c.1644C>A p.S548R
  Het, c.288 + 298C > T Rare LMF1 variants had low frequency and 

did not confer a differential phenotype or a 
higher family history of HTG

73 Spanish HTG patients 77
  Het, c.205C>T, p.L69L
  Het, c.1060C>T, p.R354W
  Het, c.1091G>A, p.R364Q
  Het, c.1685C>G, p.P562R

CHZ: compound heterozygous; FCS: familial chylomicronemia syndrome; Het: heterozygous; HTG: hypertriglyceridaemia; HZ: homozygote; MA: mutant 
allele; MCM: multifactorial chylomicronaemia.

Table 1.  (Continued)
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primarily driven by lipid cumulation and the recruitment of 
macrophages, which uptake multiple modified low-density 
lipoproteins (such as desialylation, oxidation, and other 
modifications). These macrophages are subsequently trans-
formed into foam cells within the atherosclerotic plaque.81,82 
The increased presence of macrophages, along with the 
release of inflammatory cytokines, the pro-apoptotic regula-
tor Bcl-2-associated X protein, and transforming growth fac-
tor β, stimulates a transition of VSMCs towards a more 
fibroproliferative state, thus promoting the progression of 
the atherosclerotic lesion. In advanced stages, a thin fibrous 
cap forms, covering a necrotic lipid core that is often calci-
fied. Such plaques are prone to rupture, leading to thrombus 
formation and vessel occlusion.83 PDGF-BB is one of the 
crucial regulators of VSMCs proliferation and migration, as 
well as blood vessels formation and growth.84

HTG contributes to atherosclerosis through several mech-
anisms. First, HTG increases the concentrations of triglycer-
ide-rich lipoproteins (TGRLs) in the bloodstream, which 
exert a direct atherogenic effect. For example, TGRLs, such 
as apoB-containing lipoproteins, are sufficiently small to 
traverse the endothelium and possess significant pro-athero-
genic potential on a per-particle basis.85 Second, elevated 
plasma TG levels trigger various changes in the circulating 
lipoprotein profile, which are linked to an increased risk of 
atherogenesis. HTG enhances the activity of cholesteryl 
ester transfer protein, which facilitates the exchange of TGs 
for cholesterol esters (CE) between TG-rich and TG-poor 
lipoproteins. This process results in the cholesterol depletion 
of LDL and HDL particles, thereby reducing their particle 
size and cholesterol content.86 The subsequent formation of 
small, dense LDL particles is more atherogenic than would 
be expected based on their cholesterol content alone, as there 
are multiple apoB molecules per unit of cholesterol.85 
Moreover, smaller cholesterol-depleted HDL particles are 
rapidly cleared by the kidneys, leading to decreased HDL-C 
levels and a reduced number of HDL particles. Even in 
patients with HTG who have LDL-C levels within the nor-
mal range, non-HDL-C (atherogenic cholesterol), and apoB 
(a marker of atherogenic particle count) levels are often ele-
vated, thereby increasing the risk of atherosclerosis.87,88

Multiple lines of evidence indicate that elevated levels of 
TGRLs and remnant lipoprotein particles (RLPs) (such as 
chylomicrons and VLDL hydrolysed by LPL) are associated 
with a higher risk of CVD, even in individuals with LDL-C 
levels controlled by statins.89 Another study demonstrated 
that individuals with high TG levels who were on statin ther-
apy had a lower risk of death but a higher risk of CVD.90 
Moreover, recent Mendelian randomisation studies have 
provided causal evidence suggesting that lowering TG levels 
might increase the risk of thromboembolism but is likely to 
prevent Coronary artery disease and aortic valve stenosis.91 
Additionally, in statin-treated patients, non-HDL-C and 
apoB levels offer a more comprehensive reflection of the 
risk posed by atherogenic lipoproteins in both interventional 

and observational clinical trials compared to LDL-C.92 
Finally, current guidelines for managing HTG primarily 
emphasise lifestyle modifications, while statin therapy being 
considered based on an individual’s cardiovascular risk.93

Recent evidence suggests that TGRLs and their derived 
RLPs, rather than TG or LDL-C alone, are the primary medi-
ators of the increased CVD risk associated with HTG.94,95 
Due to of the smaller size of RLPs compared to TGRLs, they 
can infiltrate the sub-endothelial space through transcytosis 
and contribute to lesion formation,96 thereby linking post-
prandial HTG with an enhanced risk of CVD.97 Specifically, 
intestinal chylomicron-derived RLPs, such as APOB48, 
have been positively associated with increased cardiometa-
bolic risk in adolescents.98

The role of HTG in foam cell formation and 
inflammation

Macrophages, which originate primarily from local prolifera-
tion of resident macrophages and the infiltration of circulating 
monocytes, play critical roles in the development of athero-
sclerosis. Once inside arterial walls, RLPs can be engulfed by 
lesional macrophages, leading to increased lipid accumulation 
within these cells and, subsequently, the formation of foam 
cells, a major hallmark of atherosclerosis.99 The interactions 
between TGRLs/RLPs and macrophages may involve APOE 
on TGRLs/RLPs and the VLDL receptor on macrophages, 
potentially inducing these macrophages to adopt a pro-inflam-
matory M1-like phenotype.100 Notably, very-low-density-
lipoprotein receptor (VLDLR) associated with macrophages 
has been linked to foam cell formation and atherogenesis in 
various animal models and human cell cultures in vitro.101,102 
Clinical studies have indicated that HTG and elevated RLP 
cholesterol are more causally related to low-grade inflamma-
tion than LDL cholesterol.96 TGRLs, along with their LPL-
mediated lipolytic products (such as RLPs and free fatty acids 
(FFAs)), increase the expression of adhesion molecules 
(Vascular cell adhesion molecule 1 and Intercellular Adhesion 
Molecule 1) and cytokines, thereby contributing to the devel-
opment of atherosclerosis.103,104

Moreover, macrophage-derived LPL plays a role in 
foam cell formation and the development of atherosclero-
sis.105,106 In vitro exposure to FFAs induces TG accumula-
tion and foam cell formation in macrophages. This is 
associated with the development of a pro-inflammatory 
phenotype and an increased uptake of modified LDL 
through the upregulation of the scavenger receptor CD36.107 
Additionally, TG synthesis within macrophages can drive 
inflammation by regulating prostaglandin E2.108 TG accu-
mulation in macrophages also upregulates the expression 
of multifunctional lactone hydrolysing enzyme paraoxo-
nase 2 via the c-Jun N-terminal kinase signalling pathway, 
leading to inflammation and the generation of reactive oxy-
gen species in the mitochondria.109,110 Furthermore, choles-
terol and FFAs activate the NLR family pyrin domain 
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containing three inflammasome in macrophages, which 
stimulates the synthesis and secretion of pro-inflammatory 
cytokines and promotes atherosclerosis.111

Additionally, HTG is associated with increased lipids 
accumulation in circulating monocytes, leading to the forma-
tion of foamy monocytes in the circulation.112 This lipid 
accumulation also promotes the production and priming of 
circulating pro-inflammatory monocyte-derived dendritic 
cells.113 Furthermore, increased lipid levels within mono-
cytes in individuals with HTG or MetS are linked to a shift in 
monocyte phenotype, characterised by elevated levels of 
adhesion molecules such as CD11b (Integrin alpha M) 
CD11c (Integrin alpha X), as well as cytokines like tumour 
necrosis factor alpha and Interleukin-1 beta, particularly in 
intermediate and non-classical monocytes.114,115 The severity 
of HTG and plasma TG levels is positively correlated with 
an increased number of total monocytes and M1 pro-inflam-
matory monocytes.116 Consequently, lipid accumulation and 
phenotypic changes in circulating monocytes play a crucial 
role in the development and progression of HTG-associated 
CVD.

However, the mechanisms by which HTG and TGRL/
RLP interact with circulating monocytes, leading to the for-
mation of foamy monocytes, are not yet fully understood. 
While LPL-mediated lipolysis has been associated with 
HTG/TGRL-induced lipid accumulation and foam cell for-
mation in tissue macrophages, recent reports suggest that 
HTG/TGRL can induce phenotypic changes even in LPL-
deficient cells.105 The VLDLR and LDL receptor-related pro-
tein-1 (LRP-1), both expressed by monocytes, may be 
involved in the interaction with and internalisation of TGRL/
RLP, resulting in lipid accumulation in monocytes.101 
Additionally, APOE may play a significant role in HTG-
mediated foamy monocytes formation and accelerate athero-
sclerosis. APOE is abundant in both TGRL and RLP, serves 
as a key ligand for both VLDLR and LRP-1, and plasma 
APOE levels are correlated with CVD mortality.117

In total, HTG increases the risk of CVD through elevated 
levels of TGRL and their derivatives, such as RLP and FFAs. 
Beyond the direct effects of TGRL/RLP on ECs and lipid 
profile, these lipoproteins may also interact with and be 
engulfed by macrophages and monocytes. Consequently, 
inflammation in foam monocytes and macrophages, ECs 
adhesion, and lesion formation are likely to play crucial roles 
in the development of HTG-associated atherosclerosis.

Limitations and future directions

While the reviewed studies provide valuable insights, several 
limitations need to be addressed: (1) Incomplete understand-
ing of mechanisms: The exact mechanisms by which LMF1 
performs its functions are not yet fully understood. There is a 
need to elucidate how LMF1 regulates the maturation and 
secretion of client proteins, including its role in the reduction 
of disulphide bonds during folding. (2) Unknown role of 

LMF1 variants: The impact of various LMF1 gene variants 
on the activity of newly identified client proteins, such as 
fibronectin and the LDLR, remains unclear. Additionally, the 
connection of these variants to specific diseases has not yet 
been established. (3) Limited in vivo evidence: Although in 
vitro studies have provided insights into the effects of LMF1 
variants, there is a lack of comprehensive in vivo data that 
could validate these findings and reveal how they translate to 
physiological conditions and disease states. (4) CircRNA 
functionality: While LMF1-derived circRNA has been identi-
fied as a novel player in atherosclerosis progression, its exact 
mechanisms of action through the miR-125a-3p/VEGFA/
FGF1 pathway and potential interactions with other molecu-
lar pathways are not fully understood.

Based on pointed limitations, we wish to suggest several 
research directions for future exploration: (1) Mechanistic 
studies: Investigate the detailed mechanisms by which LMF1 
facilitates the maturation and secretion of its client proteins. 
This includes understanding how LMF1 interacts with chap-
erones and disulphide bond processing enzymes, and its role 
in maintaining ER homeostasis. (2) Functional analysis of 
variants: Conduct studies to explore how different LMF1 
variants affect the function of newly identified client pro-
teins such as fibronectin and the LDLR. This could involve 
both in vitro and in vivo experiments to establish their rele-
vance to disease states. (3) In vivo validation: Perform in 
vivo studies to confirm the findings from in vitro research. 
This includes using animal models to investigate how LMF1 
variants and LMF1-derived circRNA influence physiologi-
cal processes and contribute to disease progression. (4) 
CircRNA mechanisms: Elucidate the precise mechanisms 
through which LMF1-derived circRNA contributes to ather-
osclerosis. Research should focus on understanding its inter-
actions with miR-125a-3p and its impact on VEGFA and 
FGF1, as well as exploring other potential molecular targets 
and pathways. (5) Therapeutic development: Explore the 
potential of targeting LMF1 and its derivatives (such as cir-
cRNA) in developing novel therapeutic strategies for athero-
sclerosis. This includes evaluating the feasibility and efficacy 
of such interventions in preclinical and clinical settings. (6) 
Broader client protein spectrum: Investigate other potential 
client proteins that interact with LMF1 and assess their roles 
in various diseases. This could help identify additional thera-
peutic targets and enhance our understanding of LMF1’s bio-
logical functions.

Conclusion

The LMF1 protein plays a crucial role in maintaining ER 
homeostasis, as well as in the maturation and secretion of ER 
client proteins, which requires the reduction of disulphide 
bonds during folding. This review discusses the current 
understanding of LMF1 regulation and function, its involve-
ment in HTG, and its impact on atherosclerosis. Recent 
advances have identified fibronectin and the LDLR as novel 



Dabravolski et al.	 9

client proteins of LMF1, alongside homodimeric lipases. 
Additionally, several lectin chaperones and disulphide bond-
processing enzymes have been recognised as interaction part-
ners of LMF1, which are essential for its proper functioning. 
LMF1-derived circRNA represents a completely novel factor 
in atherosclerosis progression, with its action through the 
miR-125a-3p/VEGFA\FGF1 pathway being the only mecha-
nism identified to date. Furthermore, various mutations in the 
LMF1 gene have been clearly shown to affect lipase secretion 
and activity, linking them to HTG and CVD.

However, the exact mechanisms by which LMF1 per-
forms its functions remain unclear and warrant further inves-
tigation. Additionally, the role of LMF1 variants in the 
activity of newly identified client proteins, such as fibronec-
tin and the LDLR, is not yet understood, and no links to spe-
cific diseases have been established thus far. On the other 
hand, identification of an LMF1 variant that increases LPL 
activity in vitro, coupled with the discovery of LMF1-
derived circRNA, suggests that LMF1 holds promise as a 
target for the development of novel therapeutic strategies for 
the prevention and treatment of atherosclerosis.
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