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Hypertriglyceridemia (HTG) is a common metabolic disorder with both genetic and lifestyle factors playing significant roles in its pathophysiology. HTG poses a risk for the development of cardiovascular disease (CVD) in the population at large and for pancreatitis in about two percent of individuals with extremely high levels of triglycerides (TG). This manuscript summarizes the mechanisms underlying the development of HTG as well as its management, including emerging therapies targeted at specific molecular pathways.
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INTRODUCTION

Triglycerides (TG) are an essential molecule for efficient storage of excess energy in the body. Whenever we have excess nutrients, we store them as fat, which is TG; this is true whether the excess nutrient is carbohydrate, protein, or fat itself. TG travels through the blood stream on lipoproteins; about 90% circulates with chylomicrons and very low-density lipoproteins (VLDL). Chylomicrons (CM) carry dietary fats that were metabolized to fatty acids (FA) and mono- or diglycerides in the small intestine (SI) before being absorbed by enterocytes and reassembled into TG. The latter, along with cholesterol, phospholipids, and apolipoprotein B48 (apoB48) are assembled into CM and secreted into the lymphatic system and then into the circulation where they can deliver their TG-FA to adipose tissue for storage or to both skeletal and cardiac muscle to be used for energy. What remains at this stage is called the CM remnant (R) that carries dietary cholesterol, along with cholesterol transferred to CM from high density lipoproteins (HDL) and low density lipoproteins (LDL) via cholesterol ester transfer protein (CETP). TG is synthesized in the liver from adipose tissue-derived FAs, from FA generated within the liver from acetylCoA (de novo lipogenesis or DNL), and from FA released from CM-R and VLDL-R TG that have escaped peripheral uptake resulting in removal from the circulation by the liver (1, 2). Hepatic TG can be stored as cytosolic lipid droplets, oxidized in mitochondria, or assembled in to VLDL along with cholesterol, phospholipids, and apolipoprotein B100 (apoB100).

Based on population studies, about one-quarter of the population has a fasting plasma TG level below 100 mg/dl—a level considered as very normal. Approximately 65% of people have levels <150 mg/dl, a value often considered as the upper limit of normal. However, the full range of fasting plasma TG is from about 30 mg/dl to 10,000 mg/dl (0.33–12 mmol/L) (3). Importantly, the risk for cardiovascular disease (CVD) increases across the range of TG, at least until it is about 1,000 mg/dl, at which point the major risk becomes acute pancreatitis, although risk for CVD remains increased. In this review, we will examine why plasma TG levels can vary so widely and why moderate to very high levels can be associated with risk for CVD and pancreatitis. Finally, we will discuss existing as well as future therapies that may reduce or eliminate the risk for both of these potentially life-altering outcomes.



REGULATION OF PLASMA TG LEVELS

A detailed description of the assembly and secretion of CMs and VLDL is beyond the scope of this review (4). Key points, based on studies in cells, mice, and people with normal and elevated levels of plasma TG include the following: In both the SI and liver, assembly and secretion of apoB48 in CM and apoB100 in VLDL, respectively, are regulated mainly at the post-transcriptional and post-translational stages. Thus, in both the SI and the liver, transcription of the APOB gene is, with few exceptions, constitutive, as is translation of its mRNA. This is consistent with a model in which apoB48, with a molecular mass of over 200 kD, and apoB100, with a molecular mass of over 500 kD, must be available for sudden increases in the need to TG transport out of the SI and liver, respectively, during periods of fluctuating arrival of FAs. In turn, the constant synthesis of apoB in each organ must be balanced by secretion of CMs or VLDL, or degradation of apoB, which has been shown to occur as early as co-translationally and as late as post-endoplasmic reticulum. In the SI, the rapid influx of large quantities of FA after ingestion of dietary fat resulting in high rates of TG synthesis, must be balanced by assembly and secretion of CMs. In the liver, as noted above, the pool of TG derives from multiple sources and it is not clear which (DNL, FA delivery from the circulation, or FA released from lysosomes after degradation of CM-R and VLDL-R) is the dominant stimulus for VLDL secretion. A series of TG-synthetic enzymes, culminating in the diacylglycerol acyltransferases, DGAT1 and DGAT2, and microsomal triglyceride transfer protein (MTP) play key roles, but the rate of cholesterol synthesis and size of the hepatic cholesterol pool are also factors in the secretion of VLDL (1).

In summary, both CMs and VLDL are carriers of energy, in the form of TG, from the SI and the liver to adipose tissue and muscle for storage or utilization, respectively. Disorders of nutrient balance, whether due to excess caloric intake or inefficient storage of energy, will result, therefore, in increased rates of secretion of TG from the SI and liver. Since obesity and insulin resistance are common throughout the world, moderate HTG is nearly always associated with increased rates of CM and VLDL secretion (1, 5). However, two studies using tracer kinetic methods, published 50 years apart (6, 7), remind us that fractional clearance of TG from circulating chylomicrons and VLDL is also a critical determinant of plasma TG concentrations. It is crucial to understand that under steady state conditions, the concentration of any circulating molecular species is dependent on both the absolute rate of its entry into the circulation, e.g., secretion rate, and the efficiency with which it is removed, e.g., fractional clearance rate. At steady state, absolute secretion rates and absolute clearance rates are equal—it is the efficiency of clearance, or fractional clearance rate, which determines the concentration of a molecule for any level of its absolute secretion rate.

A simplified model of the clearance of CMs and VLDL comprises a two-step process: Lipolysis of circulating TG in both by lipoprotein lipase (LpL) followed by hepatic clearance of CM-R and VLDL-R [the latter are often called intermediate density lipoprotein (IDL) particles], respectively. For several decades, TG lipolysis by LpL appeared to be a relatively simple process, with binding of the TG-rich lipoproteins to LpL on the surface of capillary endothelial cells in adipose or muscle tissues, with apolipoprotein CII (apoCII), the necessary activator of LpL, and apolipoprotein C III (apoCIII), an inhibitor of lipolysis, playing key regulatory roles. In the past two decades, the story has become much more complex with the discovery of apoA5, angiopoietin-like protein 3 (angptl3), angiopoietin-like protein 4 (angptl4), lipase maturation protein (LMF), and glycosylphosphatidylinositol anchored high density lipoprotein binding protein (GPIHBP1). A full description of their roles is beyond this discussion other than to note that LOF mutations in the genes for these proteins can cause, particularly in the homozygous state, severe HTG (LpL, apoCII, apoA5, LMF, and GPIHBP1) or hypolipidemia (apoCIII, angptl3, and angptl4) (8, 9). Heterozygosity for TG raising mutations can also play a role in polygenic HTG (3).

All CM-Rs and variable amounts of VLDL-Rs are cleared by the liver. Importantly, VLDL-Rs can undergo further loss of TG via LpL and hepatic lipase (HL) mediated lipolysis, to become LDL. Hepatic clearance of remnants occurs mainly via the LDL receptor, with an important role for the LDL receptor-related protein-1 (LRP1) and heparin sulfate proteoglycans, particularly syndican1. For CM-Rs, hepatic clearance requires functional apoE, as apoB48 is not a ligand for LDL receptors. In contrast, VLDL-Rs can use either apoB100 or apoE. ApoE has three isoforms that differ by whether they have a cysteine or arginine at amino acids 112 and 158. ApoE 2 has cysteines at both sites and binds very poorly to both the LDL receptor and LRP-1; apoE3 has a cysteine at amino acid 112 and an arginine at 158 whereas apoE4 has arginines at both sites. ApoE3 (by far the most abundant isoform) and apoE4 bind with high affinity to both receptors. The relative roles of apoB100 and apoE in remnant uptake by the liver depends on a number of factors and cannot be definitively quantified. Importantly, apoCIII inhibits remnant uptake by the liver (10). The proportion of VLDL that is removed directly as a remnant vs. that which is converted to LDL ranges from 25 to 75%; regulation of the path that a VLDL particle takes is not understood completely, although LpL activity appears to play a critical role (10, 11).



HYPERTRIGLYCERIDEMIA

As noted above, the full range of fasting plasma TG is from about 30 mg/dl to 10,000 mg/dl (0.33–12 mmol/L) (3). Levels above 150 mg/dl (1.7 mmol/L) are found in about 30% of the population. Severe HTG, defined as plasma TG concentration >10 mmol/L (>885 mg/dL), is uncommon, with a prevalence ranging from 0.10 to 0.20%, while very severe HTG, defined at TG >20 mmol/L (>1,800 mg/dL) is rarer still (prevalence 0.01%). Quantifying the abnormal lipoprotein species in patients with elevated TG, as seen in the Fredrickson or WHO classification of hyperlipidemias, is technically complicated (12). For this reason, the general term “HTG” is usually sufficient for clinical purposes. Primary severe HTG has both monogenic and polygenic determinants. A tiny subset of these patients (perhaps 2% of individual with severe HTG) have monogenic chylomicronemia or Familial Chylomicronemia Syndrome (FCS, former type 1), a rare form of monogenic HTG with estimated prevalence of 1 to 10 in a million people. Definitive diagnosis of this autosomal recessive disorder requires molecular detection of rare, biallelic (homozygous or compound heterozygous) variants in one of five genes: LPL (accounting for 80% of cases), APOC2, APOA5, LMF1, and GPIHBP1. The roles of these gene products in lipolysis have been defined in several publications and will not be included here (9, 13–15). Genetic assessment has superseded biochemical assays of plasma lipolytic activity as the gold standard for diagnosis.

Most remaining cases of severe HTG are polygenic in nature, which includes contributions from rare heterozygous variants in the above five canonical FCS genes and/or accumulated common variants associated with elevated TG levels identified in genome-wide association studies (3). Sometimes referred to as multifactorial HTG (former type 5), certain secondary factors, such as diabetes mellitus, obesity, estrogen treatment, alcohol and high fat diets, can further exacerbate the effects of genes on severely elevated TG levels.



TRIGLYCERIDES AS A RISK FACTOR FOR PANCREATITIS

The role of HTG in the etiology of pancreatitis has been reviewed recently and will only be summarized here (16, 17). It is clear that severe HTG may lead to acute pancreatitis and that overall, HTG is causative in a significant proportion of acute pancreatitis events. It is, however, unclear whether all TRLs carry the same risk or whether CMs and CM-R carry a greater risk than VLDL and VLDL-R. Since a mixture of TRLs is present in the majority of severe HTG because of the competition of VLDL and CM for LpL, it is difficult to assign a specific TRL to the onset of pancreatitis. Understanding the pathophysiologic link between HTG and pancreatitis has been confounded by the absence of a clear cutpoint in TG concentrations and risk. In fact, the majority of subjects with TG >10 mmol/L (885 mg/dL) will never experience pancreatitis. However, the rare patients with monogenic chylomicronemia with low to undetectable levels of remnants and downstream lipoproteins due to severely impaired lipolytic machinery, have the greatest risk for pancreatitis (16). How very high TG concentrations cause pancreatitis is still unclear, although the idea that local, very high levels of FAs liberated from TG by pancreatic lipase within the pancreas sets off a cycle of damage, more liberation of lipase, more lipolysis locally, and more damage (18, 19).



TRIGLYCERIDES AS A RISK FACTOR FOR CVD

The role of HTG in CVD has been a controversial subject for decades (2, 16, 20–23). The basis for the controversy is the complexity of lipoprotein-lipid metabolism and the shortcomings of population-based epidemiologic studies where multivariate analyses cannot always adequately dissect physiologic interactions adequately. TG, because of its role in energy metabolism, has a much greater day-to-day variability in blood levels than do LDL and HDL cholesterol, weakening its statistical power. More importantly, VLDL TG levels are, via the action of CETP, inversely related to HDL cholesterol levels. Possibly most importantly, VLDL carries TG and a significant quantity of cholesterol, rendering adjustment of the role of TG in CVD risk by VLDL cholesterol (which is typically calculated in part from TG concentrations) of questionable value (20). More recently, examination of variants in genes involved in TG metabolism and HTG have strengthened significantly the argument that TG, or at least TG-rich lipoproteins, are causally linked to CVD (24–27).



THERAPEUTIC APPROACHES FOR HYPERTRIGLYCERIDEMIA


Lifestyle

The initial and most valuable approach is an adjustment in lifestyle contributors to HTG. These include management of diet, weight, and the non-TG components of the metabolic syndrome. There are medications that can elevate TG levels, including corticosteroids, thiazides, nonselective beta-blockers, estrogen, tamoxifen, bile acid sequestrants, cyclophosphamide, antiretroviral drugs, and second-generation antipsychotic agents. Other contributors to HTG that should be examined include renal disease, hypothyroidism, diabetes mellitus, pregnancy, paraproteinemia, and some auto-immune diseases (2, 16, 28). Unfortunately, lifestyle approaches have proven unreliable since they depend on patient adherence (2, 16, 28).



Fibrates

Fibrates, which are generally considered peroxisome proliferator-activated receptor alpha (PPARα) agonists, have been used to treat HTG for more than 40 years. Despite excellent efficacy as TG-lowering drugs, their effects on CVD were, however, inconsistent in monotherapy trials. In the only trial of a fibrate in combination with statin therapy (the ACCORD Trial), there was no significant benefit overall, although a pre-specified subgroup analysis of participants with TG in the upper tertile (>204 mg/dl) and HDL cholesterol in the lower tertile (<35 mg/dl) found a 28% reduction in major adverse cardiac events, (MACE) compared to placebo (29).

Pemafibrate (K-877; developed by Kowa Pharaceuticals), the first fibrate to be developed since ACCORD, is a selective peroxisome proliferator-activated receptor-α modulator (SPPARMα) (30). In a systematic review of studies performed in Japan, pemafibrate reduced plasma triglyceride (TG) levels and increased high-density lipoprotein cholesterol (HDL-C) with efficacy similar to fenofibrate, and had a good safety profile (31). Unlike fenofibrate, that increases serum creatinine, there was minimal effect of pemafibrate on creatinine levels. Pemafibrate's ability to reduce CVD is being evaluated in the PROMINENT study (Pemafibrate to Reduce Cardiovascular Outcomes by Reducing Triglycerides in Patients with Diabetes), a phase 3 randomized clinical trial with an estimated enrollment of 10,000 participants with plasma TG and HDL levels similar to those of the dyslipidemic subgroup in ACCORD. This trial is will be completed in 2022 (32).



Omega-3 Fatty Acids

Omega 3 fatty acids are polyunsaturated FAs (PUFAs) that have a range of important roles in cell physiology (33). They are essential fatty acids because they cannot be synthesized de novo from small carbon molecules in the body. The main omega 3 FAs are alpha-linolenic acid (ALA), which can be obtained from plant oils, including flaxseed, soybean, and canola, and both eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which must be obtained from consuming fish and other seafood, although small quantities can be generated by elongation of ALA. Twenty-one years ago, the GISSI study of 1 gm/day supplementation with a combination of DHA/EPA ethyl esters in the ration of 2:1 demonstrated a significant protective effect in patients with a recent myocardial infarction (33, 34). However, studies that followed were, for the most part negative (35), including two recent primary prevention studies, ASCEND and VITAL. In these two studies, more than 15,000 and 25,000 individuals, respectively, were randomized to one gm/day of DHA/EPA or placebo and followed for a mean of 7.4 and 5.3 years, respectively (36, 37). Of note, the JELIS study of 1,800 mg EPA/day plus statin vs. statin alone in 18,645 Japanese patients followed for a mean of 4.6 years demonstrated a significant 19% benefit on major coronary events (38). This study, however, was randomized but not blinded, and this led to concerns about the results.

REDUCE–IT (Reduction of Cardiovascular Events With EPA - Intervention Trial), was a randomized double-blind study that evaluated the effects of icosapent ethyl, a purified EPA ethyl ester (developed by Amarin), in subjects taking statins with plasma TG levels of 150–499 mg/dl. The subjects had either a prior cardiovascular event or diabetes mellitus with additional risk factors. The median follow-up was 4.9 years. Compared to the placebo group, subjects who received 4 gms/day of icosapent ethyl had a 25% reduction in the primary endpoint of MACE, with a number needed to treat of 21. Of note, although placebo-corrected reductions in TG of 19% were achieved by icosapent ethyl, there was no relationship between baseline TG and the benefit on CVD. The results of REDUCE-IT, together with those from JELIS, suggest that EPA has uniquely beneficial effects on CVD (39). In contrast, a very recent expanded meta-regression of 13 trials of omega-3 FAs that included ASCEND, VITAL, and JELLIS, but not REDUCE-IT, and had over 127,000 participants, found significant beneficial effects of omega-3 FAs, mainly with DHA:EPA combinations (40).



Treatments to Reduce ApoCIII

ApoCIII is synthesized in hepatocytes and in the intestine. It is carried in the circulation mainly on VLDL and CM, but also on HDL and to a lesser extent, LDL. As noted earlier in this review, apoCIII inhibits the activity of LPL as well as the uptake of remnants by the liver (10, 41). LOF mutations in APOC3 have been associated with reduced TG levels and a reduced risk of CVD (24, 25, 42). Volanesorsen, an antisense oligonucleotide (ASO) (developed by Ionis Pharmaceuticals, Inc.) targeted against apoC-III mRNA, was developed for the treatment of FCS, severe HTG, and familial partial lipodystrophy (FPL) (43). The US Food and Drug Administration did not approve volanesorsen, but the European Medicines Agency did, in 2019, basing this decision on the positive results of Phase 2 and 3 trials. A key study was the APPROACH trial, a double blind phase 3 trial that evaluated the efficacy and safety of volanesorsen in adults diagnosed with FCS, who at the time of enrollment, were unsuccessfully treated with a restrictive diet, fibrates, statins or other lipid lowering agents (44). Sixty-six subjects enrolled: 41 were homozygous or heterozygous for LpL LOF mutations and 11 were either double heterozygotes for LOF mutations in LpL and another accessory protein (ApoA5, LMF1) or biallelic for mutations in ApoA5, LMF, GPIHBP1, or ApoC2. They were randomized to placebo or 300 mg volanesorsen weekly for 52 weeks. At 3 months, TG levels were reduced by 77% (1,712 mg/dl) and this reduction was maintained for the duration of the study. Adverse events included skin reactions in 61% of subjects and platelet counts falling to <100,000 in nearly 50% of subjects taking volanesorsen. The ability of apoCIII inhibition to reduced plasma TG levels dramatically in patients with no LpL suggested that hepatic uptake must have increased in association with reduced circulating apoCIII concentrations (10, 43). Interestingly, kinetic studies of VLDL apoB and TG metabolism in subjects heterozygous for LOF APOC3 mutations demonstrated greater conversion of VLDL to LDL and no difference in hepatic uptake of VLDL in those individuals compared to their unaffected siblings (45).

At this time, the underlying mechanism causing thrombocytopenia during volanesorsen treatment has not been identified, although lowering of platelet counts seem to be dose-dependent (44). A GalNAc3 conjugated APOC3 ASO (developed by IONIS), which targets the ASO to the liver with very high efficiency, is currently being developed and appears, possibly because of similar efficacy with significantly reduced doses, to have a much improved safety profile (46).



Targeting Angiopoietin-Like Proteins

Angiopoietin-like proteins (ANGPTL) are structurally similar to the angiopoietins, a family of proteins involved in angiogenesis (47). ANGPTL1 to ANGPTL7 each have an amino-terminal coiled-coil domain, a linker region, and a carboxy-terminal fibrinogen-like domain. ANGPTL8 contrasts with the other members of angiopoietin-like protein family because of it lacks a carboxy-terminal fibrinogen-like domain (FLD) (48). Below we describe studies exploring the lipid altering effects of 3 of the ANGPTL family members, ANGPTL3, 4, and 8, which are being developed to treat various forms of dyslipidemia.


Angiopoietin-Like Protein 3

ANGPTL3 is a secretory protein primarily expressed in the liver and encoded by a member of the angiopoietin-like family of genes. Angplt3 was identified initially as the cause of hypolipidemia in KK mice with a spontaneous mutation in the gene (49). ANGPTL3 inhibits LPL and endothelial lipase (EL) hydrolysis of triglycerides and phospholipids (49, 50). LOF mutations in ANGPTL3 results in pan-hypolipidemia and the gene has been shown by Mendelian randomization studies to be causal for CVD (27, 51). These results have led to development of biologics, including ASO and monoclonal antibodies, that can reduce circulating levels of ANGPTL3.

ANGPTL3-LRx ASO (developed by IONIS) is taken up with high specificity by the liver where it targets ANGPTL3 mRNA (52). Studies of gene deletion or mRNA knockdown in mice demonstrated reductions TG and LDL cholesterol levels, although effects on HDL cholesterol levels varied by the mouse model used. Effects of the ASO in mice led to reductions in plasma lipids as well as reductions in liver triglyceride content, atherosclerosis progression, and increases in insulin sensitivity. In the same publication, first-in-man studies showed that after 6 weeks of treatment, ANGPTL3-LRx ASO resulted in reductions in levels of ANGPTL3 protein (reductions of 46.6–84.5% from baseline depending on dose used) and in levels of triglycerides (reductions of 33.2–63.1%), LDL cholesterol (1.3–32.9%), very-low-density lipoprotein cholesterol (27.9–60.0%), non–high-density lipoprotein cholesterol (10.0–36.6%), apolipoprotein B (3.4–25.7%), and apolipoprotein C-III (18.9–58.8%). Three participants who received the antisense oligonucleotide and three who received placebo reported dizziness or headache. There were no serious adverse events (52).

Evinacumab is a monoclonal antibody (developed by Regeneron) that inhibits ANGPTL3. In two preclinical studies, inhibition of ANGPTL3 resulted in reduced secretion of VLDL TG by the liver and lower plasma lipid levels (53, 54). In randomized, double-blind, placebo-controlled, Phase 1 studies, evinacumab lowered both TG's and VLDL-C. In the single ascending dose study, the highest dose lowered TG levels by 80%, and this decline was more noticeable with intravenous (IV) doses rather than subcutaneous (SC) doses. In the multiple ascending dose study, TG levels were reduced 70% (55). An open-label study of Evinacumab involving nine adults with homozygous familial hypercholesterolemia delivered promising results; TG levels were reduced by 47% and LDL-C was reduced by 49% after 4 weeks of treatment. Apo B, non-HDL cholesterol and HDL decreased 46, 49, and 36%, respectively (56).



Angiopoietin-Like Protein 4

ANGPTL4 (angiopoietin-like protein 4/fasting-induced adipose factor) is an inhibitor of LpL that is expressed in many tissues and regulates lipid metabolism, especially TG levels (57, 58). As was the case for ANGPTL3, LOF mutations in ANGPTL4 were associated with lower TG levels and lower risk for CVD in a large cohort study (59). Unfortunately, knock out mice fed with a high fat diet had a high mortality rate and numerous lipo-granulomatous lesions in the intestines and mesenteric lymph nodes (58, 60). This curtailed targeting ANGPTL4 as a potential approach to treat dyslipidemia.



Angiopoietin-Like Protein 8

ANGPTL8 is expressed in liver and adipose tissue (61). It appears to interact with ANGPTL3 to increase TG levels, and a study in mice showed that ANGPTL8 does not inhibit LPL directly, but instead acts with ANGPTL3 or possibly other ANGPTL family members to increase TG levels. The possibility of inhibiting ANGPTL8 clinically is being considered.




Treatments Targeting Apolipoprotein CII

ApoCII is the necessary activator of LPL and complete deficiency causes a phenotype that is identical to that of LpL deficiency (8). Although the severe HTG of apoCII deficiency can be treated by plasma transfusions (62), a practical chronic therapy for this very rare disorder is needed. Recent studies indicate that treatment with an apoCII mimetic peptide may alleviate the severe HTG in patients with complete loss of apoCII beyond standard management (13, 63).



Treatments Targeting Lipoprotein Lipase Gene

Lipoprotein Lipase Deficiency (LPLD) is the most common of the very rare monogenic disorders that cause FCS. It typically presents in childhood with signs associated with severe HGT such as eruptive xanthomas, pancreatitis, and recurrent episodes of abdominal pain (8). Fibrates and omega-3-fatty acids are not sufficient to manage this condition and diet control, requiring no more than 10% of calories of fat, is very difficult in terms of compliance. Alipogene tiparvovec (marketed as Glybera) was approved in Europe in 2012. It was a hyperactive recombinant LpL with the p.S447X variant that was delivered via injection of an adeno-associated viral vector. Initial response was excellent, but TG levels reverted toward pretreatment levels after several months (64). Additionally, it was extremely expensive. Hence, in 2017, the sponsor declined to pursue a renewal for market authorization.
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