=
-
-l
o
2
=
w
=

696

Diabetes Volume 70, March 2021

Check for
updates
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Control of Hepatic Gluconeogenesis
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The liver is a key player for maintaining glucose homeo-
stasis. Excessive hepatic glucose production is consid-
ered to be a key for the onset of type 2 diabetes. The
primary function of heme oxygenase-1 (HO1) is to cat-
alyze the degradation of heme into biliverdin, ferrous
iron, and carbon monoxide. Previous studies have dem-
onstrated that the degradation of heme by HO1 in the
liver results in mitochondrial dysfunction and drives in-
sulin resistance. In this study, by overexpressing HO1 in
hepatocytes and mice, we showed that HO1 promotes
gluconeogenesis in a Foxo1-dependent manner. Impor-
tantly, HO1 overexpression increased the generation of
ferrous iron in the liver, which further activates nuclear
factor-kB and phosphorylates Foxo1 at Ser273 to en-
hance gluconeogenesis. We further assessed the role of
HO1 in insulin-resistant liver-specific knockout of IRS1
and IRS2 genes (L-DKO) mice, which exhibit upregula-
tion of HO1 in the liver and hepatic ferrous iron overload.
HO1 knockdown by shRNA or treatment of iron chelator
rescued the aberrant gluconeogenesis in L-DKO mice. In
addition, we found that systemic iron overload promotes
gluconeogenesis by activating the hepatic protein kinase
A—Foxo1 axis. Thus, our results demonstrate the role of
HO1 in regulating hepatic iron status and Foxo1 to con-
trol gluconeogenesis and blood glucose.

Understanding the pathophysiology of type 2 diabetes
(T2D) is critical for us to find approaches in control of
this disease, and it is known that diabetic hyperglycemia
results from defective insulin action in company with
hyperglucagonemia (1). The liver is an important organ
that can respond to both insulin and glucagon upon
nutrient availability in control of hepatic glucose produc-
tion (HGP) (2). Glucagon and insulin reciprocally control

glucose homeostasis, which requires tight control of gene
transcription in order to exert the opposite effects on
glucose homeostasis (3,4).

As a member of O-class forkhead/winged helix tran-
scriptional factor, Foxol is a key player in the transcrip-
tional regulation of hepatic glucose metabolism (3). It was
found that in the insulin-signaling protein kinase B (Akt)
activation triggers the phosphorylation of Foxol at Ser256
in humans, equivalent to Ser253 in mice; this drives Foxol
nuclear exportation and ubiquitination (5). By contrast, we
recently discovered that glucagon promotes Foxol nuclear
translocation by phosphorylating Foxol at Ser276 in
humans and activates transcriptions of rate-limiting glu-
coneogenic genes (6). Given the dual roles of Foxol in
regulating HGP and eventually controlling glucose homeo-
stasis, Foxol is believed to be a potential target for the
treatment of T2D (7).

In addition to gluconeogenic genes, Foxo1 also regulates
other target genes (8-10), one of which, heme oxygenase-1
(HO1), has attracted attention in recent years (11). HO1
catalyzes the degradation of heme into biliverdin, ferrous
iron, and carbon monoxide. Historically, HO1 is consid-
ered as an anti-inflammatory molecule in different tissues
due to the effects of carbon monoxide and bilirubin
(converted from biliverdin) (11). Moreover, the transcrip-
tion of HOL1 is regulated by the redox-sensitive transcrip-
tion factor Nrf2, which binds to the antioxidant response
element in the upstream promoter of HO1 (12). Thus,
HO1 is also considered to be antioxidant. As reported,
induction of HO1 ameliorates hyperglycemia in nonobese
insulin-resistant rats (13). Paradoxically, overexpression
of HO1 in adipose tissue failed to protect the mice from
diet-induced insulin resistance (14). Furthermore, a recent
report indicated that liver-specific HO1 knockout protected
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mice against high-fat diet-induced insulin resistance (15). We
have also reported that hepatic Foxol-induced HO1 upre-
gulation results in mitochondrial dysfunction, which further
leads to insulin resistance (16). These findings, which are
opposite to the historical view, impelled us to further explore
the role of HO1 in hepatic glucose metabolism.

In the current study, we investigated the roles of HO1
in hepatic gluconeogenesis by overexpression or suppres-
sion of HO1 in hepatocytes and mouse liver. We found that
HO1 regulates HGP via Foxol, associated metabolic in-
flammation, and excessive ferrous iron.

RESEARCH DESIGN AND METHODS

Animals

The transgenic mice carrying Foxol floxed alleles (Foxo1%®)
and IRS1/IRS? floxed alleles (IRS1%%::1RS2%) were bred
with the albumin-Cre mice to generate the liver-specific
Foxo1 knockout (L-FKO) mice, as well as liver-specific IRS1
and IRS2 knockout (L-DKO) mice, respectively (17,18).
Fox01-S273A knockin (Foxol—SZ73A/A) mice were gener-
ated using the CRISPR/Cas9 approach as described pre-
viously (6). All of the mice generated were based on the
background of C57BL/6. Male mice (8-12 weeks old) were
used for the study and were fed a standard chow diet ad
libitum. The animal protocol was approved by the In-
stitutional Animal Care and Use Committee at Texas
A&M University.

Cell Culture

Primary hepatocytes were isolated from 8- to 12-week-old
male mice and cultured in DMEM with 10% FBS as de-
scribed previously (17,19). The cells were transfected with
adenovirus expressing GFP (Adv-GFP) or Adv-HO1 (Vec-
torBuilder, Chicago, IL) for 17-24 h in specific experi-
ments. The p65 inhibitor JSH23 (Sigma-Aldrich, St. Louis,
MO) or iron chelator deferoxamine mesylate (DFO)
(Sigma-Aldrich) was used to treat cells for 0.5 h prior to
the transfection of adenovirus in the corresponding ex-
periment. In the experiments with siRNA transfection,
hepatocytes were transfected with 80 pmol of specific
siRNA by Lipofectamine 3000 (Invitrogen, Carlsbad, CA)
for 12 h and then transfected with Adv-GFP or Adv-HO1.

HGP Assay

Primary hepatocytes were transfected with Adv-GFP or
Adv-HO1 for 20 h and then cultured in the HGP buffer
(120 mmol/L NaCl, 5.0 mmol/L KCl, 2.0 mmol/L CaCl,,
25 mmol/L NaHCOs3, 2.5 mmol/L KH,PQOy, 2.5 mmol/L
MgSO,, 10 mmol/L HEPES, 0.5% BSA, 10 mmol/L sodium
pL-lactate, and 5 mmol/L pyruvate, pH 7.4) for 3 h with or
without 100 nmol/L glucagon. The culture medium was
collected to assess HGP using the Amplex Red glucose
assay kit (Invitrogen).

Adeno-Associated Virus 8-Mediated Gene Delivery
The open reading frame sequence of GFP or HO1 was
cloned into an adeno-associated virus 8 (AAV8) vector.
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AAVS8-GFP or AAV8-HO1 was generated from these plas-
mids by VectorBuilder and then injected once into 8- to
12-week-old male mice via retro-orbital at the concentra-
tion of 10" genome copies/mouse. Blood glucose was
monitored using a glucometer (Danyer, Whippany, NJ).
Pyruvate tolerance and glucagon tolerance tests were
performed upon 16 h of fasting on days 8 and 11 post-
injection of virus, respectively. Tissues were collected
14 days after the AAVS8 injection. Serum insulin (catalog
number 589501; Cayman Chemical) and glucagon (RAB0202;
Sigma-Aldrich) levels, as well as liver triglyceride (catalog
number ab65336; Abcam, Cambridge, MA) and cholesterol
(catalog number ab65359; Abcam) levels, were measured by
corresponding commercial kit. The activity of ALT in the
serum sample was measured by a kit purchased from Sigma-
Aldrich (catalog number MAKO052).

Real-time PCR

Total RNA was extracted by TRIzol reagent (Invitrogen)
and used for cDNA synthesis via the iScript cDNA Syn-
thesis Kit (Bio-Rad Laboratories, Hercules, CA). The cDNA
was amplified by a SYBR Green-based Master Mix (Bio-Rad
Laboratories) on a CFX384 Touch Real-Time PCR detection
system (Bio-Rad Laboratories). Cyclophilin was used as the
housekeeping gene. Sequences of the primers are available
in Supplementary Table 1 (15,17,20).

Western Blotting

Protein extracted from hepatocytes or liver tissues was
loaded in SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane for Western blotting. Primary anti-
bodies against HO1 (82206), Foxol (2880S), phosphory-
lated (p)Fox01-5253 (9461S), pCREB-5133 (9198S), CREB
(9197S), pIkkB-S177/5181 (2078S), Ikkp (2370S), pp65-
$536 (3031S), p65 (8242S), pp38-T180/Y182 (CST 4511S),
PAKT-S473 (9271S), Akt (9272S) B-actin (4970S), and
GAPDH (CST 5174S) were purchased from Cell Signaling
Technology (Danvers, MA). The antibody against p38a was
purchased from ABclonal Technology (A14401; Woburn,
MA). The antibody against pFox01-5273 was generated as
previously described (6). The intensity of each band was
analyzed by the ImageJ software (National Institutes of
Health).

Cellular Superoxide Dismutase Activity

The activity of superoxide dismutase (SOD) in hepatocytes
was evaluated by a colorimetric kit (Abcam) according to
the manufacturer’s manual. Briefly, hepatocytes isolated
from wild-type mice were transfected with Adv-GFP or
Adv-HO1 for 24 h. The cells were lysed and incubated with
working solutions at 37°C for 20 min. The absorbance was
read at 450 nm by a microplate reader.

Detection of Intracellular Reactive Oxygen Species

The reactive oxygen species (ROS) in hepatocytes was
detected using MitoSOX Red mitochondrial superoxide
indicator (Invitrogen). Hepatocytes isolated from wild-
type mice were transfected with Adv-GFP or Adv-HO1
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for 24 h. The cells were then incubated with 5 pwmol/L
MitoSOX reagent working solution for 10 min at 37°C. The
ROS was visualized by confocal microscope (Leica Biosys-
tems, Wetzlar, Germany).

Immunoprecipitation

Hepatocytes were lysed in TNE buffer (50 mmol/L Tris-HCl,
100 mmol/L Na(Cl, and 0.1 mmol/L EDTA, pH 7.4) with
protease inhibitors and phosphatase inhibitors. The cell
lysates were incubated with the antibody against Ikk{
(Cell Signaling Technology) overnight at 4°C. The immune
complexes were then precipitated by the IgG-coated magnetic
beads (Invitrogen) at 4°C for 4 h. The complexes were then
denatured by boiling at 95°C for 5 min in SDS sample buffer.

Detection of Intracellular Ferrous Iron

The level of intracellular ferrous iron was assessed by
FeRhoNox-1 fluorescent probe (Goryo Chemical Inc., Sap-
poro, Japan) according to the manual (21). Hepatocytes
were transfected with Adv-GFP or Adv-HO1 for 24 h. The
FeRhoNox-1 solution (5 pmol/L in 200 pL of Hanks’
balanced salt solution) was then added to cells, followed
by the incubation at 37°C for 1 h. Finally, the cells were
visualized in Hanks’ balanced salt solution by a confocal
fluorescent microscope (Leica Biosystems).

Measurement of the Ferrous Iron Level in Liver Tissues
The content of ferrous iron in liver tissues was measured
using an iron assay kit (ab83366; Abcam). Liver tissues
were homogenized in the assay buffer and then incubated
with or without iron reducer, followed by the incubation
with the iron probe at 37°C for 1 h in the dark. The
absorbance at 593 nm was read.

Iron-Dextran Treatment in Mice

Male (8-12 weeks old) Foxol™® or L-FKO mice were
injected with saline or Iron-Dextran (Sigma-Aldrich)
(22.5 mg/kg/injection) intravenously twice at an interval
of 4 h (22). Pyruvate tolerance test was performed 24 h
after the first injection of iron-dextran upon 16 h of
fasting.

AAV8-Mediated HO1 Knockdown in L-DKO Mice
shRNA against HO1 was cloned into an AAVS8 vector to
generate HO1 shRNA by VectorBuilder. The AAV8-based
shRNA was injected to IRS1¥2::1RS2%® or L-DKO mice
(male, 8-12 weeks old) via retro-orbital at the concentration
of 10™ genome copies/mouse. Pyruvate tolerance and glu-
cose tolerance tests were performed upon 16 h of fasting on
days 8 and 11 postinjection of virus, respectively. Tissues
were collected 14 days after the AAVS injection.

DFO Treatment in L-DKO Mice

Male (8-12 weeks old) IRS1¥8::TIRS2%2 or L-DKO mice
were treated with 10 mg/kg body weight DFO (23) by
intraperitoneal injection; they were then fasted for 14 h,
followed by another injection of DFO with the same
dosage. The fasting blood glucose was measured, and

Diabetes Volume 70, March 2021

a pyruvate tolerance test was performed 2 h after the
second injection of DFO.

Statistical Analyses

Results were presented as mean = SEM of at least three
independent experiments. The statistical analyses were
performed with Prism 8 software (GraphPad, San Diego,
CA). Two-tailed t tests were applied to data from two
different groups. Data from more than two groups were
analyzed by one-way or two-way ANOVA with Tukey post
hoc test to determine the significance, as appropriate. P <
0.05 was considered as statistically different.

Data and Resource Availability

The data generated from this study and the associated
resources are available from the corresponding author
upon reasonable request.

RESULTS

HO1 Regulates Foxo1 and Promotes HGP in
Hepatocytes

To examine the role of HO1 in HGP, we overexpressed
HO1 in hepatocytes and found that HGP was increased
25.8% as a result of HO1 overexpression in hepatocytes
isolated from the control mice; this was comparable to the
effect of glucagon treatment (Fig. 14). However, Adv-HO1
and glucagon did not show a synergistic effect in the HO1-
overexpressed hepatocytes (P = 0.5); this suggests that
HO1 overexpression and glucagon may promote HGP by
targeting overlapping signaling pathways. In addition,
HO1 overexpression improved the transcriptional level
of Foxol target genes responsible for gluconeogenesis,
including G6Pc (2.69-fold) and Pck (1.82-fold), but did
not affect the mRNA level of Foxol (Fig. 1B).

Since Foxol integrates the glucagon/protein kinase A
(PKA) signaling to enhance gluconeogenesis via phosphory-
lation at Ser273 (6), we then evaluated the effects of HO1
overexpression on Foxol phosphorylation. It was found that
HO1 overexpression mimicked the effects of glucagon on
activating PKA and Foxol; this was evident by the increased
levels of pCREB-S133 and pFox01-5273 and increased total
Foxo1l of 1.42-fold, 2.16-fold, and 1.73-fold, respectively (Fig.
1C). Conversely, HO1 overexpression did not show a signif-
icant effect on HGP in the hepatocytes isolated from L-FKO
or Foxol constitutive dephosphorylation Foxo1-5273%4
mice (Fig. 1A and D). Collectively, HO1 overexpression
promotes HGP via the regulation of Foxol phosphorylation.
In addition, HO1 overexpression in hepatocytes increased
the mRNA level of proinflammatory genes, such as MCP1
and tumor necrosis factor-a (TNF-o) (Fig. 1E). Taken to-
gether, these data suggest a potential link between HO1
overexpression and enhanced HGP in hepatocytes.

HO1 Overexpression Activates Nuclear Factor-«xB and
Induces HGP in Hepatocytes

Since it was reported that HO1 drives metainflammation
in mouse and human through nuclear factor-kB (NF-kB)
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Figure 1—HO1 regulates Foxo1 to promote HGP in hepatocytes. A: Hepatocytes isolated from Foxo1 M or L-FKO mice were transfected with

Adv-GFP or Adv-HO1 for 20 h and then switched to HGP buffer for 3 h, with or without 100 nmol/L glucagon stimulation. HGP was normalized
to total protein levels. n = 3/group. Results are presented as mean = SEM. B: Hepatocytes from wild-type mice were isolated and transfected
with Adv-GFP or Adv-HO1 for 24 h. Total RNA was extracted for quantitative PCR analyses to detect the levels of Foxo1, G6Pc, and Pck. The
relative mRNA expression was normalized by cyclophilin. n = 3/group. Results are presented as mean + SEM. C: Hepatocytes isolated from
Foxo1™" or L-FKO mice were transfected with Adv-GFP or Adv-HO1 for 20 h and then starved in DMEM with 1% FBS for 1 h, followed by
100 nmol/L glucagon stimulation for 3 h. The cell lysates were loaded onto a 10% SDS-PAGE for Western blotting to detect HO1, pCREB-
S133, total CREB, pFoxo1-S273, and total Foxo1. The relative expression level of each protein was normalized to the corresponding GAPDH
and quantified by ImagedJ. n = 3/group. Results are presented as mean + SEM. D: Hepatocytes from Foxo1-S273*/* (control) or Foxo1-
$273*%A mice were isolated and transfected with Adv-GFP or Adv-HO1 for 20 h. The cells were then switched to HGP buffer for 3 h. HGP was
normalized to total protein levels. n = 4/group. Results are presented as mean = SEM. E: Hepatocytes isolated from wild-type mice were
transfected with Adv-GFP or Adv-HO1 for 24 h. Total RNA was extracted for quantitative PCR analyses to detect the levels of MCP1 and TNF-

a. The relative mRNA expression was normalized by cyclophilin. n = 3/group. Results are presented as mean + SEM.

(15), we aimed to examine whether the activation of
NEF-kB by HO1 overexpression links to the induction of
HGP. As shown in Fig. 24, overexpression of HO1 in
hepatocytes activated NF-kB by promoting the phosphor-
ylation of p65 at Ser536. Notably, the transfection of p65
siRNA, or the treatment with p65 inhibitor JSH23, di-
minished the effects of HO1 overexpression on HGP by
25.0% and 17.1%, respectively (Fig. 2B and (). Although
HO1 overexpression also increased the phosphorylation of
proinflammatory p38 (Fig. 2A), neither p38 siRNA nor p38
inhibitor showed a significant influence in abolishing the
effect of HO1 overexpression on HGP (Supplementary Fig.
1A and B).

It was also demonstrated that knockdown or blocking of
p65 impaired the effects of HO1 overexpression on PKA—
Foxol signaling (Fig. 2D and E). These results are consis-
tent with the existing literature reporting the inhibition of
PKA by the inactivation of hepatic p65/NF-kB (24). Hence,
NF-kB mediates the effects of HO1 overexpression in
activating the PKA—Foxol axis to promote HGP.

HO1 Overexpression Promotes Gluconeogenesis
Dependent on Foxo1 In Vivo

We further aimed to demonstrate that HO1 regulates
Foxol to promote gluconeogenesis in vivo. HO1 was
overexpressed in male control or L-FKO mice by injecting
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Figure 2—HO1 overexpression activates NF-kB and induces HGP in hepatocytes. A: Hepatocytes isolated from wild-type mice were
transfected with Adv-GFP or Adv-HO1 for 16 h and then starved in DMEM with 1% FBS for 1 h, followed by 100 nmol/L glucagon stimulation
for 1 h. The cell lysates were loaded onto a 10% SDS-PAGE for Western blotting to detect HO1, pp65-S536, total p65, pp38-T180/Y182, and
total p38a. The relative expression of each phosphorylated protein was normalized to the corresponding total protein and quantified by
Imaged software. n = 3/group. Results are presented as mean *= SEM. B: Hepatocytes isolated from wild-type mice were transfected with
scramble siRNA or p65 siRNA for 12 h and then transfected with Adv-GFP or Adv-HO1 for 24 h. Afterward, the cells were switched to HGP
buffer for 3 h. HGP was normalized to total protein levels. n = 4/group. Results are presented as mean = SEM. C: Hepatocytes isolated from
wild-type mice were pretreated by 10 umol/L p65 inhibitor JSH23 for 0.5 h and then transfected with Adv-GFP or Adv-HO1 for 20 h, followed
by incubation in HGP buffer for 3 h. HGP was normalized to total protein levels. n = 4/group. Results are presented as mean = SEM. D:
Hepatocytes isolated from wild-type mice were transfected with scramble siRNA or p65 siRNA for 12 h and then transfected with Adv-GFP or
Adv-HO1 for 24 h. The cell lysates were loaded onto a 10% SDS-PAGE for Western blotting to detect HO1, total p65, pCREB-S133, total
CREB, pFox01-S273, and total Foxo1. The relative expression of each phosphorylated protein was normalized to the corresponding total
protein and quantified by Imaged. n = 3/group. Results are presented as mean = SEM. E: Hepatocytes isolated from wild-type mice were
pretreated by 10 wmol/L p65 inhibitor JSH23 for 0.5 h and then transfected with Adv-GFP or Adv-HO1 for 24 h. The cell lysates were loaded
onto a 10% SDS-PAGE for Western blotting to detect HO1, total p65, pPCREB-S133, total CREB, pFoxo1-S273, and total Foxo1. The relative
expression of each phosphorylated protein was normalized to the corresponding total protein and quantified by Imaged. n = 3/group. Results
are presented as mean = SEM.

AAVS8-HOL1. Fasting blood glucose of the control mice was
significantly increased by AAV8-HO1 (AAV8-GFP 86.7 mg/
dL vs. AAV8-HO1 104 mg/dL, P = 0.007) (Fig. 34). Such
an effect in the L-FKO mice was insignificant (P = 0.2)

(Fig. 34). Of note, HO1 overexpression elevated blood
glucose under the feeding condition in both the control
(AAV8-GFP 161.5 mg/dL vs. AAV8-HO1 191.1 mg/dL, P =
0.002) and L-FKO mice (AAV8-GFP 143.3 mg/dL vs.
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Figure 3—HO1 overexpression promotes gluconeogenesis dependent on Foxo1 in vivo. A and B: AAV8-GFP or AAV8-HO1 was delivered via
retro-orbital to male mice (8-12 weeks old). Blood glucose after 16 h of fasting or underfeeding conditions was measured 8 days after the
virus injection. n = 4-7 mice/group. Results are presented as mean = SEM. C and D: AAV8-GFP or AAV8-HO1 was delivered via retro-orbital
to male mice (8-12 weeks old) for 7 days. The mice were fasted for 16 h and then subjected to a 2-h pyruvate tolerance test (8 days
postinjection, 2 g/kg body weight pyruvate i.p. injection) and glucagon tolerance test (11 days postinjection, 16 wg/kg body weight glucagon
i.p. injection). The area under the curve (AUC) of each profile was calculated. n = 5-7 mice/group. Results are presented as mean = SEM.

AAV8-HO1 177.8 mg/dL, P = 0.005) (Fig. 3B). The in-
crease of feeding blood glucose implied the development of
insulin resistance driven by HO1, which was also evidenced
by the increased serum insulin concentration exhibited by
the HO1-overexpressed mice (Supplementary Fig. 2A). In
addition, HO1-overexpressed hepatocytes showed im-
paired response toward insulin stimulation (Supplemen-
tary Fig. 2B). These results further support a previous
study that demonstrated the role of HO1 in driving insulin
resistance (15).

To specify the roles of in vivo HO1 overexpression in
promoting gluconeogenesis, we then performed pyruvate
tolerance and glucagon tolerance tests. AAV8-HO1 in-
creased glucose production in the 2-h time course pyruvate
tolerance test in the control mice (P = 0.02), but not in the

L-FKO mice (P = 0.7) (Fig. 3C). AAV8-HO1 exerted
a similar effect in the glucagon tolerance test, in which
the blood glucose profile of the control mice was signif-
icantly altered (P = 0.03) by HO1 overexpression, but not
the L-FKO mice (P = 0.8) (Fig. 3D). Additionally, the
control liver with HO1 overexpression displayed a higher
level of pCREB-S133 (1.47-fold) than their littermates
overexpressed by GFP (Fig. 4A); this led to increases in
pFox01-5273 and total Foxol by 1.93-fold and 1.43-fold,
respectively (Fig. 4A). The activation of Foxol conse-
quently enhanced the transcriptions of gluconeogenic
genes, including G6Pc and Pck, in the control mice instead
of the L-FKO mice (Fig. 4B). Taken together, HO1 over-
expression promotes gluconeogenesis in a Foxol-dependent
manner in vivo.
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Figure 4—HO1 overexpression in vivo activates NF-kB and Foxo1 in the liver. AAV8-GFP or AAV8-HO1 was delivered via retro-orbital to male
mice (8-12 weeks old). Tissues from the mice were collected 14 days after the AAV8 injection. A: Total proteins from liver were extracted and
loaded onto a 10% SDS-PAGE for Western blotting analyses to detect HO1, pCREB-S133, total CREB, pFoxo1-S273, total Foxo1, plkkp-
S177/S181, total IkkB, pp65-S536, and total p65. The levels of phosphorylated proteins were normalized to the corresponding total protein
level. The level of total Foxo1 was normalized to GAPDH. n = 3 mice/group. Results are presented as mean = SEM. B: Total RNA from liver
tissues were extracted for reverse transcription and quantitative PCR analyses of gluconeogenic, inflammatory, fibrogenic, and lipogenic
genes. The relative mRNA level was normalized to cyclophilin. n = 4 mice/group. Results are presented as mean = SEM. C-E: Blood samples
from the mice were collected for the analysis of ALT activity, and liver tissues were collected for the analyses of triglyceride and cholesterol

levels using commercial kits. n = 6 mice/group. Results are presented as mean + SEM.

Since NF-kB signaling might be a potential linkage
between HO1 and HGP, we investigated the effects of
HO1 overexpression on the NF-kB pathway in the liver
tissues. We found that HO1l overexpression showed

a pronounced effect in upregulating pp65-S536 (1.71-
fold) in the control mice, but its effect in the L-FKO
mice was too moderate to be statistically significant
(Fig. 44).
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Of note, HO1 overexpression also improved the phos-
phorylation of Ikkf, which is an upstream regulator of p65
in both L-FKO mice (2.19-fold) and the floxed littermates
(1.60-fold) (Fig. 4A). The mRNA levels of TNF-a and
MCP1, which are p65-targeting proinflammatory genes,
were significantly increased by HO1 overexpression in
both control and L-FKO mice (Fig. 4B).

In addition, HO1 overexpression significantly in-
creased the mRNA levels of fibrogenesis markers, in-
cluding Collal, TIMP1, and elastin (Fig. 4B), in the liver
of both control and L-FKO mice, indicating a pivotal role
of HO1 in promoting hepatic fibrosis. However, HO1
overexpression only increased serum ALT activity in
control mice but not the L-FKO mice (Fig. 4C). These
results suggest the role of hepatic HO1 in facilitating
fibrosis and liver injury, which is, at least partially,
associated with Foxol. Although we also examined the
effect of HO1 overexpression on lipid metabolism in
both control and L-FKO mice, HO1 overexpression
barely affected liver triglyceride and cholesterol levels
(Fig. 4D and E). In line with our previous findings,
hepatic Foxol ablation increased the mRNA level of
Gck (17), which was further enhanced by HO1 over-
expression (Fig. 4B). However, there was no significant
effect of HO1 overexpression on the transcriptional
levels of other lipogenesis genes, including FASN and
Hmgcr (Fig. 4B). Collectively, HO1 overexpression
in vivo promotes hepatic gluconeogenesis and fibrosis,
with a mild effect on lipid metabolism.

HO1 Overexpression Activates Hepatic NF-«xB and
Foxo1 via Induction of Ferrous Iron Generation
Although a previous study associated the mitigation of
insulin resistance in liver-specific HO1 knockout mice with
increased hepatic SOD activity (15), the principal function
of HO1 is to catalyze the degradation of heme into ferrous
iron. Thus, we hypothesized that HO1 overexpression
activates hepatic NF-kB and Foxol by enhancing the in-
tracellular oxidative stress or/and generating ferrous iron.
Surprisingly, HO1 overexpression showed an insignificant
effect on both the SOD activity and the ROS production in
hepatocytes (Supplementary Fig. 3A and B). In addition,
mRNA levels of Nrf2-targeting ROS detoxification genes
were not altered by HO1 overexpression in vivo (Supple-
mentary Fig. 3C). By contrast, transfection of Adv-HO1 to
hepatocytes for 24 h robustly increased the amount of
intracellular ferrous iron, and this effect was abolished by
the treatment of iron chelator DFO (Fig. 5A). The in-
duction of ferrous iron generation by HO1 overexpression
was also evident by the increased amount of ferrous iron
accumulated in the AAV8-HO1 liver tissues in both control
and L-FKO mice (Fig. 5B).

In addition, we found that the chelation of ferrous
iron in hepatocytes suppressed the HO1l-induced HGP
by 11.2% (P = 0.04) (Fig. 5C). In line with this obser-
vation, pretreatment with DFO was found to abolish
the activations of NF-kB and Foxol in hepatocytes;
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this was demonstrated by the reduced levels of pIkkp-
S$177/5181, pp65-S536, pFox01-S273, and total Foxol
protein abundance (Fig. 5D). The suppressive effects
of DFO on NF-kB and Foxol further contributed to
the normalizations of mRNA levels of G6Pc and Pck
(Fig. 5E).

To determine the essential role of the HO1l-induced
ferrous iron in promoting the interaction between NF-kB
and Foxol in hepatocytes, we performed an immunopre-
cipitation. Foxol could be detected in the immunopreci-
pitates of Ikk@, which were substantially enhanced by the
HOL1 overexpression. Such an effect was abolished by the
addition of iron chelator DFO (Fig. 5F). In summary, HO1
overexpression enhances the generation of ferrous iron in
hepatocytes, which triggers the activations of NF-kB and
Foxol to promote HGP.

HO1 Knockdown Normalizes Gluconeogenesis in
L-DKO Mice

It was previously reported that genetically induced in-
sulin-resistant L-DKO mice (with hepatic deletions of
IRS1 and IRS2) showed a phenotype of enhanced fasting
blood glucose as well as protein abundance of hepatic
HO1 (16,25). Therefore, we used AAVS8 expressing
scramble or HO1 shRNA to determine whether HO1
plays a role in promoting gluconeogenesis under insulin
resistance. We found that HO1 knockdown reduced the
fasting blood glucose by 22.6% (P = 0.03) (Fig. 6A) and
significantly improved gluconeogenesis during pyruvate
tolerance test in L-DKO mice, but the effect in the
control mice was mild (Fig. 6B). Of note, the knockdown
of HO1 also improved glucose tolerance in L-DKO mice
(Fig. 6C), which was consistent with a previous obser-
vation in high-fat diet-fed mice (15). In agreement with
the changes in blood glucose, as compared with the
control liver, L-DKO liver showed a 54.3% increase in
ferrous iron content (P = 0.03), which was normalized by
HO1 knockdown (Fig. 6D); this further suggested the
roles of HO1 and associated ferrous iron in enhancing
gluconeogenesis.

In line with a previous report (16), there was a 1.35-fold
increase in hepatic HO1 protein level in L-DKO mice, as
compared with the control mice (Fig. 6E). The enhanced
phosphorylation of pCREB-S133 (1.48-fold) and pFoxol-
$273 (2.54-fold) in L-DKO mice was normalized by HO1
knockdown (Fig. 6D), which contributed to the deactiva-
tions of G6Pc and Pck transcripts (Fig. 6F). The inhibition
of Foxol signaling in L-DKO mice by HO1 knockdown was
associated with the suppression of NF-«kB signaling, which
was evident by the reductions of pIkkp-S177/5181 (from
1.86-fold to 1.26-fold) and pp65-S536 (from 1.62-fold to
0.98-fold) (Fig. 6E). The inhibition of NF-kB signaling also
contributed to a decrease in the mRNA level of proin-
flammatory genes, such as IL-6 and TNF-a (Fig. 6F). Since
HO1-mediated disruption of hepatic mitochondrial func-
tion was considered as a pathological mechanism in L-DKO
mice (16), we found in this study that the suppressed
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Figure 5—HO1 overexpression activates hepatic NF-kB and Foxo1 by generating ferrous iron. A: Hepatocytes from wild-type mice were
isolated and transfected with Adv-GFP or Adv-HO1 for 22 h and then treated with 40 wmol/L DFO for 2 h. The FeRhoNox-1 probe was used to
detect the intracellular ferrous iron, which was visualized by confocal microscope. B: AAV8-GFP or AAV8-HO1 was delivered via retro-orbital
to male mice (8-12 weeks old). Tissues from the mice were collected 14 days after the AAV8 injection. The concentration of ferrous iron in the
liver tissue was measured and normalized by the weight of liver used for the assessment. n = 6 mice/group. Results are presented as mean =
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Relative mRNA level

mRNA levels of QUCRC1 and MT-CO1 were restored by mitochondrial function by HO1 knockdown in DKO liver
HO1 knockdown in DKO liver (Fig. 6F), which is an was also evident by the restored mRNA level of genes
indicative of rescued heme-dependent electron transport responsible for fatty acid oxidation, including Hadha,
chain complex III and complex IV (20). The rescued hepatic  Cptla, and VLCAD (Fig. 6F).
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Hepatic Iron Status Regulates Gluconeogenesis

It has been reported that iron-dextran induced systemic
iron overload, resulting in insulin resistance in skeletal
muscle via inhibiting autophagic flux (22). In addition,
feeding of a high-iron diet increased fasting blood glu-
cose in low-fat diet-fed, high-fat diet-fed, and db/db
mice (26,27), but the underlying mechanisms remain
elusive. Hereby, we injected iron-dextran to induce
iron overload in control and L-FKO mice to further
investigate the role of hepatic iron status in regulating
gluconeogenesis and the involvement of Foxol. It was
found that intravenous injections of iron-dextran sig-
nificantly increased fasting blood glucose in the control
mice (82.6 mg/dL vs. 105.4 mg/dL, P = 0.02), but the
effect was absent in the L-FKO mice (Fig. 7A). Iron-
dextran injections also impaired pyruvate tolerance in
control mice but not in the L-FKO mice (Fig. 7B). These
data suggest that iron-dextran promotes hepatic gluco-
neogenesis via Foxol.

Iron-dextran-induced iron overload increased the
amounts of total iron and ferrous iron in the liver of
both control and L-FKO mice (Fig. 7C and D). However,
serum glucagon concentration was unaffected by the iron-
dextran injection (Fig. 7E), which indicates that hepatic
iron overload promotes gluconeogenesis without affecting
glucagon secretion. By contrast, the hepatic PKA—Foxol
axis was activated by the injection of iron-dextran, which
was evident by the 1.2-fold, 1.7-fold, and 1.6-fold increase
of pFox01-5273, total Foxol, and pCREB-S133, respec-
tively, in the control liver (Fig. 7F). Of note, the injection of
iron-dextran increased the level of pIlkkB-S177/S181 in
both control (1.6-fold) and L-FKO liver (1.9-fold) (Fig. 7F).
Collectively, hepatic iron overload activates IkkP and the
PKA—Foxol axis to promote gluconeogenesis.

Finally, we injected iron chelator DFO into the insulin-
resistant L-DKO mice to further examine whether iron
chelation could rescue the aberrant gluconeogenesis. Of
note, the treatment of iron chelator DFO significantly
reduced fasting blood glucose by 26.6% in L-DKO mice
(Fig. 7G). The response to pyruvate challenge in L-DKO
mice was also normalized by DFO injection (Fig. 7H). These
results suggested that the mitigation of HOl1-associated
hepatic iron overload contributes to suppressing gluco-
neogenesis under insulin-resistant conditions. However,
the treatment of DFO barely affected the fasting blood
glucose and pyruvate tolerance test profile under normal
physiological conditions (Fig. 7G and H, IRS1%®:1Rs2%# +
vehicle vs. IRS1Y%::IRS2%# + DFO). The differential reg-
ulatory roles of DFO in control and L-DKO mice indicated
that the ferrous iron chelated under normal conditions
might be compensated by other mechanisms. Conversely,
the chelation of excessive ferrous iron, which is associated
with HO1 upregulation, is beneficial for mitigating hyper-
glycemia in insulin-resistant mice. Overall, all of the above
data indicate that iron overload or chelation in mice
recapitulates the key aspects of hepatic iron in control
of gluconeogenesis via Foxol.
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DISCUSSION

Despite the protective effects in various organs reported
for HO1 (28), we and other groups demonstrated the
detrimental roles of HO1 in disrupting hepatic mitochon-
drial function (16) and driving insulin resistance in mouse
and humans (15); this impelled us to further identify the
multifaceted roles of HO1 in hepatic glucose metabolism.
In the current study, we demonstrated that 1) HO1 over-
expression promotes gluconeogenesis via Foxol, which
occurs through Foxo1l-5273 phosphorylation; 2) overex-
pression of HO1 activates NF-kB by generating excessive
ferrous iron; and 3) suppression of HO1 rescues gluco-
neogenesis under insulin resistance, such as in L-DKO
mice. Our results provided solid biochemical evidence for
the roles of HO1 involved in hepatic glucose homeostasis.

HO1 is considered as a Foxol-targeting gene, as it
contains a Foxol recognition motif, TATTTT (10). The
Foxol-regulated HO1 plays a pivotal role in the hepatic
mitochondrial functions under insulin resistance; this was
demonstrated by the mitochondrial dysfunction present in
the liver of the insulin-resistant L-DKO mice, while the
mitochondrial function was restored in the L-TKO mice (L-
DKO mice with the deletion of Foxol) (16). In this study,
we report the reversible regulation of Foxol by HO1 to
promote gluconeogenesis, which reveals a novel relation-
ship between Foxol and HO1. Importantly, we also found
that HO1 enhances HGP by activating the PKA—Foxol
axis, specifically by increasing the phosphorylation of
Foxol at Ser273 (equivalent to Ser276 in humans), which
is a site we previously identified to be regulated by gluca-
gon signaling (6). This finding further proves the essential
role of the PKA—Foxo1 axis in gluconeogenesis, which can
be targeted by different signaling cascades.

Our studies indicate that the activation of NF-kB by HO1
overexpression in hepatocytes promotes gluconeogenesis
via PKA. It was reported that deletion of p65 gene in
hepatocytes contributed to a weak response during the pyru-
vate tolerance test, as well as reduced levels of PKA activity and
gluconeogenic gene transcriptions; this was considered to
be regulated by cyclic nucleotide phosphodiesterase-3B
(24). Thus, we speculate that the PKA—Foxol axis is
downstream of phosphodiesterase-3B. However, we can-
not rule out the possibility of other important factors to
bridge NF-kB and Foxol since Foxol can be regulated by
multiple kinases (29-32). Of note, it was reported that Ikk
can directly phosphorylate Foxo3a at Ser644 (a site that is
independent of Akt regulation) in human breast cancer
cells, which promotes Foxo3a ubiquitination and degra-
dation (33). Thus, it is also possible that Ikk may directly
interact with Foxol to promote gluconeogenesis, and the
Ikk-regulated phosphorylation sites of Foxol are unknown
and worth being characterized in future studies.

In the current study, we showed the pivotal role of
HO1-induced ferrous iron in activating NF-kB and PKA—
Fox01-S273 to promote gluconeogenesis. Indeed, the ac-
tivation of NF-kB by ferrous iron has been reported in
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Figure 7—Hepatic iron status regulates gluconeogenesis. The 8- to 12-week-old Foxo1"" or L-FKO male mice were injected with saline or
iron-dextran (22.5 mg/kg body weight) intravenously twice at intervals of 4 h. A and B: Fasting blood glucose was measured 24 h after the first
injection of iron-dextran upon 16-h fasting, followed by a 2-h pyruvate tolerance test (2 g/kg body weight pyruvate i.p. injection). The area
under the curve (AUC) of each profile was calculated. n = 5 mice/group. Results are presented as mean = SEM. C-E: Liver and blood
samples were collected after 24 h of the first injection of iron-dextran upon 16-h fasting. The contents of total iron and ferrous iron in the liver
as well as the serum glucagon level were measured by commercially available kits. n = 5 mice/group. Results are presented as mean + SEM.
F: Liver samples were collected 24 h after the first injection of iron-dextran upon 16-h fasting. Total proteins from the liver were extracted and
loaded onto a 10% SDS-PAGE for Western blotting analyses to detect pPCREB-S133, total CREB, pFoxo1-S273, total Foxo1, plkkp-S177/
S181, and total IkkB. The levels of phosphorylated proteins were normalized to the corresponding total protein level. The level of total Foxo1
was normalized to GAPDH. n = 3 mice/group. Results are presented as mean = SEM. G and H: Male (8-12 weeks old) IRS1"":1IRS2™ or
L-DKO mice were treated with 10 mg/kg body weight DFO by i.p. injection and then fasted for 14 h, followed by a second injection of DFO with
the same dosage. The fasting blood glucose was measured, and a pyruvate tolerance test (2 g/kg body weight pyruvate i.p. injection) was
performed 2 h after the second injection of DFO. n = 4 mice/group. Results are presented as mean = SEM.




708 HO1 and Ferrous Iron in Gluconeogenesis

hepatic macrophages, which was considered to be involved
in the pathogenesis of alcoholic liver injury (34-36). Our
findings from this study further broaden the pivotal role of
ferrous iron-activated NF-kB in the liver, which is asso-
ciated with glucose production. Although the causal re-
lationship between iron overload and metabolic dysfunction
has been recognized in the liver, skeletal muscle, and
adipose tissue (22,37-40), the underlying mechanism as
well as the origin of iron accumulation remain elusive. Our
findings in this study shed a new insight on the role of HO1
in the development of hepatic iron overload and subsequent
disruption of hepatic glucose homeostasis, which is con-
trolled by Foxol.

The pathological effects of ferrous iron have been re-
cently addressed in other cells, such as cardiomyopathy,
which occurs through the induction of ferroptosis in
cardiomyocytes (41). In this study, we identified the
role of HO1 and the associated ferrous iron accumulation
in the liver involving in glucose metabolism. It would be of
interest to further investigate the effects on hepatocytes
ferroptosis and associated liver diseases of a constitutive
activation of HO1 and generation of ferrous iron in the
liver in transgenic mouse models.

In this study, we found that in the insulin-resistant
L-DKO mice, the levels of HO1 and ferrous iron in the liver
were higher than that of control littermates; this suggests
that the upregulation of HO1 and the consequent accu-
mulation of hepatic ferrous iron may serve as a key
mechanism for hyperglycemia in L-DKO mice. As docu-
mented, the treatment of iron chelator DFO improved the
adipocyte dysfunction and systemic insulin resistance in

Gluconeogenesis

Hepatocytes

Figure 8 —Schematic diagram represents the role of HO1 in regu-
lating gluconeogenesis. HO1 overexpression produces excessive
ferrous iron, which activates NF-kB in hepatocytes. As a conse-
quence, Foxo1 is phosphorylated at Ser273, which activates the
transcriptions of genes encoding for gluconeogenic enzymes. The
figure was created with BioRender.com.
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diabetic mice models (42-44). In agreement with these
reports, we found that either HO1 knockdown or iron
chelation reduced the fasting blood glucose and improved
pyruvate tolerance test profile in L-DKO mice; this indi-
cates that suppressing HO1 or chelating the excessive
ferrous iron in the liver may be an alternative strategy
for mitigating hyperglycemia under insulin resistance,
which is accomplished through the suppression of gluco-
neogenesis. Of note is that HO1 knockdown also improved
expression of genes responsible for mitochondrial function
and fatty acid oxidation in the liver of insulin-resistant
mice.

In summary, our study demonstrates the role of hepatic
HO1 in promotion of gluconeogenesis via Foxol (Fig. 8),
which further supports the notion that HO1 may have
detrimental effects in the liver on disrupting glucose
homeostasis. Previous studies have concluded that the
reduced bioavailability of heme, which is degraded by
HO1, results in hepatic mitochondrial dysfunction and
insulin resistance (15,16). In the current study, we iden-
tified that the HOl-mediated ferrous iron production is
a pivotal player in promoting HGP, which unveils a novel
mechanism of HO1 involving in liver metabolism. Thus,
HOL1 inhibition, instead of activation, can be a strategy for
the management of T2D in the future.
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