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Abstract: Human apolipoprotein A-I (hApoA-I) overexpression improves high-density lipoprotein
(HDL) function and the metabolic complications of obesity. We used a mouse model of diabesity, the
db/db mouse, to examine the effects of hApoA-I on the two main functional properties of HDL, i.e.,
macrophage-specific reverse cholesterol transport (m-RCT) in vivo and the antioxidant potential, as
well as the phenotypic features of obesity. HApoA-I transgenic (hA-I) mice were bred with nonobese
control (db/+) mice to generate hApoA-I-overexpressing db/+ offspring, which were subsequently
bred to obtain hA-I-db/db mice. Overexpression of hApoA-I significantly increased weight gain
and the incidence of fatty liver in db/db mice. Weight gain was mainly explained by the increased
caloric intake of hA-I-db/db mice (>1.2-fold). Overexpression of hApoA-I also produced a mixed
type of dyslipidemia in db/db mice. Despite these deleterious effects, the overexpression of hApoA-I
partially restored m-RCT in db/db mice to levels similar to nonobese control mice. Moreover, HDL
from hA-I-db/db mice also enhanced the protection against low-density lipoprotein (LDL) oxidation
compared with HDL from db/db mice. In conclusion, overexpression of hApoA-I in db/db mice
enhanced two main anti-atherogenic HDL properties while exacerbating weight gain and the fatty
liver phenotype. These adverse metabolic side-effects were also observed in obese mice subjected to
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long-term HDL-based therapies in independent studies and might raise concerns regarding the use
of hApoA-I-mediated therapy in obese humans.
Keywords: HDL functions; reverse cholesterol transport; metabolic syndrome; obesity;
hepatic steatosis

1. Introduction
Obesity and type 2 diabetes mellitus are metabolic conditions that are frequently associated with
an increased risk of cardiovascular disease (CVD) [1]. The functional characteristics of high-density
lipoprotein (HDL) are distorted in subjects with obesity and diabetes [2], and the latter partially
accounts for the increased CVD risk in obese subjects and patients with diabetes.
In vivo macrophage-specific reverse cholesterol transport (m-RCT) is considered one of the
most important anti-atherogenic properties of HDL [3]. HDL also possesses potent antioxidant
properties [4,5].
Previous data support a relationship between the main atheroprotective properties of HDL and
its apolipoprotein A-I (ApoA-I) content [4,5]. Several experimental strategies aimed at elevating
ApoA-I levels or using mimetic peptides proved effective at improving the main HDL atheroprotective
functions [6]. Accordingly, ApoA-I overexpression is associated with favorable anti-atherogenic effects,
as it reduces atherosclerosis in different mouse models [7,8] and in rabbits [9,10]. In addition to its
atheroprotective actions, compelling evidence also shows a role for ApoA-I in preventing adiposity in
mice [11], whereas its deficiency promotes fat gain [12]. The overexpression of human (h)ApoA-I also
alleviates experimental fatty liver and endoplasmic reticulum (ER) stress [13,14], which are common
manifestations of obesity and diabetes [15,16]. In particular, hepatic ER stress directly influences
hepatic cholesterol metabolism [17], thereby contributing to the dysregulation of HDL metabolism and
function [18–20].
Although the hypothesis that ApoA-I improves the atheroprotective properties of HDL [21–23] is
well documented, the impact of its overexpression on these properties in an animal model of diabesity
(db/db mice) with dysfunctional HDL is yet to be established. Thus, we addressed this question by
testing the hypothesis that two of the most important anti-atherogenic properties attributed to HDL,
which are compromised in db/db mice, would be improved following the overexpression of hApoA-I
in db/db mice. Moreover, we also studied whether hApoA-I overexpression produced a concomitant
amelioration of obesity-related complications observed in an experimental model of diabesity.
2. Results
2.1. Human ApoA-I Overexpression Promotes Weight Gain and Fatty Liver in db/db Mice
The total caloric intake and body weight were higher in db/db mice maintained on a
regular chow diet (~1.3-fold and ~1.6-fold, p < 0.05, respectively) than in nonobese control mice
(Table 1). A significantly greater weight gain was observed in hApoA-I transgenic (hA-I)-db/db
mice (hA-I-db/db mice: 0.38 g/day; daily increase: ~1.3-fold, p < 0.05) than in age-matched db/db
mice (db/db mice: 0.30 g/day) (Table 1 and Figure 1a), and this finding was mainly attributed
to an increased food intake (Table 1). Consistent with these findings, the epididymal fat pad was
also larger (~1.3-fold, p < 0.05) in hA-I-db/db mice than in db/db mice. Plasma glucose levels in
hA-I-db/db mice were similar to db/db mice (Table 1 and Figure S1, Supplementary Materials). The
overexpression of hApoA-I in db/db mice did not improve the impaired glucose tolerance in db/db
mice (Figure S1, Supplementary Materials). We performed pair-feeding experiments in which both
db/db and hA-I-db/db mice were fed the same amount of food based on the daily food consumption
of a separate group of db/db mice (Figure 1b,c). Under these conditions, hA-I-db/db mice no
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longer gained weight more rapidly than db/db mice. Similarly, the increased epididymal fat mass of
hA-I-db/db mice was also neutralized by pair feeding (Figure 1d).
Table 1. Impact of human apolipoprotein A1 (hApoA-I) overexpression on gross and biochemical
parameters in db/db mice.
Parameters
Gross Parameterscharacteristics
Body weight (g)
Liver weight (g)
Food intake (kcal/day)
Epididymal fat (g)
Plasma Biochemistry
Total cholesterol (mM)
HDL cholesterol (mM)
Non-HDL cholesterol (mM)
Triglycerides (mM)
Total hApoA-I (g/L)
HDL hApoA-I (g/L)
Non-HDL hApoA-I (g/L)
Mouse ApoA-I (g/L)
Glucose (mM)
Liver-Related Biochemistry
ALT (U/L)
AST (U/L)
Cholesterol (µmol/liver)
Triglycerides (µmol/liver)
FFA (µmol/liver)

Ctrl

db/db

hA-I

hA-I-db/db

p

28.7 ± 2.5
1.4 ± 0.2
11.1 ± 0.1
0.5 ± 0.1

48.4 ± 0.8 *
3.1 ± 0.1 *
14.8 ± 0.2 *
2.7 ± 0.2 *

29.4 ± 1.8 †
1.5 ± 0.1 †
12.2 ± 0.2 †
0.4 ± 0.1 †

52.9 ± 1.6 * † ‡
4.8 ± 0.3 * † ‡
18.6 ± 0.5 * † ‡
3.5 ± 0.3 * † ‡

<0.05
<0.01
<0.01
<0.01

2.6 ± 0.1
2.1 ± 0.1
0.3 ± 0.0
0.4 ± 0.0
nd
nd
nd
0.8 ± 0.1
12.2 ± 0.6

5.1 ± 0.4 *
3.8 ± 0.3 *
0.9 ± 0.3 *
0.6 ± 0.2
nd
nd
nd
1.1 ± 0.2
17.2 ± 2.5 *

4.8 ± 0.3 *
4.2 ± 0.3 *
0.6 ± 0.1
0.9 ± 0.1 *
5.0 ± 0.3
4.6 ± 0.6
0.2 ± 0.1
0.0 ± 0.0 * †
13.1 ± 0.6

14.1 ± 0.8 * † ‡
5.3 ± 0.6 * † ‡
8.8 ± 0.5 * † ‡
2.0 ± 0.3 * ‡
6.5 ± 0.3 ‡
4.5 ± 0.4
1.7 ± 0.2 ‡
0.0 ± 0.0 * ‡
17.6 ± 2.0 *

<0.01
<0.01
<0.01
<0.01
<0.05
ns
<0.05
<0.01
<0.01

26 ± 2
65 ± 5
5.3 ± 0.5
5.1 ± 1.0
22.6 ± 2.9

95 ± 19 *
118 ± 21 *
18.1 ± 4.4 *
185.5 ± 24.1 *
76.1 ± 6.3 *

32 ± 3 †
86 ± 10
8.6 ± 0.9 †
13.6 ± 1.8 * †
46.0 ± 4.2 * †

231 ± 46 * † ‡
234 ± 20 * † ‡
76.3 ± 10.5 * † ‡
661.3 ± 41.8 * † ‡
256.9 ± 17.2 * † ‡

<0.01
<0.01
<0.01
<0.01
<0.01

Results are presented as means ± standard deviations (n = 5–8 mice per group). All analyses were performed
at three months of age. Food intake was measured at the end of the study, as described in the Section 4. Plasma
levels of the HDL fractions were determined in plasma supernatants after precipitation with phosphotungstic
acid (Roche); the non-HDL fraction was calculated by subtracting the HDL moiety from the total plasma. Plasma
levels of hApoA-I were determined using nephelometric commercial kits adapted to a COBAS c501 autoanalyzer.
Mouse ApoA-I levels were determined using a specific ELISA kit, and the wells were coated with a polyclonal
rabbit antibody against mouse apoA-I. Differences between the mean values were assessed using the nonparametric
Kruskal–Wallis test followed by Dunn’s post-test or an ANOVA followed by the Newman–Keuls post-test, as
appropriate; differences were considered significant at p < 0.05. Specifically, * p < 0.05 compared with the Ctrl group,
† p < 0.05 compared with the db/db mice, and ‡ p < 0.05 compared with the hA-I mice. Abbreviations used: ALT,
alanine transaminase; Apo, apolipoprotein; AST, aspartate transaminase; Ctrl, control mice; db/db, db/db mice;
FFA, free fatty acids; hA-I, human apoA-I transgenic mice; hA-I-db/db, human apoA-I-overexpressing db/db mice;
HDL, high-density lipoprotein; nd, not detectable; ns, nonsignificant.

The obese phenotype displayed by db/db mice was also characterized by concomitant hepatic
steatosis, as revealed by significant increases in the total hepatic levels (>3-fold, p < 0.05) of cholesterol,
triglycerides, and free fatty acids (FFA) (Table 1). Even higher hepatic total cholesterol, triglyceride,
and FFA levels were detected in hA-I-db/db mice than in db/db mice (cholesterol: ~3.7-fold, p < 0.05;
triglycerides: ~3.5-fold, p < 0.05; FFA: >3-fold, p < 0.05) (Table 1). The plasma levels of hepatic enzymes
(i.e., alanine transaminase (ALT) and aspartate transaminase (AST)) showed a commensurate increase
(~2-fold, p < 0.05) in hA-I-db/db mice compared with db/db mice (Table 1). The hepatic triglyceride
content was directly related to the plasma levels of transaminases (Figure S2a,b, Supplementary
Materials), as well as liver and body weights (Figure S2c,d, Supplementary Materials).
The accumulation of fat in hepatocytes was further studied using liver histology. Hematoxylin and
eosin staining revealed the presence of numerous large vacuoles that filled the cytoplasm and displaced
the nucleus in hA-I-db/db mice compared with db/db mice. In contrast, no signs of steatosis were
observed in either nonobese hA-I or control mice (Figure S3a,b, Supplementary Materials). Hepatic
steatosis in db/db mice was predominantly characterized by the presence of lipid vacuoles of varying
diameters, a hepatic phenotype also known as microvesicular steatosis (Figure S3c, Supplementary
Materials). In contrast, liver specimens from hA-I-db/db mice predominantly showed the presence of
lipid macrovesicles (Figure S3d, Supplementary Materials).
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Figure 1. Overexpression of human apolipoprotein A-I (hApoA-I) increases weight gain in db/db
Figure 1. Overexpression of human apolipoprotein A-I (hApoA-I) increases weight gain in db/db
mice. (a) Daily weight gain. The results are reported per gram of body weight. Means ± standard error
mice. (a) Daily weight gain. The results are reported per gram of body weight. Means ± standard
values
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standard error of the mean (SEM) of 3 mice. † p 0.05 compared with the pair-fed group (db/db mice).
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The increase in liver triglyceride levels in db/db mice was accompanied by a concomitant

The increase in liver triglyceride levels in db/db mice was accompanied by a concomitant
induction of the expression of messenger RNAs (mRNAs) encoding markers of hepatic FFA uptake
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< 0.01; Cd36:
of
the
Hmgcr
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which
is
a
main
determinant
of
the
de
novo
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cholesterol,
was
Spearman’s r = +0.72; p < 0.01) (Figure S2e,f, Supplementary Materials). In contrast, lower expression
of the Hmgcr gene, which is a main determinant of the de novo synthesis of cholesterol, was observed
(>0.3-fold, p < 0.05) in the livers of db/db mice than in the livers of the nonobese control mice (Table 2).
Consistent with a previous report [25], the expression of the Hspa5 gene, a known marker of ER
stress, was significantly downregulated (~0.2-fold, p < 0.05) in db/db mice compared with nonobese
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control mice. Interestingly, our data also revealed that overexpression of hApoA-I in db/db mice failed
to induce Hspa5 expression (Table 2).
Table 2. Hepatic gene expression profile of molecular targets involved in lipid metabolism and
endoplasmic reticulum (ER) stress.
Genes
Lipid Metabolism
Acac
Cd36
Pparg
ER stress
Hspa5

Ctrl

db/db

hA-I

hA-I-db/db

p

1.0 ± 0.1
1.0 ± 0.1
1.0 ± 0.1

2.2 ± 0.3 *
5.0 ± 0.7 *
2.0 ± 0.3 *

0.8 ± 0.1 †
1.9 ± 0.6 †
1.0 ± 0.1

1.8 ± 0.3 * ‡
4.7 ± 0.5 * ‡
2.4 ± 0.4 * ‡

<0.01
<0.01
<0.01

1.0 ± 0.1

0.5 ± 0.1 *

0.7 ± 0.1

0.4 ± 0.1 *

<0.05

Results are presented as means ± standard deviations (n = 4–6 mice per group). The expression observed in Ctrl
mice was set to a normalized value of 1 arbitrary unit. Differences between the mean values were assessed using
the nonparametric Kruskal–Wallis test followed by Dunn’s post-test or an ANOVA followed by the Newman–Keuls
post-test, as appropriate; differences were considered significant at p < 0.05. Specifically, * p < 0.05 compared
with the untreated Ctrl group, † p < 0.05 compared with db/db mice, and ‡ p < 0.05 compared with db/db mice.
Abbreviations used: Ctrl, control mice; db/db, db/db mice; hA-I, human apoA-I transgenic mice; hA-I-db/db,
human apoA-I-overexpressing db/db mice; Hspa5, name of the gene encoding Grp78; ns, nonsignificant.

2.2. HApoA-I Overexpression Induces Dyslipidemia in Mice
Similar to a previous report [24], higher plasma total cholesterol levels (~+2-fold, p < 0.05) were
observed in db/db mice than in nonobese control mice, mostly due to increased plasma levels of
HDL and, to a lesser extent, non-HDL cholesterol (Table 1). The overexpression of hApoA-I in
hA-I-db/db mice further increased the plasma levels of total cholesterol (~2.8-fold, p < 0.01), mostly
due to elevations in the non-HDL fraction (~9.8-fold, p < 0.05), and triglycerides (~3.3-fold, p < 0.05)
compared with db/db mice (Table 1). Although plasma levels of HDL cholesterol were elevated,
the concentrations of mouse ApoA-I did not differ between db/db mice and nonobese control mice
(Table 1), although hepatic expression of the mouse ApoA-I gene was dramatically reduced (>0.4-fold,
p < 0.05) in db/db mice (Table 3). The plasma levels of the transgenic protein were elevated (~1.3-fold,
p < 0.05) in hA-I-db/db mice compared with hA-I mice, whereas hepatic expression of the APOA1
gene was substantially downregulated (>0.3-fold, p < 0.05) in hA-I-db/db mice (Table 3). While most
of the circulating levels of hApoA-I were present in the HDL fraction in hA-I mice, only ~70% of this
protein was detected in the HDL fraction of hA-I-db/db mice (Table 1). A significant amount, 30%, of
the circulating hApoA-I protein was associated with the non-HDL fraction. Control mouse plasma
HDL consisted of a single-sized population with a mean diameter of approximately 10 nm, whereas a
smear of larger HDL coexisted with the 10-nm-sized HDL in db/db mice (Figure S4, Supplementary
Materials). As expected [26,27], the groups of mice overexpressing hApoA-I did not present detectable
levels of the mouse form of the protein (Table 1) and presented a polydisperse pattern of HDL, which
consisted of distinct HDL subpopulations (Figure S4, Supplementary Materials). The overexpression
of hApoA-I in db/db mice led to the appearance of larger and lower migrating species of HDL than
the forms detected in hA-I mice.
2.3. HApoA-I Overexpression Partially Restores the m-RCT in db/db Mice
The relative levels of [3 H]-cholesterol in the plasma and HDL fraction were increased 1.5-fold
(p < 0.05) in db/db mice compared with nonobese control mice (Figure 2a). The overexpression
of hApoA-I in nonobese, control mice also increased the plasma levels of [3 H]-cholesterol, which
was primarily attributed to the increase in the HDL fraction (~3.3-fold, p < 0.05) (Figure 2a,b).
As expected [21], the relative ability of hApoA-I-containing HDL to accept [3 H]-cholesterol over
48 h was significantly increased (>3.5-fold) in the nonobese mice expressing hApoA-I (hA-I mice).
Interestingly, although both db/db and hA-I mice showed similar plasma levels of HDL cholesterol
(Table 1), significantly higher relative levels of [3 H]-cholesterol (~2-fold) were detected in the
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Figure 2. Overexpression of hApoA-I promotes macrophage-specific reverse cholesterol transport
Figure 2. Overexpression of hApoA-I promotes macrophage-specific reverse cholesterol transport
(m-RCT) in db/db mice in vivo. The macrophage-to-plasma m-RCT was increased in db/db
(m-RCT) in db/db mice in vivo. The macrophage-to-plasma m-RCT was increased in db/db mice, and
mice, and the liver-to-feces m-RCT was partially restored in db/db mice overexpressing hApoA-I.
the liver-to-feces m-RCT was partially restored in db/db mice overexpressing
hApoA-I. Individually
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appropriate; differences were considered significant at p < 0.05. Specifically, * p < 0.05 compared
with the control (Ctrl) mice, † p < 0.05 compared with db/db mice, and ‡ p < 0.05 compared with
hApoA-I- transgenic mice (hA-I) mice. Abbreviations used: Ctrl, control mice; db/db, db/db mice;
hA-I, hApoA-I-transgenic mice; hA-I-db/db, hApoA-I-overexpressing db/db mice.
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Table 3. Hepatic and intestinal gene expression profiles of molecular targets involved in
macrophage-specific reverse cholesterol transport (m-RCT).
Genes
Liver
Apoa1
APOA1
Abca1
Abcg1
Abcg5
Abcg8
Scarb1
Abcb11
Cyp7a1
Cyp27a1
Small intestine
Abcg5
Abcg8
Ncp1l1

Ctrl

db/db

hA-I

hA-I-db/db

p

1.0 ± 0.2
nd
1.0 ± 0.1
1.0 ± 0.1
1.0 ± 0.1
1.0 ± 0.1
1.0 ± 0.1
1.0 ± 0.3
1.0 ± 0.2
1.0 ± 0.1

0.4 ± 0.1 *
nd
0.4 ± 0.1 *
0.3 ± 0.1 *
0.6 ± 0.1 *
0.4 ± 0.1 *
0.6 ± 0.1 *
0.4 ± 0.2
0.5 ± 0.1 *
0.6 ± 0.1 *

0.6 ± 0.1
1.0 ± 0.1
1.2 ± 0.1 †
0.6 ± 0.1
0.9 ± 0.1 †
0.9 ± 0.1 †
1.1 ± 0.1 †
0.6 ± 0.1
1.1 ± 0.2
0.7 ± 0.1

0.2 ± 0.1 * ‡
0.3 ± 0.1 ‡
0.4 ± 0.1 * ‡
0.4 ± 0.1 *
0.4 ± 0.1 * ‡
0.5 ± 0.1 * ‡
0.4 ± 0.0 * ‡
0.4 ± 0.1
0.2 ± 0.0 * ‡
0.2 ± 0.0 * ‡

<0.01
ns
<0.01
<0.05
<0.01
<0.01
<0.01
ns
<0.01
<0.01

1.0 ± 0.1
1.0 ± 0.1
1.0 ± 0.1

0.7 ± 0.1
0.9 ± 0.1
0.9 ± 0.2

0.7 ± 0.1
0.9 ± 0.1
0.6 ± 0.1

0.5 ± 0.1
0.8 ± 0.1
0.6 ± 0.1

ns
ns
ns

Results are presented as means ± standard deviations (n = 4–6 mice per group). The expression in Ctrl mice
was set to a normalized value of 1 arbitrary unit. Differences between the mean values were assessed using the
nonparametric Kruskal–Wallis test followed by Dunn’s post-test or an ANOVA followed by the Newman–Keuls
post-test, as appropriate; differences were considered significant at p < 0.05. Specifically, * p < 0.05 compared
with the untreated Ctrl group, † p < 0.05 compared with db/db mice, and ‡ p < 0.05 compared with db/db mice.
Abbreviations used: Ctrl, control mice; db/db, db/db mice; hA-I, human apoA-I transgenic mice; hA-I-db/db,
human apoA-I-overexpressing db/db mice; nd, not detectable; ns, nonsignificant.

The analysis of the distribution of the [3 H]-tracer in different compartments also revealed that
both db/db and hA-I mice tended to accumulate higher levels of the [3 H]-tracer in the liver than
nonobese control mice (db/db mice: ~1.7-fold, p < 0.05; hA-I: ~2.1-fold, p < 0.05) (Figure 2c; Table 4).
Notably, the elevated levels of hepatic [3 H]-cholesterol in hA-I mice were not accompanied by changes
in the expression of the Abcg5/g8 genes (Table 3), suggesting that hepatic uptake increased, rather than
decreased output of [3 H]-cholesterol in these mice. Overexpression of hApoA-I in the hA-I-db/db mice
further increased the hepatic accumulation of the [3 H]-tracer compared with db/db mice (~2.9-fold,
p < 0.05) (Figure 2c; Table 4). Interestingly, the relative hepatic levels of the [3 H]-tracer detected in
hA-I-db/db mice displayed an additive pattern, corresponding to the sum of the individual relative
levels determined in both hA-I and db/db mice. Consistent with these findings, the relative hepatic
gene expression of main transporters that control cholesterol trafficking, including Abcg5/g8, which
controls the hepatobiliary flux of cholesterol, as well as Abca1 and Abcg1, which control the cholesterol
efflux from the liver into plasma, was significantly downregulated (>0.6-fold, p < 0.05) in both db/db
and hA-I-db/db mice compared with control mice (Table 3), thereby explaining the cholesterol retention
in the livers of hA-I-db/db mice.
Compared with nonobese control mice, the db/db mice showed a reduced fecal output of the
3
[ H]-tracer (both in the form of cholesterol and bile acids) (~0.5-fold, p < 0.05) (Figure 3; Table 4). This
finding confirmed previous data from our laboratory [24] indicating that the hepatobiliary trafficking
of cholesterol into feces is impaired in db/db mice. As expected [21], overexpression of hApoA-I
in the nonobese control hA-I mice increased the fecal levels of the [3 H]-tracer (either in the form of
cholesterol or biliary acids) (cholesterol: ~1.7-fold, p < 0.05; bile acid: ~1.5-fold, p < 0.05) (Figure 3;
Table 4). Similarly, higher fecal release of the [3 H]-tracer was also observed in hA-I-db/db mice than in
db/db mice (~2.0-fold, p < 0.05) (Figure 3; Table 4).
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observed differences in PON-1 and Lp-PLA2 activities were not explained by concomitant changes in
the hepatic expression of their mRNAs (Table 5).
Table 4. Fecal distribution of the [3 H]-tracer in the cholesterol and bile-acid fractions in an
m-RCT setting.
Parameters

Ctrl

db/db

hA-I

hA-I-db/db

p

Total activity
Cholesterol
Bile acid

0.189 ± 0.021
0.098 ± 0.013
0.088 ± 0.010

0.083 ± 0.010 *
0.040 ± 0.004 *
0.047 ± 0.005 *

0.297 ± 0.020 * †
0.167 ± 0.010 * †
0.130 ± 0.020 * †

0.163 ± 0.032 † ‡
0.093 ± 0.019 † ‡
0.073 ± 0.013 †

<0.01
<0.01
<0.01

Results are presented as means (percentage of the injected dose) ± standard deviations (n = 4–6 mice per group).
Differences between the mean values were assessed using the nonparametric Kruskal–Wallis test followed by Dunn’s
post-test or an ANOVA followed by the Newman–Keuls post-test, as appropriate; differences were considered
significant at p < 0.05. Specifically, * p < 0.05 compared with the Ctrl group, † p < 0.05 compared with db/db mice,
and ‡ p < 0.05 compared with hA-I mice. Abbreviations used: Ctrl, control mice; db/db, db/db mice; hA-I, human
apoA-I transgenic mice; hA-I-db/db, human apoA-I-overexpressing db/db mice.

Table 5. Effect of human apoA-I overexpression on hepatic gene expression and plasma levels of
antioxidant enzymes.
Parameters
Gene Expression
Pla2g7 (compared with the Ctrl)
Pon1 (compared with the Ctrl)
Antioxidant Activities
Lp-PLA2 (µmol/mL/min)
PON1 (µmol/mL/min)

Ctrl

db/db

hA-I

hA-I-db/db

p

1.0 ± 0.1
1.0 ± 0.1

1.4 ± 0.3
0.6 ± 0.1 *

1.3 ± 0.3
1.3 ± 0.2 †

2.1 ± 0.4
0.5 ± 0.1 * ‡

ns
<0.01

134 ± 10
56 ± 7

201 ± 14 *
72 ± 3 *

104 ± 2 * †
29 ± 1 * †

227.2 ± 26 * ‡
33 ± 2 * †

<0.01
<0.01

Results are presented as means ± standard deviations (n = 4–6 mice per group). Differences between the mean
values were assessed using the nonparametric Kruskal–Wallis test followed by Dunn’s post-test or an ANOVA
followed by the Newman–Keuls post-test, as appropriate; differences were considered significant at p < 0.05.
Specifically, * p < 0.05 compared with the Ctrl group, † p < 0.05 compared with db/db mice, and ‡ p < 0.05 compared
with hA-I mice. Abbreviations used: Ctrl, control mice; db/db, db/db mice; hA-I, human apoA-I transgenic mice;
hA-I-db/db, human apoA-I-overexpressing db/db mice; Pla2g7, name of the gene encoding Lp-PLA2; Lp-PLA2,
lipoprotein-associated phospholipase A2; PON1, paraoxonase.

3. Discussion
For decades, overexpression of hApoA-I was reported to induce the main atheroprotective
properties attributed to HDL, including m-RCT and antioxidant ability, and its clinical potential was
assessed in animal and human models (reviewed in References [3,28]). To date, apoA-I was not
reported to exert an effect on either body weight or food intake in mice with obesity induced by a
high-fat diet [11,29]. Instead, it increases energy expenditure and reduces the fat mass in hA-I mice [11].
Consistent with the hApoA-I-mediated reduction in the fat mass, a number of independent studies also
provided evidence for a protective role of hApoA-I in animal models of diet-induced fatty liver [30–32].
However, to our knowledge, no published studies evaluated the impact of hApoA-I overexpression on
the abnormal functions of HDL in an animal model of diabesity (db/db mice). In the present study,
overexpression of hApoA-I in db/db mice unexpectedly promoted weight gain and exacerbated the
fatty liver phenotype, despite the improvement in m-RCT.
The exacerbations of weight gain and fatty liver produced by the overexpression of hApoA-I
in db/db mice were associated with an elevated daily caloric intake. Our study is not the first
to show deleterious metabolic outcomes induced by long-term therapies designed to improve HDL
concentrations or functions. Consistent with our findings, other experimental strategies (i.e., microRNA
33 (miR-33) antagonism and cholesteryl ester transfer protein (CETP) inhibition) aimed at increasing
circulating HDL levels and inducing the m-RCT were also reported to exert long-term, adverse
metabolic effects on obese mice [33–35], including increased weight gain [35], dyslipidemia [34], and
steatosis [33,34].
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Overexpression of hApoA-I failed to prevent the fatty liver phenotype observed in db/db mice.
The driving force underlying this failure was increased food intake, as steatosis was prevented by pair
feeding with db/db mice. Fatty liver was mechanistically confirmed by a commensurate upregulation
of lipogenic genes (i.e., Acac, and Pparg) in the livers of db/db mice. Pparg is generally activated in
mouse models of diet-induced fatty liver [36,37]. Activation of Pparg was revealed by the hepatic
upregulation of Cd36, a free fatty-acid uptake transporter and a known Pparg-target gene [38], in
both db/db and hA-I-db/db mice. Consistent with this finding, Cd36 upregulation was previously
correlated with fatty liver development in different experimental settings and clinical studies [39–42].
Additional evidence for Pparg induction was provided by the hepatic downregulation of the expression
of the APOA1 gene in hA-I-db/db mice. The expression of the APOA1 gene is downregulated by a
specific Pparg agonist [43]. Similar to APOA1, Apoa1 expression was also significantly downregulated
in db/db mice compared with nonobese control mice. These findings were consistent with previous
data showing similar transcriptional dysregulation of mouse ApoA-I in mice with defects in leptin
signaling [44].
ER stress was identified as a crucial mechanism of fatty liver [45] that is commonly enhanced
in the steatotic livers of obese mice deficient in leptin signaling, and it is induced by a high-fat
diet [46–48]. The unfolded protein response (UPR), which is regarded as a complementary adaptive
defense mechanism against ER stress, is regulated by specific ER-resident chaperones that protect
cells from activating ER-stress-induced apoptosis and cell death. The 78-kDa glucose-regulated
protein (Grp78) (encoded by the Hspa5 gene), which is one of the main representatives of these
chaperone proteins, plays a crucial role in modulating the UPR [49]. Consistent with previous
observations [25], the hepatic expression of Hspa5 was consistently downregulated in db/db mice
compared with nonobese mice. We did not determine the hepatic levels of this ER chaperone protein,
but experimental overexpression of the Hspa5 gene directly relates to protein function, and independent
studies described the overexpression of this gene as a favorable protective mechanism against ER
stress in hepatocytes [49,50]. Thus, Hspa5 downregulation in the livers of db/db mice would also be
consistent with the enhanced development of hepatic steatosis in these mice and was not prevented in
our hA-I-db/db mice.
Our hA-I-db/db mice also developed a mixed type of dyslipidemia, characterized in part by
elevated plasma levels of triglycerides and non-HDL cholesterol. The mechanism underlying the
accumulation of non-HDL remains unknown, but non-HDL accumulation might be promoted by
increased plasma levels of hApoA-I [51]. HDL functions as apolipoprotein reservoir for the adequate
maturation of triglyceride-rich lipoproteins [52]. Therefore, the excess hApoA-I in HDL might
contribute to hypertriglyceridemia by altering the HDL proteome, thereby abrogating triglyceride-rich
lipoproteins. A similar mechanism was in fact also described in mice overexpressing the second major
apolipoprotein of HDL, hApoA-II, to explain the altered triglyceride-rich lipoprotein metabolism
observed in these transgenic mice [53]. Alternatively, triglyceride-rich, non-HDL elevations might also
be explained by an increased hepatic production. These mechanisms would likely be aggravated by the
exacerbated hepatic steatosis and insulin resistance [54] displayed in mice on the db/db background.
Further research is warranted to elucidate the negative impact of hApoA-I overexpression on diabesity
in the db/db mouse.
We also used our mouse model to evaluate the impact of hApoA-I overexpression on m-RCT,
which is likely one of the main anti-atherogenic properties of HDL [4]. Consistent with previous
studies [24], the relative fecal levels of the [3 H]-tracer (i.e., the last step in m-RCT) were reduced
in db/db mice compared with nonobese control mice. As expected, overexpression of hApoA-I
promoted the fecal excretion of the [3 H]-tracer in nonobese control mice. Notably, fecal excretion of
the [3 H]-tracer was also stimulated in the hA-I-db/db mice and reached relative values similar to
the nonobese control mice. The absence of changes in the analysis of the expression of the mRNAs
encoding the main targets involved in cholesterol transport into the feces prompted us to hypothesize
that the partial recovery of the relative fecal levels of the [3 H]-tracer in hA-I-db/db mice was indirectly
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attributed to an increased hApoA-I-related upload of cholesterol in the livers of these mice. Indeed,
these data would be consistent with previous data showing that upregulation of hApoA-I induced by
fenofibrate promotes the hepatic accumulation of [3 H]-cholesterol in male hA-I mice [55]. This hepatic
accumulation of cholesterol may be potentially explained, at least in part, by the downregulation of
genes (i.e., ATP-binding cassette (ABC) transporters) involved in the trafficking of hepatic cholesterol
to the bile and plasma. The Abcg5/g8 complex requires simultaneous expression of both cholesterol
transporters [56,57]. Consistent with a previous report [24], some liver X receptor (LXR) targets
other than Abcg5/g8, such as Cyp7a1 and Cyp27a1, were also downregulated in db/db mice, thereby
suggesting the potential inhibition of LXR signaling in the livers of db/db mice [24]. In the present
study, similar results were also obtained in hA-I-db/db mice, thus suggesting that this hepatic signaling
pathway was also defective.
Another crucial atheroprotective action of HDL is to protect against low-density lipoprotein
(LDL) oxidation, mainly by inhibiting the formation of toxic lipid hydroperoxides and promoting
their removal from LDL [23]. In our study, HDL isolated from the plasma of db/db mice failed to
protect LDL from oxidation compared with the HDL from nonobese control mice. This finding was
first related to a relative reduction in the levels of antioxidant HDL-associated proteins (i.e., PON1,
Lp-PLA2, and ApoA-I) in db/db mice. The overexpression of hApoA-I in db/db mice improved the
antioxidant ability of HDL by preventing LDL oxidation ex vivo compared the HDL from db/db
mice. This effect was not explained by favorable changes in the plasma levels of HDL-associated
Lp-PLA2 and PON-1 activities. In fact, the plasma levels of PON1 were decreased in the groups of
mice overexpressing hApoA-I. Similar to mouse ApoA-I [26,27], hApoA-I might conceivably compete
with PON1 and displaces it from the HDL particles in hA-I-db/db mice. Therefore, based on our
data, the enhanced antioxidant properties of the HDL from hA-I-db/db mice might be attributed to an
increase in the relative hApoA-I content.
The present study has several limitations. Firstly, the observed changes in mRNA expression
do not necessarily reflect changes in the protein content and function. Additionally, an analysis of
the levels of the abovementioned cholesterol transporter proteins is warranted to confirm and extend
our present observations. Finally, the mechanisms underlying the decreased activity of the LXR
pathway and the increase in hepatic cholesterol accumulation were not explored. Thus, further studies
are warranted.
4. Materials and Methods
4.1. Mice
All animal procedures were reviewed and approved by the Institutional Animal Care Committee
and Use Committee of the Institut de Recerca de l’Hospital de la Santa Creu i Sant Pau and authorized
by the Animal Experimental Committee of the local government (#9015) (1 July 2016) in accordance to
the Spanish law (RD 53/2013) and European Directive 2010/63/EU, and the methods were conducted
in accordance with the approved guidelines. Eight-week-old, nonobese, male and female mice
heterozygous for Leprdb (db/+) on a C57BL/6J genetic background were obtained from Jackson
Laboratories (Bar Harbor, ME; no. 000697). Obese males were obtained by breeding db/+ mice.
The hApoA-I-overexpressing db/db mice (hA-I-db/db mice) were generated by first breeding
nonobese control mice harboring the db/+ allele (db/+) with hApoA-I transgenic (hA-I) mice (Jackson
Laboratories; no. 001927). The offspring harboring the db/+ allele that were positive for hApoA-I were
further bred to obtain hApoA-I-overexpressing db/db (hA-I-db/db) and hApoA-I-overexpressing,
nonobese db/+ (hA-I) mice. The hA-I offspring harboring the db/+ allele were then crossbred to
obtain the number of mice required for the study. In parallel, hApoA-I negative mice were obtained by
breeding db/+ mice. All mice (either lean or obese), including the hApoA-I positive and negative mice,
were housed in a temperature-controlled environment (20 ◦ C) with a 12-hour (h) light/dark cycle
and maintained on a regular chow diet (Safe, Scientific Animal Food & Engineering; A04/A04C/R04,
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3% fat, 2900 kcal/kg). Food and water were provided ad libitum. Genotyping was performed as
indicated on the Jackson laboratory website (available online: http://jaxmice.jax.org). At the end of the
studies, three-month-old mice were maintained ad libitum, euthanized, and exsanguinated by cardiac
puncture. Blood was collected and serum was obtained by centrifugation. Food intake of age-matched,
individually housed mice was monitored before (by preweighing a known amount of food) and after
(by weighing the remaining food) consumption using wire-bottomed cages for 48 h before the animals
were euthanized. In the pair-fed group, hA-I-db/db mice were fed the same amount of diet consumed
by the db/db mice over the preceding 24 h. This amount of food was divided into two meals and
provided at 8:00 a.m. and 6:00 p.m. to avoid long periods of fasting.
4.2. Laboratory Methods
4.2.1. Biochemical Analyses
Plasma lipid, glucose, and transaminase analyses were performed enzymatically using commercial
kits adapted for a COBAS c501 autoanalyzer (Roche Diagnostics SL, Sant Cugat del Vallès,
Spain). Free cholesterol and phospholipids were determined using reagents from Wako Diagnostics
(Wako Chemicals, Osaka, Japan). HDL cholesterol was measured in apoB-depleted plasma, obtained
after precipitation with phosphotungstic acid and magnesium ions (Roche Diagnostics). HDL size
was determined by non-denaturing 4–30% polyacrylamide gel gradient electrophoresis from plasma
pre-stained with Sudan Black IV.
4.2.2. Glucose Tolerance Test
Glucose tolerance tests were performed by administering an intraperitoneal injection of glucose
(1 mg/g of body mass) after a 4-h fast. Plasma glucose levels were determined at t = 0 (baseline), 15, 60,
120, and 180 min. The area under the concentration curve (AUC) was calculated to compare glucose
tolerance among groups [58].
4.2.3. Measurement of m-RCT In Vivo
Macrophages (J774) were labeled with [3 H]-cholesterol and intraperitoneally injected into mice, as
previously described [59]. Mice were then individually housed in metabolic cages and stool samples
were collected over a 48-h period. At 48 h, the mice were euthanized and plasma, liver tissues, and feces
were collected and processed using the appropriate methods. Radioactivity was directly determined
by liquid scintillation counting in plasma and HDL, which were obtained after precipitating non-HDL
with phosphotungstic reagent. After extraction with isopropyl alcohol–hexane, the lipid layers of
liver and fecal extracts were collected and evaporated, and the radioactivity of the [3 H]-tracer was
measured using liquid scintillation counting, whereas the content of the [3 H]-tracer present in fecal
bile acids was determined in the remaining aqueous phase of the fecal material extracts. The amount
of [3 H]-tracer was reported either as a fraction of the injected dose or as a relative value to the control
group. The signal in control mice was set at a normalized value of 1 arbitrary unit.
4.2.4. Fecal and Liver Lipid Analyses
Feces from individually housed mice that were provided access to feed and water ad libitum
were collected over a 48-h period. Mice were euthanized and exsanguinated by cardiac puncture at
the end of the study; the livers (100 mg) and feces (1 g) were collected, and lipids were extracted with
isopropyl alcohol–hexane (2:3; v:v). The lipid layer of liver and fecal extracts was isolated after the
addition of Na2 SO4 , evaporated with nitrogen, and emulsified with 0.5% sodium cholate prior to
lipid measurements.
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4.2.5. Histology
Formalin-fixed liver tissues were embedded in paraffin and sectioned at a 5-µm thickness for
hematoxylin and eosin (H&E) staining [60].
4.2.6. Susceptibility to Lipoprotein Oxidation
Isolated lipoproteins were dialyzed in phosphate-buffered saline (PBS) by gel filtration on PD-10
columns (GE Healthcare, Barcelona, Spain). Oxidation was initiated by adding 2.5 µmol/L CuSO4 to
human LDL (0.1 mmol/L phospholipids) and HDL (0.1 mmol/L of phospholipids) mixtures or to LDL
and HDL alone [61]. The formation of conjugated dienes was measured by continuously monitoring
the absorbance at 234 nm in a Synergy HT microplate reader (BioTek Synergy, Bad Friedrichshall,
Germany) at 37 ◦ C for 6 h. The lag phase was calculated as previously described [62]. Kinetics of LDL
oxidation in the LDL + HDL incubations were calculated by subtracting the kinetics of HDL incubated
without LDL.
4.2.7. Analyses of HDL-Associated Proteins and Enzymes
The plasma levels of hApoA-I were determined using immunoturbidimetric commercial kits
adapted to a COBAS c501 autoanalyzer (Roche Diagnostics). Mouse apoA-I levels were determined
with an ELISA kit, and the wells were coated with a polyclonal rabbit antibody against mouse apoA-I,
as previously reported [62]. Serum levels of arylesterase activity were determined using phenyl acetate
as the substrate [60]. Ethylenediaminetetraacetic acid (EDTA)-sensitive serum arylesterase activity was
calculated by subtracting the EDTA-resistant arylesterase activity in mixtures containing 1 mmol/L
EDTA in the reaction buffer instead of calcium chloride (CaCl2 ) and reported as paraoxonase (PON)1
activity. Plasma levels of Lp-PLA2 activity were determined using 2-thio-PAF (Cayman Chemical,
Ann Arbor, MI, USA) as the substrate, according to the manufacturer’s instructions.
4.2.8. Preparation of Oxidized LDL
The study was approved by the Ethics Committee of the Hospital de la Santa Creu i Sant
Pau in Barcelona. EDTA-treated plasma was obtained from normolipidemic volunteers. LDL
(1.019–1.063 g/mL) was isolated by sequential ultracentrifugation at 100,000× g at 4 ◦ C. Oxidized LDL
(oxLDL) was obtained by incubating PBS-dialyzed LDL (0.1 mmol/L phospholipids) with 2.5 µM
CuSO4 for 18 h at 37 ◦ C [62]. The oxidation reaction was terminated by the addition of 0.5 mM EDTA
and 2 µM butylated hydroxytoluene.
4.2.9. Quantitative Real-Time PCR Analyses
Total RNA was extracted from both the liver and small intestine using TRIzol® reagent
(Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s protocol, and purified
using the RNeasy Plus Mini Kit (QIAGEN Iberia, Madrid, Spain). The integrities of the total RNA
samples were determined using a bioanalyzer. Total RNA was reverse-transcribed with random
oligo (dT)23 primers and a mixture of dNTPs (Sigma-Aldrich Quimica S.A., Madrid, Spain), M-ML
reverse transcriptase, RNase H Minus, and Point Mutant (Promega Biotech Ibérica S.L., Madrid, Spain)
to generate complementary DNA (cDNA) templates. The cDNAs were subjected to real-time PCR
amplification using Taqman Master Mix (Applied Biosystems, Foster City, CA). Specific mouse Taqman
probes (Applied Biosystems) were used for Apoa1 (Mm00437569_m1), Abca1 (Mm00442646_m1), Abcg1
(Mm00437390_m1), Abcg5 (Mm00446241_m1), Abcg8 (Mm00445970_m1), Abcb11 (Mm00446241_m1),
Acaca (Mm01304257_m1), Cd36 (Mm01135198_m1), Cyp7a1 (Mm00484152_m1), Cyp27a1
(Mm00470430_m1), Hmgcr (Mm01282499_m1), Hspa5 (Mm00517691_m1), Ncp1l1 (Mm01191972_m1),
Scarb1 (Mm00450236_m1), and Gapdh (Mm99999915_g1) (reference gene) to analyze gene expression
in mouse tissues. Specific human Taqman probes (Applied Biosystems) were used for APOA1
(Hs0163641_m1) and ACTB (Mm99999903_m1) (reference gene) to analyze the expression of these
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genes in mouse tissues. Real-time PCR assays were performed on a C1000 Thermal Cycler coupled to
a CFX96 Real-Time System (Bio-Rad Laboratories SA, Madrid, Spain). All analyses were performed in
duplicate. The relative mRNA expression levels were calculated using the ∆∆Ct method.
4.3. Statistical Analysis
The data are presented as means ± SEM. Statistical analyses were performed using GraphPad
Prism software (GPAD, version 5.0, San Diego, CA, USA). The effects of human apoA-I expression
on gross and plasma chemical parameters, kinetic studies, HDL properties, or gene expression
levels were determined using either a nonparametric Kruskal–Wallis test followed by the Dunn
multiple comparison test or a parametric one-way ANOVA followed by the Newman–Keuls multiple
comparison test, as appropriate. The relationships between hepatic gene expression and hepatic
triglyceride levels or between weight gain and food intake were determined by calculating Pearson’s
correlation coefficients. Differences between groups were considered statistically significant when the
p-value was <0.05.
5. Conclusions
In conclusion, hApoA-I overexpression in db/db mice increased weight gain and hepatic
steatosis, and produced a mixed type of hyperlipidemia, despite the improvements in the two main
cardioprotective functions of HDL.
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Alanine aminotransferase
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High-density lipoprotein
Liver X receptor
Non-high-density lipoprotein
Low-density lipoprotein
Lipoprotein-associated phospholipase A2
Peroxisome proliferator-activated receptor

Int. J. Mol. Sci. 2019, 20, 655

15 of 18

References
1.
2.

3.

4.

5.
6.
7.

8.
9.
10.

11.

12.

13.
14.

15.

16.

17.

18.
19.

Crawford, A.R.; Alamuddin, N.; Amaro, A. Cardiometabolic Effects of Anti-obesity Pharmacotherapy.
Curr. Atherosc. Rep. 2018, 20, 18. [CrossRef] [PubMed]
Kontush, A.; Chapman, M.J. Functionally defective high-density lipoprotein: A new therapeutic target at the
crossroads of dyslipidemia, inflammation, and atherosclerosis. Pharmacol. Rev. 2006, 58, 342–374. [CrossRef]
[PubMed]
Lee-Rueckert, M.; Escola-Gil, J.C.; Kovanen, P.T. HDL functionality in reverse cholesterol
transport—Challenges in translating data emerging from mouse models to human disease. Biochim. Biophys.
Acta 2016, 1861, 566–583. [CrossRef] [PubMed]
Rosenson, R.S.; Brewer, H.B., Jr.; Ansell, B.; Barter, P.; Chapman, M.J.; Heinecke, J.W.; Kontush, A.; Tall, A.R.;
Webb, N.R. Translation of high-density lipoprotein function into clinical practice: Current prospects and
future challenges. Circulation 2013, 128, 1256–1267. [CrossRef] [PubMed]
Mineo, C.; Shaul, P.W. Novel biological functions of high-density lipoprotein cholesterol. Circ. Res. 2012, 111,
1079–1090. [CrossRef] [PubMed]
Rye, K.A.; Barter, P.J. Cardioprotective functions of HDLs. J. Lipid Res. 2014, 55, 168–179. [CrossRef]
[PubMed]
Plump, A.S.; Scott, C.J.; Breslow, J.L. Human apolipoprotein A-I gene expression increases high density
lipoprotein and suppresses atherosclerosis in the apolipoprotein E-deficient mouse. Proc. Natl. Acad. Sci. USA
1994, 91, 9607–9611. [CrossRef]
Liu, A.C.; Lawn, R.M.; Verstuyft, J.G.; Rubin, E.M. Human apolipoprotein A-I prevents atherosclerosis
associated with apolipoprotein[a] in transgenic mice. J. Lipid Res. 1994, 35, 2263–2267.
Badimon, J.J.; Badimon, L.; Fuster, V. Regression of atherosclerotic lesions by high density lipoprotein plasma
fraction in the cholesterol-fed rabbit. J. Clin. Investig. 1990, 85, 1234–1241. [CrossRef]
Duverger, N.; Kruth, H.; Emmanuel, F.; Caillaud, J.M.; Viglietta, C.; Castro, G.; Tailleux, A.; Fievet, C.;
Fruchart, J.C.; Houdebine, L.M.; et al. Inhibition of atherosclerosis development in cholesterol-fed human
apolipoprotein A-I-transgenic rabbits. Circulation 1996, 94, 713–717. [CrossRef]
Ruan, X.; Li, Z.; Zhang, Y.; Yang, L.; Pan, Y.; Wang, Z.; Feng, G.S.; Chen, Y. Apolipoprotein A-I possesses an
anti-obesity effect associated with increase of energy expenditure and up-regulation of UCP1 in brown fat.
J. Cell. Mol. Med. 2011, 15, 763–772. [CrossRef] [PubMed]
Wei, H.; Averill, M.M.; McMillen, T.S.; Dastvan, F.; Mitra, P.; Subramanian, S.; Tang, C.; Chait, A.; Leboeuf, R.C.
Modulation of adipose tissue lipolysis and body weight by high-density lipoproteins in mice. Nutr. Diabetes
2014, 4, e108. [CrossRef] [PubMed]
Guo, Q.; Zhang, C.; Wang, Y. Overexpression of apolipoprotein A-I alleviates endoplasmic reticulum stress
in hepatocytes. Lipids Health Dis. 2017, 16, 105. [CrossRef] [PubMed]
Liu, W.; Qin, L.; Yu, H.; Lv, F.; Wang, Y. Apolipoprotein A-I and adenosine triphosphate-binding cassette
transporter A1 expression alleviates lipid accumulation in hepatocytes. J. Gastroenterol. Hepatol. 2014, 29,
614–622. [CrossRef] [PubMed]
Min, H.K.; Kapoor, A.; Fuchs, M.; Mirshahi, F.; Zhou, H.; Maher, J.; Kellum, J.; Warnick, R.; Contos, M.J.;
Sanyal, A.J. Increased hepatic synthesis and dysregulation of cholesterol metabolism is associated with the
severity of nonalcoholic fatty liver disease. Cell Metab. 2012, 15, 665–674. [CrossRef] [PubMed]
Grundy, S.M.; Cleeman, J.I.; Daniels, S.R.; Donato, K.A.; Eckel, R.H.; Franklin, B.A.; Gordon, D.J.;
Krauss, R.M.; Savage, P.J.; Smith, S.C., Jr.; et al. Diagnosis and management of the metabolic syndrome:
An American Heart Association/National Heart, Lung, and Blood Institute Scientific Statement. Circulation
2005, 112, 2735–2752. [CrossRef]
Hamelet, J.; Demuth, K.; Paul, J.L.; Delabar, J.M.; Janel, N. Hyperhomocysteinemia due to cystathionine beta
synthase deficiency induces dysregulation of genes involved in hepatic lipid homeostasis in mice. J. Hepatol.
2007, 46, 151–159. [CrossRef]
Sabeva, N.S.; Liu, J.; Graf, G.A. The ABCG5 ABCG8 sterol transporter and phytosterols: Implications for
cardiometabolic disease. Curr. Opin. Endocrinol. Diabetes Obes. 2009, 16, 172–177. [CrossRef]
Naem, E.; Haas, M.J.; Wong, N.C.; Mooradian, A.D. Endoplasmic reticulum stress in HepG2 cells inhibits
apolipoprotein A-I secretion. Life Sci. 2013, 92, 72–80. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 655

20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

16 of 18

Rohrl, C.; Eigner, K.; Winter, K.; Korbelius, M.; Obrowsky, S.; Kratky, D.; Kovacs, W.J.; Stangl, H. Endoplasmic
reticulum stress impairs cholesterol efflux and synthesis in hepatic cells. J. Lipid Res. 2014, 55, 94–103.
[CrossRef]
Zhang, Y.; Zanotti, I.; Reilly, M.P.; Glick, J.M.; Rothblat, G.H.; Rader, D.J. Overexpression of apolipoprotein
A-I promotes reverse transport of cholesterol from macrophages to feces in vivo. Circulation 2003, 108,
661–663. [CrossRef] [PubMed]
Rye, K.A.; Barter, P.J. Antiinflammatory actions of HDL: A new insight. Arterioscler. Thromb. Vasc. Biol. 2008,
28, 1890–1891. [CrossRef] [PubMed]
Kontush, A.; Chapman, M.J. Antiatherogenic function of HDL particle subpopulations: Focus on
antioxidative activities. Curr. Opin. Lipidol. 2010, 21, 312–318. [CrossRef] [PubMed]
Errico, T.L.; Mendez-Lara, K.A.; Santos, D.; Cabrerizo, N.; Baila-Rueda, L.; Metso, J.; Cenarro, A.; Pardina, E.;
Lecube, A.; Jauhiainen, M.; et al. LXR-dependent regulation of macrophage-specific reverse cholesterol
transport is impaired in a model of genetic diabesity. Transl. Res. 2017, 186, 19–35. [CrossRef] [PubMed]
Yamagishi, N.; Ueda, T.; Mori, A.; Saito, Y.; Hatayama, T. Decreased expression of endoplasmic reticulum
chaperone GRP78 in liver of diabetic mice. Biochem. Biophys. Res. Commun. 2012, 417, 364–370. [CrossRef]
[PubMed]
Rubin, E.M.; Ishida, B.Y.; Clift, S.M.; Krauss, R.M. Expression of human apolipoprotein A-I in transgenic
mice results in reduced plasma levels of murine apolipoprotein A-I and the appearance of two new high
density lipoprotein size subclasses. Proc. Natl. Acad. Sci. USA 1991, 88, 434–438. [CrossRef] [PubMed]
Chajek-Shaul, T.; Hayek, T.; Walsh, A.; Breslow, J.L. Expression of the human apolipoprotein A-I gene in
transgenic mice alters high density lipoprotein (HDL) particle size distribution and diminishes selective
uptake of HDL cholesteryl esters. Proc. Natl. Acad. Sci. USA 1991, 88, 6731–6735. [CrossRef]
Karlsson, H.; Kontush, A.; James, R.W. Functionality of HDL: Antioxidation and detoxifying effects. In High
Density Lipoproteins; Von Eckardstein, A., Kardassis, D., Eds.; Springer: Cham, Switzerland, 2016; Volume 224,
pp. 207–228.
Averill, M.M.; Kim, E.J.; Goodspeed, L.; Wang, S.; Subramanian, S.; Den Hartigh, L.J.; Tang, C.; Ding, Y.;
Reardon, C.A.; Getz, G.S.; et al. The apolipoprotein-AI mimetic peptide L4F at a modest dose does not
attenuate weight gain, inflammation, or atherosclerosis in LDLR-null mice. PLoS ONE 2014, 9, e109252.
[CrossRef]
Karavia, E.A.; Papachristou, D.J.; Liopeta, K.; Triantaphyllidou, I.E.; Dimitrakopoulos, O.; Kypreos, K.E.
Apolipoprotein A-I modulates processes associated with diet-induced nonalcoholic fatty liver disease in
mice. Mol. Med. 2012, 18, 901–912. [CrossRef]
McGrath, K.C.; Li, X.H.; Whitworth, P.T.; Kasz, R.; Tan, J.T.; McLennan, S.V.; Celermajer, D.S.; Barter, P.J.;
Rye, K.A.; Heather, A.K. High density lipoproteins improve insulin sensitivity in high-fat diet-fed mice by
suppressing hepatic inflammation. J. Lipid Res. 2014, 55, 421–430. [CrossRef]
Wang, W.; Zhou, W.; Wang, B.; Zhu, H.; Ye, L.; Feng, M. Antioxidant effect of apolipoprotein A-I on high-fat
diet-induced non-alcoholic fatty liver disease in rabbits. Acta Biochim. Biophys. Sin. 2013, 45, 95–103.
[CrossRef] [PubMed]
Zhu, L.; Luu, T.; Emfinger, C.H.; Parks, B.A.; Shi, J.; Trefts, E.; Zeng, F.; Kuklenyik, Z.; Harris, R.C.;
Wasserman, D.H.; et al. CETP Inhibition Improves HDL Function but Leads to Fatty Liver and Insulin
Resistance in CETP-Expressing Transgenic Mice on a High-Fat Diet. Diabetes 2018, 67, 2494–2506. [CrossRef]
[PubMed]
Goedeke, L.; Salerno, A.; Ramirez, C.M.; Guo, L.; Allen, R.M.; Yin, X.; Langley, S.R.; Esau, C.; Wanschel, A.;
Fisher, E.A.; et al. Long-term therapeutic silencing of miR-33 increases circulating triglyceride levels and
hepatic lipid accumulation in mice. EMBO Mol. Med. 2014, 6, 1133–1141. [CrossRef] [PubMed]
Price, N.L.; Singh, A.K.; Rotllan, N.; Goedeke, L.; Wing, A.; Canfran-Duque, A.; Diaz-Ruiz, A.; Araldi, E.;
Baldan, A.; Camporez, J.P.; Suarez, Y.; et al. Genetic Ablation of miR-33 Increases Food Intake, Enhances
Adipose Tissue Expansion, and Promotes Obesity and Insulin Resistance. Cell Rep. 2018, 22, 2133–2145.
[CrossRef] [PubMed]
Matsusue, K.; Kusakabe, T.; Noguchi, T.; Takiguchi, S.; Suzuki, T.; Yamano, S.; Gonzalez, F.J. Hepatic steatosis
in leptin-deficient mice is promoted by the PPARgamma target gene Fsp27. Cell Metab. 2008, 7, 302–311.
[CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 655

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.
47.

48.

49.

50.
51.

52.
53.

54.

17 of 18

Inoue, M.; Ohtake, T.; Motomura, W.; Takahashi, N.; Hosoki, Y.; Miyoshi, S.; Suzuki, Y.; Saito, H.;
Kohgo, Y.; Okumura, T. Increased expression of PPARgamma in high fat diet-induced liver steatosis in mice.
Biochem. Biophys. Res. Commun. 2005, 336, 215–222. [CrossRef] [PubMed]
Zhou, J.; Febbraio, M.; Wada, T.; Zhai, Y.; Kuruba, R.; He, J.; Lee, J.H.; Khadem, S.; Ren, S.; Li, S.; et al. Hepatic
fatty acid transporter Cd36 is a common target of LXR, PXR, and PPARgamma in promoting steatosis.
Gastroenterology 2008, 134, 556–567. [CrossRef] [PubMed]
Sheedfar, F.; Sung, M.M.; Aparicio-Vergara, M.; Kloosterhuis, N.J.; Miquilena-Colina, M.E.;
Vargas-Castrillon, J.; Febbraio, M.; Jacobs, R.L.; de Bruin, A.; Vinciguerra, M.; et al. Increased hepatic
CD36 expression with age is associated with enhanced susceptibility to nonalcoholic fatty liver disease.
Aging 2014, 6, 281–295. [CrossRef]
Miquilena-Colina, M.E.;
Lima-Cabello, E.;
Sanchez-Campos, S.;
Garcia-Mediavilla, M.V.;
Fernandez-Bermejo, M.; Lozano-Rodriguez, T.; Vargas-Castrillon, J.; Buque, X.; Ochoa, B.; Aspichueta, P.; et al.
Hepatic fatty acid translocase CD36 upregulation is associated with insulin resistance, hyperinsulinaemia
and increased steatosis in non-alcoholic steatohepatitis and chronic hepatitis C. Gut 2011, 60, 1394–1402.
[CrossRef]
Wilson, C.G.; Tran, J.L.; Erion, D.M.; Vera, N.B.; Febbraio, M.; Weiss, E.J. Hepatocyte-Specific Disruption of
CD36 Attenuates Fatty Liver and Improves Insulin Sensitivity in HFD-Fed Mice. Endocrinology 2016, 157,
570–585. [CrossRef]
Pardina, E.; Ferrer, R.; Rossell, J.; Ricart-Jane, D.; Mendez-Lara, K.A.; Baena-Fustegueras, J.A.; Lecube, A.;
Julve, J.; Peinado-Onsurbe, J. Hepatic CD36 downregulation parallels steatosis improvement in morbidly
obese undergoing bariatric surgery. Int. J. Obes. (Lond.) 2017, 41, 1388–1393. [CrossRef] [PubMed]
Shavva, V.S.; Mogilenko, D.A.; Bogomolova, A.M.; Nikitin, A.A.; Dizhe, E.B.; Efremov, A.M.;
Oleinikova, G.N.; Perevozchikov, A.P.; Orlov, S.V. PPARgamma Represses Apolipoprotein A-I Gene but
Impedes TNFalpha-Mediated ApoA-I Downregulation in HepG2 Cells. J. Cell. Biochem. 2016, 117, 2010–2022.
[CrossRef] [PubMed]
Silver, D.L.; Jiang, X.C.; Tall, A.R. Increased high density lipoprotein (HDL), defective hepatic catabolism of
ApoA-I and ApoA-II, and decreased ApoA-I mRNA in ob/ob mice. Possible role of leptin in stimulation of
HDL turnover. J. Biol. Chem. 1999, 274, 4140–4146. [CrossRef] [PubMed]
Trauner, M.; Arrese, M.; Wagner, M. Fatty liver and lipotoxicity. Biochim. Biophys. Acta 2010, 1801, 299–310.
[CrossRef] [PubMed]
Ozcan, L.; Ergin, A.S.; Lu, A.; Chung, J.; Sarkar, S.; Nie, D.; Myers, M.G., Jr.; Ozcan, U. Endoplasmic reticulum
stress plays a central role in development of leptin resistance. Cell Metab. 2009, 9, 35–51. [CrossRef] [PubMed]
Ozcan, U.; Yilmaz, E.; Ozcan, L.; Furuhashi, M.; Vaillancourt, E.; Smith, R.O.; Gorgun, C.Z.; Hotamisligil, G.S.
Chemical chaperones reduce ER stress and restore glucose homeostasis in a mouse model of type 2 diabetes.
Science 2006, 313, 1137–1140. [CrossRef]
Ozcan, U.; Cao, Q.; Yilmaz, E.; Lee, A.H.; Iwakoshi, N.N.; Ozdelen, E.; Tuncman, G.; Gorgun, C.;
Glimcher, L.H.; Hotamisligil, G.S. Endoplasmic reticulum stress links obesity, insulin action, and type 2
diabetes. Science 2004, 306, 457–461. [CrossRef]
Kammoun, H.L.; Chabanon, H.; Hainault, I.; Luquet, S.; Magnan, C.; Koike, T.; Ferre, P.; Foufelle, F. GRP78
expression inhibits insulin and ER stress-induced SREBP-1c activation and reduces hepatic steatosis in mice.
J. Clin. Investig. 2009, 119, 1201–1215. [CrossRef]
Wang, Y.; Su, K.; Sabeva, N.S.; Ji, A.; van der Westhuyzen, D.R.; Foufelle, F.; Gao, X.; Graf, G.A. GRP78
rescues the ABCG5 ABCG8 sterol transporter in db/db mice. Metabolism 2015, 64, 1435–1443. [CrossRef]
Tsukamoto, K.; Hiester, K.G.; Smith, P.; Usher, D.C.; Glick, J.M.; Rader, D.J. Comparison of human apoA-I
expression in mouse models of atherosclerosis after gene transfer using a second generation adenovirus.
J. Lipid Res. 1997, 38, 1869–1876.
Miller, N.E. HDL metabolism and its role in lipid transport. Eur. Heart J. 1990, 11, 1–3. [CrossRef] [PubMed]
Julve, J.; Escola-Gil, J.C.; Rotllan, N.; Fievet, C.; Vallez, E.; de la Torre, C.; Ribas, V.; Sloan, J.H.; Blanco-Vaca, F.
Human apolipoprotein A-II determines plasma triglycerides by regulating lipoprotein lipase activity and
high-density lipoprotein proteome. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 232–238. [CrossRef] [PubMed]
Choi, S.H.; Ginsberg, H.N. Increased very low density lipoprotein (VLDL) secretion, hepatic steatosis, and
insulin resistance. Trends Endocrinol. Metab. 2011, 22, 353–363. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 655

55.

56.

57.

58.

59.

60.

61.

62.

18 of 18

Rotllan, N.; Llaverias, G.; Julve, J.; Jauhiainen, M.; Calpe-Berdiel, L.; Hernandez, C.; Simo, R.; Blanco-Vaca, F.;
Escola-Gil, J.C. Differential effects of gemfibrozil and fenofibrate on reverse cholesterol transport from
macrophages to feces in vivo. Biochim. Biophys. Acta 2011, 1811, 104–110. [CrossRef]
Graf, G.A.; Li, W.P.; Gerard, R.D.; Gelissen, I.; White, A.; Cohen, J.C.; Hobbs, H.H. Coexpression
of ATP-binding cassette proteins ABCG5 and ABCG8 permits their transport to the apical surface.
J. Clin. Investig. 2002, 110, 659–669. [CrossRef]
Graf, G.A.; Yu, L.; Li, W.P.; Gerard, R.; Tuma, P.L.; Cohen, J.C.; Hobbs, H.H. ABCG5 and ABCG8 are obligate
heterodimers for protein trafficking and biliary cholesterol excretion. J. Biol. Chem. 2003, 278, 48275–48282.
[CrossRef] [PubMed]
Julve, J.; Escola-Gil, J.C.; Marzal-Casacuberta, A.; Ordonez-Llanos, J.; Gonzalez-Sastre, F.; Blanco-Vaca, F.
Increased production of very-low-density lipoproteins in transgenic mice overexpressing human
apolipoprotein A-II and fed with a high-fat diet. Biochim. Biophys. Acta 2000, 1488, 233–244. [CrossRef]
Escola-Gil, J.C.; Lee-Rueckert, M.; Santos, D.; Cedo, L.; Blanco-Vaca, F.; Julve, J. Quantification of
In Vitro Macrophage Cholesterol Efflux and In Vivo Macrophage-Specific Reverse Cholesterol Transport.
Methods Mol. Biol. 2015, 1339, 211–233.
Ribas, V.; Sanchez-Quesada, J.L.; Anton, R.; Camacho, M.; Julve, J.; Escola-Gil, J.C.; Vila, L.; Ordonez-Llanos, J.;
Blanco-Vaca, F. Human apolipoprotein A-II enrichment displaces paraoxonase from HDL and impairs its
antioxidant properties: A new mechanism linking HDL protein composition and antiatherogenic potential.
Circ. Res. 2004, 95, 789–797. [CrossRef]
Mendez-Lara, K.A.; Santos, D.; Farre, N.; Ruiz-Nogales, S.; Leanez, S.; Sanchez-Quesada, J.L.; Zapico, E.;
Lerma, E.; Escola-Gil, J.C.; Blanco-Vaca, F.; et al. Administration of CORM-2 inhibits diabetic neuropathy but
does not reduce dyslipidemia in diabetic mice. PLoS ONE 2018, 13, e0204841. [CrossRef]
Van Haperen, R.; van Tol, A.; Vermeulen, P.; Jauhiainen, M.; van Gent, T.; van den Berg, P.; Ehnholm, S.;
Grosveld, F.; van der Kamp, A.; de Crom, R. Human plasma phospholipid transfer protein increases the
antiatherogenic potential of high density lipoproteins in transgenic mice. Arterioscler. Thromb. Vasc. Biol.
2000, 20, 1082–1088. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

