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Abstract

Fasting triacylglycerols have long been associated with cardiovascular disease (CVD) and other cardiometabolic conditions. Evidence suggests that non-
fasting triglycerides (i.e. measured within 8 h of eating) better predict CVD than fasting triglycerides, which has led several organisations to recommend
non-fasting lipid panels as the new clinical standard. However, unstandardised assessment protocols associated with non-fasting triglyceride measurement
may lead to misclassification, with at-risk individuals being overlooked. A third type of triglyceride assessment, postprandial testing, is more controlled, yet
historically has been difficult to implement due to the time and effort required to execute it. Here, we review differences in assessment, the underlying
physiology and the pathophysiological relevance of elevated fasting, non-fasting and postprandial triglycerides. We also present data suggesting that
there may be a distinct advantage of postprandial triglycerides, even over non-fasting triglycerides, for eatly detection of CVD risk and offer suggestions
to make postprandial protocols more clinically feasible.
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Introduction

High fasting triglycerides have been associated with cardiovas-
cular disease (CVD) since the 1950s, and nearly one-third of
Americans display elevated triglycerides (>1-70 mmol/l ot
150 mg/dl)"?. Triglycerides >1-70 mmol/1 (150 mg/dl) are
also one criterion for diagnosis of the metabolic syndrome and
are frequently observed in those with type 2 diabetes” .
Chronically elevated fasting triglycerides in the absence of a
genetic lipid disorder are associated with some degree of meta-
bolic derangement, which can include long-term positive
energy balance and adipose tissue expansion, hepatic steatosis
and subsequent very-low-density lipoprotein (VLDL) overse-
cretion and/or insulin resistance>’~'?. In addition to their
relationship with these metabolic changes, fasting triglycerides
strongly correlate with other adverse, and more complex, lipid

profile changes that are less easily measured (e.g. increased
small, dense low-density lipoprotein (LDL), increased LDL
triglycerides)' "'®. Given that 84 % of those with fasting
triglycerides marginally above the recommended cut-off (i.e.
>2-0 mmol/] or 177 mg/dl) with increased waist circumfer-
ence also display elevated insulin, apolipoprotein (apo)B and
small LDL-particles , fasting triglycerides are likely most useful
in screening for more moderate stages of declining metabolic
health™”.

Despite triglycerides historically being measured in the
fasted state, the rise in triglycerides following a meal, or post-
prandial lipaemia, has become increasingly examined due to
epidemiological evidence that non-fasting triglycerides (i.e. tri-
glycerides measured within 8 h of an unstandardised meal) are
a strong predictor of CVD, and in some cases, more closely

* Corresponding author: Bryant H. Keirns, email bryant.keirns@okstate.edu

© The Author(s), 2021. Published by Cambridge University Press on behalf of The Nutrition Society. This is an Open Access article, distributed under
the terms of the Creative Commons Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribu-
tion, and reproduction in any medium, provided the original work is propetly cited.


mailto:bryant.keirns@okstate.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

related to risk than fasting triglycerides® 2. A recent report
from our group in generally healthy younger (18-35 years)
and older (>60 years) individuals defined as either active (i.e.
>150 min moderate to vigorous physical activity/week) ot
sedentary (i.e. <150 min moderate to vigorous physical activ-
ity/week and <30 min planned exetcise/week) also illustrates
this point using a postprandial triglyceride assessment (serial
measurement of triglycerides after a standardised test meal).
Inactive participants presented with normal fasting triglycer-
ides (110 mmol/1 or 97-4 mg/dl), glucose and high-density
lipoprotein cholesterol (HDL-C), but following a high-fat
meal challenge (Martie Callendat’s chocolate pie; 12 kcal/kg;
63 % fat (47 % saturated fat)) experienced a 236 % increase
in peak triglycerides (2-60 mmol or 230-3 mg/dl) and a large
triglyceride area under the curve relative to active counterparts
(Fig. 1)®?. Importantly, this increase in postprandial triglycer-
ides is above the current recommended threshold for what is
considered adverse (i.e. >2-48 mmol/I or 220 mg/dl), and in
this population, was one of the only apparent signs of declin-
ing metabolic health®*¥. Therefore, a large postprandial lipe-
mic response may serve as a sensitive tisk detection tool in
apparently healthy individuals. This exaggerated triglyceride
response could be due to many factors including intestinal
and hepatic triglyceride-rich lipoprotein (TRL) oversecretion,
reduced LPL activity and LPL saturation"**%. TRIL rem-
nants (i.e. VLDL and chylomicrons with partially hydrolysed
triglyceride cargo) appear to account for the increased CVD
risk in those with high post-meal triglycerides because they
are selectively retained in the subintimal space, readily engulfed
by macrophages in their unmodified form, and contain 5-20%
the cholesterol content of LDL, making them highly athero-
genic(83538)

and clinical evidence suggests that the rise in triglycerides

Overall, a growing body of epidemiological

after a meal may be a more sensitive screening tool than fasting
triglycerides for detecting disease risk and may be abnormal
when other traditional risk factors (i.e. fasting triglycerides,
HDL-C, glucose) are in the normal range.
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Fig. 1. Postprandial triglycerides in active and inactive individuals with healthy
fasting triglycerides. Despite normal fasting triglycerides, glucose, and HDL,
disease-free, inactive individuals experienced an adverse postprandial trigly-
ceride response. Young adults were 18-35 years old and older adults were
260 years. Physically active was defined as 2150 min moderate to vigorous
physical activity per week and physically inactive was <150 min moderate to
vigorous physical activity per week and <30 min planned exercise per week.
Significant differences (denoted by *; P<0-05) were observed at every time
point when comparing pooled inactive v. active individuals using Bonferroni
corrected independent t-tests. Data reproduced with permission.

Given the usefulness of post-meal triglyceride measurement
for predicting CVD, it is important to further delineate
between non-fasting and postprandial triglyceride assessment,
which are often described interchangeably. Measurement of
non-fasting triglycerides is one such method and describes a
triglyceride measurement taken anytime within 8 h of eating
a free-living, unstandardised meal®?. Given this wide assess-
ment window, non-fasting triglycerides are conveniently mea-
sured and often used in large epidemiological studies, but
usually cannot control for a variety of factors that modify tri-
glycerides (e.g. meal composition and timing, recent physical
activity) and there is a possibility that peak post-meal triglycer-
ides are not captured. The other form of triglyceride assess-
ment after a meal is known as postprandial testing. In
contrast to non-fasting triglycerides, postprandial triglyceride
evaluation refers to hourly triglyceride measurement following
a predetermined high-fat meal in a laboratory setting.
Generally, individuals are asked to report to a research labora-
tory after an overnight fast, a fasting blood draw is collected
and then a standardised high-fat meal (i.e. either a set bolus
of fat or a high-fat meal scaled to body weight) is consumed
followed by houtly triglyceride measurement for 6-8 h.
Other relevant modifiers of triglycerides such as physical activ-
ity and length of the overnight fast are also controlled.
Although postprandial testing is ideal for determining an indi-
viduals® peak triglycerides after a meal challenge and captures
the total triglyceride atea under the curve, postprandial proto-
cols in their current form are time-intensive and not amenable
to large-scale studies or clinical practice. Nonetheless, post-
meal triglycerides, in particular postprandial triglycerides,
appear to be a valuable marker for detecting eatly disease
risk, watranting more efforts to make postprandial testing
more clinically feasible.

In this review, we discuss commonalities and draw clear dis-
tinctions between the underlying physiological and metabolic
changes that lead to elevated fasting, non-fasting and post-
prandial triglycerides and the implications of these changes
for different triglyceride assessment methods. We also attempt
to estimate the daily triglyceride burden experienced by the
average individual consuming a Western-style diet, and review
key pathophysiological mechanisms by which elevated fasting
and non-fasting/postprandial triglycerides likely contribute to
CVD risk. Lastly, we argue that in a subset of the population,
postprandial triglycerides may be the preferred form of testing,
even over non-fasting triglycerides, and offer suggestions to
make postprandial protocols more practical.

General overview of triglyceride metabolism

Triglycerides provide approximately 95 % of kilocalories
derived from dietary fat and act as a stored energy reserve
in adipose tissue. Due to their hydrophobic nature, triglycer-
ides are transported within lipoproteins in the bloodstream
along with cholesteryl ester, phospholipid and other fat-soluble
molecules. In the fasted state, triglycerides are predominantly
transported within apoB100 containing VLDL secreted by
the liver™. Some triglyceride is also present in intermediate-
density lipoproteins and LDIL, which form as VLDL



triglycerides are progressively cleaved by lipoprotein lipase
(LPL), releasing free fatty acids to be utilised as energy or
stored. Following a meal, it is normal to observe a moderate
peak in triglycerides 35 h after eating, 80 % of which are
packaged into apoB48 containing chylomicrons produced by
enterocytes®”. Chylomicrons initially enter the lymphatic sys-
tem and ultimately reach the bloodstream where their triglycer-
ide is also hydrolysed by LPL®”. However, despite dietary
triglyceride being mostly carried in chylomicrons, the increase
in apoB containing particles after a meal is largely explained by
a rise in VLDL, as postprandial VLDIL secretion is only
partially suppressed by insulin (approximately 50 %), and chy-
lomicrons are preferentially hydrolysed by LPLO*4D,
Collectively, VLDL and chylomicrons are referred to as
TRLs, and following LPL hydrolysis are termed TRL rem-
nants. The dynamic process of TRL hydrolysis is influenced by
many apolipoproteins that either activate LPL (e.g. apoC-II) or
inhibit LPL such as apoC-I, apoC-1II, angiopoietin-like
protein-3, -4 and -8~ After the majority of TRI-
triglyceride has been hydrolysed (approximately 6—8 h after a
meal), TRL remnants and LDL are cleared by hepatic recep-
tors (i.e. LDL receptor, LDL receptor-related protein-1),
which is facilitated by apoE® 7.

Estimated daily triglyceride kinetics in Westernised countries

While it is generally accepted that triglycerides remain elevated
for the majority of the day due to the additive effective of mul-
tiple meals, the exact magnitude is relatively unclear in the con-
text of the typical Western dietary pattern. We have performed
calculations to estimate this, and it appears that consuming the
Western dietary pattern may lead to a substantial triglyceride
peak, with triglycerides remaining above fasting 75 % of the
day (Fig. 2). Consider the average American male whose fast-
ing triglycerides are 1-37 mmol/1 (122 mg/d)” and who con-
sumes approximately 2400 kcal/ d(48), 35 % of which are from
fat™ over 4-5 meals and snacks. These averages equate to
consumption of approximately 93 g of fat each day, or
approximately 23 g per meal if divided across four meals.
Taguchi and colleagues®” determined that a similar quantity
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Fig. 2. Estimated triglyceride kinetics of a typical U.S. male following a west-
ern dietary pattern. Since dietary triglycerides following a meal peak over 3-5
h, there is an additive effect of meals resulting in postprandial lipaemia during
most of the day. Hour O represents midnight.

of fat (20 g) increased postprandial triglycerides by approxi-
mately 1-20 mmol/l (approximately 106 mg/dl) in subjects
with normal fasting triglycerides <1-70 mmol/l (<150 mg/
dl). Emerson ¢z al. ©® demonstrated that consuming one mod-
erate fat meal (sausage, egg, cheese, whole-grain crust; 8-5

keal/kg; 30 % fat (13 % saturated fat)) containing similar
total fat (22 g fat; 660 kcal), followed by the same meal 3 h
later, sustained the initial triglyceride peak and caused approxi-
mately 3 % change per hour increase in serum triglycerides
over the next 3 h before triglycerides began to decline. If
four meals spaced 3 h apart are assumed, and postprandial tri-
glyceride kinetics are similar following the third and fourth
meals, we estimate that the average man may experience a tri-
glyceride peak near 3-:39 mmol/1 (300 mg/dl) approximately 7

PM and will not return to baseline until approximately 1 AM
(Fig. 2). Although this is a relatively crude estimate, specific
meal patterns are assumed, and one would expect some differ-
ences in females due to the influence of sex hormones on tri-
glycerides and having less visceral fat than men (presumably
reducing hepatic VLDL-triglyceride secretion), it still likely
provides insight into the daily triglyceride kinetics of many
adults following a Western dietary pattern.

Statistical considerations and epidemiology of fasting,
non-fasting and postprandial triglycerides

Statistical adjustments for fasting triglycerides

Although fasting triglycerides are the traditional method of tri-
glyceride assessment, there has been extensive debate as to
whether they are an independent risk factor for CVD. This
controversy is largely based on whether other risk factors
should be accounted for when evaluating the relationship
between triglycerides and disease risk, implying that triglycer-
ides are a correlate with metabolic disease rather than a causal
factor. In most early studies where statistical adjustments were
minimal, nearly all studies found that triglycerides were an
independent CVD risk factor®". However, when adjustments
for other factors, such as total cholesterol, HDL-C and BMI,
were made, the association between fasting triglycerides and
CVD was lost in some cases®". While this approach is logical,
it should be considered that lipid concentrations often correl-
ate with one another, an important example being the inverse
relationship between triglycerides and HDI-C®?. Presently,
adjusting for these risk factors and others (e.g. blood pressure,
smoking status) in large epidemiological cohorts is performed
when examining the relationship between triglycerides and
CVD in an attempt to tease apart the most relevant risk factors
in multivariate analysis.

Epidemiology of fasting triglycerides and CVD

In 1996, Hokanson and Austin®” performed a meta-analysis
of seventeen prospective studies evaluating the relationship
between fasting triglycerides and fatal and non-fatal cardiac
events. Univariate analysis of >46 000 men revealed that a
1-00 mmol (89 mg/dl) increase in fasting triglycerides was
associated with a 32 % increased relative risk of incident cat-
diac events. Similarly, women displayed a 76 % increased



relative risk for cardiovascular events in a sample of nearly 11
000 women with a 1-:00 mmol (89 mg/dl) increase in fasting
triglycerides. After adjustment for age, total cholesterol,
HDIL-C and LDIL-C, smoking, BMI and blood pressure,
these relationships were still significant, but reduced to 14
and 37 % increased risk for men and women, respectively.
Therefore, this large meta-analysis observed that fasting trigly-
cerides were independently associated with cardiac events in
men and women, although this relationship was weakened,
but not completely negated, when considering other risk factors.

Statistical adjustments for non-fasting triglycerides

Statistical adjustments made in studies evaluating non-fasting
triglycerides and CVD risk largely include the same metabolic
parameters as fasting triglycerides (e.g. other lipids, smoking,
BMI). It is ideal to additionally adjust for meal timing and
composition and physical activity, given that these factors
have a large influence on non-fasting triglycerides and that
non-fasting triglycerides can be measured within a large time
frame and thus dramatically different results can be obtained
depending on when the measurement is taken®”. However,
this data is frequently not available in large epidemiological
cohortts, and this lack of control is the primary limitation of
non-fasting triglyceride assessment.

Epidemiology of non-fasting triglycerides and CVD

Several epidemiological studies have investigated the associ-
ation between non-fasting triglycetides and CVD. In the
Women’s Health Study cohort (26000 initially healthy
women, mean follow-up of 11-4 years), those that fell within
the top two tertiles of non-fasting triglycerides (i.e. 1-19—
1-21 mmol/1 (105-107 mg/dl) and >1-93 mmol/l (171 mg/
dl)) were at 44 and 98 % increased risk for incident CVD in
the fully adjusted model, which accounted for total and
HDL-C, C-reactive protein and BMI, among other covari-
ates™. In contrast, the association between fasting triglycer-
ides and CVD was lost in the fully adjusted model,
suggesting that non-fasting triglycerides may have more utility
than fasting triglycerides for predicting future CVD events.
When reanalysing the data as quintiles, only the highest quintile
of non-fasting triglycerides (> 2-43 mmol/1 or 215 mg/dl) was
associated with increased risk for CVD events (99 % increased
relative risk) after adjustments for covariates, and again, there
was no association with fasting triglycerides.

Similarly, the Copenhagen City Heart Study (approximately
14000 men and women; mean follow-up >26 years) found
that incidence of myocardial infarction, ischaemic heart disease
and total mortality significantly increased within all five quintiles
of non-fasting triglycerides, beginning as low as 1-00-1-99
mmol/l (89-176 mg/dl), compared with the reference group
(<1-00 mmol or 89 mg/dl) in both men and women®.
Additionally, fully adjusted hazard ratios trevealed that for
evety 1-00 mmol/1 (89 mg/dl) increase in non-fasting triglycet-
ides, women were 20 and 18 % more likely to experience myo-
cardial infarction and death, respectively. However, in men, no
relationship was observed between cardiac events or mortality

and non-fasting triglycerides in the full model, despite 6-10 %
increased risk for myocardial infarction, ischaemic heart disease
and mortality in models adjusting only for age and HDL-C.
In the Norwegian Counties Study (86 000 men and women;
mean follow-up 27 years), non-fasting triglycerides were asso-
ciated with increased all-cause mortality and death from CVD
in women within the main study population following adjust-
ment for typical covariates (but not HDIL-C), which included
time since last meal®”. Women were at 17 % increased risk
of all-cause mortality beginning at 102 mmol/1 (90-3 mg/dl)
of non-fasting triglycerides with the highest quintile (>1-71
mmol/l; >151-5mg/dl) exhibiting 42 % increased risk.
Furthermore, women in the second, third and fourth quintiles
were 28-37 % more likely to die of CVD relative to the lowest
quintile, and the highest quintile was associated with 77 %
increased risk of CVD death. In men, these relationships
were generally not observed, although a 20-21 % increased
risk of death from ischaemic heart disease was seen in the
two  highest
Interestingly, in a subset where HDL-C data was available
and included in the model, for every 1 mmol/l (89 mg/dl)
increase in non-fasting triglycerides, a 6 % increase risk of all-

quintiles of non-fasting triglycerides.

cause mortality was observed in both sexes, as well as a 6 %
increased risk of death from CVD in men. Taken together,
epidemiological evidence suggests that non-fasting triglycerides
are associated with CVD events and death, even after adjust-
ment for relevant confounding variables, and ate arguably a
better predictor of CVD than fasting triglycerides in some
populations.

Statistical adjustments for postprandial triglycerides

While many of the same general and metabolic variables (e.g.
age, sex, BMI, cholesterol metrics) are also often adjusted for
in small postprandial studies when sample size permits, the
limitations and ideal statistical adjustments relevant to non-
fasting triglycerides are directly accounted for in the postpran-
dial study design. Specifically, participants are typically asked to
refrain from exercise before and during the postprandial fat
tolerance test and the time since their last meal is either con-
trolled for or recorded by study personnel by virtue of study
design, removing the need for statistical adjustment. However,
this level of control compromises the size of the study popula-
tion, limiting the number statistical adjustments that can be made.

Epidemiology of postprandial triglycerides and CVD

To our knowledge, only one cohort study has evaluated the
relationship between postprandial triglycerides determined by
a controlled fat tolerance test and CVD outcomes®”. The
Atherosclerosis Risk in Communities (ARIC) study adminis-
tered a fat tolerance test to 559 participants and then assessed
the relationship between postprandial lipaemia and CVD
events over a 20-year follow-up. The liquid test meal utilised
was a set bolus and composed of heavy whipping cream, ice
cream, safflower oil, chocolate syrup and protein powder
(1265 keal; 105 g fat (50 % saturated fat)). Among several indi-
cators of postprandial lipaemia (i.e. triglycerides, TRL-



triglycerides, retinyl palmitate and the apoB48/apoB100 ratio),
there was no relationship between postprandial lipaemia and
CVD events when the population was divided into tertiles.
Although this was an important first attempt to study post-
prandial triglycerides and CVD outcomes in an epidemio-
logical context, the investigators acknowledged that this
study was underpowered and larger-scale studies similar in
study design are needed.

Genetic evidence for involvement of triglycerides in CVD

While epidemiological evidence is somewhat conflicting, gen-
etic evidence provides another perspective on the role of tri-
glycerides in CVD risk. That is, genetic studies consistently
support some involvement of triglycerides and/or their cleat-
ance in the atherosclerotic process. For example, both rare
loss-of-function mutations and more common variants in
the LPL. gene lead to elevated triglycerides and are associated
with increased CVD  risk®>*”. Similarly, variants in the
APOA5 gene, another apolipoprotein involved in LPL activa-
tion, selectively increase triglycerides and the likelihood of
developing CVD®*”. Conversely, loss-of-function mutations
in genes encoding LPL inhibitors (i.e. APOC3, ANGPTI 4)
are associated with reduced triglycerides and lower risk of
CVD®"Y, Using genetic risk scores, Ference and collea-
gues©
triglycerides and LDL-C. Interestingly, the effect of lowering

compared the risk reduction associated with lowering

triglycerides and LDL-C normalised to apoB particles were
both associated with an approximately 33 % reduced risk for
CVD, suggesting that there may be a benefit to lowering trigly-
cerides specifically beyond what fibrates can generally accom-
plish. This genetic benefit from lowering triglycerides was
attributed to a reduction in VLDL particles, which are argu-
ably more atherogenic than LD, albeit fewer in number©*%?,
Overall, these studies demonstrate that genetic mutations lead-
ing to reduced triglycerides (regardless of fasting or non-
fasting context) reduce the risk for CVD and imply that
there may be a cardiovascular benefit to lowering fasting and
non-fasting/postprandial triglycerides.

Mechanisms and pathophysiological relevance of high
fasting triglycerides

Mechanisms leading to high fasting triglycerides

Given that there is reason to believe that triglycerides and/or
post-meal triglycerides are involved in the atherosclerotic pro-
cess, it is important to understand the underlying causes and
potential pathophysiological relevance of elevated fasting, non-
fasting and postprandial triglycerides. High fasting triglycerides
are generally the result of increased VLDL-triglyceride secre-
tion (commonly related to hepatic steatosis) and/or impaired
triglyceride clearance by LPL®? (Fig. 3(a)). These metabolic
changes leading to elevated fasting triglycerides have been
attributed to many factors including insulin resistance, diet
and lifestyle behaviours that promote obesity and ectopic fat
accumulation” "> L) (Taple 1), Perhaps the most

accepted mechanism for increasing fasting triglycerides is

adipose tissue insulin resistance, leading to uninhibited lipoly-
sis, increased free fatty acid flux to the liver and ultimately
increased VLD -triglyceride secretion”™"'*”. Indeed, the
homeostatic model of insulin resistance (HOMA-IR) strongly
correlates with triglyceride-rich VLLDL; secretion and VLDL,
apoB pool size"”. While visceral adipose tissue is more insulin
resistant than subcutaneous fat, and consequently is often
cited as a contributor to elevated triglycerides, it should be
noted that the majority of free fatty acids reaching the liver
are derived from peripheral depots!**"?". Tastly, enhanced
hepatic de novo lipogenesis in the fasted state appears to con-
tribute to liver fat accumulation and subsequent VLDL secre-
tion in obese, hyperinsulinemic individuals®?.

From a triglyceride clearance standpoint, insulin resistance
and type 2 diabetes are associated with reduced adipose
LPL expression and LPL activity, interfering with hydrolysis
of VLDL-triglyceride and likely prolonging VLDL particle
residence time®'™>"7?_ Insulin resistance is also characterised
by higher serum apoC-III, which contributes to high triglycer-
ides by inhibiting apoE mediated uptake of apoB particles and
reducing triglyceride hydrolysis by LPL?.

Pathophysiological relevance of high fasting triglycerides

Despite the controversy over whether triglycerides are an inde-
pendent risk factor for CVD, mechanistic work provides indir-
ect explanations by which chronically elevated fasting
triglycerides are a cardiometabolic liability. In the context of
insulin resistance, triglyceride-enriched VLDL are overse-

creted 112

and cleared more slowly than in insulin-sensitive
individuals®' . Due to longer residence time and insulin’s
activation of cholesterol ester transfer protein (CETP), trigly-
ceride in VLDL is transferred to HDL and LDL particles to
a greater degree”. After triglyceride is further hydrolysed
from these HDL and LDL by hepatic lipase, they adopt a
small, dense phenotype. Consequences of these small, dense
LDL and HDL include impaited LDL uptake by the LDL
receptor, higher likelihood LDL are retained in the subintimal
space, and increased HDL degradation leading to decreased
circulating HDL. Together, these adverse lipid changes are
associated with increased CVD risk and can be traced back
to a high hepatic triglyceride burden and VLDL secretion”.

Another potential indirect role of disturbed triglyceride
metabolism in the fasted state is a higher burden of VLDL
remnants, which are rich in cholesterol and have similar prop-
erties to pro-atherogenic LDL. That is, remnants <70 nm in
diameter can enter the subintimal space, are selectively
retained, and may be phagocytosed by macrophages forming
foam cells in their unoxidised form, thereby contributing to
atherosclerotic plaque®®'?*,

In vitro work has demonstrated TRL remnants and TRL lip-
olysis products have pro-inflammatory properties that may
promote CVD. Specifically, TRL remnants increase monocyte
adhesion to endothelial cells by upregulating protein expres-
sion of adhesion molecules (i.e. vascular cell adhesion mol-
ecule (VCAM)-1, intracellular adhesion molecule (ICAM)-1,
E-selectin), increase endothelial production of tumour necrosis
factor (INF)-a and intetleukin (IL)-1B, and promote platelet

8,1
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Fig. 3. Mechanisms leading to raised fasting v. non-fasting/postprandial triglycerides. (a) Mechanisms leading to high fasting triglycerides. Primary drivers of high
fasting triglycerides appear to be hepatic steatosis (driven in part by adipose insulin resistance and lifestyle factors) and subsequent increased VLDL-triglyceride
secretion. Impaired triglyceride clearance due to reduced LPL activity and enrichment of TRLs with apoC-lIl are also implicated in high fasting triglycerides. (b)
Mechanisms leading to high non-fasting/postprandial triglycerides. In addition to mechanisms that also increase fasting triglycerides, failure of insulin to suppress
postprandial VLDL secretion, competition between VLDL-triglycerides and chylomicron-triglycerides for LPL hydrolysis, and oversecretion of intestinal chylomicrons
are unique drivers of high non-fasting/postprandial triglycerides. Abbreviations: apo, apolipoprotein; CHO, carbohydrate; CM, chylomicron; DNL, de novo lipogenesis;
FFA, free fatty acid; LPL, lipoprotein lipase; TG, triglyceride; TRL, triglyceride-rich lipoprotein; VLDL, very-low-density lipoprotein.

activation>>™"%7, These effects of remnants may be related to
TRL enrichment of apoC-III, which is common in dyslipi-
demic individuals and similatly activates NF-xB and increases
monocyte adhesion?8-140 and/ot production of triglyceride
lipolysis products by LPL which may promote inflammation
and endothelial cell apoptosis(Ml*lM).

Remnant TRLs and their high cholesterol content, rather
than the triglycerides they carry, seem to be primarily respon-
sible for the adverse effects associated with high triglycerides.
However, it cannot be ignored that VLDI-triglyceride export
is generally viewed as driven by increased substrate (i.e. trigly-
ceride, fatty acids) reaching the liver™”. Therefore, regardless
of the source of hepatic triglyceride (i.e. hepatic uptake of free
fatty acids, de novo lipogenesis or previously accumulated hepatic
triglyceride), the more VDL that will be secreted and the more
remnants that will be in circulation. Overall, high fasting trigly-
cerides appear to indirectly promote LDL and VLDL remnant
retention in the subintimal space, reduce HDL, and potentially
increase inflammation and endothelial cell dysfunction.

Mechanisms and pathophysiological relevance of high
non-fasting/postprandial triglycerides

Mechanisms leading to high non-fasting/postprandial
triglycerides

Since the difference between non-fasting and postprandial tri-
glycerides is related to assessment method and not the

underlying physiology, we will not distinguish between these
terms in this section. Several mechanisms exist that uniquely
contribute to high triglycerides in the fed state, many of
which are tied to insulin resistance (Fig. 3(b)). Perhaps the
most intuitive pathway is the competition of newly secreted
chylomicron-triglyceride and already present VLDL-triglycer-
ide for LPL hydrolysis"'~%. This phenomenon occurs in
both healthy and insulin-resistant individuals; however, in
the context of insulin resistance, VLDL sectetion is pootly
suppressed and LPL activity is reduced, promoting an even
greater and sustained postprandial response®!H¢70%10D,
Further exacerbating competition for LPL hydrolysis is that
intestinal chylomicrons are oversecreted in insulin-resistant
individuals, which appears to be due to increased stability of
proteins needed for chylomicron formation (i.e. apoB48,
microsomal transfer protein) and enhanced de 7ovo lipogenesis
within enterocﬁes(2&30). Importantly, increased chylomicron
secretion and subsequent uptake of chylomicron remnants
by the liver could be another mechanism contributing to hep-
atic steatosis, potentially exacerbating postprandial dyslipide-
mia in the future"?”. Postprandial hepatic de novo lipogenesis
was reported to be approximately 14 and 18 % greater relative
to the fasted state after consumption of two consecutive high-
carbohydrate mixed meals (54 % CHO, 32 % fat, 14 % pro),
contributing to the postprandial triglyceride pool™*?.
Although fasting triglycerides are a strong predictor of peak
postprandial triglycerides, these mechanisms may explain



Table 1. Non-genetic factors contributing to elevated fasting and non-fasting/postprandial triglycerides

Physiological disturbance Pathophysiological mechanism leading to hypertriglyceridemia Reference
Insulin resistance-related
Adipose insulin resistance * lipolysis and FFA flux to liver » * VLDL secretion 7-9)
Hepatic insulin resistance t VLDL secretion (10-12)
t DNL (14,65,66)
| suppression of postprandial VLDL (67.68)
Reduced LPL activity Delayed VLDL clearance in fasted state (31-33)
Delayed CM and VLDL clearance postprandially (31-33)
t apoC-lll - LPL inhibition, impaired TRL clearance ©9)
Intestinal CM over secretion t apoB48 stability, intestinal DNL and MTP stability (28-30)
Diet-related
High-carbohydrate diets (>60 %) t+ DNL (65,70,71)
High fructose intake (chronic) 1 visceral adipose, hepatic insulin resistance, DNL - t+ VLDL (72978)
High fructose intake (acute) t DNL (72,79,80)
Chronic positive energy balance t total, visceral and hepatic fat - t VLDL production, insulin resistance (Ei=E)
High alcohol consumption (chronic) 1 in VLDL secretion, inhibition of LPL, t adipose lipolysis and VAT (E=3)
High alcohol consumption (acute) 1t in VLDL secretion, inhibition of LPL (88-90)
High-fat meal rich in TGs (acute) * CM secretion ™
LPL saturation Competition between high postprandial CM and VLDL ™
Disease-related
Hypothyroidism I LPL activity (91-93)
| LDL uptake (contain some TG) (93-95)
Uncontrolled T1D t VLDL production (96-98)
| adipose LPL activity (31,99,100)
T2D t VLDL production (4-6)
| CM clearance (101)
| activity/quantity of LPL (31-33)
+ apoC-lll: apoC-Il ratio - favours LPL inhibition, impaired TRL clearance (102)
Obesity 1 adipose LPL and LRP1 gene expression ues)
t FFA influx to liver - t VLDL secretion (1,15,16)
t CETP activation - t transfer of TGs to HDL and LDL (104)
Hepatic steatosis/NAFLD t DNL and TG storage - * VLDL secretion (13,14
Chronic kidney disease I LPL activity (105,106)
1 apoC-Il > | LPL activation ()
t apoC-lll - LPL inhibition, impaired TRL clearance (106,107)
Lifestyle-related
Increased visceral adipose t FFA influx to liver - t VLDL secretion (1,15,16)
Low muscle mass | quantity of muscle LPL (108)
Physical inactivity Lack of physical activity induced muscle LPL quantity/activity (109-111)
Smoking Potentially inflammation and insulin resistance (112-114)
Other
Low blood plasma volume t circulating concentration of TGs (115-117)
Age Likely multifactorial including t visceral adipose, physical inactivity, etc. (18
Sex Women display greater apoC-I11/C-Il ratio than men — favours LPL inhibition, impaired TRL clearance (119
Oral contraceptive use | LPL activity, increased VLDL secretion (120-122)
Pregnancy t adipose lipolysis - * VLDL secretion, reduced adipose LPL activity ({lzE=iza)
Menopause status t visceral fat - 1 risk for insulin resistance (126-128)

Notes: Potential factors other than genetic lipid disorders leading to elevated fasting and non-fasting/postprandial triglycerides. All factors described can contribute to hypertrigly-
ceridemia, but many cluster together and are likely interrelated. Plain text indicates factors that contribute to high fasting triglycerides and by extension also partially contribute to

non-fasting/postprandial triglycerides. Highlighted and bolded rows denote factors uniquely leading to elevated non-fasting/postprandial triglycerides.

Abbreviations: apo, apolipoprotein; CETP, cholesterol ester transfer protein; CM, chylomicrons; DNL, de novo lipogenesis; FFA, free fatty acid; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; LPL, lipoprotein lipase; LRP1, LDL receptor-related protein-1; MTP, microsomal triglyceride transfer protein; T1D, type 1 diabetes; T2D, type 2 diabetes;
TG, triglycerides; TRL, triglyceride-rich lipoprotein; VAT, visceral adipose tissue; VLDL, very-low-density lipoprotein.

why some have a disproportionately high triglyceride response
following a meal. Furthermore, one or more of these processes
are likely occurting in those who have elevated non-fasting/

postprandial triglycerides®>'*?.

Although mechanisms involving CETP-mediated lipid
exchange are relevant in the postprandial state, much attention
has been paid to TRL remnants as a major pathophysiological
mechanism linking postprandial lipaemia to increased CVD

risk. TRLL remnants are far more numerous in the fed state
due to the addition of intestinal TRLs and the temporary
delayed VLDL hydrolysis due to chylomicron competition
and LPL saturation. Given that high-fat meals lead to
increased chylomicron secretion*”, increasing dietary trigly-
ceride will increase the number of chylomicron remnants
with pro-atherogenic potential and will delay hydrolysis of
existing VLDL/VLDL remnants by LPL. In the context of
very pronounced postprandial lipaemia, whether diet- and/ot
metabolic disease-induced, remnants will have even longer
residence time, increasing their likelihood of entering the sub-
endothelial space.



High-fat meals are associated with several other
pro-atherogenic changes within the postprandial period.
From an inflammatory standpoint, IL-6, IL-8, TNF-o. and
adhesion molecules (l.e. sSICAM-1, sVCAM-1) are increased

A48-150) 11 the case

in the serum following a high-fat meal
of Nappo e al."™”, several of these inflammatory markers
(i.e. TNF-a, IL-6 and VCAM-1) correlated with postprandial
triglycerides. Similar to studies discussed with fasting triglycer-
ides, mechanistic evidence suggests that increased postprandial
inflammation may be linked to TRLs and their triglyceride lip-
olysis products. In an endothelial cell line treated with TRLs
from hypertriglyceridemic subjects, both fasting and postpran-
dial TRLs upregulated genes encoding adhesion molecules
such as VCAM-1, E-selectin and platelet endothelial cell adhe-
sion molecule 1 (PECAM-1), among others"". Importantly,
for many of these genes, the response was even greater
when postprandial TRLs were used relative to fasting TRLs.
A similar study suggested postprandial, but not fasting,
TRLs increased adhesion molecule expression and low-dose
TNF-o. must be present!*?. Fasting and postprandial TRLs
similarly increased NF-xB DNA binding activity more than
2-fold in vitro, which in theory could lead to increased tran-
scription of a host of inflammatory mediators. Taken together,
fasting and postprandial TRLs may increase inflammation
through similar mechanisms, but there is reason to believe
that this effect is more pronounced with postprandial TRLs.

Inflammation resulting from high-fat meals, and potentially
TRLs, appears to be largely explained by innate immune sys-
tem activation. For example, after a fat bolus, circulating neu-
trophils increased by 59 % from baseline and peaked alongside
postprandial triglycerides>”. Furthermore, increased serum
lipopolysaccharide (LPS) and indicators of the LPS-induced
innate immune response (i.e. LPS binding protein and periph-
eral blood mononuclear cell of toll-like receptor (TLR)-4
protein abundance) are observed postprandially>*!*?,
Traditionally, the increase in LPS from the gut and subsequent
TLR-4 signalling has been considered a primary driver of post-
prandial inflammation. However, a recent report suggested
that high-fat meal induced postprandial inflammation may be
more related to hydrolysis of TRI-triglyceride by LPL than
LPS"?, This finding is consistent with work showing that
the natural lipolysis of TRL-derived saturated free fatty acids
(i.e. lauric acid) promotes a TLR-4 and TLR-2-mediated
immune response in monocyte/macrophage cell lines '~
9 Complement component 3 (C3) rises following a fat
bolus in both healthy controls and individuals with coronary

57 In vitro evidence suggests that this phenom-

artery disease
enon may be due to the interaction between chylomicrons and
adipocytes, which prompts adipocytes to release C3"°%.
However, protein expression of the classical complement
pathway inhibitor C4b-binding protein is increased in the post-
prandial period, partially bringing into question the relevance
of increased postprandial C3°?,

In addition to inflammation, several other adverse effects
have been associated with postprandial lipaemia. It is well-
established that vascular function (as measured by flow-
mediated dilation) predicts future CVD and is impaired fol-
lowing a high-fat meal "'V, The negative effect of high-fat

meals on vascular function may be due to increased reactive
oxygen species, which both decrease nitric oxide production
and reduce nitric oxide bioavailability*"'*?. Indeed, many
reports indicate that postprandial triglycerides, flow-mediated
dilation, and/or markers of oxidative stress correlate with
one another. However, these relationships are not observed
universally and can be seen after a glucose bolus and mixed
meals as well'>”. Regardless of the instigating meal, postpran-
dial oxidative stress likely accounts for elevated postprandial
oxidised LDL(163’1(’4>, which could enhance foam cell forma-
tion. Lastly, the angiogenic factors vascular endothelial growth
factor (VEGF)-A and VEGF-C increased in response to a
high-fat meal, but implications of this are unclear as VEGF
promotes both blood vessel growth and is implicated in plaque

. . 149,165,166
expansion and potentially haemorrhage! **'*>10),

Clinical implementation

While there is no clear consensus, the evidence discussed thus
far suggests at minimum an indirect role of triglycerides in the
atherosclerotic process, making it important to identify the
best method for triglyceride assessment. In many countties,
triglycerides are still largely measured and interpreted in the
fasted state to avoid the influence of diet and other confoun-
ders that accompany waking hours (e.g. physical activity, meal
timing). As a result, fasting triglycerides have been extensively
studied and have a well-established reference range of <1-70
mmol/l (150 mg/dl). Another major advantage with fasting
triglycerides is that only one measurement is required and
results can be generated in minutes. Despite the advantages
of fasting triglycerides as a screening tool, they are less predict-
ive of disease, and appear to be less sensitive than non-fasting
and postprandial triglycerides for detecting CVD risk.
Non-fasting triglycerides include triglyceride measurements
taken within 8 h of eating and are also easily measured with
one blood draw. Non-fasting triglyceride measurement has
not traditionally been the first choice of measurement in
most countries, but several bodies including the American
Heart Association, European Atherosclerosis Society, Danish
Society for Clinical Chemistry, among others, now recommend
non-fasting lipid panels be performed**'%”. Although an
updated 2019 expert panel report recommends postprandial
testing when non-fasting triglycerides are 1-30-2-26 mmol/1
(115-200 mg/dl), European bodies and the American Heatt
association cut points are not as aggtressive, defining ideal
non-fasting triglycerides as <198 mmol/l (175 mg/dl) and
<2-26 mmol/1 (200 mg/dl), respectively(l’24>. However, data
from our lab suggests that individuals who have an adverse
postprandial response following a fat tolerance test may be
ovetlooked using these non-fasting reference ranges. In indivi-
duals with normal fasting triglycerides (<1-70 mmol/1 or 150
mg/dl) subjected to a fat tolerance test who go on to have an
adverse postprandial triglyceride response (>2:26 mmol/] or
220 mg/dl), theit mean 2-h and 6-h triglycerides ate below
the non-fasting recommendations of 1-98 and 2:26 mmol/l
(175 and 200 mg/dl), and significantly lower than peak 4-h tti-
glycerides (Fig. 4). Since 2 and 6 h post-meal is well within the
8-h non-fasting assessment window, and the amount of fat



p=0.0016 p<0.0001
=) 300 ] 1 1
3
on
g
7] 200_ T
D
=]
o
S
% 1004 T
S
-
0 T T

0 2 4 6
Hours

Fig. 4. Adverse postprandial triglyceride response may not be detected with
non-fasting triglyceride measurement. Individuals who presented with normal
fasting triglycerides (<1.70 mmol/l or 150 mg/dl), yet experienced an adverse
postprandial response (i.e. 22-26 mmol/l or 220 mg/dl) after being challenged
with a high-fat meal (10-13 kcal/kg body mass; 61-64 % kcal from fat) were
pooled from several studies (n 17). Paired t-tests were utilised to evaluate
the difference between 2 v. 4h and 4 v. 6 h. Despite this group having an
adverse postprandial response, on average, they would not meet criteria for
an adverse non-fasting triglyceride response at both 2 and 6 h, which are
both acceptable times for non-fasting triglyceride measurement.

consumed prior to a non-fasting blood draw would often be
less than in these postprandial lipid challenges, these at-risk
individuals may be overlooked based on non-fasting triglycer-
ides, but their CVD risk would be realised if subjected to a
standardised fat tolerance test.

Postprandial triglycerides are almost exclusively measured in
a research laboratory setting over periods of 6—8 h post-meal
consumption with serial blood draws (often houtly). With
this design, virtually all limitations of non-fasting triglycerides
are addressed. Specifically, all postprandial studies control
for meal composition, quantity and timing, and for exercise
prior to and during the test. All of these factors make post-
prandial triglyceride assessment a more robust and insightful
clinical measurement than non-fasting triglycerides, while still
maintaining sensitivity. Unfortunately, the rigour associated
with postprandial testing is expensive and time-consuming
for both researchers and participants, hindering widespread
adoption. In order to address these issues, ideally one, simpli-
fied fat tolerance test would be adopted by all. Our group has
devoted work to this issue with some success. We recently
determined that an abbreviated and simplified fat tolerance
test was both valid and reliable"**'°”. With this protocol,
blood draws only occur at baseline and 4 h, and participants
are allowed to leave the laboratory and engage in normal
daily activities as long as they do not eat or perform planned
exercise. This abbreviated postprandial protocol, or something
similar, could be utilised in research and clinical settings for
determination of postprandial lipaemia in a widespread
mannet.

One barrier to clinical implementation of postprandial trigly-
ceride measurement is the absence of a standardised test meal.
Across the postprandial literature, substantial variability exists
in the composition of high-fat meals used to test postprandial

lipaemia. In our abbreviated fat tolerance test mentioned earl-
ier, the test meal is composed of coconut cream, chocolate
syrup and protein powder (9 keal/kg; 73 % fat (86 % saturated
fat)), which allows for individuals with food allergies and/or
following a vegan diet to consume it. This generally aligns
well with a recommendation for oral fat tolerance testing
from an expert panel(24), which recommended a set bolus of
75 g fat, 25 g carbohydrate and 10 g protein composed of
whipped cream or cream cheese with added sugar. Overall,
an agreed-upon standardised fat challenge is necessary before
widespread implementation of postprandial triglyceride testing
can be realised.

Conclusion/future directions

While much attention has been paid to reducing triglycerides
as a strategy for reducing residual risk of CVD after lowering
LDL-C, there is growing support of a role for post-meal trigly-
cerides, and perhaps postprandial measurements in particular,
as a tool for screening cardiometabolic risk. Nonetheless, sev-
eral questions have yet to be addressed. First, in light of the
opposing epidemiological evidence between non-fasting trigly-
cerides and postprandial triglycerides, a larger prospective
study focused on postprandial triglycerides specifically is
needed. Based on the results of this future study and others,
universally accepted reference ranges for non-fasting and post-
prandial triglycerides are needed that correspond with CVD
risk.

In sum, our understanding of triglycerides and CVD risk
has evolved dramatically since the 1950s, including the realisa-
tion that non-fasting and postprandial triglycerides appear to
be useful CVD risk factors. Although there are many other
useful CVD risk factors (e.g. LDL-C, HDL-C, body compos-
ition, etc.), our data and others suggest that triglycerides, in
particular postprandial triglycerides, are an independent, sensi-
tive and useful screening tool for cardiometabolic health.
Future work should attempt to identify those whose CVD
risk is ambiguous and would most benefit from postprandial
triglyceride testing.
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