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Abstract

Fibroblast growth factor-21 (FGF21) is a potential metabolic regulator with multiple beneficial
effects on metabolic diseases. FGF21 is mainly expressed in the liver, but is also found in other
tissues including the intestine, which expresses B-klotho abundantly. The intestine is a unique
organ that operates in a physiologically hypoxic environment, and is responsible for the fat
absorption processes including triglyceride breakdown, re-synthesis and absorption into the portal
circulation. In the present study, we investigated the effects of hypoxia and the chemical hypoxia
inducer, cobalt chloride (CoCl,), on FGF21 expression in Caco-2 cells and the consequence of fat
accumulation. Physical hypoxia (1% oxygen) and CoCl, treatment decreased both FGF21 mRNA
and secreted protein levels. Gene silence and inhibition of hypoxia-inducible factor-a (HIFa) did
not affect the reduction of FGF21 mRNA and protein levels by hypoxia. However, CoCl,
administration caused a significant increase in oxidative stress. The addition of n-acetylcysteine
(NAC) suppressed CoCly-induced reactive oxygen species (ROS) formation and completely
negated CoCl,-induced FGF21 loss. mRNA stability analysis demonstrated that the CoCly
administration caused a remarkable reduction in FGF21 mRNA stability. Furthermore, CoCl,
increased intracellular triglyceride (TG) accumulation, along with a reduction in mMRNA levels of
lipid lipase, hormone sensitive lipase (HSL) and adipose triglyceride lipase (ATGL), and an
increase of sterol regulatory element-binding protein-1c (SREBP1c) and stearoyl-coenzyme A
(SCD1). Addition of both NAC and recombinant FGF21 significantly attenuated the CoCls-
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induced TG accumulation. In conclusion, the decrease of FGF21 in Caco-2 cells by chemical
hypoxia is independent of HIFa,, but dependent on an oxidative stress-mediated mechanism. The
regulation of FGF21 by hypoxia may contribute to intestinal lipid metabolism and absorption.
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Introduction

Fibroblast growth factor (FGF)-21 (FGF21) is a member of FGF superfamily and has been
identified as a potent metabolic regulator. FGF21 levels have been correlated to responses to
fasting metabolism, which regulates hepatic gluconeogenesis, adipose lipolysis in
adipocytes, provides fatty acids to the liver for ketogenesis, and torpor (Badman et al., 2007,
Inagaki et al., 2007). Pharmacological administration of FGF21 produces glucose and lipid
lowering effects in rodents and rhesus monkeys with diet-induced or genetic obesity and
diabetes (Kharitonenkov et al., 2005; Kharitonenkov et al., 2007). FGF21 has broad
metabolic actions that include enhancing insulin sensitivity, decreasing plasma glucose and
triglyceride concentration, lowering LDL cholesterol, increasing HDL cholesterol and
reducing body weight (Kharitonenkov ef al., 2005; Kharitonenkov et a/., 2007; Coskun et
al., 2008; Xu et al., 2009). Recent mechanistic studies have demonstrated that FGF21 is
regulated by peroxisome proliferator-activated receptor (PPAR)-a in the liver and PPAR~y
in adipose tissues (Badman et a/., 2007; Muise et al., 2008). FGF21 exerts its functions
through activation of a unique dual receptor system including tyrosine kinase, FGF receptors
(FGFRs), and a co-receptor, p-klotho (Ogawa et al., 2007). The functions of FGF21 are also
regulated by PPARy coactivator-la (PGCla) (Estall et al., 2009), a key regulator of energy
homeostasis, and by activation of the AMP-activated protein kinase-sirtuin 1 pathway (Chau
et al., 2010).

Previous studies have suggested that the liver is the major tissue for FGF21 expression and
that the adipose tissue is the major target of FGF21 function (Hotta et a/., 2009). FGF21
plays an important role in regulating energy homeostasis during fasting and is required for
activation of hepatic lipid oxidation and triglyceride (TG) clearance. It has also been
demonstrated that FGF21 is abundantly expressed in other tissues including the intestine
(Fon Tacer et al.,, 2010), indicating a possible role of FGF21 in intestine. Interestingly, its
unique co-receptor, p-Klotho, is highly expressed in colon tissues (Fon Tacer et al., 2010).
However, the role of FGF21 and how it is regulated in the intestine are not known.

The intestine absorbs and transports the nutrients from the diet. Dietary triglyceride (TG) is
hydrolyzed into free fatty acids (FFA) in the intestine lumen, which they, in turn, are taken
up by enterocytes from their apical side, transported to the endoplasmic reticulum (ER), re-
synthesized into TG, and assembled into chylomicrons and transported into blood stream.
Therefore, this intestine-mediated TG metabolism process is critical for whole body energy
homeostasis (Green and Glickman, 1981; Shepherd, 1994). Intestinal epithelial cells are
positioned between an anaerobic lumen and a highly metabolic lamina propria (Taylor and
Colgan, 2007). Hypoxia exists under physiological conditions and becomes severe under
pathological conditions when more oxygen is demanded due to metabolism of nutrients and
a decreased oxygen supply. Prolonged hypoxia has many cytotoxic effects including
oxidative stress (LeGrand and Aw, 1996). Adaptation to hypoxia in the intestine is mainly
provided by regulation of a transcription factor, hypoxia-inducible factor (HIF), which up-
regulates many genes that mediate cellular energy homeostasis.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 October 15.
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To elucidate the correlation of FGF21 regulation and hypoxia in TG metabolism in the
intestine, the present study investigated the mechanisms of how hypoxia regulates intestinal
FGF21 expression and the effects on TG metabolism with a chemical exposure that has a
similar effect as oxygen deprivation, which is sometimes called “chemical hypoxia”. We
demonstrate that chemical hypoxia induces a down-regulation of FGF21 in Caco-2 cells;
this regulation is not associated with HIF stabilization by hypoxia, but depends on hypoxia-
induced oxidative stress and mRNA stabilization.

Materials and Methods

Cell Culture and Treatments

Caco-2 cells were purchased from the American Type Culture Collection (Mannasas, VA,
Cat#:HTB-37). Caco-2 cells were cultured in EMEM, supplemented with 100 U/ml
penicillin, 100 pg/ml streptomycin, and 10% fetal bovine serum, at 37 °C in a humidified
5% CO5 environment. Culture media were changed every 2 days. Cells were subcultured
after partial digestion with 0.25% trypsin-EDTA. Hypoxic conditions were introduced by
incubating cells in a tightly sealed chamber maintained at 1% O,, 5% CO», and balanced
with Ny at 37°C. Caco-2 cells were also treated with cobalt chloride (CoCl,), and in some
experiments with deferoxamine (DFO). Cells were treated with or without antioxidant n-
acetylcysteine (NAC) or manganese [111] tetrakis (4-benzoic acid) porphyrin (MNnTBAP) as
indicated.

RNA Interference

SiRNAs targeting human HIF1a/2a and a negative mismatched control were designed and
synthesized by Ambion (Austin, TX). After monolayer cultures reached 50% confluency,
the cells were transfected with 100 nM HIF1a -targeted or negative mismatched siRNA
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's
instruction. Antibiotics were added to the medium 24 h after transfection, and cells were
used for experimental procedures 48 h after transfection.

Nuclear Extract Preparation

In brief, cells were washed once on a dish with ice-cold phosphate-buffered saline (PBS).
Ice-cold buffer (10 mM Tris-HCI, pH 7.8, 1.5 mM MgCls, and 10 mM KCI) containing
freshly added 0.4 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM dithiothreitol (DTT),
and 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) was overlaid on cells in
the dish and incubated for 10 min. The cells were then harvested by scraping with a rubber
cell policeman and lysed by Dounce homogenization. Nuclei were pelleted by centrifugation
of 10,000 g for 10 min and then resuspended in ice-cold buffer (20 mM Tris-HCI, pH 7.8,
420 mM KCl, 1.5 mM MgCl,, and 20% glycerol) containing freshly added 0.4 mM PMSF,
0.5 mM DTT, 1% protease inhibitor cocktail, and 1 mM NazVO, and incubated for 30 min
on ice with occasional tapping. The extracts were clarified by centrifugation at 12,000 g for
15 min at 4°C, placed in aliquots, and stored at -80°C.

Oil red O staining

Caco-2 cells were seeded in 6-well plate and were cultured in serum-free media overnight.
Twenty- four hours after treatment with CoCly, cells were washed three times with ice-cold
PBS and fixed with 4% paraformaldehyde for 1 h. After fixation, cells were washed three
times and stained with Qil Red O solution (working solution, 0.5 g Oil Red O powder
dissolved in 60% ethanol) for 40 min at room temperature. Cells were washed again with
PBS to remove unbound staining. Cells were then observed under a light microscope.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 October 15.
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Detection of superoxide formation

Superoxide, one of the major forms of reactive oxygen species (ROS), accumulation in
Caco-2 cells was detected by dihydroethidium fluorescence microscopy. Nonfluorescent
dihydroethidium is oxidized by superoxide to yield the red fluorescent product, ethidium,
which binds to nucleic acids, staining the nucleus a bright fluorescent red. Caco-2 cells in
chamber slides were incubated with 5 wM dihydroethidium (Molecular Probes, Eugene, OR)
for 30 min at 37°C in the dark. The superoxide-catalyzed ethidium red fluorescence was
examined under fluorescence microscopy.

Quantitative Real time RT-PCR

The mRNA expression was assessed by real-time PCR. Total RNA from cultured cells was
isolated with Trizol according to manufacturer's protocol (Invitrogen, Carlsbad, CA) and
reverse-transcribed using GenAmp RNA PCR kit (Applied Biosystems, Foster City, CA).
The cDNA was amplified in 96-well reaction plates with a SYBR green PCR Master Mix
(Applied Biosystems) on an ABI 7500 real-time PCR thermocycler. Primer sequences are
listed in supplemental table 1. The ddCt-method (change in dCt [=Ct of the target gene
minus Ct of the housekeeping gene]) was used for relative quantification. Fold changes in
expression were calculated according to the transformation: fold increase =2(-AACY)  pCR
efficiency was tested and ensured to be similar for both the target gene and B-actin control
gene (Livak and Schmittgen, 2001).

Western blot analysis

Triglyceride

Cells were lysed on ice for 30 min in IPB (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM
EDTA, 4 mM NagVOy,, 40 mM NaF, 1% Triton X-100, 1 mM PMSF, 1% protease inhibitor
cocktail) and centrifuged at 14,000 g for 10 min. The supernatants were collected. An
appropriate amount of protein in total cell lysates was resolved in a SDS-polyacrylamide gel
and transferred onto a polyvinylidene difluoride membrane (Whatman, Sanford, ME).
Membranes were blocked for 1 h in Tris-buffered saline/Tween 20 (10 mM Tris-HCI, pH
8.0, 150 mM NacCl, and 0.05% Tween 20) containing 5% nonfat dry milk and incubated
overnight at 4°C with the following primary antibodies diluted in blocking buffer: HIF1a
(mouse anti-human mAb, BD Biosciences, San Jose, CA); B-actin (mouse anti-human
mADb), PPARa (rabbit anti-human pAb) and PPARy (mouse anti-human mAb, Santa Cruz
Biotechnology, Santa Cruz, CA); and FGF21 (rabbit anti-human pAb, Abcam, San
Francisco, CA). After washing with Tris-buffered saline/Tween 20, the membranes were
incubated with a horseradish peroxidase-linked anti-mouse or anti-rabbit 1gG antibody for 1
h at room temperature. Proteins were visualized using an enhanced chemiluminescence
system (GE Healthcare, Piscataway, NJ) and quantified by densitometry analysis.

measurements

Caco-2 cells were seeded in 6-well plates and were cultured in serum-free media overnight.
Twenty-four hours after treatment, cells were washed twice with cold PBS and collected.
Total TG content in the cells was determined using a TG assay kit (the assay is linear when
the TG concentration is up to 885 mg/dl; Wako Chemical, Osaka, Japan). The protein
concentration was determined with a BioRad DC Protein Assay kit (Bio-Rad Laboratories,
Hercules, CA, USA). TG values were normalized by protein concentration.

FGF21 ELISA assay

Caco-2 cells were plated in 6-well plates one day before treatment. After treatment, the
media were collected and concentrated at 10,000 g using Centricon (Millipore, Bedford,
MA), with a cut-off of 3 kDa. FGF21 protein levels were analyzed using an ELISA kit
according to the manufacturer's instructions (the appropriate range of this assay is 31.25 pg/
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ml to 2000 pg/ml human FGF21, Millipore, Bedford, MA). All assays were performed in
triplicate.

Statistical analysis

All experiments were performed at least three times. Data are expressed as means + SEM.
ANOVA and Newman-Keuls multiple-comparison test were used to determine statistical
significance. Differences between groups were considered significant at P<0.05.

Results

Hypoxia down-regulates FGF21 expression

To determine whether hypoxia plays a role in FGF21 regulation in the intestine, we treated
Caco-2 cells with well-known chemical hypoxia mimics, CoCl, or DFO, or exposed cells to
1% O, in the presence and absence of serum for 24 hours. The levels of FGF21 expression
were analyzed by real-time RT-PCR, ELISA and Western blot. Real-time PCR analysis
showed that 1% oxygen treatment resulted in a ten-fold reduction in FGF21 mRNA levels.
Similarly, CoCl, treatment dramatically reduced FGF21 mRNA expression by twenty folds.
DFO, which depletes cellular Fe2* and inactivates HIF prolyl hydroxylases, also decreased
FGF21 mRNA expression significantly (Fig 1A). Western blot (Fig 1B) and ELISA (Fig
1C) analyses showed a significant decrease in cellular and secreted FGF21 protein levels in
CoCl,-treated cells. Serum presence or absence had no effect on the changes of FGF21
mRNA levels under hypoxia treatment (data not shown). Because of the similar effects of
CoCl,, DFO and 1% oxygen on FGF21 expression, we used CoCl, as a hypoxia inducer in
the following experiments.

Next, we sought to study the mechanism by which CoCl, regulates FGF21 mRNA
expression. Caco-2 cells were exposed to 200 M CoCl; for 0, 4, 8, 12, and 24 hours,
respectively, or treated with various concentrations of CoCl, (0, 50, 100, 150, 200 M) for
24 hours. As shown in Figure 1D, serum starvation increased FGF21 mRNA levels in a
time-dependent manner, which is in agreement with the results in animal studies (Inagaki et
al., 2007). In contrast, CoCl, incubation dramatically decreased FGF21 mRNA expression
in a time-dependent manner (Fig 1E). The suppression of FGF21 mRNA expression by
CoCl, was also dose-dependent (Fig 1F). In following experiments, a concentration of 200
KM of CoCl, and a time period of 24 hours were used.

CoCly increases HIFla protein levels

It is well-known that CoCls induces HIF1a protein accumulation in a variety of cell types.
As anticipated, CoCl, treatment increased nuclear HIF1a protein level (Fig 2A) in Caco-2
cells, but not the mRNA levels (Fig 2B), which agrees with other studies (Wu et al., 2005).
Furthermore, we examined the expression of Glutl, a well-known HIF1a transcriptional
target, in response to CoCl, treatment. As expected, CoCl, significantly increased Glutl
MRNA expression in Caco-2 cells in a time-dependent manner (Fig 2C).

CoCl, down-regulates FGF21 expression independent of HIF1la/2a

In order to further investigate whether CoCly-induced FGF21 suppression is mediated by
HIFla, HIF1a gene was silenced by its specific SiIRNA or HIF1a protein accumulation was
inhibited by specific inhibitors, 2-Methoxyestradiol (2ME2) . As shown in Figure 3A, CoCl,
induced a drastic HIF1a protein nuclear accumulation, and it was completely eliminated by
siRNA or 2ME2 treatment. However, silencing of the HIF1a gene did not restore the
CoCly-suppressed FGF21 mRNA levels and protein secretion into the medium (Fig 3B). We
also utilized two distinct HIF1a inhibitors to further determine the effect of decreased
HIF1a expression on FGF21 expression. Caco-2 cells were treated with 2ME2 (100uM), a
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HIF inhibitor at the posttranscriptional level (Mabjeesh et a/.,, 2003) or YC-1 (50uM), a HIF
inhibitor at the post-translational level (Li et a/., 2008), in the presence of CoCl, for 24
hours. The treatment with both inhibitors diminished CoCl,-induced HIF1a protein
accumulation (Fig 3A), but failed to restore CoCl,-suppressed FGF21 mRNA and secreted
protein levels (Fig 3B &C). Besides HIF1a,, Caco-2 cells also express HIF2a.. In order to
further investigate whether CoCl,-induced decrease in FGF21 expression is mediated by
HIF2a, HIF2a gene was silenced by its specific sSiRNA. Silencing of the HIF2a gene did
not restore the CoCly-suppressed FGF21 mRNA levels (Supplemental Fig 1). Thus, these
data strongly suggest that the negative effect of CoCl, on FGF21 expression in Caco-2 cells
is independent of HIF1a/2a..

Effect of CoCl, on FGF21 is independent of PPARa and PPARYy in Caco-2 cells

Numerous studies have demonstrated that PPARa and PPAR-y are key transcriptional
regulators of FGF21 in the liver and in the adipose tissue (Lundasen et al., 2007; Wang et
al., 2008). To investigate whether the decrease in FGF21 expression due to the treatment of
CoCl, was a consequence of the alteration of upstream regulation of transcription, mRNA
and protein levels of PPARa and PPARy were examined. As shown in Fig 4A, CoCl,
treatment did not affect PPARa and PPARy either at mRNA levels or at protein levels in
Caco-2 cells (Fig 4C). These data suggest that the suppression of FGF21 expression is
unlikely to be dependent on PPARa and PPARy -mediated pathway(s).

Down-regulation of FGF21 expression in Caco-2 cells is mediated by oxidative stress

Previous studies have shown that hypoxia induces ROS generation (Rathore et al., 2008;
Desireddi et al., 2010). To evaluate the effects of CoCl, on ROS formation, Caco-2 cells
were treated with CoCl, for 24 hours without serum, and superoxide formation was
determined by fluorescent ethidium measurement. As shown in Fig 5A, CoCls significantly
increased superoxide accumulation.

To determine whether the decreased FGF21 expression by CoCl, was due to the oxidative
stress, a well-known antioxidant, NAC (3 mM), was added to Caco-2 cell culture along with
CoCl,. As shown in Fig 5A, addition of NAC completely inhibited CoCl,-induced
superoxide accumulation. Importantly, CoCl,-induced reduction in FGF21 expression was
completely restored by NAC addition (Fig 5B). Besides being an antioxidant, NAC may also
act as a cobalt chelator. To further analyze the specificity of the role of CoCl,-induced
oxidative stress in the FGF21 expression, another ROS scavenger, MnTBAP, which does
not show to be a cobalt chelator, was used to treat Caco-2 cells along with CoCl,. Addition
of MNTBAP completely inhibited CoCl,-induced FGF21 down-regulation (Supplemental
Fig 2). These results demonstrate that the effects of CoCl, on FGF21 expression in Caco-2
cells are mediated by oxidative stress. To determine whether hypoxia also induces a similar
effect on superoxide in Caco-2 cells and whether NAC ameliorates the effects of CoCl, on
FGF21 expression, Caco-2 cells were incubated under 1% O, in the presence and absence of
NAC. As shown in Fig 5C, addition of NAC completely inhibited hypoxia-induced
superoxide formation. Importantly, hypoxia-reduced FGF21 expression was completely
restored by NAC addition (Fig 5D). Taken altogether, the effects of CoCl, and hypoxia on
FGF21 expression in Caco-2 cells are mediated by oxidative stress.

CoCl, decreases FGF21 mRNA stability in Caco-2 cells

Previous studies have shown that ROS causes oxidative modification of major cellular
macromolecules, lipids, DNA, and proteins (England ef a/., 2006; Niki, 2008; Guachalla and
Rudolph, 2010) and decrease DNA stability (Savu ef a/., 2011). Because CoCl, decreases
FGF21 expression and this event is independent of PPARa and -y-mediated transcription,
we sought to determine if CoCl, could alter FGF21 mRNA stability. Actinomycin D

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 October 15.
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(ActD), a transcription inhibitor, was used to inhibit mMRNA transcription. Consistent with
our hypothesis, ActD addition inhibited the mRNA synthesis, and CoCl;, significantly
decreased FGF21 mRNA stability compared with vehicle group in 30 min. (Fig 6). Thus,
ROS-induced mRNA instability is involved in FGF21 down-regulation by CoCl, treatment.

CoCl, induces TG accumulation in Caco-2 cells

Both hypoxia and FGF21 regulation have been shown to play an important role in lipid
metabolism (Rankin et al., 2009; Murata et a/.,, 2011). In the present study, the role of
hypoxia in lipid metabolism was investigated. Intestinal Caco-2 cells were cultured in
serum-free media overnight and treated with CoCl, for 24 hours. A significant increase in
TG content was observed in Caco-2 cells when treated with CoCl, (Fig 7A). To investigate
the mechanism of how hypoxia regulates lipid accumulation, the expression of sterol
regulatory element binding protein 1c (SREBP1c), an essential transcription factor
promoting expression of lipogenesis-related genes, acetyl-CoA carboxylase (ACC), fatty
acid synthase (FAS), stearoyl-CoA desaturase (SCD1), and lipolysis genes hormone-
sensitive lipase (HSL) and adipose triglyceride lipase (ATGL), were measured. SREBP1c
and SCD1 mRNA levels were significantly increased (Fig 7B); whereas HSL and ATGL,
the two predominant lipases, were significantly decreased (Fig 7C).

We then determined whether the addition of an antioxidant or recombinant FGF21 could
lower the CoCly-induced fat accumulation by Oil Red O staining. Similar to TG
measurement, CoCl, induced a marked increase in Oil Red O staining. As expected, NAC
addition significantly decreased CoCly-induced fat accumulation. Similarly, CoCls-
increased intracellular lipid accumulation was dramatically attenuated by FGF21 (1jeg/ml)
treatment (Fig 8).

Discussion

FGF21 is expressed mainly in the liver and adipose tissue, but is also present abundantly in
the intestine (Fon Tacer et al., 2010). Our results demonstrated considerable expression of
FGF21 in human intestinal cells. Although the biology of FGF21 in the intestine has not
been investigated, lipid metabolism in the intestine profoundly affects gut function including
immune-response, nutrient absorption and gut barrier function. In addition, the intestine is
one of the unique organs that are exposed to physiologically hypoxic conditions. Although
hypoxia has been attributed to lipid metabolic dysfunction in several tissues, and FGF21 has
emerged as an important metabolic regulator of lipid metabolism, it is unknown whether
FGF21 plays a role in hypoxia-induced lipid accumulation and how FGF21 is regulated by
hypoxia. In the present study, we have demonstrated for the first time that physical hypoxia
and hypoxia induced by chemical mimics significantly decrease FGF21 gene expression and
protein production in Caco-2 cells, and this reduction is involved in hypoxia-induced lipid
accumulation.

Previous studies showed that lipid dysregulation is associated with hypoxic states in several
organs (Rankin et al., 2009; Yin et al., 2009). In a hypoxic environment, cells switch from
aerobic to anaerobic metabolism to generate more ATP in an oxygen independent manner
(Taylor, 2008). As a result, glucose uptake and glycolysis increase, and mitochondrial
oxidative phosphorylation decreases. HIF plays a central role in this switch because it
regulates glucose transporter 1 and several critical glycolytic enzymes, and inhibits
mitochondrial oxidative phosphorylation by blocking pyruvate entry (Semenza, 2007).
While the role of HIF in glucose metabolism under hypoxic conditions is well-studied, the
regulation of lipid metabolism in response to low oxygen in still not clearly elucidated. In
this study, we demonstrated that hypoxia and the chemical mimics decreased cellular FGF21
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in an intestinal cell line and increased triglyceride accumulation. The reduction of FGF21
may be a novel mechanism by which hypoxia causes fat accumulation.

FGF21 plays an important role in lipid metabolism. Recent studies indicate that, in rodents,
FGF21 regulates lipid oxidation in the liver (Badman et a/., 2007; Badman et al., 2009).
Adenoviral knockdown of hepatic FGF21 in mice caused fatty liver, suggesting that FGF21
is required for hepatic TG clearance (Badman et a/., 2007). In addition, serum TG levels
were markedly reduced in both ob/ob and db/db mice by the administration of FGF21
(Kharitonenkov ef al., 2005). While the role of FGF21 in rodents has been extensively
studied, little is known about the role and regulation of FGF21 in humans. Increased serum
FGF21 level has been found in several pathological conditions, including obesity, insulin-
resistance, cardiovascular disease, and nonalcoholic liver disease (Chavez et al., 2009; Li et
al., 2010; Lin et al., 2010). Several studies using human cell lines, such as HepG2,
demonstrated that overexpression of FGF21 suppressed TG accumulation by inhibiting
SREBP1c (Wright et al., 2011; Zhang et al., 2011), and knock-down of FGF21 increased TG
accumulation (Wright et a/., 2011). Our results show that along with the reduction of FGF21
expression, hypoxia causes cellular TG accumulation in human Caco-2 cells, further
suggesting a strong link between FGF21 and lipid metabolism under hypoxia-induced
pathological conditions.

HIF expression and accumulation is an early cellular response to low oxygen concentration.
CoCl, and DFO have been widely used in the treatment of anemia and diseases with iron
imbalance, respectively. They are also used as hypoxia mimics in cell culture and it is
known that they activate hypoxic signaling by stabilizing the HIFa. Indeed, CoCl,
administration caused a dramatic expression of HIF1a protein, but not mRNA, in Caco-2
cells. Previous studies have shown that FGF2, a member of the FGF family, is upregulated
by hypoxia, and HIF1a is a transcription factor of FGF2 (Conte et a/., 2008) However, the
hypoxia responsive element has not been found in the promoter region of FGF21, indicating
that regulation of FGF21 by hypoxia-induced HIF1 is an indirect event. Numerous studies
have demonstrated that FGF21 expression is regulated by PPARa or PPAR-vy, depending on
cell types (Lundasen et al., 2007; Muise et al., 2008). In lean rodents, FGF21 expression is
strongly induced in the liver by fasting through a mechanism that involves PPARa
(Lundasen et al., 2007), but in adipose tissue, FGF21 is induced via a PPARy pathway
(Muise et al., 2008). Our studies demonstrated that the regulation of FGF21 under hypoxic
conditions was unlikely via PPARa and/or PPAR-y pathway in Caco-2 cells. Indeed, the
regulation of PPARa and PPARY by hypoxia is cell type-dependent. Saiaja showed that
hypoxia could rapidly down-regulate PPARa in epithelial cells in vitro and in vivo
(Narravula and Colgan, 2001), while PPAR-y is a target gene of HIF1a in cardiomyocytes,
and HIF1a could activate PPARY in response to pathologic stress (Krishnan et al., 2009).

Although HIF1 regulates many genes involved in the adaptation to hypoxic stress,
intracellular ROS paradoxically increase under hypoxic conditions. Previous studies have
demonstrated that hypoxia increases ROS in intestine epithelial cells and intestinal tissues
(Kuhn et al., 2002). Consistent with these findings, we found that CoCl;, significantly
increases superoxide anions in Caco-2 cells evaluated by DHE staining. Anti-oxidant
addition decreased DHE staining, further confirming our finding. ROS-derived oxidative
stress has profound effects on cellular components including modification of proteins and
alteration of gene expression in various cell types (Long et al., 2004). While much evidence
shows that ROS have a capability to increase mMRNA expression (Salles et a/., 2005), the
present study demonstrates that CoCl, treatment causes an increase in ROS, which results in
the down-regulation of FGF21 gene expression in Caco-2 cells. Importantly, CoCl,-induced
TG accumulation in Caco-2 cells could be attenuated by administration of an anti-oxidant or
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recombinant FGF21. These findings suggest that ROS-mediated FGF21 regulation has an
important impact on cellular lipid metabolism.

How is FGF21 mRNA expression regulated in response to CoCls, in Caco-2 cells?
Transcription factor-mediated regulation is critical for mMRNA synthesis. However, in the
present study, the described major transcription factors of FGF21, PPARa and PPARYy, had
no change in response to CoCl,, suggesting that CoCl,-decreased FGF21 mRNA expression
is likely independent of PPARa and PPAR-y. Previous studies demonstrated that mMRNA
stability plays an important role in mRNA turnover and gene expression (Hargrove and
Schmidt, 1989). We hypothesized that the decreased FGF21 mRNA levels may be caused by
accelerated degradation in response to the treatment of CoCl, in Caco-2 cells. As
anticipated, FGF21 mRNA degradation was accelerated by CoCl, treatment evaluated by
inhibition of the transcription by ActD. This finding suggests that the CoCl,-induced
decrease in FGF21 mRNA levels is mediated by the mRNA stability, rather than decreased
synthesis.

While CoCl, and DFO mimic hypoxic conditions, exposure to both of them can lead to
cellular toxicity. Indeed, treatment with CoCl, and DFO decreased cell viability by about
30% in Caco-2 cells (data not shown). Previous genomic studies have shown that both
CoCl, and hypoxia regulate a similar group of genes on a global gene expression level
(Vengellur et al., 2003), and CoCl, cytotoxicity is dependent on HIF1a-mediated increase
in cell death-promoting genes, such as BNiP3 and NIX, in mouse embryonic fibroblasts
(Vengellur and LaPres, 2004). It is therefore unlikely that CoCl,-induced cytotoxicity has a
major impact on FGF21 expression since the independency of FGF21 mRNA expression on
HIF signaling by CoCl, exposure in Caco-2 cells demonstrated in current study. In contrast,
the hypoxic signaling pathway can activate cell survival genes involved in angiogenesis and
glycolysis (Rey et al., 2011) and inhibit apoptotic pathways in certain cell types (Flamant et
al., 2010). Thus, CoCly-induced change in cell viability is complex. It remains to be tested
whether CoCl,-induced cytotoxicity in Caco-2 cells is HIF signaling dependent; but it is
well-known that CoCl, exposure produces ROS in variety of cell types, which may account
for the decreased cell viability (Patel et al., 2012). The effects of CoCl,-induced cell death
and retardation of cell proliferation on FGF21 expression needs additional investigation.

It should be noted that our results are not in line with a previous study in which FGF21
expression was up-regulated upon nutrition deprivation, hypoxia, or double-deprivation
stress in murine melanoma cells (Osawa ef a/., 2009). In line with this study, we did show
that starvation increased FGF21 mRNA expression in Caco-2 cells. In contrast, we did not
observe an increase of FGF21 expression by hypoxia. Instead, hypoxia causes a signifcant
reduction in FGF21 expression in 0-2 cells. This discrepancy suggests that the regulation of
FGF21 expression is cell type specific, and it is also possibly caused by different treatment
regimes. Indeed, important differences in the biology of FGF21 between mice and humans
have been described (Ryden, 2009). Murine cells may act differently from human cells for
FGF21 regulation by hypoxia In addition, the murine melanoma cells were treated with 20
cycles of hypoxia and reoxygenation (Osawa et al., 2009), while, in present study, Caco-2
cells were exposed to hypoxic condition for only one time or challenged with one dose of
CoCl,. Another member of FGF family, FGF2, has been studied for association with HIF1la
in response to hypoxia (Li et al., 2002). FGF2 and HIF1a regulate each other in a mutually
inhibitory way when they are in small amounts, and are mutually stimulative when they
exist abundantly (Conte et al., 2008). Additional studies are required for further
understanding of the mechanism of FGF21 regulation in response to hypoxia.

In summary, our results reveal a novel scenario in which hypoxia down-regulates FGF21
expression via oxidative stress-mediated regulation of mMRNA stability in Caco-2 cells.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal. Page 10

Decreased FGF21 expression is correlated with the compromised cellular capacity to
maintain lipid homeostasis leading to triglyceride accumulation. Our data indicate that
modulation of FGF21 might have a potential in maintaining intestinal energy homeostasis to
improve intestinal diseases.
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Figure 1. Hypoxia down-regulates FGF21 expression

Caco-2 cells were exposed to 1% O, or treated with chemical hypoxia mimics, CoCl, or
DFO, in the absence of serum for 24 hours. FGF21 mRNA (A) and cellular FGF21 protein
(B) expression and secreted protein in the medium (C) in Caco-2 cells were measured by
real-time PCR, immunoblotting or ELISA, respectively. Caco-2 cells were incubated in
serum-free medium for 0, 4, 8, 12, and 24 hours in the absence (D) or presence (E) of CoCl,
(200 wM), and mRNA levels were measured. The cells were exposed to CoCl, in various
concentrations (0, 50, 100, 150, 200 M) for 24 hours in the absence of serum, and mRNA
expression (F) were measured. *P<0.05 vs controls.
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Figure 2. CoClyincreasesHIFla protein level

Caco-2 cells were exposed to CoCls in the absence of serum for 24 hours. Nuclear protein
(A) and mRNA (B) levels of HIF1a were determined. The cells were incubated for 0, 4, 8,
12, and 24 hours in the presence of CoCl, (200 M), and mRNA levels of GLUT1 were
measured (C). *P<0.05 vs Oh.
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Figure 3. CoCly-mediated FGF21 down-regulation isindependent of HIFla/2 a

Caco-2 cells were transfected with HIF1a siRNA for 48 hours or treated with HIF1la
inhibitors, 2ME2 (100 M) or YC-1(50 uM), for 12 hours, respectively, followed by CoCl,
treatment for 24 hours. Expression of HIF1a protein (A), FGF21 mRNA (B), and protein
secreted in the medium (C) were measured. *P<0.05 vs controls.
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Figure 4. CoCly-mediated FGF21 down-regulation isindependent of PPARa and -y
Caco-2 cells were exposed to CoCls in the absence of serum for 24 hours. Cellular PPARa
and PPARy mRNA (A) and protein (B) expression were measured.
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Figure 5. Down-regulation of FGF21 expression in Caco-2 cellsis mediated by oxidative stress
Caco-2 cells were exposed to CoCl, or hypoxia with/without NAC in the absence of serum
for 24 hours. (A&C) Superoxide accumulation in Caco-2 cells was examined by
dihydroethidium fluorescence microscopy. (B&D) Expression of FGF21 mRNA was
measured by real time RT-PCR.
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Figure 6. CoCl, decreases FGF21 mRNA stability

Caco-2 cells were pretreated for 30 min with a transcription inhibitor, actinomycin D (5 pg/
ml), before the addition of 200 .M CoCl, or vehicle control for 15 min and 30 min.
Expression of FGF21mRNA was measured by real-time RT-PCR. *Significantly different,
p<0.05.
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Figure 7. CoCly induces TG accumulation
Caco-2 cells were incubated in serum-free medium overnight and treated with CoCl, (200

M) for 24 hours. Cellular TG levels were measured (A). mRNA levels of lipogenesis genes
(B) and lipolysis genes (C) were measured by real-time PCR. *Significantly different vs
controls, p<0.05.
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Figure 8. Effects of anti-oxidant and FGF21 on CoCl»-induced lipid accumulation

Caco-2 cells were incubated in serum-free medium overnight and treated with CoCl, (200
M), CoCl, with NAC (3 mM) or CoCl, with recombinant human FGF21 (1pg/ml) for 24
hours, and intracellular lipid accumulation was estimated by Oil red O staining.
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