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Introduction
A major function of  HDL is to bring cholesterol from peripheral cells to the liver, either directly or via 
transfer to apolipoprotein B–containing (apoB-containing) lipoproteins, a process called reverse choles-
terol transport. Reverse cholesterol transport consists of  secretion of  HDL, transfer of  cholesterol from 
peripheral cells to HDL, size expansion of  HDL, generation of  small from large HDL by selective removal 
of  cholesterol ester by hepatic scavenger receptor class B type 1 (SR-B1), and holoparticle clearance of  
HDL. In addition, transfer of  cholesterol ester from HDL to apoB-containing lipoproteins may also be 
considered a component pathway of  reverse cholesterol transport. Other enzymes and transfer proteins 
may participate in remodeling of  HDL that facilitates clearance of  HDL. There is evidence for reverse 
cholesterol transport in humans, primates, and mouse models. For example, a synthetic small HDL particle 
composed of  phospholipid and apoA-I injected in humans increases its size over 24 hours as it circulates 
by taking up cholesterol (1). Small HDL particles, prepared by column chromatography or by delipidation 
and injected into monkeys, expand and subsequently are cleared while circulating (2, 3). Cholesterol ester 
in loaded macrophages injected in mice appears in the feces, a process dependent on the presence of  HDL 
(4–6). Cholesterol nanoparticles injected into humans appear in HDL and are gradually esterified (7). This 

BACKGROUND. HDL that contains apolipoprotein E (apoE) is a subspecies especially active in 
steps in reverse cholesterol transport, a process that brings cholesterol from peripheral cells to the 
liver. Here, we studied the effect of dietary unsaturated fat compared with carbohydrate on the 
metabolism of HDL containing apoE.

METHODS. We enrolled 9 adults who were overweight or obese and had below-average HDL-
cholesterol in a crossover study of a high-fat diet, primarily unsaturated, and a low-fat, high-
carbohydrate diet. A metabolic tracer study was performed after each diet period.

RESULTS. Dietary fat increased the secretion, metabolism, and clearance of HDL subspecies 
containing apoE. Dietary fat increased the rate of clearance of large cholesterol-rich HDL containing 
apoE and increased their conversion to small HDL containing apoE, indicating selective cholesterol 
ester delivery to the liver. The high-unsaturated-fat diet did not affect the metabolism of HDL 
lacking apoE.

CONCLUSION. HDL containing apoE is a diet-responsive metabolic pathway that renders HDL more 
biologically active in reverse cholesterol transport. This may be a mechanism by which unsaturated 
fat protects against coronary heart disease. Protein-based HDL subspecies such as HDL containing 
apoE may be used to identify additional atheroprotective treatment targets not evident in the total 
HDL-cholesterol measurement.
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evidence supports the hypothesis that reverse cholesterol transport is a functioning pathway in humans that 
may be atheroprotective.

We adapted metabolic tracer methods and compartmental modeling used in our studies of  apoB 
metabolism to find that all sizes of  HDL are secreted into the circulation (8). Most plasma apoA-I HDL 
flux occurs within stable sizes ranging from 7 to 12 nm, and does not involve an increase in size category, 
for example from very small pre-β to large α-2 or α-3. HDL in each size category may expand and contract 
within its size range, as a fu   nction of  the apoA-I trefoil structure (9, 10). Cholesterol transfer from cells 
to HDL can be useful in reverse cholesterol transport only if  the expanded HDL particle has a means for 
efficient delivery of  its cholesterol to the liver where it can perform its homeostatic role.

ApoE is a prime candidate for this hypothesis, because it facilitates all the steps of  reverse cholesterol 
transport: HDL biogenesis, size expansion, regeneration of  small HDL by selective cholesterol uptake 
by the liver from larger HDL, and holoparticle clearance by the liver of  size-expanded HDL. First, HDL 
apoE increases HDL biogenesis in vitro by interacting with ATP-binding cassette, subfamily A, member 1 
(ABCA1) (11). HDL containing apoE is a subspecies accounting for 5%–10% of  total plasma apoA-I and 
has a relatively rapid secretion rate compared with HDL not containing apoE (12). Second, apoE facili-
tates size expansion in vitro by interacting with lecithin-cholesterol acyltransferase (LCAT) (11, 13–15), 
and apoE enhances HDL size expansion in vivo in humans (12). Finally, evidence in vitro and in animal 
models suggests that apoE facilitates removal of  cholesterol-containing HDL from the body (16–19). This 
is due to the ability of  apoE to bind to various liver receptors, including LDL receptor (LDL-R) (20), 
LDL-R–related protein (LRP) (21), and heparin/heparan sulfate proteoglycans (22–25). In abetalipopro-
teinemia, in which HDL is the main plasma lipoprotein, apoA-I on apoE-containing HDL is cleared from 
the circulation faster than apoA-I on HDL that does not contain apoE (26). In normal humans, we have 
shown that HDL containing apoE undergoes size expansion more so than HDL not containing apoE, and 
the expanded HDL is cleared from the circulation 5–10 times faster (12). Given these findings, we inves-
tigated whether this apoE-dependent, apparently protective process could be increased by an intervention 
such as dietary unsaturated fat.

Dietary fat increases plasma HDL-cholesterol (HDL-C) concentration when it replaces carbohydrates 
or protein in the diet (27, 28). Several studies found that dietary fat replacing carbohydrate increases the 
synthesis of  plasma total apoA-I (29–31), whereas the effects on the fractional catabolic rate were mixed. 
It is not known whether the increased apoA-I synthesis is indicative of  increased flux through reverse 
cholesterol transport pathways such as those involving apoE. We hypothesized that dietary unsaturated fat 
enhances these putatively beneficial pathways, as a mechanism by which it protects against cardiovascular 
disease (32). Up to now, research has not identified a mechanism involving HDL metabolism that links 
an HDL-C–raising treatment to prevention of  atherosclerosis and cardiovascular disease (32). If  such a 
mechanism exists, we hypothesized that it could be found in a diet effect that raises HDL-C and prevents 
cardiovascular disease, i.e., unsaturated fat.

Results
Nine participants completed the dietary intervention and tracer infusion protocol (Figure 1). Participants 
were randomized to either receive a high-unsaturated-fat (40% fat: composed of  23% monounsaturated, 
7% polyunsaturated fat, and 10% saturated; 45% carbohydrate) or low-fat (20% fat: composed of  8% mono-
unsaturated, 7% polyunsaturated, and 5% saturated; 65% carbohydrate) diet for 4 weeks. Outside food 
and any alcohol were not permitted. Participants were weighed weekly by dietitians to ensure that the 
diets remained isocaloric. On the morning of  day 29, participants were admitted to the hospital for the 
tracer infusion protocol. They were instructed to eat the prescribed study breakfast before coming to the 
hospital. At 10 am (time 0), each participant received a bolus infusion of  [5,5,5-2H3]-l-leucine (D3-leucine). 
Samples were collected at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, and 22 hours after infusion while 
the study participants were in the hospital. Participants also ate lunch, dinner, and a snack in the hospital, 
after which they were discharged from the hospital to return for the remaining blood draws (46, 70, and 94 
hours). Before receiving the alternate diet and repeating the study protocol, participants were instructed to 
return to their usual diet for a washout period of  3 weeks. The characteristics of  the participants are shown 
in Table 1. The average age was 47 years and all participants were overweight or obese (average BMI 29 
kg/m2). Mean LDL-cholesterol was 128 mg/dl (range 95–184 mg/dl), mean triglycerides (TGs) were 151 
mg/dl (range 50–260 mg/dl), and all participants had low HDL-C (mean 41 mg/dl, range 34–47 mg/dl). 
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Six participants had the E3/E3 genotype, 2 had E4/E3, and 1 had E2/E3. Figure 2 shows the effect of  the 
2 study diets on fasting lipids and apolipoproteins. Both diets reduced plasma TG by approximately 30% 
(Figure 2A). Both diets significantly reduced total cholesterol (Figure 2B) and LDL-cholesterol (Figure 2C) 
by 25%–30% compared with levels at the screening visit when study participants were eating self-selected 
diets (P ≤ 0.001 for both diets). The changes on each diet were not significantly different from each other. 
There were no differences in HDL-C compared with screening. HDL-C was 5% higher on the high-fat 
compared with the low-fat diet (P = 0.076) (Figure 2D), whereas apoA-I was 7% lower (P = 0.09). The diets 
did not significantly affect plasma total concentrations of  apoA-I, apoE, apoCIII, or apoB (Figure 2, E–H). 
Body weight of  the participants was stable throughout the study, as intended (Supplemental Figure 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.124620DS1).

Figure 3 shows the models and model fits of  the D3-leucine tracer enrichment of  apoA-I on 4 sizes 
of  HDL either containing apoE or not containing apoE (E+ or E–, respectively, in the figures). We started 
with the most parsimonious bare-minimum model (Figure 3A; see ref. 12) This model fit the apoA-I tracer 
enrichments of  apoA-I on HDL not containing apoE, showing excellent visual fits as well as low standard 
deviations for each parameter value. Adjustments to the bare-minimum model are shown in Figure 3B (12). 
This model had size expansion pathways from pre-β HDL to the larger α-2 and α-1 sizes, and an intravas-
cular delay compartment feeding into α-3 synthesis. These additional pathways were necessary to fit the 
apoA-I tracer enrichments in HDL containing apoE.

Figure 3C shows the mean (n = 9) D3-leucine tracer enrichment and SAAM-II model fit for apoA-I 
on 4 sizes of  HDL either containing apoE  or not containing apoE across 2 diets. The latest time points 
(70 and 94 hours) were removed from the analysis for visual purposes after determining that they did 
not affect fitting of  the descending slope of  the tracer enrichment curve. All sizes of  HDL appeared in 
circulation around the same time. HDL containing apoE reached peak enrichment around 4–6 hours, 
and HDL not containing apoE at about 8–10 hours. Compared with apoA-I on HDL not containing 
apoE, apoA-I on HDL containing apoE had steeper ascending and descending slopes from the peak 
tracer enrichment, generally indicative of  faster fractional catabolic rate (FCR). These faster rates are 
confirmed by compartmental kinetic analysis (Figure 4). On either diet, apoA-I on HDL containing 
apoE was cleared from the circulation approximately 10 times faster than HDL not containing apoE, 
except on the smallest pre-β HDL (Figure 4, A and B). When considering all sizes together, the over-
all difference in clearance between HDL containing apoE and HDL not containing apoE was highly 
significant for both diets (P = 0.001). The effect of  diet was striking on HDL containing apoE (Figure 
4C). The high-fat diet significantly increased apoA-I FCR on the larger HDL sizes, α-1 and α-2, by 
approximately 150%, and increased that of  all sizes pooled together by 75% (P = 0.057). HDL not 
containing apoE had a 37% faster FCR on the high-fat diet, but the difference was not significant (P 
= 0.12) (Figure 4D). The differences in diet were not due to enrichment of  apoE in HDL; the ratio of  
apoE/apoA-I was not significantly different between the 2 diets (high-fat diet 0.9 ± 0.1, low-fat diet 
1.0 ± 0.3, P = 0.48)

Figure 5 shows the effect of  diet on the distribution of  apoA-I mass and synthesis rates across 4 sizes of  
HDL either containing apoE or not containing apoE. Approximately 5% of  apoA-I was present on HDL 
containing apoE, irrespective of  diet (Figure 5A). About 70% of  apoA-I was on the middle HDL sizes (α-2 
and α-3), regardless of  diet or subspecies (containing or not containing apoE). Overall, there was no effect 
of  diet on apoA-I pool size.

The high-fat diet significantly increased the synthesis of  apoA-I on HDL containing apoE by approx-
imately 150% (P = 0.03) (Figure 5B). There was no significant dietary effect on the metabolism of  HDL 
not containing apoE. Relative to its pool size, a disproportionate amount of  apoA-I synthesis occurred on 
HDL containing apoE, especially on the high-fat diet (16% of  total apoA-I synthesis vs. 5% of  total apoA-I 
pool size).

The data from Figures 4 and 5 are tabulated in Supplemental Table 1.
Figure 6 illustrates the effect of  diet on HDL apoA-I flux in the apoE-containing subspecies via 

synthesis, size interconversion, and clearance pathways. The high-fat diet significantly increased the syn-
thesis rate evident in each size subfraction (Figures 5B and 6A). The high-fat diet tended to increase size 
expansion from pre-β to α-2 (P = 0.09), and size contraction from α-3 to pre-β (P = 0.01) (Figure 6B). 
The high-fat diet also increased the clearance of  α-1 by approximately 200% (P = 0.09) and that of  α-2 by 
approximately 400% (P = 0.04) (Figure 6C).
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Discussion
Most of  our knowledge of  human HDL metabolism, as it occurs in vivo, has until recently been limited to 
synthesis and clearance rates of  the total HDL. These broad parameters are difficult to associate with HDL 
functions, especially those in reverse cholesterol transport that represent HDL’s key function in controlling 
cholesterol accumulation in cells such as those in the arterial subendothelial space. HDL consists of  sub-
species that differ in specific proteins that operate in potentially health-related metabolic processes. HDL 
that contains apoE is a subspecies that accelerates steps in reverse cholesterol transport, such as size inter-
conversions and clearance of  large, cholesterol-rich HDL from the circulation (12). It has been unknown 
whether treatments including diet can affect the concentration or metabolism of  the HDL apoE subspecies. 
We show that indeed dietary unsaturated fat causes metabolic changes in HDL apoE that have beneficial 
implications for prevention of  atherosclerosis (32). Generalizing, these and other HDL subspecies may act 
to favor or suppress anti-atherogenic actions. This could open a new area of  HDL research to identify and 
characterize subspecies defined by specific protein contents that could be targeted by nonpharmacological 
and pharmacological therapies.

The unsaturated-fat diet greatly affected the metabolism of  the HDL subspecies containing apoE 
by increasing its synthetic rate by 150%, the generation of  small from large HDL in the circulation by 
67%, representing cholesterol ester removal by SR-B1 or cholesterol ester transfer protein (CETP), and 
the clearance rate by 75%. Of  special relevance to reverse cholesterol transport, the high-unsaturated-fat 
diet increased the clearance rate of  the large sizes of  HDL containing apoE by 150%, and did not affect 
the smaller sizes, α-3 and pre-β. It is critically important for an HDL particle type that increased sub-
stantially in size by taking up and esterifying cholesterol to have an exit from the circulation to carry 
out the last step in reverse cholesterol transport. ApoE does that for HDL by interacting with several 
hepatic cell-surface receptors (20–25). Overall, flux through this pathway comprised 9% of  total apoA-I 
flux on the low-fat diet, which the unsaturated-fat diet increased to 16%. These fluxes may be higher 

Figure 1. Overview of dietary intervention and sampling protocol. After screening, study participants were instructed to continue on their usual diet 
(self-selected diet) prior to the study period, upon which they were randomized to either receive a high-unsaturated-fat or low-fat diet for 4 weeks. After 4 
weeks on either diet, subjects were admitted to the hospital on the morning of day 29 for the infusion protocol. They were instructed to eat the prescribed 
study breakfast (B) before coming to the hospital. At 10 am (time 0), each subject received a bolus infusion of D3-leucine. Samples were collected at 0, 0.5, 
1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, and 22 hours after infusion while the study participants were in the hospital. Participants also ate lunch (L), dinner (D), 
and a snack (S) in the hospital. After the 22-hour sample was collected, participants were released from the hospital with their remaining study meals and 
were instructed to return to the hospital at 10 am for the next 3 days for the remaining blood draws (46, 70, and 94 hours). Before receiving the alternate 
diet and repeating the study protocol, they were instructed to return to their usual diet for a washout period of 3 weeks. Mono, monounsaturated fat; poly, 
polyunsaturated fat; sat, saturated fat; carb, carbohydrate; chol, cholesterol. 
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in those who are not overweight and who do not have dyslipidemia, as were the participants in this 
study, because those who were overweight or obese have more HDL containing apoCIII compared 
with participants with normal body weight (33). ApoCIII suppresses the size expansion and clearance 
rate of  HDL containing apoE (12). Circumstances did not allow us to study the dietary effects on HDL 
apoCIII in this study. We do not know the pathways through which apoE appears on HDL, for example 
through direct synthesis of  HDL particles, or by transfer in the circulation of  apoE from other HDL 
particles or apoB lipoproteins. It is also unknown to what extent apoE is catabolized with its associated 
HDL particles or independently of  the particles.

Our previous findings identifying unique metabolic properties of  HDL containing apoE were in the 
context of  a high-unsaturated-fat diet (12). Here, we replicated these results in the same participants but 
provided with a low-fat, high-carbohydrate diet. Although the number of  participants is 9 here and 18 in 
the previous study, the consistency upon replication, moreover on a different diet, strengthens the central 
metabolic uniqueness of  the apoE-containing HDL subspecies.

Although, overall, HDL that contains apoE is a minority of  HDL particles, it is especially active in 
specific kinetic pathways that imply reverse cholesterol transport. Dietary fat–induced acceleration of  
synthesis, size expansion, contraction, and clearance may over the long run gradually improve cholesterol 
balance in the arterial wall.

A critical finding of this work is that a study on HDL metabolism that only involves plasma total HDL con-
ceals the important effects of an intervention on HDL subspecies. Therapeutics aimed at increasing HDL-C or 
apoA-I concentrations could be misguided efforts if  they increase HDL-C but do not enhance reverse cholesterol  
transport, and conversely, therapeutics that do not alter levels of HDL-C or apoA-I could have unseen adverse 
metabolic effects such as impaired reverse cholesterol transport. A potentially more useful approach is designing 
therapies that, regardless of their consequent effects on HDL-C or apoA-I, target the steps of reverse cholesterol 
transport: increasing HDL biogenesis, facilitating size expansion by cholesterol efflux, increasing generation of  
small from large HDL, and increasing clearance of cholesterol-rich large HDL. We have seen all aspects of this 
process in HDL containing apoE (12), which we now show are further driven by dietary unsaturated fat.

Strengths of  our study are in the study population, dietary intervention, and robustness of  kinetic 
models. Our study population is heterogeneous, including both males and females over a large age range, 
with the clinically relevant low-HDL, high-BMI phenotype (Table 1). The diets were completely con-
trolled rather than relying on participants to select and prepare the high- and low-fat diets, and self-report 
food intake. Additionally, both diets were isocaloric, removing the confounding effects of  weight change 
on HDL and apoA-I levels. Both diets featured contemporary foods and were not extreme in their mac-
ronutrient formulations; our intent was to study the differences between ordinary healthy diets. Finally, 
our kinetic models (12) were universally used across all participants on both diets, strengthening the 
concept that the framework for HDL metabolism is conserved across people and diets.

Table 1. Characteristics of study participants at screening (n = 9)

ID Age Sex Race BMI  
(kg/m2)

Weight  
(kg)

Total cholesterol 
(mg/dl)

LDL-C  
(mg/dl)

HDL-C  
(mg/dl)

TG  
(mg/dl)

ApoE genotype

1 68 male White 30 84 215 136 45 169 E4/E3

2 51 male White 30 100 159 102 38 95 E3/E3
3 59 female White/

Hispanic
29 67 247 174 47 129 E2/E3

4 34 female White 28 71 222 125 45 260 E3/E3
5 58 male White 29 88 206 118 34 271 E4/E3
6 31 male White 28 80 256 184 36 182 E3/E3
7 33 female Black 30 86 142 95 37 50 E3/E3
8 39 male White 32 110 176 103 45 138 E3/E3
9 48 male Black 30 92 171 116 42 64 E3/E3

Mean 47 29 86 199 128 41 151
SD 13 1 14 40 32 5 78
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Figure 2. Effect of diet on fasting concentrations of plasma lipids and apolipoproteins. Values (mg/dl) were measured at each study participant’s 
screening visit (lipids only) and following completion of each dietary intervention. HFD, high-fat diet; LFD, low-fat diet. Mean values (n = 9) shown 
in larger red circles and dotted red lines. P values were calculated using 2-tailed t test. (A) Triglycerides. (B) Total cholesterol. (C) LDL-cholesterol. 
(D) HDL-cholesterol. (E) ApoA-I. (F) ApoE. (G) ApoCIII. (H) ApoB.
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Figure 3. Model fit for apoA-I tracer enrichments for each HDL subspecies across 2 diets. (A) SAAM-II compartmental model (bare-minimum model; see 
ref. 12). (B) Modifications to the bare-minimum model. Blue arrows and delay compartment represent additional pathways for the HDL containing apoE 
(E+) subspecies only. (C) Model fit for the mean (n = 9) apoA-I tracer enrichment on 4 sizes of HDL, across each HDL subspecies and diet. The percentage 
D3-leucine (D3-Leu) tracer enrichments (D3-leucine/[D3-leucine + D0-leucine] × 100) were generated by averaging all participants’ enrichments (n = 9) at 
each time point and modeling them as a single participant. Points = data; lines = model fit; a1 = α-1; a2 = α-2; a3 = α-3; preb = pre-β. FF, forcing function.
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Limitations of our study include the lack of a normal HDL-C, non-obese comparison group. We anticipate 
that the function of HDL containing apoE, represented by flux of apoA-I through this subspecies, will be greater 
in a normal group. Second, the small sample size led to insufficient power to detect modest dietary effects on 
metabolism, such as on HDL not containing apoE. Third, we infer but do not study directly effects of diet on 
steps in reverse cholesterol transport. Fourth, it is not known to what extent total reverse cholesterol transport, 
measured in an in vivo kinetic study, is correlated with macrophage-specific reverse cholesterol transport which 
may bear more directly on atheroprotection (6, 34). Finally, although dietary unsaturated fat compared with 
carbohydrate has beneficial effects on lipoprotein risk factors and relative risk for coronary heart disease, low-fat 
diets may also have health-promoting effects depending on their composition (32).

In conclusion, we have shown for the first time to our knowledge that an intervention can drive the metabolism  
of HDL subspecies, and thus potentially facilitate reverse cholesterol transport in humans (Figure 7). Compared 
with a low-fat diet, a diet high in unsaturated fat preferentially increases the appearance in plasma of HDL 

Figure 4. Dietary unsaturated fat increases the metabolism of HDL containing apoE. (A and B) HDL containing apoE (E+) has a faster FCR than 
HDL lacking apoE (E–) on both high-fat and high-carbohydrate diets. (C and D) Dietary unsaturated fat increases the clearance rates of the larger 
sizes (α-1 and α-2) of E+. ApoA-I fractional catabolic (turnover) rates (FCRs) in pools/day are shown for each HDL subspecies during intake of 2 
diets. Each data point is an individual study participant (n = 9 for all). Black bar = mean, error bars = SEM. LFD, low-fat diet; HFD, high-fat diet. P 
values were calculated using paired 2-tailed t test. Overall P value for comparison considering all sizes together is shown on each graph. (A) Com-
parison of apoA-I FCRs on subspecies of E+ or E– in the context of a high-fat diet. (B) Comparison of apoA-I FCRs on subspecies of E+ or E– in the 
context of a low-fat diet. (C) Comparison of apoA-I FCRs across 2 diets only among the subspecies of E+. (D) Comparison of apoA-I FCRs across 2 
diets only among the subspecies of E–.
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containing apoE, a particle type that is presumably active in reverse cholesterol transport; promotes size inter-
conversion of HDL apoE, indicative of cholesterol uptake by HDL and transfer to cells and apoB lipoproteins;  
and increases the holoparticle clearance from plasma of this HDL subspecies. These metabolic properties, aug-
mented by dietary unsaturated fat, could render this HDL subspecies more proficient in reverse cholesterol trans-
port, the hallmark of HDL function, and reveal a new mechanism for the protection by unsaturated fat against CVD 
and a new target for new therapies that act on HDL. Generalizing, other HDL subspecies may act to favor or sup-
press anti-atherogenic actions. This could open a new area of HDL research to identify and characterize subspecies  
defined by specific protein contents that could be targeted by nonpharmacological and pharmacological therapies.

Methods
Eligibility criteria. We recruited adults 21–75 years old who had low HDL-C (≤45 mg/dl for men, ≤55 mg/dl for 
women) and high BMI (25–35 kg/m2), and at least one apoE3 allele. We hypothesized that apoE3 from a single allele 
is sufficient to affect HDL metabolism. Exclusion criteria included HDL-C (<20 mg/dl), LDL-C (>190 mg/dl),  
TGs (>500 mg/dl), use of lipid-lowering medications or hormone replacement therapy, or history of diabetes.

Figure 5. Dietary unsaturated fat increases the synthesis of HDL containing apoE. Mean (n = 9) plasma apoA-I pool sizes and synthesis rates are shown 
in 4 sizes of HDL subspecies containing apoE (E+) or not containing apoE (E–), across 2 diets (HFD, high-fat diet; LFD, low-fat diet). Error bars = SEM. P 
values were calculated using paired 2-tailed t test. (A) Mean pool size of apoA-I (mg) and percentage of apoA-I on E+ HDL (numbers below bars). (B) Mean 
synthesis rate of apoA-I (mg/day) and percentage of apoA-I synthesized on E+ HDL per day (numbers below bars).
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Figure 6. HDL containing apoE (E+): dietary unsaturated fat increases apoA-I flux through synthesis, size interconversion, and clearance pathways. 
Individual values shown, with mean value (n = 9) in larger red circles and dotted red line. HFD, high-fat diet; LFD, low-fat diet. P values were calculated 
using paired 2-tailed t test. (A) Pathways from the source compartment to each HDL size, representing synthesis and secretion from the liver (or small 
intestine) and appearance in plasma. (B) Pathways between HDL sizes, representing HDL size expansion or contraction. The source size and destination 
size are indicated above each graph. (C) Clearance of apoA-I on each HDL size from plasma. Note that all of α-3 is converted to pre-β and is thus not 
directly cleared from plasma (see Figure 3, A and B).
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Dietary protocol and infusion protocol. A schema of  the study protocol is shown in Figure 1. The participants 
received 2 diets in a random (variable order, computer generated) crossover design: a high-unsaturated- fat 
diet (45% carbohydrate, 40% fat [10% saturated, 23% monounsaturated, 7% polyunsaturated], 15% protein, 
180 mg cholesterol per day) and a low-fat diet (65% carbohydrate, 20% fat [10% saturated, 8% monoun-
saturated, 7% polyunsaturated], 15% protein, 90 mg cholesterol per day), each for 28 days. The identity of  
the diets was not concealed. The study manager enrolled the participants and assigned them to a sequence. 
Both diets were designed to be healthy, heavily featuring vegetable oils, nuts, and whole grains. Registered 
dieticians formulated the diets at the Center for Clinical Investigation nutrition research unit of  Brigham and 
Women’s Hospital. Participants picked up all their food to take home on Monday, Wednesday, and Friday 
at the study site. All food and beverages were provided, and participants were not allowed to eat any other 
food, but were allowed diet soda, coffee, and tea. Alcoholic beverages were not included or permitted. Par-
ticipants were asked not to alter their usual physical activity pattern. Participants were weighed during food 
pickups and dietitians adjusted the amount of  food to prevent changes in weight (Supplemental Figure 1). 
These procedures have been used in our previous studies (8, 12, 35, 36).

After 4 weeks on the first diet, participants were admitted to the Clinical and Translational Science Cen-
ter at Brigham and Women’s Hospital for a bolus infusion of  [5,5,5-2H3]-l-leucine (D3-leucine), an amino 

Figure 7. Model of reverse cholesterol transport stimulated by dietary unsaturated fat (HFD) through HDL containing apoE. In the left panel, HDL 
not containing apoE is secreted in all sizes by the liver, which is weakly stimulated by HFD (gray box with dashed up arrow). This HDL subspecies visits 
peripheral tissues (represented by the macrophage), where it may take up cholesterol but is insufficient to increase HDL to a larger size category. This 
HDL subspecies is cleared slowly by the liver with an average residence time of approximately 2.5 days, regardless of diet. In the right panel, the HFD 
significantly increases secretion of all sizes of HDL containing apoE (red box with bold red arrows). This HDL visits peripheral tissues, takes up cholesterol, 
and undergoes size expansion, which is stimulated by HFD. HFD significantly increases clearance of this subspecies as well as size contraction from α-3, 
representing lipid uptake and pre-β generation at the liver, reducing the residence time to approximately 9 hours (HFD) and 16 hours (low-fat diet, LFD). 
These actions together may represent enhanced reverse cholesterol transport (RCT) driven by high-unsaturated-fat diets.
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acid isotope tracer (Cambridge Isotope Laboratories), at a dose of  10 mg/kg of  body weight, administered 
in a volume of  150 ml over 10 minutes. Blood was taken right before the infusion (time 0) and at regular 
time points following the infusion up to 94 hours (0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, 22, 46, 70, and 
94 hours after infusion), into chilled tubes that had been kept at 4°C. Up to 22 hours, participants received 
a low-leucine diet in the hospital as an inpatient so as to promote the incorporation of  tracer leucine, rather 
than dietary leucine, into synthesized proteins. Following the 22-hour time point, participants were released 
from the hospital with the remaining study meals and instructed to return every morning for the next 3 days, 
up to 94 hours. After the completion of  the last time point, participants were instructed to return to their 
normal diet for a washout period of  2 weeks before restarting the protocol with the second diet.

Collected plasma was separated immediately in a refrigerated centrifuge and aliquoted into tubes con-
taining phenylmethanesulfonyl fluoride, gentamicin, benzamidine, and a protease inhibitor cocktail (all 
from MilliporeSigma). Aliquots were immediately placed into storage at –80°C until lipoprotein separation 
began after a median time of  3.5 months (range 1 to 18 months).

HDL subspecies separation using immunoaffinity column chromatography. These methods have been described 
in detail (33). Briefly, thawed plasma from each time point was incubated with Sepharose 4B immunoaf-
finity columns (Bio-Rad) containing affinity-purified polyclonal antibodies against apoA-I (Academy Bio-
medical, catalog 11A-G2b). The apoA-I–containing bound lipoproteins were eluted with 3 M sodium thio-
cyanate, and immediately desalted in PBS. This procedure was repeated with the unbound lipoproteins to 
improve recovery of  apoA-I. Then, apoA-I–containing lipoproteins were incubated in an anti-apoE immu-
noaffinity column (Academy Biomedical, catalog 50A-G1b) to separate HDL into 2 subspecies: HDL not 
containing apoE and HDL containing apoE. Repeat incubation of  unbound HDL with apoE columns was 
not needed. Efficiency of  columns was measured and determined to be 90% for apoA-I and 99% for apoE.

HDL size separation and apoA-I purification. These methods have been described in detail (8). Briefly, the HDL 
subspecies were separated by using nondenaturing polyacrylamide gel electrophoresis (PAGE) in a 4%–30% 
gradient gel (Jule Biotechnologies) into 4 sizes, from largest to smallest: α-1 (9.5–12.2 nm), α-2 (8.2–9.5 nm), 
α-3 (7.1–8.2 nm), and pre-β (<7.1 nm) and then electrophoretically transferred to 0.45-μm polyvinylidene diflu-
oride (PVDF) membranes. The membranes were then stained with 0.2% amido black. HDLs of each size were 
excised from the PVDF membranes and eluted overnight at 4°C in Tris/SDS/Triton X-100. ApoA-I from 
each HDL size was purified using SDS-PAGE in a 4%–20% gradient, transferred to a PVDF membrane, and 
stained with 0.2% amido black. Excised apoA-I bands underwent amino acid hydrolysis and derivatization to 
heptafluorobutyric acid esters. Measurements of tracer enrichment were performed by gas chromatography/
single-ion-monitoring mass spectrometry as previously described (35). Investigators and laboratory technicians 
were blinded to the diet allocation of each sample during laboratory separation and purification.

Tracer enrichment and pool size. The apoA-I tracer enrichment at each time point was defined as the area 
under the curve (AUC) of  D3-leucine/(AUC of  D3-leucine + AUC of  D0-leucine). ApoA-I concentration 
of  each HDL subspecies was measured at each time point using SDS-PAGE band densitometry, corrected 
to plasma total apoA-I values determined by ELISA. ApoA-I pool size was determined by multiplying 
apoA-I concentration by plasma volume, which was assumed to be 4.4% of  ideal body weight (calculated 
using a BMI of  25 kg/m2). Because all participants were overweight, we adjusted the plasma volume using 
the following formula: Adjusted plasma volume = ideal body weight × 0.044 + excess weight × 0.010 (37).

Model development and kinetic analysis. Compartmental modeling was performed using SAAM-II (The 
Epsilon Group) (38). We constructed models using prior knowledge about human HDL physiology (8, 12). 
The input was a forcing function using free plasma leucine isotopic enrichment. The model outputs were 
rate constants (in pools/hour, converted to pools/day) and flux measurements (in mg/hour, converted 
to mg/day), each with a standard deviation and 95% confidence interval. For each HDL subspecies, we 
chose the most parsimonious model (fewest number of  parameters), on the condition that it had favorable 
statistics (95% confidence intervals for parameter estimations that excluded zero). FCRs for a specific HDL 
subspecies were calculated by summing all the rate constants out of  the compartment for that subspecies. 
All models were initially established by using the average data of  the participants, following which the data 
for each participant were modeled individually to achieve population statistics. For more information on 
model development, the reader is referred to Morton et al. (12) supplemental.

Plasma lipid and apolipoprotein measurements. Plasma lipid concentrations were measured at screening and 
the 18-hour time point of  the infusion protocol, 8.5 hours after dinner. Cholesterol and TGs were measured 
using an enzymatic assay (Thermo Fisher Scientific). HDL-C was measured in the supernatant of  plasma after 
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the precipitation of  apoB-containing lipoproteins with dextran sulfate (50,000 MW, Genzyme). LDL-C was 
estimated using the Friedewald equation (39). ELISA using affinity-purified antibodies (Academy Bio-Med-
ical Co.) was performed to measure fasting plasma concentrations of  apoA-I, apoE, apoCIII, and apoB. 
ELISA plates were read with a BioTek Synergy HT 96-well plate reader controlled by Gen5 1.10 software. 
All assays were completed in triplicate, and any sample with an intra-assay coefficient of  variation greater 
than 15% was repeated. Final data were exported to GraphPad Prism for analysis and database management.

ApoE genotyping. We performed genotyping on buffy coat samples using the ABI PRISM 7900HT 
Sequence Detection System (Applied Biosystems) in 384-well format. The TaqMan 5′ nuclease assay was 
used to distinguish the 2 alleles of  a gene. PCR amplification was carried out on 5–20 ng DNA using 1× 
TaqMan universal PCR master mix (no AmpErase UNG) in a 5 ml reaction volume. Amplification condi-
tions on an AB 9700 dual plate thermal cycler (Applied Biosystems) were as follows: 1 cycle of  95°C for 10 
minutes, followed by 50 cycles of  92°C for 15 seconds and 60°C for 1 minute. TaqMan assays were ordered 
using the ABI Assays-on-Demand service.

Statistics. The main outcomes were the pool size, production, and clearance rates of  apoA-1 in HDL 
that contains apoE. Sample size was determined from variability data of  metabolic rates from previous 
studies of  lipoprotein metabolism (8, 36). These were simply projections because the outcome variables 
had never been measured. We also took into account that a sample size of  9 sufficed to identify significant 
differences in metabolic rates between types of  participants and dietary effects. The results are presented as 
means ± SEM unless otherwise specified. Paired 2-tailed t tests were used to compare 2 parameters in the 
same participants (for example, apoA-I FCRs in HDL containing vs. not containing apoE, or apoA-I pool 
sizes in HDL containing apoE on a high-fat vs. low-fat diet). Tests to compare HDL subspecies were car-
ried out independently in each HDL size. Significance was defined as P < 0.05 unless otherwise specified. 
All statistical analysis was performed using GraphPad Prism 7.

Study approval. The study was performed in accordance with the principles of  the Declaration of  
Helsinki and all procedures were approved by the Human Subjects Committee at Brigham and Women’s 
Hospital and Harvard T.H. Chan School of  Public Health. All participants gave written informed consent.
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