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Diabetes is accompanied by dysregulation of glucose, lipid,
and protein metabolism. In recent years, much effort has been
spent on understanding how insulin regulates glucose and lipid
metabolism, whereas the effect of insulin on protein metabolism
has received less attention. In diabetes, hepatic production of
serum albumin decreases, and it has been long established that
insulin positively controls albumin gene expression. In this
study, we used a genetic approach in mice to identify the mech-
anism by which insulin regulates albumin gene transcription.
Albumin expression was decreased significantly in livers with
insulin signaling disrupted by ablation of the insulin receptor or
Akt. Concomitant deletion of Forkhead Box O1 (Foxo1) in these
livers rescued the decreased albumin secretion. Furthermore,
activation of Foxol in the liver is sufficient to suppress albumin
expression. These results suggest that Foxol acts as a repressor
of albumin expression.

Diabetes is a growing pandemic, affecting about 29 million
people in the United States and creating a huge economic toll
on the health care system (1). The disease is caused by failed
production of or dampened response to insulin, an important
metabolic hormone that signals an absorptive state after feed-
ing. In recent years, significant advances have been made in
understanding how insulin signals the regulation of glucose and
lipid metabolism. However, the control of protein metabolism
by insulin has received little attention.

Albumin is the most abundant circulating protein, being syn-
thesized solely in the liver and accounting for ~60% of total
serum proteins. In addition to representing the major determi-
nant of oncotic pressure, albumin also functions as the carrier
for many endogenous and exogenous compounds, including
free fatty acids, ions, and drugs. Clinically, albumin is a crucial
biomarker used to assess liver function (2). Multiple factors,
including nutritional states, oncotic pressure, and hormonal
factors, regulate albumin production (3-5). In diabetes, the
concentration of albumin in blood is decreased, and adminis-
tration of insulin is required to prevent hypoalbuminemia (6, 7).
Early biochemical studies have shown that insulin stimulates
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albumin production in the liver by activating gene transcription
(5-12). However, the detailed pathway by which insulin exerts
this effect has not been described.

In the liver, insulin promotes protein production and lipid
synthesis while turning off gluconeogenesis (13—15). The insu-
lin signaling pathway has been well characterized. Insulin binds
to the insulin receptor (IR),” which leads to phosphorylation of
the insulin receptor substrate. This then initiates a cascade of
signaling events that results in the phosphorylation and activa-
tion of Akt protein kinases (14). Several pathways downstream
of Akt mediate the effects of insulin on metabolism. Akt phos-
phorylates and inactivates the tuberous sclerosis 1/2 (TSC1-
TSC2) complex, releasing the inhibition of mammalian target
of rapamycin complex 1 (mTORC1) (16, 17). Activation of
mTORCI stimulates protein synthesis as well as lipogenesis
(18-22). Akt also phosphorylates the transcription factor Fork-
head Box O1 (Foxol), causing its translocation out of the
nucleus (23-26). Foxol binds directly to the insulin response
elements in the promoters of key gluconeogenic enzymes to
stimulate the expression of these genes under fasting condi-
tions. Under postprandial conditions, when insulin is present,
Foxol is located largely in the cytoplasm and, therefore,
becomes inactive as a transcription factor (27, 28). In this study,
we used a genetic approach to address the longstanding ques-
tion of the mechanism by which insulin stimulates albumin
transcription.

Experimental Procedures

Animals—All experiments were performed in male mice that
were 10—12 weeks of age. The [F*O/1XP | [pJoxP/1oxP, Foyg [loxP/loxP,
Akt]loxP/loxP; AktzloxP/loxP’ Aktl loxP/onP; AktzloxP/loxP;
Foxo1'*"'**? and Foxo1'**""**** mice have been described pre-
viously (13, 29, 30). To generate liver-specific knockouts, an
adeno-associated virus expressing either GFP or Cre recombi-
nase driven by the promoter of the liver-specific gene thyroxine
binding globulin was injected into the above mice at 8-10
weeks of age (1 X 10'' genomic copies/mouse). Experiments
were performed 2 weeks after virus injection. For fasting-re-
feeding experiments, mice were deprived of food for 16 h (4 pm
to 9 am). The fasted group was sacrificed at 9 am, and the refed
group was fed ad libitum for 4 h with normal chow (Laboratory
Rodent Diet, catalog no. 5001) before sacrifice. All animal

2 The abbreviations used are: IR, insulin receptor; STZ, streptozotocin; DKO,
double knockout; TKO, triple knockout; CA, constitutionally active; C/EBP,
CCAAT/enhancer binding protein.

JOURNAL OF BIOLOGICAL CHEMISTRY 2371


http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.677351&domain=pdf&date_stamp=2015-12-14

Insulin Stimulates Albumin Expression by Inhibiting Foxo1

experiments were reviewed and approved by the University of
Pennsylvania Institutional Animal Care and Use Committee in
accordance with National Institutes of Health guidelines.

Liver Lysates/Nuclear Extract Extraction and Western Blot-
ting— After sacrifice, livers were dissected, freeze-clamped, and
stored at —80 °C. Whole-cell lysates were prepared by homog-
enizing frozen liver samples in radioimmuno precipitation
assay buffer (150 mm NaCl, 50 mm Tris (pH 7.6), 1% Triton
X-100, 0.5% sodium deoxycholate, and 0.1% SDS, supple-
mented with protease and phosphatase inhibitors). To detect
Foxol, liver nuclear extracts were prepared using the NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Thermo Scien-
tific, catalog no. 78833). Cleared lysates and nuclear extracts
were resolved by SDS-PAGE (10 -12% acrylamide gel, constant
voltage of 100 V), transferred onto nitrocellulose membranes,
probed with various antibodies (IR, Cell Signaling Technology,
catalog no. 3025S; Foxol, Cell Signaling Technology, catalog
no. 9454S; Aktl, Cell Signaling Technology, catalog no. 2967;
Akt2, Cell Signaling Technology, catalog no. 2964S; and Actin,
Abcam, catalog no. ab6276) and visualized with either IRDye
secondary antibodies (LI-COR Biosciences, catalog no. 926-
32213 and 926-68022) or ECL Western blotting detection re-
agents (Thermo Scientific, catalog no. 32106).

Primary Hepatocyte Isolation and in Vitro Albumin Secretion
Assay—Primary hepatocytes were isolated as described previ-
ously (31). Cells were plated on collagen-treated plates in
DMEM supplemented with 10% fetal bovine serum. After a 2-
to 3-h attachment period, the cells were washed twice with PBS
and incubated in serum-free Krebs-Ringer bicarbonate buffer
(Sigma-Aldrich, catalog no. K4002) supplemented with 20 mm
HEPES (pH 7.4) and 0.5% BSA for 2 h. The medium was col-
lected, and hemoglobin (Sigma-Aldrich, catalog no. H2625)
was added as a carrier protein (final concentration of 0.1%, w/v).
For trichloroacetic acid (TCA) precipitation, 1 volume of 100%
TCA (w/v) was added to 4 volumes of sample to precipitate
total protein. The protein pellet was washed twice in ice-cold
acetone, dried, and resuspended in Laemmli sample buffer (vol-
ume adjusted on the basis of cellular protein content). Albumin
in the samples was then measured by Western blotting (anti-
Alb, Nordic Immunology, catalog no. RAM/AIb/7s).

mRNA Isolation and Real-time PCR—Total RNA was iso-
lated from frozen livers or primary hepatocytes using the
Nucleospin RNA mini kit (Clontech, catalog no. 740955.250).
c¢DNA was synthesized using Moloney Murine Leukemia Virus
reverse transcriptase (New England Biolabs, catalog no.
MO0253S). Liver cDNA from transgenic mice expressing a con-
stitutively active Foxol was a gift from Dr. Terry G. Unterman
(University of Illinois at Chicago College of Medicine) (32). The
relative expression of genes of interest was quantified by real-
time PCR using the SYBR Green dye-based assay.

Serum Albumin Measurement—Blood samples were col-
lected after sacrifice by cardiac puncture. After allowing the blood
to clot, the samples were centrifuged to separate the serum. Albu-
min levels were measured using the Bromcresol Green Albumin
Assay Kit (Sigma-Aldrich, catalog no. MAK124).

Streptozotocin-induced Type I Diabetes—At 8 —10 weeks of
age, Foxol'®"'" mice received a retro-orbital injection of
adeno-associated virus encoding either GFP or Cre recombi-
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naseat 1 X 10'! genomic copies/mouse. 5 days after virus injec-
tion, the mice received an intraperitoneal injection of either
control buffer (0.1 M citrate (pH 4.5)) or streptozotocin (EMD
Chemicals, catalog no. 572201) at 200 mg/kg of body weight.
The mice were sacrificed 2 weeks after virus injection (9 days
after STZ injection).

ChIP Assay—Liver chromatin was prepared as described pre-
viously (33). Immunoprecipitations were performed using anti-
C/EBPa (Santa Cruz Biotechnology, catalog no. sc-61, 10
pg/immunoprecipitation). Real-time PCR oligos used to mea-
sure C/EBPa occupancy at the albumin promoter were as fol-
lows: site 1, 5'-CGCAAGGGATTTAGTCAAACAAC-3" and
5-AACCATACTTACCTCGCATTTCA-3; site 2, 5'-TCCC-
AGACCCATCAATTGTG-3" and 5'-TCCTGGCTCTTAGA-
TTGCTCA-3';site 3,5'-AGCTAACCTTCTGTCCTAGTGG-3'
and 5'-TGAACTCTGACTCACGATGGA-3’; and site 4, 5'-
ACAGAGGGTTGGATGGACAC-3" and 5'-CCTCATTA-
CCTTTGTGCACCA-3'".

Statistical Analysis—All values are expressed as mean * S.E.
Two-way ANOVA with Bonferroni post test was used when
multiple conditions were involved when comparing different
genotypes. Two-tailed, unpaired Student’s ¢ test was used when
only two groups of data were concerned.

Results

Reduced Albumin Expression in Diabetic Livers—To assess
the effect of diabetes on albumin expression in mice, we used
animals treated with streptozotocin (STZ), a compound that
induces S cell death and is employed frequently to induce dia-
betes in animal models. Mice injected with STZ developed
severe hyperglycemia (Fig. 14) and lost a significant amount
of body weight (Fig. 1B). Importantly, albumin expression in
the liver was decreased significantly compared with control
animals (Fig. 1C). This result is consistent with early studies
in rats showing that insulin positively regulates hepatic albu-
min production at the transcriptional level. We did not
observe a difference in serum albumin level between STZ-
treated and control animals (data not shown), possibly
because the half-life of albumin protein is longer than the
duration of the experiment (21 versus 11 days, respectively)
(2).

Direct Effect of Insulin in the Liver on Albumin Production—
To address whether insulin signals directly on the liver to reg-
ulate albumin expression, we deleted IR specifically in the liver
(Fig. 24, IRKO). The level of serum albumin was reduced sig-
nificantly in IRKO animals compared with controls (Fig. 2B,
GFP). Consistent with the reduced circulating albumin, albu-
min expression in IRKO livers was decreased significantly
compared with controls (Fig. 2C). These results suggest that
insulin controls albumin production by signaling directly on
the liver. Notably, a short-term fast did not affect serum
albumin level or albumin expression because there was no
significant difference in circulating albumin protein or albu-
min mRNA between the overnight-fasted state and the fed
state (Fig. 2, B and C).

Requirement of Akt for Albumin Production—Akt, also
known as protein kinase B, is a ubiquitous serine/threonine
protein kinase that mediates many of the metabolic effects of
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FIGURE 1. Albumin expression is decreased in diabetic livers. Mice received intraperitoneal injections of either control buffer (Ctrl, n = 3) or STZ (n = 4) at
200 mg/kg of body weight. A, blood glucose levels after injection. B, body weight after injection. C, hepatic albumin mRNA level measured 7 days after injection.
*, p < 0.05 by two-tailed Student'’s t test. All values are expressed as mean = S.E.
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FIGURE 2. Insulin acts on the liver directly to positively regulate albumin expression. A, Western blotting analyses for IR and actin in liver homoge-
nates of control (GFP) and IRKO animals. B and C, serum albumin concentration (B) and hepatic aloumin mRNA level (C) in GFP (n = 4-6) and IRKO (n =
3-5) animals that were fasted overnight or fasted overnight and refed for 4 h. **, p < 0.01; ***, p < 0.001 by two-way ANOVA. All values are expressed

as mean = S.E.

insulin (34, 35). We investigated whether Akt is required for the
regulation of albumin production downstream of IR. To this
end, we deleted the only isoforms of Akt expressed in liver, Akz1
and Akt2 (Fig. 3A). Deletion of Akt and Akt2 specifically in the
liver did not increase apoptosis (data not shown). Mice with
Akt-null livers (AktDKO) displayed a 50% reduction in serum
albumin (Fig. 3B). This severe hypoalbuminemia correlated
well with a dramatic decrease in albumin expression (Fig. 3C).
To address whether this albumin production defect is cell-au-
tonomous, we isolated primary hepatocytes from control (GFP)
and AktDKO mice and measured albumin secretion in vitro.
AktDKO hepatocytes secreted significantly less albumin com-
pared with controls (Fig. 3D). Consistent with the reduced
albumin secretion, albumin expression in AktDKO hepatocytes
was decreased significantly (Fig. 3E). These results suggest that
insulin signals through the Akt pathway to control albumin
transcription and secretion.

Foxol-dependent Repression of Albumin Expression—Foxol,
the transcription factor downstream of Akt, becomes constitu-
tively active when insulin signaling is disrupted. We asked
whether inactivation of Foxol downstream of insulin signaling
is required for maintaining albumin transcription. Deletion of
Foxol from IRKO livers (Fig. 44, FoxoDKO) fully rescued the
reduced circulating albumin level observed in IRKO mice (Fig.
4B). In addition, albumin expression in FoxoDKO livers com-
pletely returned to control levels (Fig. 4C). Similarly, concomi-
tant deletion of Foxol in AktDKO livers (Fig. 4D, FoxoTKO)
almost completely normalized albumin levels in serum (Fig. 4E)
and completely rescued the reduced albumin expression
observed in AktDKO livers (Fig. 4F). This rescue was cell-
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autonomous because primary hepatocytes isolated from
FoxoTKO livers displayed comparable albumin secretion (Fig.
4@G) and albumin expression (Fig. 4H) as control cells. These
results suggest that insulin controls albumin transcription and
secretion at least in part via inhibition of Foxol.

We then investigated whether ablating Foxol1 is sufficient to
rescue the reduced albumin expression in diabetic livers. To
this end, we used STZ to induce diabetes in either control (GFP)
or liver-specific FoxoI knockout mice (Fig. 54, FoxoKO). Both
genotypes developed severe hyperglycemia following injection
of STZ (Fig. 5B). Importantly, STZ treatment in control mice
caused a 50% decrease in albumin expression in the liver, and
this reduction was absent in FoxoKO mice (Fig. 5C). In con-
trast, transgenic mice expressing a constitutively active Foxol
(CA-Foxol) significantly reduced hepatic albumin expression
compared with WT controls (Fig. 5D). These results suggest
that aberrant activation of hepatic Foxol is sufficient to repress
albumin expression and that it contributes to decreased albu-
min production in diabetes.

C/EBPa Occupancy at the Albumin Promoter—Transcrip-
tion factor CCAAT/enhancer binding protein o (C/EBPa) is
known to regulate albumin expression in the liver (36). Recent
studies have suggested that Foxol directly interacts with
C/EBPa and interferes with its binding to DNA (37, 38). To test
whether Foxol activation interferes with C/EBPa DNA binding
at the albumin promoter, we performed ChIP of C/EBP« in
GFP, AktDKO, and FoxoTKO livers. Fig. 6A shows the C/EBPf3
binding peaks identified by ChIP sequencing in wild-type
mouse livers at the albumin promoter (39). Because C/EBP«a
and C/EBPp often bind to DNA as a heterodimer, the peaks
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FIGURE 3. Akt is required for the effect of insulin on albumin production. A, Western blotting analyses for Akt1, Akt2, and actin in liver homogenates of
control (GFP) and AktDKO animals. Band C, serum albumin concentration (B) and hepatic albumin mRNA level (C) in GFP (n = 4) and AktDKO (n = 3-4) animals

that were fasted overnight or fasted overnight and refed for 4 h. ***, p < 0.001
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were used to predict C/EBPa binding sites, which were con-
firmed by ChIP using an antibody directed against C/EBP« (Fig.
6B). Interestingly, C/EBPa occupancy at the albumin promoter
was reduced in AktDKO livers compared with controls, and
additional deletion of Foxol in the liver completely reversed
this decrease (Fig. 6B). Notably, the decline in DNA binding was
not due to a decrease in protein levels of C/EBPa, which was
unchanged, as assessed by Western blotting (Fig. 6C). These
results suggest that activation of Foxol is negatively correlated
with C/EBP« binding to the albumin promoter.

Discussion

In this study, we used genetic models to elucidate the path-
way by which insulin controls albumin expression in the liver.
Specifically, insulin acts directly on the liver through the
IR/PI3K/Akt pathway to inhibit Foxol, which functions as a
repressor of albumin expression.

Deletion of the insulin receptor in the liver (IRKO) leads to a
decrease in serum albumin, consistent with previous observa-
tions described by Michael et al. (29). The phenotype we
observed was much milder, possibly because our knockout
model was acute and the animals were much younger. Disrup-
tion of both isoforms of Akt specifically in the liver (AktDKO)
caused a larger reduction in serum albumin, suggesting that
basal hepatic Akt activity in IRKO mice maintained some albu-
min production. In both IRKO and AktDKO mice, albumin
gene expression was decreased significantly. Taken together,
these results suggest that insulin signals directly on the liver
through IR and Akt to stimulate albumin gene expression.

Foxol is an important target whose inhibition mediates
many of the actions of insulin. Liver-specific Foxol knockout
mice phenocopy the effect of insulin in having impaired glucose
production (30). In addition, inhibition of hepatic Foxo1 activ-
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re assayed by quantitative RT-PCR. **, p < 0.01 by two-tailed Student’s t test. All

ity protects against high-fat diet-induced hepatic insulin resis-
tance (40, 41). On the other hand, transgenic mice with liver-
specific expression of constitutively active Foxol exhibit
fasting hyperglycemia, reduced de novo lipogenesis, and
hepatic insulin resistance (42). These studies highlight the
fact that Foxol plays a significant role in regulating glucose
and lipid metabolism in the liver. In this study, we found that
Foxol also reduced albumin expression. In livers in which
Foxol is constitutively active (IRKO, AktDKO, and STZ-
induced diabetes), albumin expression was decreased, and
genetic ablation of Foxo! in these models completely rescued
the decreased albumin expression. These observations sug-
gest that active Foxol represses albumin expression. Fur-
thermore, we demonstrated that constitutive activation of
Foxol in the liver is sufficient to decrease albumin expres-
sion. Taken together, we conclude that insulin stimulates
albumin production by inhibiting Foxol, which represses
albumin expression (Fig. 6D).

There still remains considerable uncertainty about the
mechanisms by which Foxol can function as a repressor.
Genetic studies in Caenorhabditis elegans suggest that DAF-16,
the Foxo ortholog, functions as a transcriptional activator
downstream of the insulin/IGF-1 signaling pathway but does
not bind to the promoter of repressed genes. Rather, genes
that are down-regulated by DAF-16 (class II genes) are more
likely indirect targets and regulated by the induction of a
repressor protein by DAF-16 (43—-45). Tepper et al. (45)
recently described an elusive transcriptional activator,
PQM-1, that is mutually antagonistic with DAF-16 with
regard to subcellular localization in response to insulin/
IGEF-1 signaling, providing a mechanism for the regulation of
Class II genes. To date, it is unclear whether a similar mech-
anism exists in mammals.
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Alternatively, it has been demonstrated that Foxol interacts
with a variety of transcription factors to repress gene expres-
sion by inhibiting the DNA binding of these transcription fac-
tors (32, 46 —49). C/EBPq, a liver-enriched transcription factor
known to activate albumin transcription (36), has been shown
to interact directly with Foxo1 (37, 38). Interestingly, we found
that the occupancy of C/EBP« is negatively correlated with
Foxol activity. In AktDKO livers where Foxol is constitutively
nuclear and active, C/EBPa binding to the albumin promoter is
decreased, and genetic ablation of Foxo! in this model com-
pletely restored the decreased occupancy to control levels.
These data suggest that Foxol may repress albumin transcrip-
tion by interacting directly with C/EBPa and inhibiting its DNA
binding.

It is of note that, although deleting Foxol completely res-
cued the reduced albumin expression in AktDKO livers (Fig.
4F), there remains a small but statistically significant
decrease in serum albumin (Fig. 4E), suggesting that insulin
may also regulate albumin production by a post-transcrip-
tional mechanism. Because insulin signaling acutely pro-
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motes protein translation by activating mTORCI and its
downstream targets and exerting long-term effects, such as
promoting ribosome biogenesis to increase translation
capacity, it is reasonable to speculate that insulin also pro-
motes albumin translation.

Albumin mRNA and protein have a long half-life and, there-
fore, do not change with normal fasting and feeding but
decrease during diabetes and prolonged starvation. Given that
albumin is synthesized at a high rate (12-25 g/day in a young
healthy adult) (2), this regulatory mechanism may have evolved
as an adaptive mechanism to preserve limited amino acids dur-
ing an extended fast. In this study, we showed that the reduction
in albumin production in the absence of insulin is due to
chronic activation of Foxol.
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