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Abstract

Objective: Overall and atherosclerosis-associated mortality is elevated in humans with very 

high HDL-cholesterol concentrations. Mice with a deficiency of the HDL receptor, scavenger 

receptor, Class B, Type 1, (Scarb1) are a robust model of this phenotype and exhibit several 

additional pathologies. We hypothesized that the previously reported high plasma concentration of 

FC-rich HDL in Scarb1−/− mice produces a state of high HDL-FC bioavailability that increases 

whole-body FC and dysfunction in multiple tissue sites.

Approach and Results: The higher mol% FC in Scarb1−/− vs. WT HDL (41.1 vs. 16.0 mol%) 

affords greater FC bioavailability for transfer to multiple sites. Plasma clearance of autologous 

HDL-FC mass was faster in WT vs. Scarb1−/− mice. FC influx from Scarb1−/− HDL to LDL 

and J774 macrophages was greater (~4 times) than from WT HDL, whereas FC efflux capacity 

was similar. The higher mol% FC of ovaries, erythrocytes, heart, and macrophages of Scarb1−/− 

vs. WT mice are associated with previously reported female infertility, impaired cell maturation, 

cardiac dysfunction, and atherosclerosis. The FC contents of other tissues were similar in the 

two genotypes, and these tissues were not associated with any overt pathology. In addition to the 

differences between WT vs Scarb1−/− mice, there were many sex-dependent differences in tissue 

lipid composition and plasma FC clearance rates.

Conclusions: Higher HDL-FC bioavailability among Scarb1−/− vs. WT mice drives increased 

FC content of multiple cell sites and is a potential biomarker that is mechanistically linked to 

multiple pathologies.
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Cholesterol has been implicated in the pathophysiology of atherosclerotic cardiovascular 

disease (ASCVD) for more than a century, beginning with the work of Anitschkow.1 Early 

studies revealing an inverse relationship between plasma HDL-cholesterol (C) levels and 

ASCVD2, 3 led to trials of HDL-raising interventions, which ultimately failed to reduce 

ASCVD.4–7 More recently, several studies found higher ASCVD- and all-cause mortality 

risk among patients in both the lowest and highest quintiles for HDL-C concentration.8–12 

The cause of increased mortality in the highest HDL-C quintile is unknown but may be 

related to the reported differences in free cholesterol (FC) efflux.13 According to a widely

cited model,14–16 the macrophage FC burden associated with ASCVD is relieved by reverse 

cholesterol transport (RCT)—FC transfer from macrophages to HDL and plasma-mediated 

transport to liver and intestine for disposal.

Liu et al. Page 2

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although subsequent studies showed that macrophage-FC efflux to HDL is a better inverse 

predictor of ASCVD than HDL-C concentration,13, 17–19 not all subsequent studies20–23 

concurred. One of the causes of these disparate findings could be differences in HDL-FC 

bioavailability, which contributes to the reverse process, FC influx. FC flux between cells 

and HDL is bidirectional,24–27 so that high plasma HDL-FC bioavailability could support 

FC transfer from HDL to arterial-wall macrophages in a way that counteracts and suppresses 

the putative salutary effects of macrophage FC efflux (Reviewed).28 Because HDL-FC 

transfer occurs with t1/2 ~5 min vs. 45 min for LDL,29 HDL is, likely, the main source of 

plasma FC bioavailability, especially under conditions of high plasma concentration of HDL 

with high fractional FC content.30, 31 Notably, FC flux between cells and HDL reverses 

from efflux to influx as HDL concentration, which is proportional to HDL-particle (P) 

concentration, increases, and its FC content rises above ~15 mol%;32 with mol% FC defined 

as

mol% FC  =  molFC/ molFC +  molPL   ×  100% (Equation 1)

where molFC and molPL are respectively the number of moles of FC and phospholipid (PL). 

These and other in vitro observations24–26, 33, 34 provoked our formulation28 of an HDL-FC 

bioavailability index (BI) as

HDL‐FCBI  =  HDL‐P  ×  mol% HDL‐FC/100 (Equation 2)

where HDL-P is the HDL particle number.

Moreover, HDL-FC is rapidly cleared by the liver in mice (t1/2 ~ 5 min)35, 36 and humans 

(t1/2 ~ 10 min).37 The HDL-receptor, scavenger receptor class B Type 1 (SR-B1), encoded 

by the Scarb1 gene in mice, mediates cellular FC and CE uptake.38 Scarb1−/− mice, which 

exhibit impaired hepatic HDL-C uptake, have a plasma HDL-C concentration that is more 

than two-times higher than that of wild-type (WT), and an HDL-FC content (FC/particle) 

that is three times higher. Thus, according to Equation 1, Scarb1−/− mice are a robust model 

of high HDL-FC bioavailability.30, 31, 39, 40

Elevated plasma HDL-FC among Scarb1−/− vs. WT mice is associated with pathologies in 

heart,41 the arterial wall (atherosclerosis),30, 42 erythrocytes,43, 44 adrenals,45 thymocytes,46 

and ovaries.47–49 We tested the hypothesis that these pathologies are due to the greater 

accretion of FC from HDL from Scarb1−/− mice, which has a higher FC bioavailability 

compared to WT mice. To test this, we compared the in vitro transfer of Scarb1−/− vs. 

WT mouse-HDL-FC to LDL and macrophages, in vivo HDL-FC clearance kinetics, and FC 

accretion by lipoproteins and tissue among Scarb1−/− vs. WT mice of the same sex, and 

between male vs. female mice of the same genotype.

Materials and Methods

Disclosure:

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.
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Lipoprotein Isolation:

Lipoproteins were isolated from pooled mouse plasma (5–10/genotype) by sequential 

flotation.50, 51 Purity was verified by size exclusion chromatography (SEC)52 and 

compositional analyses. HDL from individual mice was isolated by heparin-manganese 

precipitation of plasma APOB lipoproteins.29, 53 Plasma and tissue lipids were determined 

using enzyme-based assays for FC, total cholesterol (TC), PL, and triglyceride (TG) 

(Fujifilm Wako Diagnostics Inc.). Cholesterol ester (CE) concentrations were calculated 

as (mg TC – mg FC) × 1.6. . Protein was determined by the DC Protein Assay (Bio-Rad, 

Inc.).

In Vitro HDL-FC Transfer Kinetics:

HDL was radiolabeled with [3H]FC as described previously.36 Specific activities (dpm/

nmoles FC) were calculated on the basis of HDL-FC concentration and β-counting of 

aliquots. To assay rates of transfer of HDL-FC to LDL, HDL-[3H]FC (10 μg protein/mL) 

was incubated with human LDL (1.0 mg/mL) at 37 °C. Aliquots were removed over time 

and LDL precipitated.29, 53 Supernatants were β-counted and counts vs. time data and 

fitted to a three-parameter exponential decay equation from which kinetic constants were 

extracted.

Equilibrium Distribution of [3H]FC between LDL and HDL:

HDL-[3H]FC transfers to LDL with t1/2 ~5 min.29 We incubat human LDL and various 

concentrations of HDL-[3H]FC for ~18 h at 37 °C after which HDL was separated 

from LDL by size exclusion chromatography. Fractions were collected and β-counted, 

and [3H]FC transfer from HDL to LDL was based on LDL-associated radioactivity. 

HDL-[3H]FC to LDL transfer was based on the slopes of LDL-associated FC mass vs. 

the various HDL-protein or HDL-FC concentrations.

FC Flux between HDL and Macrophages:

FC flux between HDL and J774 macrophages (J774A.1, ATCC® TIB67™) were measured 

essentially as described.34, 52, 54–56 To quantify FC influx, [3H]FC-labeled HDL was 

incubated with macrophages and cell-associated [3H]FC was measured as a function of HDL 

concentration and time.52, 56 Influx dose-response was assayed at 2 h and analyzed using 

a two-parameter hyperbolic function. For time course experiments, [3H]FC-labeled HDL 

was incubated with macrophages for various times. Uptake kinetics were fitted to a rising 

exponential function. FC efflux to HDL was measured by incubating HDL with [3H]FC

labeled macrophages as described.34 Respective time- and concentration-dependence of 

efflux were fitted to exponential and hyperbolic equations as described for influx. Initial 

rates of influx and efflux were determined from the fitted time-course equations.

Mouse Management and Tissue Analysis:

Mice (The Jackson Laboratory), maintained on normal laboratory diet, were studied 

at 12–25 weeks of age except where stated otherwise. Retro-orbital injections of 

HDL-[3H]FC were conducted after isoflurane inhalation to achieve an anesthetic effect. 

Mice were euthanized and their blood collected by heart puncture into EDTA; tissues 
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were harvested.57–59 Tissues were weighed, homogenized, and extracted. Tissue-protein was 

solubilized with 0.4 M NaOH + 1% sodium dodecyl sulfate. Extracted lipids were dissolved 

in 1% Triton in chloroform, which was evaporated, and solubilized in water.

In Vivo HDL-FC Metabolism:

Mice were retro-orbitally injected with HDL-[3H]FC, and euthanized at various times 

post-injection. Blood was collected and centrifuged to sediment cells, and the supernatant 

β-counted. Erythrocytes were washed, lipid-extracted, and protein determined as above. 

Kinetic data were fitted to a two-parameter exponential function of percent injected dose vs. 

time; initial rates were calculated as the percent change/min between t = 0 and 2 min.

Statistical Analysis:

Data are presented as mean ± standard deviation (SD) or standard error of the mean (SEM). 

Group means were compared by Student’s t-test. Regression analyses and comparison of 

linear regression slopes and intercepts were were performed in SigmaPlot 12.0 or Prism 

8.0. Differences in compositions were identified by pairwise comparisons when the analysis 

of variance indicated significance. Data were tested for normality and Equal Variance, and 

if passed, pairwise comparisons were done using the All Pairwise Multiple Comparison 

Procedures or Student’s t-test. If the data failed normality or equal variance tests, the 

Kruskal-Wallis one-way analysis of variance on ranks or a rank-sum test were used for 

pairwise comparisons and calculation of p-values.

Results

Plasma and HDL-FC Bioavailability:

FC partitions almost exclusively into its essential “solvent,” PL, within the cellular plasma 

membrane and on the surface of HDL. The relative amount of FC compared to PL is one 

determinant of HDL-FC bioavailability, expressed as mol% FC, (Equation 1). According 

to our hypothesis and previous report,32 the higher mol% FC in the HDL of Scarb1−/− vs. 

WT mice is part of our metric for FC bioavailability; the other is the total number of HDL 

particles, HDL-P (Equation 2).

Comparison of the lipid concentrations of plasma from WT and Scarb1−/− mice (Figure 1) 

confirmed previous reports30, 31 that TC, FC and CE are higher in Scarb1−/− mice for males 

and females; plasma PL is higher in female Scarb1−/− mice. CE and PL are elevated in 

male vs. female WT mice. Accordingly, the mol% plasma FC is also higher in the Scarb1−/− 

vs. WT mice (Figure 1 B), respectively +69% for female mice and +136% for male mice. 

The FC/TC ratios were also higher in female and male Scarb1−/− mice, +178% and +223% 

respectively (Figure 1 C). The HDL lipid profiles simulate those of whole plasma (Figure 1 

D–F). Analysis of the data of Figure 1 D showed that the sums of the plasma concentrations 

of HDL-PL, FC, and CE for Scarb1−/− female and male mice vs. those of WT mice are 95 

and 55% higher so that the HDL concentration among Scarb1−/− mice is greater than that of 

WT. HDL compositional analysis for both genotypes indicated that HDL-TG <0.5% of the 

total HDL mass and HDL-protein is 41% and 37% of the total for WT and Scarb1−/− mouse 

HDL respectively (Supplementary Figure I and Supplementary Table I). Thus, plasma HDL 
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concentration is higher among Scarb1−/− vs. WT mice. Importantly, compared to the other 

lipids, there was a larger difference in the plasma FC concentrations of the Scarb1−/− vs. 

WT mice—FC is 8.2- and 6.8- fold higher in the Scarb1−/− female and male vs. their WT 

counterparts, respectively. Others have reported similar but less profound elevations,30, 31 

which are smaller among mice in which APOE levels are suppressed.39 These data support 

our hypothesis that the higher HDL-FC content as mol% FC drives the higher HDL-FC 

bioavailability among Scrab1−/− vs. WT mice.

Scarb1 Deletion Alters Lipoprotein Compositions:

Compared to HDL from WT mice, HDL from Scarb1−/− mice is PL-poor and both CE-, 

and especially FC-, rich (Supplementary Table I). Again, the mol% FC in Scarb1−/− HDL 

is higher than that of WT, 41.1 ± 2.4 vs. 16.0 ± 4.3%. Scarb1-deletion also increased the 

FC content and the mol% FC in the very low- and low-density fraction (VLDL + LDL; 

Supplementary Table I). As previously reported by others,30, 31, 39, 42 the HDL-FC/TC ratio 

is also higher among Scarb1−/− vs. WT mice. Thus, Scarb1-deletion increases the mol% FC 

in HDL and LDL and the FC/TC ratio.

In Vitro HDL-FC to LDL Transfer Kinetics:

According to our model (Supplementary Figure II), a high HDL-FC content supports 

enhanced FC transfer to other lipoproteins and tissues. Scarb1−/− mice have three times 

more HDL-FC content, i.e. more FC per particle (Figure 1, Supplementary Figure I, and 

Supplementary Table I), and when receiving a high fat-high cholesterol diet, more HDL 

particles, a condition that induces atherosclerosis.31 As illustrated by our model, mass action 

drives more FC transfer from the FC-rich HDL of Scarb1−/− mice to all lipid surfaces, 

other lipoproteins and cell membranes, than from the relatively FC-poor HDL of WT mice. 

The model also predicts that at equilibrium the higher particle number and mol% FC in 

Scarb1−/− vs. WT HDL drives the increased transfer of HDL-FC to other lipid surfaces in 

contact with plasma.

We conducted two in vitro tests comparing the FC bioavailability of WT and Scarb1−/− 

mouse HDL and human HDL. First, we incubated LDL (800 μg/mL protein) with various 

concentrations of HDL-[3H]FC for 18 h, which allowed [3H]FC to distribute between HDL 

and LDL until reaching equilibrium, and then determined the LDL-associated FC by SEC 

(Supplementary Figure III). The slopes of LDL-associated FC vs. HDL protein indicated 

that two-times more FC transferred from Scarb1−/− HDL to LDL than from WT and human 

HDL to LDL (Figure 2 A). However, when comparing HDL-FC transfer to LDL on the basis 

of the initial HDL-FC concentrations, the amount transferred from all three HDL species 

to LDL linearly correlated with the amount of donor FC (Figure 2 B). Notably, for a given 

HDL species, transfer increased with initial HDL-FC concentration and was greatest for 

Scarb1−/− HDL (●), which has the highest mol% FC.

In the second experiment, we incubated [3H]FC-labeled HDL with LDL, and measured 

the rates of HDL-associated [3H]FC transfer as described.29, 35, 52, 53 Rate constants for 

transfer from the three HDL species were slightly different with [3H]FC transfer from 

Scarb1−/− HDL being 30% slower than transfer from WT HDL (Figure 2 C–E). However, 
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the amount transferred at equilibrium (Δtransfer) was ~3.0–3.5 times greater (589, 167, and 

197 pmol/mL respectively) for Scarb1−/− vs. WT mouse and human HDL (Figure 2 C–F). 

These observations suggest that the higher HDL-FC content of Scarb1−/− vs. WT and 

human HDL31 drives more FC mass transfer to other lipid surfaces, in this case, LDL. 

Because the rate-limiting step for HDL-FC transfer to all tissue and lipoprotein sites is the 

initial desorption step,29, 60 HDL-FC transfer to LDL is a potential metric for HDL-FC 

bioavailability and transfer to all tissues and lipoproteins.

Kinetics of FC Flux between HDL and J774 Macrophages:

Whereas feeding a high-fat, high-cholesterol diet to Scarb1−/− mice induces ASCVD, 

changes in plasma concentrations of atherogenic APOB-containing lipoproteins are 

minimal, while plasma HDL concentrations increase two-fold.30 Thus, among Scarb1−/− 

mice, an increase of HDL or of one of its components is mechanistically linked to 

atherosclerosis. Because macrophages and their conversion to foam cells within the arterial 

wall are hallmarks of ASCVD, we determined the kinetics of HDL-FC flux between WT 

and Scarb1−/− mouse HDL and, for comparison, human HDL, and J774 macrophages in 

terms of influx from HDL to cells and efflux from cells to HDL (Figure 2, Supplementary 

Table II). Both the initial rate constant ki for FC influx25, 26 and the influxmax from HDL to 

macrophages were 4.1 fold higher in Scarb1−/− than WT mice. (Figure 2 G; Supplementary 

Table II). HDL-FC influx was HDL concentration-dependent and differed among the three 

kinds of HDL. The maximum influx from Scarb1−/− HDL was 3.1 times that of WT, while 

the HDL protein concentration that produced 50% of maximum uptake was lower (−25%) 

than that of WT (Figure 2 H, Supplementary Table II). Similarly designed FC efflux studies 

showed that FC efflux from macrophages to WT and Scarb1−/− mouse and human HDL 

was similar with respect to time- and dose- dependence (Figure 2 I, J; Supplementary 

Table II). Thus, as with HDL-FC transfer to LDL, more FC is transferred to macrophages 

from Scarb1−/− HDL than from WT HDL, while mouse and human HDLs are comparable 

acceptors of macrophage FC, resulting in greater FC accretion by cells incubated with 

Scarb1−/− vs. WT HDL.

Elevated FC and Mol% FC in Erythrocytes, Heart, Lung, and Female Liver of Scarb1−/− vs. 
WT Mice.

HDL-FC is rapidly extracted by the liver and over longer times, HDL-FC transfers to all 

major tissues.35–37 Thus, we tested whether tissue-FC content among Scarb1−/− mice was 

higher than that among WT mice due to higher mol% HDL-FC in Scarb1−/− mice. Our 

findings were sex- and tissue site-dependent (Figure 3, Supplementary Table III). Both FC 

content and mol% FC were significantly higher in erythrocytes, heart, lung and female liver 

of Scarb1−/− vs. WT mice (Figure 3 A, B, D, E, G, H, J, and K). The mol% FC can be 

increased by reducing the PL content or by increasing FC content (Equation 1). In support of 

our hypothesis, the mol% FC in Scarb1−/− erythrocytes was higher than in WT erythrocytes 

(Figure 3 A, B,) and increased by Scarb1 deletion more than any other site studied (+23%) 

except for ovaries (see below); this effect was due solely to higher FC content and not 

lower PL content (Equation 1). The effect on heart and lung FC was smaller, +21.4% 

and +15.7% respectively (Figure 3 D, E, and G, H). In liver, the mol% FC was higher in 

Scarb1−/− than in WT female mice but not among male mice (Figure 3 K). The erythrocyte, 
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heart- and liver-FC/TC ratios were similar for the two genotypes but lower for lung among 

Scarb1−/− vs. WT mice (Figure 3 C, F, I, L). CE was more than 4-fold elevated in Scarb1−/− 

lung (Figure 3G) and in male Scarb1−/− erythrocytes (Figure 3A). Scarb1-deficiency did 

not affect heart and lung triglyceride (TG) content, whereas hepatic TG was reduced, and 

erythrocyte TG was increased by Scarb1-deletion in male but not female mice (Figure 3 A, 

D, G and J).

Fat Depots:

The effects of Scarb1-deletion on the lipid compositions of fat were sex- and depot-specific 

(Figure 4). As expected, TG was the major lipid within all three fat depots tested, thus 

the TG data are presented at 1/20 their determined values to allow comparison with other 

lipids on the same scale. While we found no sex- or genotype-specific differences in the 

TG content of abdominal fat, we did find some significant differences in the PL, TC, FC, 

and CE content of abdominal fat based on sex and/or phenotype (Figure 4 A). The FC and 

mol% FC within abdominal fat of Scarb1−/− vs. WT mice were higher among male but were 

not different for the two female genotypes (Figure 4 A, B). Abdominal fat FC/TC ratios for 

Scarb1−/− and WT mice of the same sex did not differ, but within genotype, the FC/TC ratios 

of male mice were lower than those of female mice. Within ovary fat, the lipid compositions 

and mol% FC of Scarb1−/− and WT mice showed no remarkable differences although the 

FC/TC ratio was higher (+100%) for WT mice (Figure 4 D, E, F). In contrast, the mol% FC 

in testes fat was higher in Scarb1−/− mice than in WT mice whereas the FC/TC ratio was 

lower (Figure 4 H, I). These data are consistent with FC accretion in fat depots of male but 

not female Scarb1−/− mice.

Scarb1 Deletion Alters Ovary and Adrenal but not Testis FC Content.

CE is reduced while mol% FC is increased in Scarb1−/− ovaries while the cholesterol 

composition in Scarb1−/− testes does not differ from WT. However, these data may not fully 

reflect the impact of FC bioavailability on Leydig cells, the testosterone-producing cells, 

because they are only a small fraction of testes mass. Ovary-PL and CE contents were 

lower in Scarb1−/− than in WT mice, 25 vs. 90 and 76 vs.179 μg/mg protein, respectively 

(Figure 5 A; Supplementary Table III). Scarb1−/− ovaries exhibited a higher mol% FC than 

did WT ovaries (Figure 5 B). High mol% FC results from either high FC content or low 

PL content (Equation 1), and in this case was due largely to the 70% lower ovary-PL 

content in Scarb1−/− mice. Ovary-FC contents of both mouse genotypes were similar despite 

the large decrease in total cholesterol in Scarb1−/− mice (Figure 5 A). These data are 

supported by the FC/TC ratios in Scarb1−/− (0.34) and WT (0.20) mice, reflecting in part, 

the intracellular conversion of FC to CE. Notably, ovary CE content is more than an order 

of magnitude greater than in all other tissues tested other than adrenal tissue (see below and 

Supplementary Table III), with the next highest CE content in brain at ~ 1/10 that of ovaries. 

The ovary CE content is reduced by half in Scarb1−/− female mice. Ovary-TG content 

did not differ among the two genotypes. In contrast, the lipid compositions of testes from 

Scarb1−/− and WT mice were similar for PL, TC, FC, and CE, while TG was reduced, 49 

± 14 vs 84 ± 34 μg/mg protein (Figure 5 D–F). Within the adrenals, there were differences 

in lipid composition according to sex and genotype. Adrenal TC values were 3 and 6 fold 

lower in Scarb1−/− female and male mice compared to WT mice, respectively, similar to 
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values previously reported for Scarb1−/− and WT mice.40 Scarb1-deficiency increased the 

adrenal-PL content, whereas male mice had lower adrenal-PL than female mice (Figure 5 

G). FC was also increased in Scarb1−/− male vs WT mice, and FC was higher in females 

vs. males of both genotypes. The net effect of similar changes in adrenal-FC and PL 

with respect to genotype was non-significant differences in adrenal mol% FC (Figure 5 

H). However, mol% FC was lower in males than females of both genotypes. In contrast, 

Scarb1 deficiency greatly reduced adrenal-CE (>85%) and was also lower in male vs. female 

mice. The FC/TC ratios were also different, ~5 and ~25-times higher for male and female 

Scarb1−/− vs. WT mice (Figure 5 I).

Lipid Compositions of Brain, Kidney, and Spleen:

Brain, kidney, and spleen were resistant to the high FC bioavailability associated with 

Scarb1-deletion (Supplementary Figure IV, Supplementary Table III). Although there were 

some significant differences in mol% FC and the FC/TC ratio of brain, kidney, and spleen of 

Scarb1−/− vs. WT mice, they were small compared to changes in other tissues and likely not 

physiologically meaningful. Of note, kidney mol% FC was lower in males than females for 

both Scarb1−/− and WT mice (Supplementary Figure IV E).

In vivo HDL-FC Metabolism:

Comparison of plasma HDL-[3H]FC clearance kinetics revealed differences in both the rates 

and magnitude (Figure 6 A; Supplementary Table IV). Following injection with autologous 

HDL-[3H]FC, initial and overall rates for [3H]FC plasma clearance were ~60% and 20% 

faster for WT mice compared to Scarb1−/− mice and faster for female mice. In addition, 

the decays to asymptotes were greater for WT than for Scarb1−/− mice for both females 

and males. The decay asymptotes, which represent equilibrium FC distribution, were higher 

for Scarb1−/− mice, i.e. 38% vs. 8% with clearance of 62% and 92% into the rapidly 

exchanging tissue FC pool. Using the averages for male and female mice, plasma FC 

concentrations for WT and Scarb1−/− mice were 0.18 and 1.3 mg/mL (Figure 1 A). Thus, the 

total exchangeable FC pool sizes are 0.18/0.08 and 1.3/0.38 or 2.3 and 3.4 mg. In contrast, 

the respective rapidly exchangeable tissue-pool sizes are 2.3 mg – 0.18 mg = ~2.1 mg and 

3.4 mg – 1.3 mg = 2.1 mg.

Despite the faster rate constant for the clearance of HDL-FC for WT vs. Scarb1−/− mice, 

the amount of HDL-FC cleared per unit time is greater for Scarb1−/− mouse HDL-FC. 

Whereas the within-genotype HDL-FC pool sizes are similar, the Scarb1−/− HDL-FC pool 

size (plasma HDL-FC concentration, Figure 1 D) is larger than that of WT. According to the 

initial percent change (Figure 6, Supplementary Table IV) and the HDL-FC concentrations 

(Figure 1 D), within sex, ≥3-times more HDL-FC mass is cleared by Scarb1−/− vs. WT mice 

(Supplementary Table IV, next to last column). Thus, the large HDL-FC pool size among 

Scarb1−/− vs. WT mice leads to a greater mass of HDL-FC cleared per unit time.

In the same experiment we measured [3H]FC accretion by erythrocytes. These data (Figure 

6 B) showed a rapid increase within the first 2 min for males and females of both mouse 

genotypes after which accumulation of [3H]FC in the WT mice plateaued. The beginning of 

the plateau corresponded to the time at which plasma-[3H]FC among WT mice was near nil 
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(arrows in Figure 6 A, B). In contrast, erythrocyte- [3H]FC continued to increase up to the 

final time point (90 min) in the Scarb1−/− mice, an effect that was more profound in female 

mice.

Discussion

The Scarb1−/− mouse is a robust model of dysfunctional HDL; HDL from Scrarb1−/− vs. WT 

mice is distinguished by a high plasma concentration of HDL that is FC- and CE-rich.30, 31 

These observations provoked our tests of the hypothesis that tissues and/or cells in contact 

with a high plasma concentration of FC-rich HDL are FC-rich. Using mol% FC, which 

compares the relative amount of FC vs. PL, the FC solvent, we confirmed the reports of 

others, finding that compared to WT, Scarb1−/− HDL is FC-rich, i.e., has a higher mol% 

FC. We then tested whether surfaces in contact with plasma of Scarb1−/− vs. WT mice are 

more FC-rich. Comparisons revealed our new findings as follows: The magnitude of FC 

transfer from Scarb1−/− HDL to LDL is greater than that from WT HDL; APOB-containing 

lipoproteins from Scarb1−/− vs. WT mice are FC-enriched due likely to the greater transfer 

from FC-rich HDL. While macrophage efflux to HDL of Scarb1−/− vs. WT HDL was not 

different, FC influx from Scarb1−/− vs. WT HDL to macrophages was three-fold greater, 

a net effect that increases macrophage-FC burden. We were first to compare the FC, CE, 

PL, and TG contents of all major tissues and identify differences. We determined that 

FC accretion by some tissues is higher among Scarb1−/− vs. WT mice whereas in other 

tissue FC homeostasis is maintained despite Scarb1 deletion. We determined that the rate of 

autologous plasma HDL-FC clearance is slower among Scarb1−/− vs. WT mice. Lastly, we 

determined that the tissue compositions and plasma FC clearance kinetics varied according 

to sex, particularly among Scarb1−/− mice. These findings are relevant to pathologies 

specific to Scarb1−/− mice and to the evolving model of the role of HDL-FC in human 

RCT.

Cell membranes and plasma lipoproteins contain numerous lipids that are indispensable 

to metabolism. FC is physiologically distinctive because it is a precursor to bile salts and 

other steroidogenic molecules that are metabolic regulators.61–63 FC is physico-chemically 

distinctive because it transfers rapidly among lipid surfaces29 and eventually diffuses to all 

tissues independent of a carrier.36 Although the reported halftime for FC transfer from HDL 

to LDL, ~5 min,29 was confirmed by our studies, there were differences. First, FC transfer 

from the larger Scarb1−/− vs. WT HDL was slower, a finding consistent with Kelvin’s law 

predicting an inverse relationship between transfer rates and particle radius29, 60, 64 Second, 

and relevant to Scarb1−/− pathophysiology, at equilibrium Scarb1−/− HDL delivered more 

FC to LDL than did WT HDL. Thus, the higher mol% plasma FC for Scarb1−/− produced 

a state of increased plasma FC bioavailability. Given that the increases in mol% plasma 

and HDL-FC in Scarb1−/− mice were similar and that HDL contains more >90% of plasma 

FC,31 the underlying cause of high plasma mol% FC is due to the higher mol% HDL-FC 

,30, 31, 42 which transfers to LDL increasing the mol% LDL-FC. This is consistent with the 

observed elevated plasma LDL-FC in LDL receptor-deficient mice with attenuated Scarb1 

expression.65 Whereas FC bioavailability expressed as mol% FC could be reduced by lower 

FC and/or higher PL, HDL-PL content is genotype-independent whereas HDL-FC content 

is higher in Scarb1−/− vs. WT mice. The ten-times faster rate of HDL- vs. LDL and VLDL 
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lipid desorption29, 60 potentiates HDL-FC bioavailability, which is relevant to LDL-receptor 

mediated FC-disposal in humans66 and trans-intestinal cholesterol excretion.67

Excess HDL-FC among Scarb1−/− mice due to the loss of the terminal RCT step, hepatic FC 

uptake, has been implicated in many of the pathologies of this mouse model, including diet

induced atherosclerosis.30, 39, 42 Our ex vivo studies of FC flux between J774 macrophages 

and HDL provides a mechanistic link between excess HDL-FC and atherosclerosis by 

revealing more FC influx from Scarb1−/− HDL than from WT HDL without meaningful 

differences in efflux. Notably, cholesterol efflux to the APOB-depleted plasma of a patient 

with SCARB1-deficiency was not different from that of controls.68

Macrophage FC efflux to APOB-depleted plasma is an ASCVD proposed risk-metric 

for peripheral tissue-FC transfer to HDL, including arterial-wall macrophages to HDL 

transfer.13 Despite the importance of HDL in this process, APOB-containing lipoproteins 

are also FC acceptors and although HDL is the initial acceptor of FC efflux, most FC 

transfers to LDL within 30 minutes.69 In humans, the FC recycling between HDL and 

LDL and between HDL and tissue, which has been quantified,36, 70 supports the hypothesis 

that FC readily transfers among multiple tissue-, cell-, and lipoprotein-surfaces. In vitro 

bidirectional FC flux between HDL and cells is well-documented.24–27 Our data bring new 

in vitro, ex vivo, and in vivo insights into the role of FC bioavailability at the interface of 

tissues and lipoproteins by showing that the balance between influx and efflux is a function 

FC bioavailability in a mouse model of high HDL-FC bioavailability. Our data support 

the hypothesis that the reported ASCVD in these mice is due to an imbalance of FC flux 

between HDL and tissues with >4-times higher HDL-to-macrophage influx/efflux ratios for 

Scarb1−/− HDL than for WT HDL.

Whereas the endogenous LCAT activity in Scarb1−/− is ~90% lower than that of WT mice,31 

LCAT overexpression in Scarb1−/− mice reduces the plasma HDL-FC/PL ratio and with 

it, FC bioavailability, which may suppress, as reported, diet-induced atherosclerosis.71 The 

disturbances of FC homeostasis by Scarb1 ablation could be a direct consequence of the loss 

of SR-B1 or a secondary effect of reduced LCAT activity. Current evidence suggests roles 

for both. The absence of hepatic selective HDL-CE uptake in Scarb1−/− mice30 increases 

plasma HDL-CE. Given that SR-B1 also clears cellular HDL-FC, Scarb1 deletion could 

also increase plasma concentration of HDL-FC, which transfers to cells by spontaneous and 

SR-B1-mediated mechanisms.38 Superposition of a 90% decrease in LCAT activity on lower 

hepatic FC uptake would increase the FC to TC ratio as reported.71

Initial and total kinetics of plasma HDL-[3H]FC clearance in WT mice were ~60% and 

~20% faster than those in Scarb1−/− mice, reflecting the absence of Scarb1, which clears 

many lipids including FC,38 which is initially cleared by the liver.35–37 Although the 

cholesterol content of a mouse is 2.2 mg/g or 66 mg/30 g mouse,72 the amount in liver 

is, as expected, a fraction of this, 12 mg, and the amount in a rapidly exchangeable hepatic 

pool is smaller yet, by our calculations, ~2 mg/mouse. After an initial rapid uptake of ~ 

60% of injected HDL-[3H]FC, hepatic [3H]FC content declines over longer times due to 

excretion and transfer to erythrocytes43 and tissues.36 Consistent with this, in our study, the 

rate and magnitude of [3H]FC appearance in erythrocytes was similar among all mice during 
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the first ~10 min, after which erythrocyte-[3H]FC plateaued among WT mice but continued 

to increase in Scarb1−/− mouse erythrocytes. We attribute this difference to the persistence 

of 40% of injected HDL-[3H]FC in plasma beyond 10 min in Scarb1−/− mice, which have 

a continuous pool of HDL-[3H]FC that transfers FC to erythrocytes. This increased [3H]FC 

accretion is consistent with higher erythrocyte-FC in Scarb1−/− than in WT mice.

Among WT female and male mice, the respective rate constants for HDL-FC clearance, 

which includes both Scarb1-dependent and independent mechanisms (spontaneous 

diffusion) are k1 = 1.27 and 0.72 min−1. Scarb1 deletion reduces the rate constants to 0.86 

and 0.59 min−1, respectively, i.e., 68 and 82% of WT k1, indicating that Scarb1 accounts 

for less than half the clearance, and thus spontaneous diffusion is a major contributor to 

FC clearance. Whereas hepatic FC clearance occurs by these two mechanisms, most CE 

is cleared via Scarb1, which gradually reduces the size of HDL by a slower73 “nibbling” 

mechanism,74 which is independent of apolipoprotein or holoparticle uptake.

Whereas we hypothesized that the higher HDL-FC bioavailability in Scarb1−/− mice vs. WT 

mice would support increased tissue-FC accretion this is opposed by numerous mechanisms 

supporting cholesterol homeostasis. High HDL-FC bioavailability in Scarb1−/− vs. WT 

mice enhanced HDL-FC transfer to LDL and influx into macrophages. On this basis, we 

expected higher FC content in tissues of Scarb1−/− vs. WT mice. This was observed only for 

erythrocytes, heart, lung, liver (females only), adrenals (males only), abdominal fat (males 

only), and testes fat. No difference between the FC of WT and Scarb1−/− mice was observed 

in the other tissues assayed, although the mol% FC was elevated in Scarb1−/− vs. WT 

ovaries due to lower ovary-PL content. In particular, the FC content of brain, the organ with 

the highest FC content, was similar in Scarb1−/− and WT mice, as reported.75 This may 

be due to the isolation of the brain from the rest of the body by the blood-brain barrier; 

most brain FC is synthesized in situ, not imported. Moreover, in the adult mouse, brain-FC 

is exported to plasma.75 Although the tissue pathologies in Scarb1−/− were profound, they 

occurred under conditions of only modestly higher tissue FC content compared to WT mice, 

i.e. +15–22%, thus illustrating the importance of finely controlled FC homeostasis. By the 

same token, the higher macrophage uptake of FC from Scarb1−/− vs. WT HDL might be 

expected to be pathological even though direct comparison with tissue data cannot be made.

In most tissues the effects of Scarb1-deficiency on the FC/TC ratio were modest. The 

exceptions were ovary- and testes fat, (−50 and −35% respectively), ovaries (+70%) and 

especially adrenals in which the FC/TC ratio increased 400 and 2400% for females and 

males respectively, an effect due to profound reduction of CE, −85 and −95% for females 

and males respectively. Thus, of all the tissues the adrenals, the most CE-rich tissue studied, 

appear to be the most dependent on Scarb1 for CE delivery. A low adrenal-CE has been 

implicated in primary adrenal insufficiency in Scarb1−/− mice.45

Differences in tissue mol% FC could be due to differential FC efflux or FC conversion 

to CE; however, the latter mechanism does not explain the differences because CE do not 

transfer spontaneously, and mice do not express cholesteryl ester transfer protein. Moreover, 

the correlations between tissue mol% FC and CE were low (r2 = 0.11; Supplementary 

Figure V A, B). Alternatively, tissue FC efflux, which occurs via both diffusion and 
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transporter mechanisms, could be different. Because diffusional efflux is a function of 

PL composition76 on the donor surface, no difference in FC efflux is expected to occur 

by this mechanism. Tissues that maintain FC homeostasis may use transporters to export 

excess FC, but this was not uniformly observed. Although there were differences in the 

expression of ABCA1 and ABCG1 across the tissues studied, tissues that maintained good 

FC homeostasis were distributed over the entire range of transporter expression with that 

of lung being the second highest and heart being the second lowest (Supplementary Figure 

V C).77 In addition, ABCA1 is an unlikely mediator of FC flux between erythrocytes 

and HDL.78 First, FC efflux from erythrocytes to APOA1 was almost nil despite a high 

erythrocyte-ABCA1 content. Second, ABCA1 silencing or chemical inhibition did not 

inhibit FC efflux. Lastly, FC flux between erythrocytes and lipoproteins from Abca1+/+ 

and Abca1−/− mice were similar. Although a bioinformatics analysis identified ABCA7, 

ABCG5, lipoprotein lipase, and mitochondrial translocator protein as candidate mediators of 

FC flux,78 none have been tested. In addition, only ABCG5, a functional half-transporter, 

has an activity that directly relates to sterol transport, but only when associated with its 

co-transporter, ABCG8. Lastly, FC responsive tissues did not cluster according to Scarb1 

expression; heart and lung, both of which had higher FC content in Scarb1−/− than WT mice, 

exhibited low and moderate Scarb1 expression (Supplementary Figure V D). Given the high 

Scarb1 expression in adrenals, it is not unexpected to see a profound reduction in adrenal CE 

content among Scarb1−/− mice.

Lastly, there could be differential tissue perfusion. Being in constant contact with plasma, 

one would expect erythrocytes, as observed, to show greater differences in FC accretion in 

Scarb1−/− than WT mice. Differential perfusion again seems unlikely to explain differences 

in FC accretion in tissues. Brain, which is well perfused, did not differ in the mol% FC 

in Scarb1−/− or WT mice. Brain contains 25 % of whole-body FC, but brain FC is derived 

from in situ synthesis. In humans there is little evidence for plasma-to-brain FC transfer,72 

a finding consistent with a blood-brain FC barrier. Thus, other factors that remain to be 

determined must control tissue-specific differences in FC accretion.

In vitro FC distribution between macrophages and HDL is governed by mass action such 

that FC-rich macrophages are a source of efflux to HDL,79 and FC-rich HDL is a source of 

influx to cells, a correlation not previously tested in vivo. We asked whether differences in 

FC bioavailability, mostly as HDL-FC, differentially contributed to tissue FC content in WT 

and Scarb1−/− mice. Higher FC content, which was only observed in some tissues, could not 

be explained by differential CE formation, FC transporters, or perfusion. Candidate effectors 

cited by others also do not appear to be involved in differential FC accretion. According 

to the increase in mol% FC, sites that were most profoundly altered by Scarb1-deletion 

were ovaries (+80%), erythrocytes (+23%), heart (+21%), and macrophages (+300%); 

although adrenal-FC content was not greatly altered by Scarb1 deletion, the CE content 

was reduced by >85%. Among Scarb1−/− mice, these tissue sites are also respectively 

associated with female infertility,47, 48 impaired cell maturation,43, 44 cardiac dysfunction,41 

atherothrombosis,30, 42, 80 and adrenal insufficiency.45 Conversely, tissues from Scarb1−/− 

mice that had a mol% FC similar to those of WT mice exhibited no obvious pathologies 

suggesting that they have a FC defense system that remains to be identified. Unlike most 

previous studies, which combined the results of male and female mice, we analyzed male 
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and female mice separately and found that Scarb1 deletion increased the number of tissue 

sites with different lipid composition among male and female mice. Moreover, plasma FC 

clearance kinetics were also sex-dependent. The source of the sex-dependent differences 

could be estrogen-induced, either indirectly or directly. Among humans, plasma HDL-C 

concentrations are higher among females.81 However, in contrast to the profound genotype

specific differences in HDL-C concentrations, sex-dependent differences in mouse HDL-C 

concentrations were small and not significant and those for mol% HDL-FC were nil. This 

suggests that the sex-dependent differences in plasma HDL-FC clearance kinetics and tissue

FC content are a direct effect of estrogen on these tissues by a mechanism that is currently 

not known.

There are some limiting considerations. Although genetically-altered mice and 

complementary biophysical studies can inform about the role of FC vs. CE in metabolism, 

mouse and human cholesterol metabolisms are different. Mice lack cholesteryl ester transfer 

protein, which in humans exchanges HDL- and LDL-CE for VLDL-TG.82 The acyl-chain 

specificities of human and rodent LCAT are different.83, 84 Tissues are multicellular so the 

tissue-lipid composition reflects that of the dominant cell type without informing about 

other minor cell types that may be more relevant to whole body cholesterol metabolism 

and its regulation. In some other studies, human SCARB1-deficiency68 and three common 

SCARB1 non-coding variants that associate with higher HDL-C concentrations85 conferred 

increased ASCVD risk. A subsequent study affirmed this finding86 and demonstrated 

ASCVD heritability as a consequence of a human SCARB1 variant. The role of FC 

bioavailability in these ASCVD pathologies is unknown.

FC and CE have metabolic itineraries that likely impart different health risks. Nevertheless, 

most clinical trials of lipid-lowering therapies correlate ASCVD events with HDL- and 

LDL-total cholesterol rather than to FC and CE. Thus, the relationship between plasma 

and/or HDL-FC, which is important, is not adequately understood. Our observations provide 

a rationale for testing new therapeutics for dysfunctional HDL with underlying HDL-FC 

hyper-bioavailability and for identifying differences in HDL-FC to macrophage influx 

among patients with very high plasma HDL concentrations and ASCVD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Given that phospholipid (PL) is the FC solvent, HDL-mol% FC = 100% × molFC/(molFC 

+ molPL) is a metric for plasma HDL-FC bioavailability, which is increased by Scarb1

deficiency.

The rate of HDL-FC clearance is only modestly reduced by Scarb1-deficiency (~−30%) 

so that most HDL-FC clearance likely occurs via spontaneous transfer or other 

lipoprotein receptors.

Independent of genotype, plasma HDL-FC clearance and tissue-accretion are sex

dependent.

The mass of Scarb1−/− mouse-HDL FC influx into J774 macrophages was greater than 

that from WT whereas the rates of the reverse process, efflux, were similar.

Increased tissue mol% FC produced by Scarb1-deficiency is associated with pathologies 

in those tissues whereas tissues with preserved FC homeostasis exhibited no overt 

pathologies.

Given that FC efflux predicts atherosclerosis, our findings provide a rationale for 

comparing FC influx from HDL of patients with and without ASCVD to macrophages to 

determine whether HDL-FC influx is atherogenic.
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Figure 1: 
Plasma (A–C) and HDL (D–F) Lipid Concentrations of Male (M) and Female (F) WT and 

Scarb1−/− Mice. HDL were obtained from individual mouse plasma by heparin-manganese 

depletion of APOB lipoproteins. Bars are mean ± SEM. Numbers of mice per group are: 

WT-F (n = 12), WT-M (n = 10), Scarb1−/−-F (n = 11) and Scarb1−/−-M (n = 5). ANOVA and 

pairwise comparisons were calculated as described in Methods. P-values for significantly 

different pairwise comparisons (p <0.05) are indicated over brackets.
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Figure 2: 
HDL-FC Transfer to human LDL and J774 Macrophages. A, B: Equilibrium distribution of 

[3H]FC between various HDL and human LDL according to HDL-protein (A) and HDL-FC 

(B). The specific activities of WT mouse, Scarb1−/− mouse and human HDL-FC were 

21,488, 7,942, and 38,233 dpm/nmol FC respectively. In A, m, the slopes of the linear 

regression lines, are different, p ≤ 0.0001 for all three curves. In B, where transfer is 

plotted vs. starting HDL-FC, data for the three HDL fall on a single line. C–E: Kinetics of 

HDL-[3H]FC Transfer to human LDL as labeled. The red and black symbols are from two 

independent experiments, and the lines are exponential decay fits of the combined data, as 

described in Methods. F: Extent of FC transfer from HDL to LDL at the asymptote, i.e., 

kinetic equilibrium, calculated from C–E. FC transferred from Scarb1−/− HDL > WT HDL 

(p < 0.0001). G–J: FC Flux between HDL and J774 Macrophages. G, H: FC influx from 

HDL to macrophages according to time (G) at 20 μg HDL-protein/mL and dose at 2 h (H). 

[3H]FC specific radioactivities were 40,767, 9,242 and 15,247 dpm/nmol FC respectively for 

human, WT, and Scarb1−/− HDL. At all times and doses, FC influx from SCARB1−/− HDL 

> WT HDL (p<0.0001). I, J: FC efflux from macrophages to HDL, time course (I; 20 μg 

HDL-protein/mL) and dose response (2 h; J). The plots are representative of two to three 
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independent experiments, each done in triplicate. The points are mean ± SD with error bars 

sometimes smaller than the symbols.
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Figure 3: 
FC Accretion and Lipid Composition of Erythrocytes, Heart, Lung, and Liver. Within 

each group—A–C (erythrocytes), D–F (heart), G–I (lung), and J–L (liver)—the respective 

panels provide the lipid composition relative to protein (W/W), mol% FC, and the FC/total 

cholesterol (TC) ratio (W/W). Bars are mean ± SEM. Statistics are as described in Figure 1 

legend. Mice/group are as follows: Erythrocytes, WT-F (n = 6), WT-M (n = 4), Scarb1−/−-F 

(n = 6) and Scarb1−/−-M (n = 8); for heart, lung and liver WT-F (n = 12), WT-M (n = 10), 

Scarb1−/−-F (n = 11) and Scarb1−/−-M (n = 5).
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Figure 4: 
FC Accretion and Lipid Compositions in Abdominal-, Ovary-, and Testes-Fat. TG values are 

at 1/20 scale vs. other lipids. Within each group—A–C (abdominal fat), E–F (ovary fat), and 

G–I (testes fat)—the respective panels provide lipid composition vs. protein (W/W), mol% 

FC, and FC/TC ratio (W/W). Bars are mean ± SEM. Mice/group are as follows: Abdominal 

fat, WT-F (n = 4), WT-M (n = 5), Scarb1−/−-F (n = 4) and Scarb1−/−-M (n = 5); ovary fat, 

WT-F (n = 5) and Scarb1−/−-F (n = 4); testis fat, WT-M (n = 5), and Scarb1−/−-M (n = 5). 

Statistics are as described in Figure 1 legend. In Panels A and D, some values for CE that 

were at the detection limit are nevertheless shown with their SEM for completeness.
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Figure 5: 
FC Accretion and Lipid Compositions in Ovaries (A–C), Testes (D–F), and Adrenals (G–I). 

Bars are mean ± SEM. Numbers of mice per group for ovaries were as follows: WT-F (n 

= 12), Scarb1−/−-F (n = 10). For testis: WT-M (n = 10), Scarb1−/−-M (n = 5). For adrenals: 

WT-F (n = 3); WT-M (n = 3); Scarb1−/−-F (n = 3); Scarb1−/− M (n = 7). Statistics as 

described in Figure 1 legend.
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Figure 6: 
In vivo HDL-FC Kinetics. A) Plasma decay kinetics of autologous HDL-[3H]FC in female 

and male WT and Scarb1−/− mice. B) In the same experiments, erythrocyte-[3H]FC. Mice 

of each genotype/sex (n = 3–4) were injected and blood collected at each time point; 

symbols are mean ± SD. The respective specific activities of the injected WT and Scarb1−/− 

mouse HDL (50 μg protein/mouse) were 6,160 and 5,110 dpm/μg. Injected HDL-FC < 1% 

of endogenous FC. Rate constants and statistical comparisons are given in Supplementary 

Table IV.
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