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Introduction

The liver is a critical site for maintaining metabolic homeosta-
sis. In hepatocytes, the forkhead transcription factors of the
FoxO subfamily FoxO1, FoxO3, and FoxO4 (FoxOs) mediate a
substantial portion of insulin-regulated gene transcription (1-5).
During fasting, FoxOs are active, whereas insulin signaling sup-
presses FoxO activity via Akt-mediated phosphorylation and
nuclear exclusion (6, 7). The 3 FoxOs work in concert to promote
expression of their target genes (8). Previously, we have demon-
strated that liver-specific ablation of these 3 hepatic FoxOs in
mice prevents the induction of glucose-6-phosphatase and the
repression of glucokinase during fasting, thereby increasing
lipogenesis at the expense of glucose production (9). FoxOs are
also required for the expression of multiple other genes involved
in liver metabolic pathways (10-12). These findings demon-
strate that hepatic FoxOs play a vital role in maintaining proper
glucose and lipid homeostasis.

The liver also plays an essential role in cholesterol metab-
olism. One important role is that of facilitating the clearance
of cholesterol from circulating high-density lipoprotein (HDL)
particles into the liver, where it can be converted to bile acids or
transported directly into the bile to be excreted in the feces (13,
14). HDL cholesterol (HDL-C) is primarily cleared by scavenger
receptor class B type I (SR-BI), a liver membrane receptor that
mediates selective HDL cholesteryl ester (CE) uptake, defined as
lipid internalization independent of holoparticle uptake (15, 16).
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Insulin resistance and type 2 diabetes are associated with low levels of high-density lipoprotein cholesterol (HDL-C). The
insulin-repressible FoxO transcription factors are potential mediators of the effect of insulin on HDL-C. FoxOs mediate a
substantial portion of insulin-regulated transcription, and poor FoxO repression is thought to contribute to the excessive
glucose production in diabetes. In this work, we show that mice with liver-specific triple Fox0 knockout (L-Fox01,3,4), which are
known to have reduced hepatic glucose production, also have increased HDL-C. This was associated with decreased expression
of the HDL-C clearance factors scavenger receptor class B type | (SR-BI) and hepatic lipase and defective selective uptake of

HDL cholesteryl ester by the liver. The phenotype could be rescued by re-expression of SR-BI. These findings demonstrate that
hepatic FoxOs are required for cholesterol homeostasis and HDL-mediated reverse cholesterol transport to the liver.

Acting alongside SR-BI is the enzyme hepatic lipase (HL) (17).
Studies show that (a) HL is a liver-secreted enzyme that hydrolyz-
es triglycerides and phospholipids and is involved in processing
large lipid-rich HDL into smaller HDL particles (18), and (b) the
ligand-binding activity of HL may mediate interactions of lipo-
proteins with SR-BI or the plasma membrane, thus facilitating
selective HDL-CE uptake (19-24). As such, mice lacking expres-
sion of either SR-BI or HL have elevated levels of HDL-C and
impaired HDL-C clearance by hepatocytes (14, 25-28).

In the current study, we used mice with liver-specific abla-
tion of 3 hepatic FoxOs (L-Fox01,3,4) (8, 9) and littermate
controls with the genotypes Foxol"?, Foxo3"f, and Foxo4"" to
explore the role of hepatic FoxOs in regulating HDL-C metabo-
lism. We observed that L-Fox01,3,4 mice had an increase in plas-
ma HDL-C, especially when challenged with a Western-type diet
(WTD). Moreover, we also found that hepatic FoxOs are required
for the expression of the HDL-C clearance factors SR-BI and
HL, suggesting that selective HDL-CE uptake by the liver may
be diminished in L-Fox01,3,4 mice. In order to directly measure
selective HDL-CE clearance, metabolic studies were performed
using HDL that was radiolabeled in both the protein (**I) and
lipid ([*H]) moieties. We found that selective HDL-CE uptake
by the liver was reduced in L-Fox01,3,4 mice in vivo as well as
in isolated L-FoxO1,3,4 primary murine hepatocytes in vitro.
Moreover, the accumulation of HDL-C in L-Fox01,3,4 mice was
attenuated by the rescue of SR-BI expression. Thus, our data
indicate that the increase in plasma HDL-C in L-FoxO1,3,4 mice
was primarily a consequence of reduced HDL lipid uptake by the
liver. These findings suggest that, in addition to the established
effects on glucose and triglyceride metabolism, hepatic FoxOs
are required for HDL-mediated reverse cholesterol transport, a
key mechanism of lipid homeostasis in vivo.
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Figure 1. Plasma cholesterol profiles of chow-fed and WTD-fed L-Fox01,3,4 mice. (A) Total plasma cholesterol in chow-fed L-Fox01,3,4 mice and littermate
controls after a 5-hour fast (n = 5). Data are presented as the mean + SEM. (B) Cholesterol levels in plasma fractionated by FPLC in the same mice as in A.
(C) Western blot of plasma apoA-I and apoE from pooled pairs of fractionated plasma obtained from FPLC in B. (D) Total plasma cholesterol levels in WTD-
fed L-Fox01,3,4 mice and littermate controls after a 5-hour fast (n = 5). (E) Cholesterol levels in plasma fractionated by FPLC in the same mice as in D. (F)
Western blot of plasma apoA-I and apoE from pooled pairs of fractionated plasma obtained from FPLC in E. Independent FPLC cholesterol profiles for both
chow-fed and WTD-fed mice yielded qualitatively identical results. Data are presented as the mean + SEM. *P < 0.05 and **P < 0.01, by Student’s t test.

Results

Deletion of hepatic FoxOs increases cholesterol accumulation in
large HDL particles. We first measured plasma cholesterol in
chow-fed mice and found 50% higher plasma cholesterol levels
in L-Fox01,3,4 mice compared with levels in littermate controls
(Figure 1A). In order to determine the distribution of cholesterol
with respect to lipoprotein fractions, we separated the plasma by
fast protein liquid chromatography (FPLC) and found that chow-
fed L-Fox01,3,4 mice had increased HDL-C and accumulation
of cholesterol in the fractions that eluted similarly to large HDL
(Figure 1B). We performed Western blot analysis of these fractions
and found that apoA-I, the major apolipoprotein of HDL, was
shifted to the left, indicating larger HDL particles. We also found
a leftward shift of apoE (Figure 1C), which is consistent with the
well-established characteristics of large, spherical HDL particles
(29, 30). In contrast, apoB-containing particles eluted much ear-
lier, peaking at fractions 46-48 (data not shown) and disappear-
ing by fraction 52, indicating that there was little to no difference
in LDL-C between genotypes. There were no differences in total
plasma apoA-I levels (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI94230DS1), suggesting that the leftward shift of apolipopro-
tein A-1 (apoA-I), apolipoprotein E (apoE), and HDL-C indicates
the presence of larger HDL particles in L-FoxO1,3,4 mice.

Next, we challenged the mice with a WID consisting of 21%
milkfat and 0.2% cholesterol. The WTD is known to increase plas-
ma cholesterol levels and to induce atherogenesis in susceptible
strains (31). After 3 weeks of WTD feeding, L-Fox01,3,4 mice
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showed 65% higher plasma cholesterol levels compared with lev-
els in WTD-fed controls (Figure 1D). The cholesterol profile in the
knockout mice was exacerbated on this diet, showing an accu-
mulation of cholesterol in fractions that eluted similarly to large
HDL (Figure 1E). Consistent with this, there was a leftward shift
in apoA-I (Figure 1F). We also detected an abundant accumulation
of apoE in these shifted fractions, similar to what is seen in oth-
er experimental mouse models with elevated HDL levels (14, 32).
Mice on the WTD showed no differences in total plasma apoA-I
levels (Supplemental Figure 1B). These data support the hypothe-
sis that hepatic FoxOs play a role in HDL-C metabolism.

FoxOs are required for the expression of SR-BI and hepatic lipase.
To identify contributors to the accumulation of plasma HDL-C
in L-Fox01,3,4 mice, we queried microarrays from livers of
L-Fox01,3,4 mice (9) for genes involved in HDL synthesis and
clearance (Supplemental Table 1). We found no differences in
genes regulating HDL synthesis or biliary excretion, including
Abcal, Apoal, Apoa2, Leat, Apoe, Abcgs, and Abcg8. We also found
no significant differences in Apoc3, Srebp2, Hmgcr, or Pltp. How-
ever, L-Fox01,3,4 mice showed reduced expression of 2 genes
involved in HDL-C clearance: scavenger receptor class B mem-
ber 1 (Scarbl),which encodes SR-BI, and lipase C, hepatic type
(Lipc), which encodes HL. Using quantitative PCR (qPCR), we
verified that L-FoxO1,3,4 mice showed significant reductions in
Scarbl and Lipc during both chow and WTD feeding (Figure 2, A
and B). We also verified that there were no differences in Abcal,
Apoal, Apoa2, Apoc3, Apoe, Lcat, Srebp2, Hmgcr, Abcg5, or Abcgs.
qPCR showed an increase in Pltp expression, however increased
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Figure 2. Defects in HDL metabolism genes due to ablation of hepatic FoxOs. (A and B) Relative hepatic
gene expression by gPCR in (A) chow-fed L-Fox01,3,4 mice and littermate controls (n = 4-5) and (B) WTD-fed
L-Fox01,3,4 mice and littermate controls (n = 6-7). (C) Representative Western blot of hepatic SR-BI expres-
sion in both chow-fed and WTD-fed L-Fox01,3,4 mice and littermate controls. SR-Bl/actin denotes relative
SR-BI expression levels by densitometric scanning (n = 4/group total). (D) Relative plasma HL activity in
WTD-fed L-Fox01,3,4 mice and littermate controls (n = 5-7). *P < 0.05, **P < 0.01, and ****P < 0.00071;

8P < 0.01 between chow-fed L-Fox01,3,4 mice and littermate controls; P < 0.01 between WTD-fed
L-Fox01,3,4 mice and littermate controls by Student’s t test. Data are presented as the mean + SEM.

(Figure 2C). Consistent with what was observed from the gene

Pltp alone is insufficient to increase HDL-C (33). These data sug-
gest that the increase in plasma HDL-C in L-FoxO1,3,4 mice is
due to defective clearance.

We next confirmed that these decreases in Scarbl and Lipc
mRNA resulted in decreases at the protein level. By Western blot-
ting, we found that in both chow-fed and WTD-fed mice, SR-BI
protein levels decreased significantly (>85%) in liver lysates iso-
lated from L-Fox01,3,4 mice compared with levels in control mice

Figure 3. Plasma decay kinetics of A Control mice
125]-TC-/[PHICEt-WT-HDL in chow-fed 2
L-Fox01,3,4 mice. (A and B) '°|-TC-/
[H]CEt-WT-HDL was injected i.v. into
chow-fed L-Fox01,3,4 mice and littermate
controls. Thereafter, over a 24-hour period,
blood samples were harvested periodically,
and plasma was analyzed for "»I-TC (cross-
es) and [PHICEt (circles). The y axis rep-
resents the fraction of the tracerin plasma
(percentage). Shown is a trace from a
representative mouse from each genotype,
with (A) control and (B) L-Fox01,3,4 mice.

Percentage

expression data, we found no changes in liver ABCA1 protein lev-
els between L-FoxO1,3,4 and control mice fed either chow or a
WTD (Supplemental Figure 2). To investigate HL, we measured its
activity in nonheparinized plasma (34, 35). Compared with con-
trols, L-Fox01,3,4 mice had a 50% decrease in HL activity (Figure
2D). Taken together, these data demonstrate that hepatic FoxOs
are required for normal expression of both SR-BI and HL.

The experiment was performed in 7 control
and 5 L-Fox01,3,4 mice.
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Figure 4. Plasma FCRs and tissue tracer uptake rates for *I-TC-/[*H]CEt-WT-HDL in chow-fed L-Fox01,3,4 mice. *|-TC-/[*H]CEt-WT-HDL was injected
i.v. into chow-fed L-Fox01,3,4 mice and littermate controls. (A) During the subsequent 24-hour period, blood was harvested periodically to determine

the plasma decay of both tracers. I-TC (***l) and [*H]CEt ([*H]) were analyzed, and plasma FCRs for *I-TC and [*H]CEt were calculated. The difference in
plasma FCRs between [*H]CEt and 'I-TC was calculated. Twenty-four hours after tracer injection, the animals were euthanized, and tissues were analyzed
for both tracers. (B) Liver, (C) adrenal gland, and (D) kidney organ FCRs for I-TC (**%I) and [*H]CEt ([H]). The difference in organ FCRs between [*H]CEt and
125)-TC ([PH]CEt - ™5I-TC) was calculated. All calculations were done as described in Methods. n = 7 control mice; n = 5 L-Fox01,3,4 mice. An independent
experiment yielded qualitatively identical results. **P < 0.01, ***P < 0.001, and ****P < 0.0001, by Student’s t test. No significant differences between
genotypes were detected in adrenal glands. Data are presented as the mean + SEM.

HDL metabolism in L-Fox0O1,3,4 and control mice. To address
HDL metabolism in more detail, we investigated the turnover of
25]-tyramine cellobiose-WT-HDL and [*H]cholesteryl hexade-
cyl ether-WT-HDL (*I-TC-/[*H]CEt-WT-HDL) in control and
L-Fox01,3,4 mice on a chow diet (Figures 3 and 4) or a WTD (Sup-
plemental Figures 3 and 4). We injected this murine HDL prepara-
tion i.v. into mice and then harvested blood samples periodically
during a 24-hour period (15). In these studies, [*H]CEt traces the
clearance of HDL-associated CE, and **°I-TC traces the clearance of
HDL holoparticles (36). The difference between both tracers ([*H]
CEt-'#I-TC) represents selective CE removal from HDL particles.

In control mice on chow, the plasma decay of HDL-associated
[*H]CEt was faster than for *I-TC (Figure 3A), indicating selective
CE removal from the HDL plasma pool by tissues. In L-FoxO1,3,4
mice on chow, the plasma decay of '**I-TC was similar to that of
control mice (Figure 3B). However, removal of HDL-associated
[*H]CEt from plasma was slower in L-Fox01,3,4 mice than in con-
trols. Similarly, selective CE removal from the HDL plasma pool
was also slower in WTD-fed L-FoxO1,3,4 mice compared with
littermate controls (Supplemental Figure 3, A and B). Thus, selec-
tive CE removal from HDL was markedly reduced in both chow-
fed and WTD-fed L-Fox01,3,4 mice. These results suggest that
selective CE removal from the HDL plasma pool is substantially
reduced in mice lacking hepatic FoxOs.

jci.org  Volume128  Number4  April 2018

From the decay curves shown in Figure 3, A and B, and Sup-
plemental Figure 3, A and B, we calculated the plasma fractional
catabolic rate (FCR) for both HDL-associated tracers in mice on
chow (Figure 4A) or a WTD (Supplemental Figure 4A) (37). In con-
trol mice, the plasma FCR for HDL-associated [*H]CEt was sub-
stantially higher than for '*I-TC as a result of selective CE removal
from plasma by tissues. In chow-fed L-Fox01,3,4 mice, we detect-
ed no significant difference in the plasma FCR for *I-TC com-
pared with that in control mice, although in WTD-fed L-Fox01,3,4
mice, there was a slight decrease in *I-TC decay compared with
littermate controls. However, on both diets, compared with con-
trol mice, we observed a significant reduction in the plasma FCR
for [*'H]CEt (P = 0.0046 and P = 0.031 for chow and WTD, respec-
tively), yielding a significantly reduced rate of selective CE remov-
al from plasma in L-Fox01,3,4 mice (P = 0.0001 and P = 0.046
for chow and WTD, respectively). This shows that there is reduced
selective CE clearance from the plasma HDL pool by tissues in
L-Fox01,3,4 mice.

Next, we investigated HDL metabolism by defined organs.
Twenty-four hours after *I-TC-/[*H]CEt-WT-HDL injection, we
analyzed the tracer content of tissues and calculated HDL uptake
in terms of the organ FCR (15). In control mice on either diet, the
hepatic organ FCR showed a selective HDL-CE uptake by the liver
(Figure 4B and Supplemental Figure 4B) that was in line with earli-
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Table 1. HDL metabolism of L-Fox01,3,4 mice

Control mice
Chow
125| [BH]
Plasma FCRs x h™' 0.052 + 0.008 0133 +0.011
Organ FCRs x h™' x 10°  Spleen 0.31+0.057 413+ 0.64
Stomach 190 +0.23 127 +0.24
Intestine 7312 4.04+0.52
Heart 0.35+0.064 0.25+0.035
Lungs 0.55+01M 0.64 +0.088
(arcass 274 +43 254+25

L-Fox01,3,4 mice
Chow
[3H1_125| 125| [3H] [JH]_125|
0.0811+0.006 0.049+0.003 0.0844 +0.007* 0.0354 + 0.004*
3.82+0.59 0.32+0.022 2.30 £ 0.15* 138 £ 0.144

1.01+014* 0.348 + 0.060*

715+07 25+0.274
0.32+0.013 0.20+0.016
0.57 + 0.059 049 +£0.039

24814 18.6 +1.3

Data show plasma FCRs and tracer uptake rates by tissues for ?*I-TC-/[*H]CEt-WT-HDL in chow-fed L-Fox01,3,4 mice. *I-TC-/[*H]CEt-WT-HDL was injected
i.v. into chow-fed L-Fox01,3,4 mice and littermate controls. During the subsequent 24-hour period, blood was harvested periodically to determine the
plasma decay of both tracers. ?*I-TC ("*I) and [*H]CEt ([*H]) were analyzed, and plasma FCRs for ?I-TC and [*H]CEt were calculated. The difference in plasma
FCRs between [*H]CEt and "I-TC was calculated. Twenty-four hours after tracer injection, the animals were euthanized, and tissues were analyzed for both
tracers. Splenic, stomach, intestinal, heart, lung, and carcass organ FCRs for I-TC (1), [*H]CEt ([*H]) and the difference in organ FCRs between [*H]CEt
and ™I-TC ([*H]CEt - ™I-TC) were calculated. All calculations were done as described in Methods. For control mice, values represent the mean + SEM. n=7
control mice and n = 5 L-Fox01,3,4 mice. An independent experiment yielded qualitatively identical results. P < 0.05, by Student’s t test.

er studies in WT mice (26, 38). In L-Fox01,3,4 mice on either diet,
the hepatic uptake rate for »I-TC was similar to that of control
mice. However, the hepatic organ FCR for [*H]CEt (P = 0.0035
and P = 0.011 for chow and WTD, respectively) and the selective
CE uptake from HDL (P = 0.0009 and 0.009 for chow and WTD,
respectively) were decreased significantly compared with control
mice on either diet. This indicates that hepatic selective uptake of
HDL-CE is defective in L-FoxO1,3,4 mice.

Compared with the liver, the HDL tracer uptake rates were
quantitatively low in all nonhepatic tissues. In adrenal glands,
which also express SR-BI (16), chow-fed L-Fox01,3,4 mice showed
a trend toward reduced selective CE uptake (Figure 4C). Howev-
er, we did not observe this trend in WTD-fed L-Fox01,3,4 mice
(Supplemental Figure 4C). We did not expect SR-BI expression to
be lower in L-Fox01,3,4 adrenal glands, because this is a hepato-
cyte-specific FoxO-knockout mouse model. Indeed, we observed
no change in Scarbl or Foxol gene expression levels in L-Fox01,3,4
adrenal glands (Supplemental Figure 5). However, because HL
is a secreted protein that is known to function in SR-BI-medi-
ated uptake of HDL-C, we speculate that the low HL activity of
L-Fox01,3,4 mice could potentially contribute to the trend of low-
er selective CE uptake in other SR-BI-expressing tissues (such as
adrenal gland) in chow diet conditions. In the kidneys, which do
not express SR-BI, organ FCRs for either HDL-associated tracer
did not differ between control and L-Fox01,3,4 mice on either
chow or a WTD (Figure 4D and Supplemental Figure 4D). How-
ever, consistent with previous studies, kidney organ FCRs for
HDL-associated #5I-TC were higher than for HDL-associated [*H]
CEt, which reflects a preferential renal catabolism of HDL apo-
lipoproteins (26). In spleen, stomach, intestine, and carcass, the
organ FCRs for HDL-associated [*H]CEt were decreased in chow-
fed L-Fox01,3,4 mice compared with controls (Table 1). Of these
tissues, only the spleen showed selective uptake.

HDL metabolism in primary murine hepatocytes. Next, we eval-
uated HDL-CE uptake into isolated primary hepatocytes from
control and L-FoxO1,3,4 mice in a dose-response experiment.

Following a 4-hour seeding period, we incubated hepatocytes in
medium containing '»*I-TC-/[*H]CEt-WT-HDL at 10, 20, 40, or
100 pg HDL protein/ml for 2 hours. In control hepatocytes, [*H]
CEt uptake was substantially higher than for *I-TC at all doses,
indicating selective CE uptake from HDL (Figure 5A). This obser-
vation is in line with previous results (26, 39). In L-FoxO1,3,4
hepatocytes, »I-TC uptake was similar to that of controls (Figure
5B). However, [*H]CEt uptake was significantly decreased com-
pared with that of control cells at all doses, yielding a decrease
of approximately 50% in selective CE uptake from HDL. We
also measured HDL-CE uptake over a 2-hour time course at 20
pg HDL protein/ml (Supplemental Figure 6, A and B). At all time
points, selective HDL-CE uptake was significantly reduced by
approximately 40% in L-FoxO1,3,4 hepatocytes compared with
HDL-CE uptake in controls. Western blot analysis confirmed that
SR-BI protein levels were substantially decreased in L-FoxO1,3,4
hepatocytes compared with levels in controls (Figure 5C). We also
observed significantly lower expression levels of Scarbl and Lipc
mRNA in L-FoxO1,3,4 hepatocytes (Figure 5D). However, we not-
ed that the mRNA of both genes declined over time after hepato-
cyte isolation, especially in WT hepatocytes, as was previously
observed (40). Taken together, these experiments demonstrate
that selective CE uptake from HDL is decreased in FoxO-deficient
hepatocytes in a cell-autonomous manner.

Rescuing SR-BI reverses the accumulation of HDL-C in
L-FoxO1,3,4 mice. To determine whether SR-Bl induction in the liv-
ers of FoxO-deficient mice can reverse the HDL-C phenotype, we
transduced WTD-fed L-Fox01,3,4 mice and littermate controls
with an adenovirus expressing SR-BI (Ad.SR-BI). We titrated the
virus to alow dose to achieve only mild increases in SR-BI, because
several-fold overexpression in WT mice is known to potently
reduce HDL-C, irrespective of the HDL subclass (13). Three days
after virus injection, we measured SR-BI expression levels. As a
result of the low titer we used, we detected no increases in total
SR-BI levels in control mice transduced with Ad.SR-BI compared
with those transduced with a control virus (Ad.GFP) (Figure 6A).
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Figure 5. Uptake of "*I-TC-/[*H]CEt-WT-HDL by hepatocytes isolated from chow-fed L-Fox01,3,4 mice. (A and B) Hepatocytes from chow-fed L-Fox01,3,4
mice and littermate controls were incubated (37°C, 2 hours) in medium containing I-TC-/[*H]CEt-WT-HDL (10, 20, 40, or 100 ug HDL protein/ml). Finally,
cells were harvested, and apparent HDL particle uptake was analyzed as outlined in Methods. Values represent the mean of (A) n = 3 (control) and (B) n = 3

(L-Fox01,3,4) independent determinations. An independent similar experiment

yielded gualitatively identical results. Where no error bars are visible, the SEM

was smaller than the symbol. (C) Western blots of SR-BI in primary hepatocytes from L-Fox01,3,4 mice and littermate controls. Representative bands are
shown. Two independent experiments yielded qualitatively identical results. (D) Relative ScarbT and Lipc expression by gPCR in hepatocytes from chow-fed

L-Fox01,3,4 mice and littermate controls at different stages of the cell isolation

procedure (see Methods). (A and B) %P < 0.001 and %P < 0.0001, comparing

[*HICEt between L-Fox01,3,4 and control hepatocytes; ***P < 0.001 and ****P < 0.0001, comparing [*H]CEt - *|-TC between L-Fox01,3,4 and control hepato-
cytes; and 'P < 0.05 and P < 0.01, comparing *I-TC between L-Fox01,3,4 and control hepatocytes (Student’s t test). (D) **P < 0.01, **YP < 0.001, and ***/P < 0.0001,
comparing gene expression between L-Fox01,3,4 and control hepatocytes at each stage; #P < 0.05, #*P < 0.01, #*##P < 0.001, and *###P < 0.0001, comparing

gene expression between control hepatocytes at baseline (before filtering) and
gene expression between L-Fox01,3,4 hepatocytes at baseline (before filtering)
post hoc test). All data are presented as the mean + SEM.

However, L-Fox01,3,4 mice injected with Ad.SR-BI showed a
5-fold increase in liver SR-BI compared with those injected with
Ad.GFP. We noted that even after this 5-fold increase, the levels of
SR-BI were still about half as much as those in littermate control
mice. Transducing L-FoxO1,3,4 mice with SR-BI caused a substan-
tial normalization of the HDL-C accumulation (Figure 6B). West-
ern blots confirmed that the leftward shifts of apoA-I and apoE
were also normalized (Figure 6C, compare lanes 10 and 11 with
lanes 4 and 5). Corresponding to the finding that the WT control
mice transduced with this low-titer Ad.SR-BI showed no overex-
pression of SR-BI, we detected no decrease in HDL-C in these
mice. Neither Lipc mRNA expression nor plasma HL activity was
affected by Ad.SR-BI transduction (Supplemental Figure 7, A and
B). Collectively, these findings demonstrate that rescuing SR-BI
expression in hepatic FoxO-deficient mice is sufficient to reverse
the accumulation of cholesterol in large HDL particles.

Acute depletion of hepatic FoxOs is sufficient to induce the HDL phe-
notype. We predicted that Scarbl and Lipc are transcriptional targets
of FoxOs, because (a) the mRNA expression of these genes was low
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control hepatocytes at each stage; and #P < 0.01 and **P < 0.0001, comparing
and L-Fox01,3,4 hepatocytes at each stage (2-way ANOVA, followed by Tukey's

in every condition tested; (b) motif analysis using HOMER (Hyper-
geometric Optimization of Motif EnRichment) software (41) identi-
fied dozens of FoxO consensus sequences in and near Scarbl and Lipc
(Supplemental Figure 8, A-C); and (c) publically available microar-
rays are consistent with this, showing that transgenic overexpression
of constitutively active FoxOs causes elevated liver expression of
Scarb] mRNA (11). Moreover, mice lacking the proteins insulin recep-
tor substrates 1 and 2 (Irs1 and Irs2), which are expected to have con-
stitutively active FoxOs, have elevated liver expression of Scarbl and
reduced serum HDL-C levels. Importantly, concomitant knockout of
FoxO1 with Irs1 and Irs2 partially normalizes this phenotype (5).

To further validate the notion that decreases in Scarbl and Lipc
are directly due to FoxO depletion, and not compensatory defects
due to long-term genetic loss of FoxOs, we transduced chow-fed,
adult Foxol™", Foxo3f, and Foxo4"" control mice with an adeno-
associated virus expressing Cre under a hepatocyte-specific pro-
moter (AAV8.Tbg.Cre). Two weeks after the injection, we found
that chow-fed, triple-floxed mice transduced with AAV8.Tbg.Cre
virus started to accumulate cholesterol in large HDL fractions


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/4
https://www.jci.org/articles/view/94230#sd
https://www.jci.org/articles/view/94230#sd

The Journal of Clinical Investigation

A Control — WTD L-Fox01,3,4 - WTD
Virus Ad.GFP Ad.SR-BI Ad.GFP _ Ad.SRBI
SRBI 1.00  0.09 116+0.09  0.11£0.05 0.55%0.05

B —O0— Control - GFP
9 q -4 Control — SR-BI c
= g{ —e—LFox0134-GFP .
g ;| --a--LFoxO134-SRBI
E 6
S 51
S 4
2 4
D 3 -
2 2
o 7]
0 e edaveai— T r T h
15 20 25 30 35 40 45 50
FPLC fraction
C Control L-FoxO1,3,4 Control  L-FoxO1,3,4
Virus Ad.GFP Ad.SR-BI

Fractons a b ¢ a b ¢ a b ¢ a b ¢
Lane 1 2 3 4 5 6 7 8 9 10 11 12

apoA-|
aPOE _

(Supplemental Figure 9). Four weeks after virus injection, we eutha-
nized the mice, at which point the HDL-C accumulation phenotype
was exacerbated compared with what was observed at the 2-week
time point (Figure 7A). We verified that AAV8.Tbg.Cre caused FoxO
depletion, as well as low levels of G6pcand high levels of Gck, two
known targets of FoxO transcriptional activation and repression,
respectively (9) (Figure 7B). Moreovet, it caused decreases in Scarbl
and Lipc mRNA levels as well as SR-BI protein levels (Figure 7C).
The levels of Scarbl and Lipc mRNA were significantly correlated
with the level of FoxO1 knockdown (Figure 7D).

Finally, we also measured protein expression levels of PDZK1
in L-Fox01,3,4 liver lysates and primary hepatocytes. PDZKI is a
scaffold protein that is essential for SR-BI stability and localiza-
tion in hepatocytes and has been reported to posttranscriptionally
regulate SR-BI levels (42, 43). We found that in L-Fox01,3,4 liver
lysates and primary hepatocytes, there were no changes in PDZK1
expression levels between L-Fox01,3,4 and the matched controls
(Supplemental Figure 10). Thus, we have no evidence for post-
translational regulation of SR-BI by FoxOs. Taken together, these
data support a model in which FoxOs acutely regulate Scarbl and
Lipc at the transcriptional level, thus affecting HDL-C levels and
HDL-mediated reverse cholesterol transport.

Discussion

Here, we report that hepatic FoxOs are required for normal hepat-
ic clearance of HDL-C. Our results suggest that hepatic FoxOs
promote the expression of SR-BI and HL, which induce HDL-C
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Figure 6. Ad.SR-BI in WTD-fed L-Fox01,3,4 mice. (A) Western blot of
hepatic SR-BI expression in WTD-fed L-Fox01,3,4 mice and littermate
controls transduced with Ad.SR-BI or Ad.GFP control virus. SR-Bl/actin
denotes relative SR-BI expression levels by densitometric scanning (n =
2-4). (B) Cholesterol levels in plasma fractionated by FPLC in the same
mice as in A. (C) Western blots of plasma apoA-l and apoE in fractionated
plasma obtained from FPLC in B. Lanes a, b, and c correspond to pooled
fractions 30-33, 34-39, and 40-45, respectively.

uptake from the plasma into the liver. This mechanism demon-
strates the importance of these insulin-inactivated transcription
factors in regulating HDL-C metabolism.

SR-BI and HL are both important for plasma HDL-C turnover.
Both SR-BI- and HL-knockout mice have elevated plasma choles-
terol levels and cholesterol accumulation in large HDL particles
(14, 28) due to impaired selective uptake of HDL-CE by the liver
(26, 27). Some studies have suggested that SR-BI and HL promote
selective uptake by acting together (44), although others indicate
that the two act through independent mechanisms (24). Evidence
in humans also shows important roles for SR-BI and HL in HDL-C
metabolism. In GWAS, variants near both Scarbl and Lipc have
been associated with HDL-C (45-47). Furthermore, individuals
with HL deficiency were reported to have an accumulation of
large, buoyant plasma HDL particles (48-50). Thus, mechanisms
regulating HDL-C clearance through these 2 proteins may be rel-
evant across species.

Hepatic FoxOs have also been shown to control other down-
stream aspects of hepatic cholesterol metabolism. Once HDL-CE
enters the hepatocyte, it can be stored, secreted on lipoproteins,
or excreted into the bile. There are 2 possible mechanisms to
allow for cholesterol excretion into the bile. The first mechanism
involves the secretion of cholesterol directly into the bile via the
heterodimeric cholesterol transporters Abcg5 and Abcg8 (51, 52).
The second mechanism involves the conversion of cholesterol into
bile acids through a series of enzymatic reactions, in which Cyp7al
encodes the rate-limiting enzyme (53, 54). All 3 genes — Abcg5,
Abcg8, and Cyp7al — are reportedly regulated by hepatic FoxO1
(55-58). Moreover, we have previously reported that an additional
enzyme involved in bile acid synthesis, Cyp8b1, is a FoxO1 target
(10). Our current findings that hepatic FoxOs also regulate clear-
ance of HDL-C by the liver indicate that FoxOs have pleiotropic
effects on hepatic cholesterol homeostasis.

The inactivation of hepatic FoxOs by insulin signaling has been
well characterized (1, 59). Several experimental mouse models
have shown that ablating the upstream FoxO regulators involved
in this insulin signaling cascade (e.g., the insulin receptor, insu-
lin receptor substrate proteins, or Akt) leads to impaired glucose
homeostasis as a result of constitutive FoxO activation (4, 5, 60,
61). Thus, these models may also provide insight into the regulation
of HDL-C levels via the insulin/FoxO pathway. For instance, liver
ablation of the insulin receptor in mice causes decreased serum
HDL-C associated with a reduction in large, apoE-containing HDL
particles (60). Likewise, Irs1 and Irs2 double-knockout mice have
elevated Scarbl mRNA levels and reduced serum HDL-C, whereas
concomitant knockout of FoxO1 with Irs1and Irs2 partially revers-
es this (5). Furthermore, transgenic overexpression of constitutive-
ly active FoxOs increases liver Scarb] mRNA levels (11). These data
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Figure 7. Acute knockdown via Cre adeno-associated virus in chow-fed hepatic Fox0-floxed mice. (A-D) Chow-fed, adult Foxo?"", Foxo3™f, and Foxo4/"
control mice transduced with adeno-associated virus (serotype 8) expressing Cre recombinase driven by the hepatocyte-specific Tbg promoter (AAV8 Thg.
Cre) or control virus (AAV.GFP) (n = 5). For comparison, we also included a group of traditional L-Fox01,3,4-knockout mice that were not transduced with
virus, but rather had FoxO deficiency since birth (n = 4). Four weeks after virus transduction, mice were fasted for five hours, and then plasma and livers
were collected. (A) Cholesterol levels in plasma fractionated by FPLC 4 weeks after virus transduction. (B) Relative hepatic gene expression by gPCR. (C)
Representative Western blot of hepatic SR-BI expression. SR-Bl/actin denotes relative SR-BI expression levels by densitometric scanning. *P < 0.05 and
**P < 0.01versus AAV.GFP mice. No significant difference was detected between AAV8.Tbg.Cre mice and L-Fox01,3,4 mice. (D) Correlation between Scarb1
or Lipc mRNA and Fox07 mRNA. The P values in B and C were calculated by 1-way ANOVA, followed by a post hoc t test using the pooled SD, without Bon-
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ferroni’s correction. Data are presented as the mean + SEM.

provide additional evidence to suggest that hepatic FoxOs directly
mediate the effect of insulin on HDL-C metabolism through their
transcriptional effects on Scarbl and Lipc.

We propose that the regulation of HDL-C uptake by FoxOs is
part of a larger program of hepatic insulin regulation of cholesterol
metabolism. In addition to what is uncovered in the present work,
liver insulin signaling is also known to positively regulate the Srebp2
pathway (60) and the levels of the LDL receptor (62) and negative-
ly regulate the catabolism of cholesterol into bile acids (63), biliary
cholesterol excretion (55), and bile acid composition (10). It has
been proposed that fatty acid and cholesterol metabolism is regu-
lated by nutrient status in order to coordinate (a) the supply of cel-
lular membrane components, and (b) the usage of available precur-
sor molecules (64). As insulin is a key regulator of the nutrient-rich
state, it is possible that its actions coordinate glucose, fatty acid, and
cholesterol flux to maintain overall energy homeostasis.

Given the well-known role of FoxOs in promoting hepatic glu-
cose production (65), our findings suggest a potential connection
between plasma glucose and plasma HDL-C in the setting of type
2 diabetes. Patients with type 2 diabetes have elevated plasma glu-
cose, along with reduced plasma HDL-C (66). As excessive FoxO
activity is expected to contribute to high hepatic glucose produc-
tion in these patients (65), perhaps it also contributes to their low
HDL-C. Indeed, HL, one of the FoxO targets we identified, is
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known to have increased activity in patients with type 2 diabetes
(67, 68). Hence, it is possible that elevated FoxO activity in the set-
ting of type 2 diabetes leads to more rapid HDL-C turnover.

It is of interest that L-Fox01,3,4 mice accumulated cholesterol
preferentially in large, apoE-rich HDL particles, while the amount
of cholesterol on “traditional-sized” HDL remained unchanged
among the genotypes. It has been reported that apoE facilitates the
uptake of HDL-CE via SR-BI in vivo (69). Moreover, apoE-contain-
ing HDL may be a preferred substrate for HL (70, 71). Therefore,
it is possible that these preferences of SR-BI and HL may con-
tribute to the specific accumulation of apoE-containing HDL in
L-Fox01,3,4 mice. We also observed that the difference in HDL-C
between genotypes was exacerbated on the WTD, despite the fact
that HL was halved and SR-BI was exceedingly low in L-FoxO1,3,4
mice on either diet. What is the cause of this HDL-C exacerbation?
Interestingly, SR-BI-knockout mice also showed the same exacer-
bation: differences in HDL-C between SR-BI-knockout mice and
controls were greater after Western diet feeding than after chow
diet feeding (72). Thus the exacerbation was independent of addi-
tional SR-BI lowering. We speculate that multiple factors may be
involved, including changes in the particles themselves. Some of
these may include alterations in other HDL lipid species or HDL-
bound proteins, or a potential increased competition for clearance
of apoE-rich HDL particles via the alternative pathway of LDLR/
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LRP1/HSPG (in other words, Western diet-induced increases in
apoB-containing particles may compete with apoE-rich HDL for
binding to LDLR/LRP1/HSPG).

In this work, we have revealed a link between the insulin-re-
pressible FoxO transcription factors and HDL-mediated reverse
cholesterol transport. This cardioprotective pathway is a critical
step for the excretion of cholesterol from the periphery into the
feces (73-76). Indeed, patients with a rare loss-of-function variant
in the gene encoding SR-BI have significantly increased levels of
plasma HDL-C as well as an increased risk of coronary heart dis-
ease (47). Thus, further characterization of how the insulin/FoxO
pathway regulates reverse cholesterol transport may improve our
understanding of the relationships between insulin resistance,
diabetes, and atherogenesis and inform clinical decisions about
future treatments for diabetes-related cardiovascular disease.

Methods

Mice and diets. Only 3- to 5-month-old adult male mice were studied.
L-Fox01,3,4 mice have been previously described (8, 9). The control
used mice included FoxoIl"", Foxo3"', and Foxo4"" mice that lack liv-
er-specific al-antitrypsin-Cre. Mice were fed either a standard chow
diet (Purina) or a WTD containing 42% kcal from fat and 0.2% cho-
lesterol (TD 88137; Harlan Teklad) for 3 weeks. For the adenovirus
experiments, mice were injected i.v. with 1 x 108 virus particles/gram
of body weight 3 days prior to sacrifice. Murine SR-BI adenovirus was
a gift of Charles M. Rice (The Rockefeller University, New York, New
York, USA) (77). For the acute FoxO depletion experiments, mice were
injected i.v. with 1 x 10" virus particles/mouse 4 weeks prior to sacri-
fice. AAV8.Tbg.Cre was a gift of Morris Birnbaum (Perelman School
of Medicine, University of Pennsylvania, Philadelphia, Pennsylva-
nia USA). Mice were fasted for 5 hours on the day of sacrifice, when
blood and livers were collected for analysis. Mice were maintained
on a 12-hour light/12-hour dark cycle, with the dark cycle occurring
between 7:00 pm and 7:00 am.

Plasma lipoprotein analysis. Total plasma cholesterol was measured
using a commercial colorimetric assay (Wako). Plasma lipoproteins
were analyzed by running 200 pl of pooled plasma onto a FPLC system
consisting of 2 Superose 6 columns connected in series (Amersham
Pharmacia Biotech) as described previously (78). Fractions for chow-
fed mice were collected using the fraction collector FC 204 (Gilson),
and fractions for WTD-fed mice were collected using the fraction col-
lector FRAC-100 (Pharmacia LKB). For Western blots of fractionated
plasma from both chow-fed and WTD-fed mice, 5 ul from each frac-
tion was pooled in pairs and run on a 4%-15% Tris-HCL Gradient Gel
(Bio-Rad), with the exception of adenovirus-injected mice, for which
5 pl from each fraction was pooled in groups of 4 or 6, as indicated in
Figure 6. Antibodies against apoA-I and apoE were from Meridian Life
Science (catalogs K23500R and K23100R, respectively).

Gene expression. Liver RNA was isolated using TRIzol (Invitro-
gen, Thermo Fisher Scientific). cDNA was synthesized using qScript
(QuantaBioSciences), and qPCR was performed using SYBR Green
(New England Biolabs). Genes were normalized to 36b4. The primer
sequences are available in the Supplemental Experimental Procedures.

SR-BI expression and HL activity. Liver lysates were prepared in
T-PER Tissue Extraction Buffer (Thermo Fisher Scientific) with an
added protease inhibitor cocktail (Roche). The lysates were then
immunoblotted for SR-BI (Novus; NB400-104), and B-actin was
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used as a loading control (13E5; Cell Signaling Technology; 4970S).
For Western blots of SR-BI in primary hepatocytes, cells were isolat-
ed and incubated as described previously (79). Plasma HL activity
was determined as described previously (34). Briefly, plasma was
incubated with 10% Intralipid/[*H]-triolein emulsion (PerkinElmer;
NET431LO05MC) as a substrate and human serum as the source of
apoClII (80). The contribution of HL in the plasma was determined by
including NaCl (final concentration 1 M) (81). Because heparin was
not administered to mice prior to blood collection, the lipase activity
was primarily HL (35).

Radiolabeling of HDL. HDL was prepared from WT mice that were
fasted for 4 hours before blood harvest. Murine WT-HDL (density =
1.063-1.21 g/ml) was isolated from plasma by sequential ultracen-
trifugation (82). Murine WT-HDL was double labeled with »I-TC
in the apolipoprotein moiety and with [*'H]CEt (PerkinElmer - NET-
859001MC) in the CE moiety (26, 83). [*H|]CEt was introduced into
BI-TC-WT-HDL by exchange from donor liposomal particles, which
contained [*H]CEt, using human plasma CE transfer protein (84). The
final '»I-TC-/[*H] CEt-WT-HDL preparation was extensively dialyzed
against PBS (pH 7.4, 4°C) containing EDTA (1 mM).

HDL metabolism in mice. For plasma decay analysis of radiolabeled
WT-HDL, mice were fasted for 4 hours before tracer injection (15).
Then, ®I-TC-/[*H]CEt-WT-HDL (30 pg protein/mouse) was injected
via the tail vein, and thereafter, blood samples (30 pl/time point) were
collected periodically (10 minutes, 30 minutes, 2 hours, 7 hours, 22
hours, and 24 hours) after injection. Animals were fasted throughout
the 24-hour study period but had unlimited access to water. Plasma
aliquots were directly assayed for '»°I radioactivity, and [*H] was ana-
lyzed after lipid extraction (85). Computer modeling was used to fit
(by the method of least squares) multiexponential curves, arising from
a common 2-pool model, simultaneously to both tracers’ plasma decay
data and to calculate plasma FCRs for each tracer (86). The modeling
was done separately for the data from each mouse, so that individual
plasma FCRs for both tracers were calculated for each animal.

Tissue sites of uptake of HDL-associated tracers were determined
24 hours after injection of radiolabeled WT-HDL (15). Finally, animals
were deeply anesthetized, the abdomen and chest were opened, and
a catheter was inserted into the right heart. The inferior vena cava
was cut, and the mice were perfused extensively with saline (50 ml/
animal). After perfusion, liver, adrenal glands, kidneys, heart, lungs,
spleen, stomach, intestine, and carcass from each mouse were har-
vested and homogenized. Homogenates from each tissue and from
carcass were directly assayed for I radioactivity, and aliquots were
analyzed in parallel for [*H] after lipid extraction (85).

Total radioactivity recovered from all tissues and from the carcass
of each mouse was calculated (15). The fraction of total tracer uptake
attributed to a specific organ was calculated as the radioactivity recovered
in that organ divided by the total radioactivity recovered from all tissues
and carcass. Thus, the percentage of recovered extravascular radioactivi-
ty in tissues was determined 24 hours after injection of labeled HDL.

To allow comparison of the specific activities of various tissues in
HDL internalization and to directly compare the rates of uptake of the
apolipoprotein component and the CE moiety of HDL, the data are
expressed as organ FCRs (15). These rates were calculated as follows:
(organ FCRin tissue X) = (plasma FCR) x (fraction [%] of total body
tracer recovery in tissue X). This organ FCR represents the fraction
of the plasma pool of either HDL tracer cleared by an organ per hour.
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125]-TC represents the uptake of HDL holoparticles by tissues (36).
Selective HDL-CE uptake was calculated as the difference in organ
FCR between [*H]CEt and *I-TC.

Preparation of murine hepatocytes. Primary hepatocytes were iso-
lated from murine liver by perfusion (37°C, 18 minutes) with HBSS
supplemented with collagenase (0.3 mg/ml, type I), HEPES (10 mM),
and protease inhibitor mixture “complete” (87). Thereafter, these
cells were seeded (37°C, 4 hours) in DMEM containing FBS (5%, v/v),
penicillin (100 pg/ml), and streptomycin (100 pg/ml). Finally, the cul-
ture medium was aspirated, and the cells were washed 3 times in PBS.
Hepatocytes were used for °I-TC-/[PH]CEt-WT-HDL uptake assays.
For the time course of gene expression in primary hepatocytes, we iso-
lated RNA from hepatocytes at multiple time points during the isola-
tion: (a) directly after perfusion and before passing the cell suspension
through a filter; (b) after the filter; (c) after washing cells; (d) 2 hours
after plating; (e) 6 hours after plating; (f) 18 hours after plating; and (g)
24 hours after plating.

Uptake assay for radiolabeled HDL with hepatocytes. To deter-
mine cellular uptake of radiolabeled HDL, hepatocytes incubated
(37°C, 10, 30, or 120 minutes) in DMEM containing BSA (5 mg/ml),
penicillin (100 pg/ml), streptomycin (100 pg/ml), and I-TC-/[*H]
CEt-WT-HDL (39); the respective incubation time and the concen-
tration of labeled HDL are given in the figure legends. Finally, cells
were harvested by trypsin/EDTA (1x trypsin 0.05%, EDTA 0.53 mM)
treatment, and cellular uptake of HDL tracers was measured. '*°I was
directly radioassayed, and [*H] was analyzed after lipid extraction
(85). Uptake of »I-TC-/[*H]CEt-WT-HDL by cells is shown in terms
of apparent HDL particle uptake, expressed as HDL protein (15, 39).
This was done to compare the uptake of both tracers on a common
basis. The uptake of HDL holoparticles is represented by '*I-TC, and
the difference between [PH]CEt and ®I-TC yields apparent selective
HDL-CE uptake by cells (36).

Motif analysis. To determine the number of potential FoxO-bind-
ing motifs within or near the Scarbl and Lipc sequences, we obtained
the entire mouse gene sequences of Scarbl and Lipc (including intronic
regions), along with 50 kb of sequence upstream of each gene’s tran-
scription start site. Sequences were obtained from the UCSC Genome
Browser (https://genome.ucsc.edu) and were analyzed using HOMER
algorithm software (41), which provided the coordinates of all the
potential FoxO-binding motifs within this selected region.

Statistics. Data are presented as the mean + SEM. Data were ana-
lyzed by 2-tailed Student’s ¢ tests, or 1-way or 2-way ANOVA followed
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by a post hoc test in R, as appropriate. Statistical tests used for each
comparison are listed in the figure legends. A Pvalue of less than 0.05
was considered statistically significant.

Study approval. All animal protocols were approved by the IACUCs
of the University Hospital Hamburg and the Columbia College of Phy-
sicians and Surgeons.
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