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Abstract

There is considerable evidence that both retinoids and retinol-binding protein 4 (RBP4) contribute
to the development of liver disease. To understand the basis for this, we generated and studied
transgenic mice that express human RBP4 (hRBP4) specifically in adipocytes (adi-hRBP4 mice).
When fed a chow diet, these mice show an elevation in adipose total RBP4 (mMRBP4 + hRBP4)
protein levels. However, no significant differences in plasma RBP4 or retinol levels, or differences
in hepatic or adipose retinoid (retinol, retinyl ester, and all- frans-retinoic acid) levels were
observed. Strikingly, male adi-hRBP4 mice fed a standard chow diet display significantly elevated
hepatic triglyceride levels at 3-4 months of age compared to matched littermate controls. When
mice were fed a high-fat diet, this hepatic phenotype, as well as other metabolic phenotypes
(obesity and glucose intolerance) worsened. Since adi-hRBP4 mice have increased TNFa and
leptin expression and crown-like structures in adipose tissue, our data are consistent with the
notion that adipose tissue is experiencing RBP4-induced inflammation that stimulates increased
lipolysis within adipocytes. Our data further establish that elevated hepatic triglyceride levels
result from increased hepatic uptake of adipose-derived circulating free fatty acids (FFAs). We
obtained no evidence that elevated hepatic triglyceride levels arise from increased hepatic de novo
lipogenesis, or decreased hepatic FFA oxidation, or decreased very low density lipoprotein
(VLDL) secretion.

Conclusion—Our investigations establish that RBP4 expressed in adipocytes induces hepatic

steatosis arising from primary effects occurring in adipose tissue.
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There is substantial evidence associating elevated circulating levels of retinol-binding
protein 4 (RBP4)1 with non-alcoholic fatty liver disease (NAFLD) development (1-6). RBP4
was originally identified and studied as the sole specific transport protein for retinol in the
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circulation (7). Retinol bound to RBP4 accounts for approximately 95% of the retinoid that
is present in the fasting circulation (7). Many investigators have reported findings that
associate elevated RBP4 levels with the development of type 11 diabetes (8-12),
cardiovascular disease (13-16), as well as NAFLD (1-6). Kahn and colleagues proposed that
the development of obesity leads to increased expression of RBP4 by adipocytes,
influencing metabolic disease development (8, 9). A large observational literature, involving
diverse patient cohorts, provides evidence for associations between elevated circulating
RBP4 levels and NAFLD (1-3). There also is evidence from animal studies establishing that
treatment with an agent that reduces circulating RBP4 levels also reduces hepatic steatosis in
high-fat diet fed C57BL/6J wild type (4) and obl ob genetically obese mice (5). Moreover,
infusion of recombinant RBP4 into C57BL/6J mice is reported to induce hepatic SREBP-1c
activation and accelerate hepatic lipogenesis and fat accumulation (6). However, it remains
to be established whether RBP4 can actually stimulate hepatic steatosis in a liver
autonomous manner (17). It also remains to be established whether the relationship between
RBP4 and NAFLD may involve the actions of the retinoid, or potentially a non-retinoid,
ligand transported by RBP4,

To gain a better understanding of the actions primarily of RBP4 but also of retinoids in
inducing NAFLD, we generated a transgenic mouse model that expresses human RBP4
(hRBP4) specifically in adipocytes. When maintained on a conventional chow diet, these
mice develop NAFLD by 3 to 4 months of age. When challenged with a high-fat diet, the
metabolic phenotype of these transgenic mice worsens more quickly than littermate controls.
Our investigations provide new insight into the basis for RBP4-induced NAFLD
development.

Experimental Procedures

Targeting Construct and Generation of Adipocyte-specific hRBP4 (adi-hRBP4) Transgenic

Mice

To generate adi-hRBP4 transgenic mice, we employed the pROSA26-1 targeting vector
obtained from Addgene (Cambridge, MA). A full length cDNA encoding hRBP4 was cloned
into pROSA26-1. The hRBP4 cDNA was preceded by a /oxP-flanked neo’-stop cassette,
followed by an internal ribosomal entry site-enhanced green fluorescent protein (EGFP)
cassette flanked with a F/p recombinase-recognition target, and a polyadenylation signal
(Figure 1A). More details regarding the generation of adi-RBP4 mice are provided in the
Supporting Information.

Quantitative Analysis of Retinol, Retinyl Ester, and Retinoic Acid Concentrations in Liver,
Adipose Tissue and Plasma

To assess retinol and individual retinyl ester levels in liver and adipose tissue and retinol
levels in plasma, we employed a high performance liquid chromatography (HPLC)-based
methodology that has been standardly employed in our laboratory for many years (18).

I\we will use the designation retinol-binding protein 4 (RBP4) throughout this manuscript. For database searches, the reader should be
aware that this protein has also been referred to in the literature as simply retinol-binding protein or RBP.
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Tissue retinoic acid concentrations were determined using an ultra high performance liquid
chromatography electrospray lonization-tandem mass spectrometry (LC/MS/MS)-based
methodology that we have described (19). This methodology allows for the separation and
determination of the all-frans-, 13-c/s- and 9-c/s-isomers of retinoic acid. In our studies, only
detectable levels of all-rans-retinoic acid were present in all of the liver and adipose tissue
samples analyzed. The low limit of detections for the three retinoic acid isomers were 20
pa/g liver and 30 pg/g adipose tissue. Specific details regarding these HPLC- and
LC/MS/MS-based protocols are provided in the Supporting Information.

The Supporting Information also provides detailed descriptions of other experimental
protocols employed in our studies including dietary manipulations, metabolic measurements,
biochemical analyses, LC/MS/MS analysis of FFAs, histochemical analysis, measurement of
adipocyte size, measurement of hepatic de novo lipogenesis, assessments of hepatic free
fatty acid (FFA) uptake, measurement of ketone bodies, measurement of hepatic very low
density lipoprotein (VLDL) production, quantitative PCR, immunoblotting, and statistical
analyses.

Generation and Characterization of Adipocyte-specific hRBP4 Transgenic (Adi-hRBP4)

Mice

To generate cell type-specific hRBP4 transgenic mice, we adopted a ROSA26 knock-in
strategy that allows for expression of a bicistronic message, encoding both a hRBP4
transgene and enhanced green fluorescent protein (EGFP), after removal of a /oxP-flanked
ned’-stop cassette (Figure 1A). To specifically express hRBP4 in adipocytes, knock-in mice
were bred with adiponectin-Cre mice (20). Since hRBP4 and EGFP are translated
individually from the same mRNA transcript, EGFP expression levels reflect the expression
level of hRBP4. To verify transgene expression, tissue extracts were analyzed by Western
blotting for EGFP expression (Figure 1B). The EGFP transgene was expressed in visceral
(epididymal), subcutaneous (inguinal), and brown adipose tissue (BAT). Transgene
expression was not observed in liver or lung (Figure 1B), or in other tissues examined
including kidney, heart, skeletal muscle, and spleen. hRBP4 mRNA levels determined by
gPCR for visceral fat were comparable to those of endogenous mouse RBP4 mRNA. This
resulted in an elevation in total RBP4 (MRBP4 + hRBP4) mRNA expression in visceral
adipose tissue in the adi-hRBP4 mice (Figure 1C). Expression of the ARbp4 transgene did
not affect expression of the endogenous mR~RbHp4 gene. Adipose RBP4 protein levels detected
using a pan-anti-RBP4 antibody (Figures 1D and 1E), which possesses equal specificity
towards mouse and human RBP4 (Supplementary Figure 1A), showed an increase in adipose
tissue total RBP4 (mRBP4 + hRBP4) protein levels. No differences in body weights were
observed between male chow-fed 3-4 month old adi-hRBP4 and their littermate controls.
NMR analyses established similar body compositions for chow-fed adi-hRBP4 and control
mice (Supplementary Figure 1B).

Since RBP4 is the sole specific transport protein for retinol in the circulation, we evaluated
parameters associated with the maintenance of retinoid homeostasis in age-matched male
adi-hRBP4 and control mice fed a standard chow diet containing 15 U vitamin A/g chow.
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HPLC analysis demonstrated that neither retinol nor retinyl ester levels in liver or visceral
adipose tissue were different for chow-fed adi-hRBP4 versus control mice (Table 1).
LC/MS/MS analysis showed no strain-dependent differences in all-frans-retinoic acid levels
for either liver or visceral fat (Table 1 and Figure 1F). Plasma retinol levels also were not
different, which is consistent with the notion that plasma RBP4 levels in adi-hRBP4 mice
are similar to those of littermate controls. This is further confirmed by Western blot analyses
showing comparable plasma RBP4 for the strains fed a chow diet (Figures 7A and 7B). We
observed no differences in hepatic mRNA levels for Aldhial, Cyp26al, Cyp26bl1, Rara,
Rarb, or Lrat, each of which encodes a key protein involved in mediating retinoid
metabolism or actions. Thus, with regards to basic parameters associated with the
maintenance of retinoid homeostasis, the adi-hRBP4 mice, when fed a chow diet, are not
different from littermate controls.

We next investigated whether adipocyte-specific expression of hRBP4 might affect adipose
tissue physiology and/or morphology. H&E stained sections of visceral adipose tissue
revealed that the adipocytes of chow-fed adi-hRBP4 mice were hypertrophic (Figure 2A).
When stained sections were analyzed to determine the cross-sectional area of each
adipocyte, adi-hRBP4 mice were found to have a greater number of large adipocytes
compared to matched control mice (Figure 2B). This difference was reflected in an
approximate 2-fold increase in mean cross-sectional area for adipocytes from adi-hRBP4
mice maintained on a chow diet (Figure 2C). Previous studies have established that
hypertrophic adipocytes are more lipolytic, are more resistant to insulin action than small
adipocytes, and have an altered pattern of adipokine secretion (21-24). We therefore asked
whether expression levels for genes associated with lipolysis were different for adi-hRBP4
mice. We found that mRNA expression of the genes encoding adipocyte triglyceride lipase
(Atg) and hormone-sensitive lipase (Hs/) were significantly upregulated in visceral fat from
adi-hRBP4 mice (Figure 2D). We also observed impaired glucose tolerance in 90-120 day
old adi-hRBP4 mice fed a chow diet (Figure 2E). As can be seen in Figure 2F, the areas
under the glucose clearance curves (AUCs) were significantly greater for adi-nRBP4 mice
following an IP glucose challenge. Thus, expression of the hRBP4 transgene in adipocytes
gave rise to altered adipose tissue histology and glucose clearance.

Hepatic Lipid Accumulation is Altered in Adi-hRBP4 Mice

We observed no differences in fasting plasma glucose, TG, TC, or ALT levels for chow-fed
adi-hRBP4 mice compared to the control mice. However, fasting plasma FFA levels were
significantly elevated in chow-fed adi-hRBP4 mice compared to controls (Figure 3A).

Fasting hepatic TG levels of chow-fed male adi-hRBP4 mice were significantly elevated
over those of age- and gender-matched littermates (Figure 3B). Hepatic cholesterol levels
also were significantly elevated (Figure 3C), although liver-to-body weight ratios were not
different. Cryosections of liver stained with Qil Red O showed an increase in lipid
accumulation (Figure 3D). We observed no differences in expression levels for genes
associated with hepatic lipid metabolism including Srebp-1c, Pparg, Chrebp, Fas, Accl,
Scdl, Dgatl, and Dgat2. These differences in hepatic fat accumulation were not observed
for chow-fed age-matched female adi-hRBP4 and littermate controls.
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We then challenged male mice with a high-fat diet (60% of calories from fat; 4 1U vitamin
Alg diet), starting at 7~8 weeks of age. Over a period of 24 days, adi-hRBP4 mice gained
significantly more body weight than matched littermates, approximately 10 g versus 7 g
(Figure 4A). Statistically significant differences in body weights were identified by 14 days
after initiation of high-fat diet feeding, with a significant increase in fat mass identified
(Supplementary Figure 1C). Hepatic TG levels were significantly higher in adi-hRBP4 mice
than control mice fed the same high-fat diet (Figure 4B). This was confirmed by Oil Red O
staining (Figure 4C). High-fat diet-fed adi-hRBP4 mice were also less responsive to a
glucose challenge than matched control mice (Supplementary Figures 2A and 2B).
Collectively, these data establish that a relatively modest elevation in adipocyte RBP4
expression gives rise to elevated hepatic lipid accumulation and a worsening of glucose
tolerance both for chow diet and high-fat diet fed mice.

We next determined by LC/MS/MS plasma and liver FFA levels for adi-hRBP4 mice and
littermate controls fed the high-fat diet. Liver FFA levels were significantly elevated in the
adi-hRBP4 mice, suggesting increased FFA availability for hepatic TG synthesis (Figure
4D). Plasma FFA levels were also significantly elevated in the adi-hRBP4 mice (Figure 4E).
We analyzed the acyl composition of the hepatic FFA pool and determined that the C16:1,
C18:1 and C22:6 species were significantly elevated, although most other FFA species
trended towards being elevated in high-fat diet fed adi-hnRBP4 mice (Figure 4F).

Fatty Acid Uptake Contributes to Hepatic Steatosis in Adi-hRBP4 Mice Fed a High-fat Diet

To understand better the steatosis phenotype of adi-hRBP4 mice, we determined whether
livers of adi-hRBP4 mice more readily accumulate a dose of [3H]oleic acid from the
circulation. Indeed, livers of adi-hRBP4 mice fed a high-fat diet showed significantly greater
accumulation of 3H-cpm in liver lipids (Figure 5A). We also found that mRNA expression of
two genes associated with FFA uptake, Cd36 and Fabpl, were elevated in the livers of adi-
hRBP4 mice (Figure 5B). These data suggest that increased FFA uptake from the circulation
contributes to the observed elevation in hepatic TG levels seen in adi-hRBP4 mice.

The possibility of increased fat synthesis in livers of adi-hRBP mice was evaluated.
SREBP-1c protein levels were not elevated (Supplementary Figure 2C). We also obtained no
evidence by qPCR analysis of increased mRNA expression levels for other genes involved in
hepatic lipogenesis including Chrebp, Pparg, Fas, Scdl, Dgatl and Dgat2. To confirm that
there were no changes in hepatic de novo lipogenesis in the livers of adi-hRBP4 mice, we
undertook direct /in vivo analysis of hepatic fat synthesis using a well established protocol
(25) assessing 3H,0 incorporation into newly synthesized fat. Agreeing with the gPCR and
Western blot data, we did not observe a statistically significant increase in the rate of de
novo lipogenesis in the livers of adi-hRBP4 mice (Figure 5C).

We further investigated whether lipid utilization by livers of adi-hRBP4 mice may be
different from control mice. First, we determined whether hepatic VLDL secretion might be
altered in these mice using the total lipase inhibitor P407 to block lipoprotein clearance from
the circulation (18, 19). These studies revealed no differences in the rate of VLDL secretion
between adi-hRBP4 mice and littermate controls (Supplementary Figure 2D). We also
observed no differences in hepatic mMRNA expression of Apob or Mttp, two genes essential
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for VLDL secretion. To understand whether there might be a difference in rates of FFA
oxidation, we measured hepatic ketone body production in adi-RBP4 and control mice. We
did not find statistically significant genotype-dependent differences in FFA oxidation
(Supplementary Figure 2E).

Gluconeogenic Gene Expression Is Altered in Liver of adi-hRBP4 mice

We analyzed expression of the key hepatic gluconeogenic enzymes PEPCK and G6Pase
(Figures 5D and 5E). Expression of both genes was markedly increased in adi-hRBP4 mice
fed a high-fat diet, suggesting an increased rate of hepatic gluconeogenesis for adi-hRBP4
mice. This increase is likely mediated through increased Foxol expression, which was also
elevated in adi-hRBP4 liver (Figure 5F).

Adipose hRBP4 Expression in Mice Fed a High-fat Diet Alters Visceral Adipose Tissue
Function and Increases Inflammation

Histological analysis of visceral adipose tissue of adi-hnRBP4 mice fed a high-fat diet
demonstrated more distinct crown-like structures than matched controls fed the same diet
(Figure 6A). The crown-like structures are proposed to contribute to adipose inflammation in
obesity (26). Compared to chow-fed adi-hRBP4 mice (Figure 2A), the number of crown-like
structures present in adipose tissue increased upon high-fat feeding. We also observed a
significant elevation of mRNA levels encoding the proinflammatory cytokine TNFa (Figure
6B) as well as TNFa protein levels (Figure 6C) in visceral adipose tissue of adi-hRBP4
mice. However, we did not observe significant differences in plasma TNFa levels between
adi-hRBP4 and control mice (Figure 6D). The literature proposes that TNFa activates
lipolysis in visceral adipose tissue, resulting in elevated circulating FFA levels and
contributing to an enlarged hepatic FFA pool that is used for TG synthesis (27, 28).
Moreover, plasma levels of leptin were significantly elevated over those of littermate
controls when adi-hRBP4 mice were fed a high-fat diet (Figure 6E), consistent with their
increased adiposity (see Supplementary Figure 1C).

Retinoid Homeostasis is Significantly Altered upon High-fat Feeding

The effects of feeding a high-fat diet for 10 weeks on retinoid homeostasis in adi-hRBP4
and control mice were investigated. Hepatic retinyl ester levels were diminished for both
genotypes by approximately 60% compared to feeding a chow diet. However, no differences
between genotypes were observed (Table 1). We note that the chow diet provides
approximately 3-times more vitamin A than the high-fat diet, so this lowering of hepatic
retinyl ester levels might be expected. Hepatic retinol levels were significantly diminished in
the high-fat fed mice, as were adipose tissue retinyl ester levels (Table 1). This was
accompanied by a significant increase (approximate doubling) in plasma retinol levels for
both high-fat fed adi-hRBP4 mice and littermate controls. The increase in plasma retinol
correlates well with an observed increase in circulating levels of RBP4 (Figures 7A and 7B).
High-fat feeding did not increase MRNA expression levels of the human hRBP4 transgene.
However, our analyses showed that mMRNA expression of Aldhlal, Cyp26al, Cyp26B1, and
Rarb were significantly increased in the livers of adi-hRBP4 mice (Figure 7C), possibly
suggesting increased hepatic all-frans-retinoic acid synthesis. However, steady-state hepatic
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all-trams-retinoic acid levels were lower in livers from adi-hRBP4 mice fed the high-fat diet
compared to controls (Table 1).

Discussion

With the reports from Yang et al. (8) and Graham et al. (9) a decade ago, there has been
considerable research interest focused on understanding how RBP4 synthesized by
adipocytes contributes to the development of metabolic disease, including liver disease.
Although much of this literature reports associations between elevated serum/plasma and/or
tissue RBP4 levels and metabolic disease (1-6, 8-16), there are a number of studies reporting
evidence to the contrary (29-32), including ones that failed to establish associations between
RBP4 and NAFLD (33, 34). Undoubtedly some of this disagreement in the literature arises
from differences in methodologies employed by different research groups, including
methodologies needed for grouping and studying human subjects as well as laboratory
techniques used to evaluate RBP4 levels and actions (35-37). To better understand the role of
RBP4 in metabolic disease, we generated and studied adi-hRBP4 mice that express hRBP4
specifically in adipocytes. Although the adi-hRBP4 mice when fed a chow diet show a
modest elevation (see Figure 1D and 1E) in adipose tissue total RBP4 (mRBP4 + hRBP)
protein levels and no statistically significant change in plasma total RBP4 or retinol levels,
these mice accumulate significantly more hepatic fat and are significantly less glucose
tolerant than matched littermate controls fed a chow diet. Thus, our data directly establish
that elevated expression of RBP4 in adipocytes gives rise to adverse metabolic consequences
prior to a detectable elevation in circulating RBP4 levels.

Earlier published studies exploring linkages between RBP4 and hepatic steatosis have
primarily focused on elevated circulating RBP4 levels. The present work is important
because it demonstrates that disease development (insulin resistance and hepatic steatosis)
occurs before an elevation in circulating RBP4 can be detected and that elevation of RBP4
selectively in adipocytes has profound effects in the liver and systemically. We propose that
the disease process does not commence after circulating RBP4 levels rise to some elevated
level. Rather, hepatic disease can commence earlier, as RBP4 levels within adipose tissue
become elevated, before elevations in circulating RBP4 levels can be detected. Our data do
not disprove the notion that high circulating RBP4 levels per se may have an important
casual role in the development of hepatic steatosis. As seen in Figure 7, Panel B, circulating
RBP4 levels are significantly elevated in adi-hRBP4 mice fed a high-fat diet. We note that
the magnitude of these changes are similar to those originally reported more than a decade
ago by Kahn and colleagues (8, 9). Based on our present studies and the literature, we
believe that the role of RBP4 in inducing metabolic disease is both complex and
multifaceted. The present studies underscore this complexity.

Differences in retinoid homeostasis in liver and adipose tissue do not account for the
elevations in hepatic fat accumulation observed for adi-hRBP4 mice fed a chow diet. Table 1
establishes that steady state hepatic and adipose levels of retinol, retinyl esters and all-trans-
retinoic acid levels are not different for the two groups. Plasma retinol and RBP4 levels also
were not different for the two groups. Moreover, we observed no differences in hepatic gene
expression levels for the canonical retinoic acid-responsive genes Aldhlal, Cyp26al,
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Cyp26B1, RARa, Rarb, and Lrat (38). These data indicate that alterations in hepatic retinoid
signaling do not account for the fatty liver phenotype of chow-fed adi-hRBP4 mice. Rather,
it appears that RBP4 itself is acting locally within adipose tissue to bring about the elevated
fat levels observed in livers of adi-hRBP4 mice. Moraes-Vieira et al., based on studies of
hRBP4 transgenic mice that possess high circulating levels of hRBP4 (transgenically
overexpressed and secreted from skeletal muscle), concluded that RBP4 can activate
antigen-presenting cells within adipose tissue leading to adipose inflammation (39). As
assessed by the increase in both 77fa mRNA and protein levels, the adipose depots of chow-
fed adi-hRBP4 mice are experiencing inflammation.

For both chow fed and high-fat diet fed adi-hRBP4 mice, we observed increased adipose
tissue expression of Atg/and Hs/, the two lipases that are primarily responsible for the
hydrolysis of adipose triglyceride (40, 41). This, we propose, leads to increased mobilization
of FFAs from adipocytes of adi-hRBP4 mice, as evidenced by an elevation in fasting plasma
FFA levels. This elevation in circulating FFAs contributes to increased FFA uptake and
accumulation by the liver, where expression of the plasma membrane FFA transporter Ca36
and the intracellular FFA transporter Fabp1 are both elevated. Thus, even when mice are fed
a standard chow diet, an increase in RBP4 expression in adipocytes gives rise to a cascade of
responses that bring about a redistribution of FFA from adipose tissue to liver, resulting in
excessive hepatic fat accumulation.

Ahmadian et al., reported that adipocyte-specific overexpression of ATGL improved insulin
sensitivity and gave rise to lower hepatic triglyceride levels (42). However, the relationship
between adipocyte expression of ATGL and hepatic triglyceride accumulation is a
complicated one. Schoiswohl et al. recently reported that mice in which ATGL expression
was ablated specifically in adipocytes show less hepatic triglyceride accumulation than
control mice, upon both chow diet and high-fat diet administration (43). Thus, both
overexpression and complete ablation of ATGL in adipocytes are reported to lessen hepatic
triglyceride accumulation. Interestingly and in agreement with our data for adi-hRBP4 mice,
both Ahmadian et al. (42) and Schoiswohl et al. (43) failed to observe an effect of high-fat
diet feeding on circulating plasma FFA levels for either their control or transgenic mice. Kim
et al. reported that an improvement in metabolic parameters was observed in ob/ob mice
overexpressing adiponectin specifically in adipocytes (44). This was associated with an
increase in HSL expression. The findings from Ahmadian et al. (42) and Kim et al. (44) are
in apparent contradiction to our findings where we propose that an elevation in adipocyte
ATGL and HSL expression contributes to increased hepatic triglyceride accumulation.
Importantly, the transgenic models studied by Ahmadian et al. (42) and Kim et al. (44) have
a very different adipose phenotype compared to the adi-hRBP4 mice. The adipocytes present
in adi-hRBP4 mice are much larger than those of matched controls. Whereas, both
Ahmadian et al. and Kim et al. report that the adipocytes present in their transgenic mouse
models are much smaller than those of matched controls. The literature is clear that
hypertrophic adipocytes are more lipolytic, are more resistant to insulin action than small
adipocytes, and have an altered pattern of adipokine secretion (21-24). This difference, and
possibly other differences in adipocyte physiology, undoubtedly account for the apparent
discrepancies between our findings for adi-hRBP4 mice and those reported by Ahmadian et
al. (42) and Kim et al. (43). Our data also are consistent with human genetic studies showing
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that single nucleotide polymorphisms in the RBP4 gene which increase RBP4 expression in
adipose tissue are associated with increased susceptibility to insulin resistance and type 2
diabetes (11).

When adi-hRBP4 mice were metabolically stressed with a high-fat diet, many of their
metabolic parameters worsened, including ones associated with hepatic fat accumulation.
Although no significant differences in body weights between adi-hRBP4 and littermate
controls were observed when mice were maintained on a chow diet, when fed a high-fat diet,
the adi-hRBP4 mice gained more weight than controls within 14 days of the start of high-fat
diet feeding. The high-fat diet fed adi-hRBP4 mice also were less tolerant of a glucose
challenge than matched control mice. Histological analyses of adipose tissue from high-fat
fed adi-hRBP4 mice show an increased presence of “crown-like' structures which are
indicative of increased adipose tissue inflammation (27, 28). 7nfa mRNA and TNFa protein
levels were elevated in adipose tissue of high-fat fed adi-hRBP4 mice. This was
accompanied further by significantly higher circulating plasma leptin concentrations. It is
well established that elevated adipocyte expression of TNFa gives rise to increased leptin
secretion from these cells and elevated circulating leptin levels (28). Based on the findings of
Moraes-Vieira et al. (39) and our present data, it seems reasonable to propose that the high-
fat diet fed adi-RBP4 mice experienced RBP4-induced systemic inflammation that worsens
the metabolic phenotype of the mice.

We systematically explored the molecular basis for the elevation in hepatic triglyceride
levels in adi-hRBP4 mice fed a high-fat diet. We obtained no evidence for an increase in
hepatic de novo lipogenesis, nor did we detect differences in genes/proteins important to de
novo lipogenesis. We also obtained no evidence that a decreased rate of utilization of hepatic
triglyceride contributes to the increased hepatic triglyceride accumulation observed in adi-
hRBP4 mice. Our data indicate that adi-hRBP4 and control mice utilize FFASs as energy
sources at similar rates. No differences in the rate of triglyceride export from the liver via
nascent VLDL were observed. However, when we assessed hepatic uptake of 3H-labeled
oleic acid from circulations of adi-hRBP4 and control mice, the livers of adi-hnRBP4 mice
took up more of the labeled FFAs. This experiment, coupled with our qPCR data, support
the conclusion that increased hepatic uptake of circulating FFAs accounts substantially for
the fatty liver phenotype observed in the adi-hRBP4 mice.

Maher (17) raised a question as to whether RBP4 can actually stimulate hepatic steatosis and
in a liver autonomous manner. Our data establish that RBP4 does indeed stimulate hepatic
steatosis. However, this effect appears initially to involve RBP4 actions in adipose tissue and
not its direct actions in the liver. Also, RBP4 actions in stimulating hepatic steatosis are at
least initially independent of its role as a retinoid transport protein in the circulation. This is
consistent with data showing that apo-RBP4 is as potent as holo-RBP4 in activating the
innate and adaptive immune responses (39, 45). When nutritionally stressed with a high-fat
diet, the effects of increased RBP4 expression specifically by adipocytes become more
broad. These include increases in circulating retinol and RBP4 levels, as well as levels of the
proinflammatory adipokine leptin. Progressively, these changes contribute to a worsening of
hepatic steatosis and other aspects of the metabolic phenotype (obesity and glucose
intolerance) observed in metabolically stressed adi-hRBP4 mice.
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Figure 1. Targeting strategy of the endogenous ROSA26 hRBP4 knock-in mice and properties of
the adipose tissue-specific hRBP4 (adi-hRBP4) transgenic mice

(A) Schematic representation for the recombinant hRBP4 alleles. The arrows indicate the
positions of the PCR primers used for genotyping. EX 1-3, ROSA26 exons; SA, splice
acceptor; DT, diphtheria toxin. (B) Immunaoblots showing EGFP protein expression in
visceral (VISC), subcutaneous (SubQ) and brown adipose tissue (BAT) but not in liver or
lung of adi-hRBP4 mice. (C) Relative mRNA expression of human and mouse RBP4 in
visceral fat (VISC) was determined by qPCR in adi-hRBP4 and littermate control (CTL)
mice. ***, P < (0.005 versus control. (D) Immunaoblots showing total RBP4 (mRBP4 +
hRBP4) protein expression in visceral fat (VISC) from 2 adi-hRBP4 and 2 littermate control
(CTL) mice. (E) Mean visceral fat (VISC) total RBP4 (mMRBP4 + hRBP4) protein
expression as a ratio to § actin for scanned immunablots. *, £< 0.05 versus control. (F)
LC/MS/MS profiles for all-trans-retinoic acid (atRA) present in visceral fat from chow-fed
adi-hRBP4 and littermate control (CTL) mice. All-trans-retinoic acid was detected and
quantified using the multiple reaction monitoring mode (MRM) employing the following
transitions: all-#rans-retinoic acid, /m/z301.16—123.00; and the internal standard penta-
deuterated all-rans-retinoic acid (atRA-d5), /2 306.15—127.03.
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Figure 2. Adipocyte physiology and glucose metabolism are altered in adi-hRBP4 micefed a

chow diet

(A) Representative hematoxylin and eosin (H&E)-stained sections for visceral adipose

tissue. Bars represent 100 um. Frequency distribution of adipocyte cross-sectional areas (B)
and mean cross-sectional areas of adipocytes (C). Greater than 100 cells were measured for
each of 2 adi-hRBP4 and 2 littermate control mice. (D) mRNA expression of genes encoding
lipolysis-related proteins in visceral fat as determined by qT-PCR; n =6 - 7. All data are
normalized to 18S rRNA. *, £< 0.05 versus controls (CTL). (E) Glucose tolerance tests
(GTT) and (F) the area under the curves (AUCSs) (intraperitoneal injection of 2g/kg body
weight; 6 h after food removal) (n =5 - 13). *, < 0.05 versus controls (CTL). Data are

presented as means + SEM.
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Figure 3. Hepatic lipid deposition is altered in adi-hRBP4 mice
Plasma FFA (A), liver TG (B) and liver total cholesterol (C) levels 6 h after food removal in

adi-hRBP4 and littermate control (CTL) mice fed a chow diet throughout life (n =5 - 13).
(D) Representative cryosections of livers stained with Oil Red O. Bars represent 100 pm. *,

P < 0.05 versus controls.
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Figure 4. Wor sening of the metabolic phenotypesin adi-hRBP4 mice fed a high-fat diet

(A) Weight gains for male adi-hRBP4 and littermate control mice fed a high-fat diet

providing 60% of calories from fat. The values presented reflect mean percent weight gains

+ SEM. (B) Liver TG levels after a 6 h fast for matched control and adi-hRBP4 mice fed a

high-fat diet for 24 days (n = 4 - 6). (C) Representative cryosections of livers stained with
Oil Red O in high-fat diet fed mice. Bars represent 100 uM. Total liver FFA (D) levels and
plasma FFA (E) levels measured for age- and gender-matched adi-RBP4 and littermate

control mice fed a high-fat diet (n = 4 - 6). (F) Acyl composition of the FFA pool within

livers of matched adi-RBP4 and littermate control mice as determined by LC/MS/MS (n =4
- 6). *, P<0.05 versus controls (CTL).
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Figure5. Fatty acid uptake contributesto hepatic steatosisin adi-hRBP4 mice fed a high-fat diet
and hepatic gluconeogenic genes are markedly increased

(A) FFA uptake into the livers of matched adi-RBP4 and littermate control mice was
quantified by assessing 3H-cpm (n = 3 - 6) 5 minutes after an iv injection of [3H]oleic acid.
(B) mRNA expression of genes related to FFA uptake in liver as determined by qPCR (n =4
- 6). (C) The rate of hepatic de novo lipogenesis for matched high-fat fed adi-RBP4 and
littermate control mice as quantified by measuring [®H]H,0O incorporated into lipid (n = 6 -
7). mRNA levels of the key hepatic gluconeogenic genes Pepck (D) and G6Pase (E) as well
as Foxol (F) were determined for liver by gPCR (n = 4 - 6) for matched high-fat diet fed
adi-hRBP4 and littermate controls. *, £< 0.05; **, < 0.01 versus controls (CTL). AU,
Avrbitrary units. Data are expressed as means + SEM.
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Figure 6. hRBP4 expression in adipose tissue of mice fed a high-fat diet altersvisceral adipose
tissue physiology and increases inflammation
(A) Representative hematoxylin and eosin (H&E)-stained sections of visceral adipose tissue

from adi-hRBP4 and littermate control (CTL) mice fed a high-fat diet. Bars represent 100
um. Arrows indicate crown-like structures. (B) 77fa mRNA expression in visceral adipose
tissue was determined by gPCR (n = 6 - 11). Visceral fat (C) and plasma (D) TNFa protein
levels and plasma leptin (E) levels were measured using commercial kits according to the
manufacturers' instructions (n = 7 - 8). Data are expressed as means =+ SEM. Bars not
annotated with a common letter are statistically different (P < 0.05).
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Figure 7. Plasma RBP4 levels were significantly increased in adi-hRBP4 mice fed a high-fat diet
(A) Immunoblots for RBP4 in plasma employing rabbit anti-rat RBP4 antibody that

recognizes both mRBP4 and hRBP4. One-tenth of a microliter of plasma was loaded in each
lane for RBP4 detection. (B) The relative protein expression level of RBP4 as determined
from densiometric scans of the immunoblots. (C) Expression of genes involved in
maintaining all-frans-retinoic acid levels were determined by gPCR (n =4 - 6). *, < 0.05
versus controls (CTL); **, P < 0.01 versus controls (CTL). Data are expressed as means +
SEM.
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Table 1
Comparison of retinoid concentrations for male 4~5 month-old control and adi-hRBP4
mice fed a chow diet and a high-fat diet12:3:4
Chow diet High-fat diet
Retinoid Control (n) adi-hRBP4(n) Control (n) adi-hRBP4(n)
nmol/g, tissue
Liver ROL  33.0%13.7 (8) 31.0+11.8 (7) 9.3+0.8 (4)° 6.9+12 (6P
RE  2388.9+361.0(8)* 2291.0+105.1(7)2 941.9+2285(4)P 1155.0+341.1 (6)°
VISC ROL 2.0£0.4(8) 1.9+0.4 (6) 1.4+0.4 (42 1.6+0.3(6)
RE 6.1+2.1(8)? 6.0+ 1.9 (6)?2 1.3+0.5 (4)° 1.6+ 0.4 (6)°
pmol/g, tissue
Liver ATRA 177 +55 (6) 16.8+ 6.2 (8)2 27.0+6.9 (4)° 19.4+2.1 (6)® "
VISC ATRA 12.4+53 (5) 13.3+4.0 (8)? 10.8 +2.1 (4) 12.7+3.9(6)2
um
Plasma ROL 1.2+0.2(8) 1.4+0.2 (7) 2.5+0.2 (4)° 29+02(5)E*

After weaning, mice were maintained on a standard rodent diet chow until they reached 7-8 weeks of age and then fed either the same standard
rodent diet chow or a diet providing 60% of calories as fat.

2The chow diet contains 15 IU of vitamin A, and the high-fat diet contains 4 1U of vitamin A.
3VISC, visceral adipose tissue; ROL, all-frans-retinol; RE, retinyl esters; ATRA, all-#rans-retinoic acid.

Data are given as means + SD with n number in parenthesis; values within a row not sharing a common letter are statistically different (One-way
ANOVA with Tukey post-test, < 0.05);

*
genotype effect on the same diet (Student's Ztest;
P<0.05;

b
P<0.01)
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