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Abstract: The gluconeogenesis pathway was considered as a potential therapeutic target for preventing type 2 
diabetes (T2D). Recently, the emergence of (miRNAs, miRs) as important regulators of metabolism has garnered 
much interest. In this study, we explored the physiological functions of miR-223 in hepatic gluconeogenesis in vitro. 
Quantitative real-time RT-PCR (qRT-PCR) and Western blot were used to measure the expression levels of mRNA and 
protein, respectively. Bioinformatics-based prediction and luciferase reporter assay were carried out to determine 
the potential target of miR-223. Glucose output assay was performed to detect the glucose production in primary 
hepatocytes. The results showed that glucagon inhibited the miR-223 expression through protein kinase A (PKA) 
signaling in primary hepatocytes. Biological function analysis showed that upregulation of miR-223 restrained phos-
phoenolpyruvate carboxykinase (PCK) and glucose-6-phosphatase (G6P) expression and glucose production, and 
knockdown of miR-223 demonstrated an opposite effect in primary hepatocytes. Furthermore, we found Forkhead 
Box O1 (FOXO1) was a target of miR-223 and the subsequent functional analysis of FOXO1 verified the regulatory ef-
fect of miR-223 on FOXO1. Taken together, our present work highlighted the key role of miR-223 in control of hepatic 
gluconeogenesis, and, notably, mechanistic analysis revealed that FOXO1 was a direct functional target of miR-223, 
and miR-223 inhibited PCK and G6P expression, as well as glucose production at least in part by targeting FOXO1. 
These findings probe the feasibility of miRNA-directed therapy for the treatment of hyperglycemia in T2D.
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Introduction

Glucose is a primary fuel of the organisms. 
Thus, the maintenance of the glucose homeo-
stasis exerts a key role in maintaining the sur-
vival of the organisms. The glucose homeosta-
sis is controlled by the intake and absorption of 
dietary carbohydrates, the glucose utilization in 
skeletal muscles or adipocytes and the hepatic 
glucose output [1]. The liver has the unique 
capacity in sustaining blood glucose levels, 
which regulates an equilibrium between plas-
ma and hepatic glucose concentrations by reg-
ulating glucose uptake and storage [1, 2]. 
Under feeding state, the liver elevates glucose 
intake, which is converted directly to glycogen 
or triglycerides for energy production and stor-
age [3]. In the fasted condition, the increased 
glucagon levels that link to the decreased insu-
lin content are responsible for the glucose con-
sumption by promoting glycogen breakdown in 
liver [4]. Prolonged starvation leads to hepatic 
gluconeogenesis that provides an important 

event to maintain blood glucose balance [5]. 
The rate-limiting enzymes, phosphoenolpyru-
vate carboxykinase (PCK) and glucose-6-phos-
phatase (G6P), are the main regulators in the 
process of hepatic gluconeogenesis [6]. Gluc- 
agon induces glucose production through the 
cyclic AMP (cAMP)/protein kinase A (PKA) sig-
naling cascade to form transcriptional machin-
ery that consists of cAMP response element-
binding protein 1 (CREB) and CREB-regulated 
transcription coactivator 2 (CRTC2), thereby 
promoting PCK and G6P expression [7]. Inve- 
rsely, it is reported that insulin suppresses 
hepatic gluconeogenesis via phosphorylation  
of CREB binding protein and FOXO1/PGC-1α 
pathway [8, 9]. Abnormally high levels of hep- 
atic glycogenolysis contribute to the dysregula-
tion and over-production of glucose in people 
suffering from type 2 diabetes (T2D) [10, 11].  
In the recent past, key gluconeogenic enzy- 
mes and transcription factor involved in glu-
cose metabolism have been attracted more 
attention as therapeutic targets for treatment 
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of diabetes [12, 13]. Therefore, finding novel 
therapeutic targets to suppress gluconeog- 
enesis pathway may facilitate the therapy for 
T2D-induced hyperglycemia. 

MicroRNAs (miRNAs, miRs) are a class of non-
protein-coding RNAs containing approximately 
19-25 nucleotides, and they regulate the 
expression of target genes by predominantly 
binding to 3’untranslated regions (3’UTR) of 
specific target genes, leading to either tran- 
slational repression or mRNA degradation. 
Bioinformatic tools reveal that one miRNA may 
potentially regulate multiple target genes, sug-
gesting the potential function of miRNAs on 
almost every aspect of cell physiology. Curr- 
ently, miRNAs are used as important regula- 
tors and potential therapeutic targets for tre- 
ating metabolic diseases [14]. For example, 
recent studies revealed that miR-29a-c and 
miR-23a could be linked to the glucose metab-
olism [15, 16]. Moreover, miR-375 and miR-214 
presented important roles in the gluconeogen-
esis [17-19]. Among all known miRNAs, miR-
223 functions as a potential indicator of some 
immune disorders, and dysregulation of miR-
223 has been involved in several inflammatory 
responses, such as rheumatoid arthritis and 
type 2 diabetes mellitus. Additionally, miR-223 
has been reported have regulatory effects on 
glucose metabolism. However, the role and 
molecular mechanism of miR-223 in hepatic 
gluconeogenesis remain unclear. 

In the present study, we used online softwares 
including TargetScan and miRanda to perform 
target prediction analysis, and we observed 
that FOXO1 is a functional target of miR-223. 
Previous study reported that FOXO1 is an 
essential element in controls of hepatic gluco-
neogenesis. Hence, we speculated that miR-
223 control hepatic gluconeogenesis partly 
through regulating FOXO1 and further explored 
whether miR-223 targets FOXO1 to regulate 
gluconeogenesis causing the alteration of  
PCK and G6P expression and glucose gene- 
ration in the human primary hepatocytes.

Materials and methods

Cell culture and treatments

Primary human hepatocytes (PHHs) were obt- 
ained from Clonetics (BioWhittaker Inc., Walk- 
ersville, MD, USA) and cultured according to  
the vendor’s instructions. The PHHs were  

treated with PKA pathway inhibitor, N-[2-p-
bromocinnamylamino ethyl]-5-isoquinolinesul-
fonamide (H89) at the level of 10 μM, to mea-
sure whether glucagon regulates miR-223 
expression through the cAMP/PKA pathway. 
Moreover, the PHHs were transfected with  
miR-223 mimics, miR-223 inhibitor, small in- 
terfering RNA against FOXO1 (si-FOXO1), pCMV-
HA vector containing FOXO1 (HA-FOXO1), and 
the responding controls by Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s 
suggestions.

Glucose output assay

After three washes with PBS, cells were incu-
bated in Krebs-Ringer buffer (pH 7.4) contain-
ing 20 mM sodium lactate and 2 mM sodium 
pyruvate for 5 h. Then the glucose concentra-
tion in the culture medium was detected using 
a glucose production assay kit purchased from 
Sigma-Aldrich (St Louis, MO, USA). The readings 
from each sample were normalized to the con-
tent of total protein measured from the whole-
cell lysates. 

Quantitative real-time PCR (qRT-PCR)

Total RNA was obtained from the primary hepa-
tocytes by Trizol reagent (Invitrogen) in accor-
dance with the manufacturer’s suggestions.  
To measure the level of miR-223, the reverse 
transcription was performed using One Step 
Prime Script miRNA cDNA Synthesis Kit pur-
chased from Takara (Dalian, China) and qRT-
PCR was carried out by TaqMan microRNA 
assays (Applied Biosystems, Foster City, CA, 
USA). The endogenous control was U6 snRNA. 
To quantify mRNA expression of FOXO1, PCK 
and G6P, the RevertAid first strand cDNA syn-
thesis kit (Fermentas, Vilnius, Lithuania) was 
used to synthesize cDNAs. The qRT-PCR was 
carried out by SYBR Green assays (Takara). The 
indicated gene expression was normalized to 
β-actin mRNA expression.

Western blot assay

Protein was extracted from the primary hepato-
cytes by lysis buffer. And then the extraction 
was measured by the BCA protein assay. Equal 
amounts of protein were electrophoresed on 
SDS-polyacrylamide gel electrophoresis SDS-
PAGE and then transferred onto nitrocellulose 
membranes. Next, the sheets were incubated 
with primary antibodies against FOXO1 (Cell 
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cytes time-dependently reduced miR-223  
level. Furthermore, the hepatocytes treated 
with glucagon in the range from 0 to 100 nM 
showed a concentration-dependent decrease 
of miR-223 expression (Figure 1B). The PCK 
and G6P mRNAs were also decreased in pri-
mary hepatocytes treated with 100 nM gluca-
gon (Figure 1C and 1D). Additionally, to explore 
the mechanism by which glucagon modulated 
miR-223 expression in primary hepatocytes, 
we measured the activation of PKA, a critical 
component of the PKA signaling. As expected, 
glucagon obviously reduced the miR-223 level 
and promoted the level of phosphorylated  
PKA (p-PKA) substrate, however, 10 μM of H89 
reversed these effects (Figure 1E and 1F).

miR-223 inhibited glucose production in pri-
mary hepatocytes

As described above, glucagon could suppress 
miR-223 expression in primary hepatocytes. 
Then we explored the effect of miR-223 on  
gluconeogenesis by loss-and gain-of-function 
experiments. As demonstrated in Figure 2A, 
the miR-223 mimics significantly increased 
miR-223 expression in the hepatocytes. More- 
over, under the conditions of either basic or  
glucagon (Glu)+dexamethasone (Dex), miR-223 
overexpression markedly restrained mRNA and 
protein levels of PCK and G6P, as well as glu-
cose production (Figure 2B-F). Inversely, the 
miR-223 inhibitor led to decreased expres- 
sion of miR-223, in turn enhanced the PCK  
and G6P expression at both mRNA and pro- 
tein levels, and promoted glucose generation, 
under the basic or glucagon+dexamethasone 
circumstance (Figure 2G-L). 

FOXO1 was a functional target of miR-223 in 
primary hepatocytes

To understand the mechanism involved in miR-
223-induced impediment of gluconeogenesis, 
we searched the targets of miR-223. Using the 
online softwares TargetScan and miRanda, we 
found 3’UTR of FOXO1 mRNA contained one 
conserved target site of miR-223 (Figure 3A). 
The possibility of the bioinformatical prediction 
was evaluated by dual-luciferase reporter 
assay. The data indicated that the miR-223 
markedly inhibited the luciferase activity when 
the reporter contained the wild-type 3’UTR of 
FOXO1 (Figure 3B). The data confirmed our 

Signaling Technology, Danvers, MA, USA), phos-
phorylated PKA (p-PKA) substrate (Cell Sign- 
aling Technology), PCK (Santa Cruz Biotec- 
hnology Inc., Santa Cruz, CA, USA), and G6P 
(Abcam, Cambridge, UK). After three washes, 
the secondary antibodies (Sigma-Aldrich) were 
added. The blots were detected using enhan- 
ced chemiluminescence detection kit (Thermo 
scientific, Rockford, IL, USA). 

Luciferase reporter assay

The 3’UTR sequences of the human FOXO1 
mRNA containing putative target sites of miR-
223 were designed and provided by Gene- 
Pharma (Shanghai, China). Then the fragments 
were inserted into downstream of the firefly 
luciferase gene in pmirGLO vector containing 
both firefly luciferase gene and Renilla lucifer-
ase (Promega, Madison, WI, USA), which were 
designated as wild-type FOXO1 3’UTR (WT). 
The mutated oligonucleotides were also cloned 
into the same region of the vector, resulting  
in mutant FOXO1 3’UTR (MUT). Vectors cont- 
aining 3’UTR of FOXO1 or the mutant one were 
co-transfected with miR-223 mimics or nega-
tive control into the PHHs using Lipofectamine 
2000 (Invitrogen). Forty-eight hours later, we 
collected the cells, and the Dual-Luciferase 
Reporter Assay System (Promega) was used  
to detect both firefly and renilla luciferase  
activities. Firefly/Renilla luminescence repre-
sented the activity of firefly luciferase of each 
sample well.

Statistical analysis

The results were presented as mean ± stan-
dard deviation (SD). Significant difference was 
assessed by Student’s t-test or one-way analy-
sis of variance (ANOVA). All statistical analyses 
were carried out by SPSS 15.0 software (SPSS, 
Chicago, IL, USA). A P value <0.05 was consid-
ered statistically significant. 

Results

Glucagon suppressed miR-223 expression in 
primary hepatocytes

To explore the role of miR-223 among the pro-
cess of gluconeogenesis, we measured the 
expression of miR-223 in primary hepatocytes 
treated with glucagon. As illustrated in Figure 
1A, the glucagon exposure in primary hepato-
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FOXO1 mediated the suppressive effects of 
miR-223 on gluconeogenesis 

Given that FOXO1 was one of the targets of miR-
223 and FOXO1 expression was controlled by 
miR-223 in primary hepatocytes, we speculat-
ed that miR-223 mediated gluconeogenesis by 
regulating FOXO1 expression. We transfe- 
cted PHHs with si-FOXO1, HA-FOXO1 and the 
responding controls, and detected the mRNA 

speculation that FOXO1 was a target of miR-
223. Then we detected FOXO1 expression at 
both mRNA and protein levels when the hep- 
atocytes were treated with miR-223 mimics  
or inhibitors. As exhibited in Figure 3C and 3D, 
forced expression of miR-223 obviously decr- 
eased FOXO1 mRNA and protein expression. 
Conversely, downregulation of miR-223 obvi-
ously increased the FOXO1 expression (Figure 
3E and 3F). 

Figure 1. Glucagon suppressed miR-223 expression through protein kinase A (PKA) pathway in primary human 
hepatocytes (PHHs). A and B. Exposure of PHHs to 100 nM glucagon for 0 to 8 h or 0 to 100 nM glucagon for 8 h 
significantly reduced miR-223 expression in a dose- and time-dependent manner. C and D. The expression levels 
of PCK and G6P mRNAs were decreased in primary hepatocytes treated with 100 nM glucagon. E and F. Glucagon 
obviously restrained miR-223 expression and elevated levels of phosphorylated PKA (p-PKA) substrate, however, 
these effects were reversed by H89 at a concentration of 10 μM for 8 h. *P<0.05. 
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ther confirm whether miR-223 inhibited gluco-
neogenesis by directly regulating FOXO1, the 
primary hepatocytes were co-treated with miR-
223 mimics and HA-FOXO1. The results showed 
that increased expression of FOXO1 significant-
ly overturned the inhibition of PCK and G6P 
expression and glucose production by miR- 
223 (Figure 4G-I). Taken together, these data 

and protein levels of PCK and G6P, as well as 
glucose production. As predicted, gene silenc-
ing of FOXO1 reduced mRNA and protein levels 
of PCK and G6P, and the glucose production 
(Figure 4A-C). Furthermore, overexpression of 
FOXO1, on the contrary, induced higher levels 
of PCK and G6P expression, and glucose gen-
eration in the hepatocytes (Figure 4D-F). To fur-

Figure 2. miR-223 inhibited hepatic gluconeogenesis in vitro. A. The expression of miR-223 in primary hepatocytes 
treated with miR-223 mimics for 48 h or/and glucagon (Glu, 100 nM)+dexamethasone (Dex, 1 μM) for 8 h. B-F. 
Under the conditions of either basic or glucagon+dexamethasone, miR-223 overexpression markedly restrained 
mRNA and protein levels of PCK and G6P, as well as glucose production. G-L. The miR-223 inhibitor led to decreased 
expression of miR-223 and increased expression levels of PCK and G6P mRNA and protein, as well as glucose pro-
duction, under either basic or glucagon+dexamethasone-stimulated conditions. *P<0.05.
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emerged miRNAs as important regulators of 
metabolism has garnered much interest [20]. 
For example, miR-29a-c, miR-214, miR-23a as 
well as miR-33 play a crucial role in controlling 
glucose metabolism and are used as important 
regulators and potential therapeutic targets for 
treating metabolic diseases [19, 21, 22]. In this 
work, we observed that miR-223 level was sup-
pressed by glucagon in PHHs. Furthermore, the 
primary hepatocytes treated with glucagon 

were consistent with our hypothesis and indi-
cated that miR-223 might inhibit gluconeo- 
genesis through targeting FOXO1 in primary 
hepatocytes.

Discussion

Recently, the transcription regulators involved 
in glucose metabolism are considered as thera-
peutic targets to treat T2D [13]. The newly 

Figure 3. FOXO1 was a target of miR-223 in PHHs. A. Prediction analysis showed that FOXO1 was a target of miR-
223 and the putative binding sequence was in the 3’UTR of FOXO1. B. miR-223 significantly inhibited the luciferase 
activity of the reporter when the reporter contained wild-type 3’UTR of FOXO1 (WT). C and D. Forced expression of 
miR-223 obviously decreased FOXO1 expression at both mRNA and protein levels. E and F. Downregulation of miR-
223 markedly increased the FOXO1 mRNA and protein levels. *P<0.05.
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[24]. Our result indicates that miR-223 expres-
sion was, at least partly, regulated by glucagon-
PKA signaling pathway.

We next identified the function of miR-223 in 
hepatic gluconeogenesis by applying gain- and 
loss-of-function approaches in primary hepato-
cytes. The results indicated that the forced 
expression of miR-223 hampered PCK and G6P 
expression, and glucose generation in hepato-
cytes, whereas, glucagon reversed this nega-
tive effects of miR-223 on hepatic gluconeo-
genesis. In addition, we observed that reduced 
miR-223 expression resulted in increased 
expression of PCK and G6P, and the glucose 
production in primary hepatocytes. These 
results revealed the pivotal role of miR-223 in 

exhibited increased expression of PCK and 
G6P. These findings suggest that miR-223 may 
serve as a key regulator of gluconeogenesis in 
hepatocytes. 

Besides, glucagon induced decreased expres-
sion of miR-223 and increased expression of 
phosphorylated PKA (p-PKA) substrate, howev-
er, these effects were overturned by H89, a 
widely used PKA inhibitor [23]. It is reported 
that glucagon elevates glucose generation 
through the cAMP/PKA signaling pathway [7]. 
The interaction between glucagon and its 
receptor on the hepatocyte plasma membrane 
results in stimulation of adenylyl cyclase (AC), 
generation of the cAMP, and activation of PKA, 
thereby inducing the hepatic glucose output 

Figure 4. FOXO1 mediated the inhibitory effect of miR-223 on hepatic gluconeogenesis in vitro. A-C. The PHHs were 
transfected with negative control (si-congtrol) or si-FOXO1 for 48 h. Gene silencing of FOXO1 reduced mRNA and pro-
tein levels of PCK and G6P, as well as the glucose production in primary hepatocytes. D-F. The PHHs were transfect-
ed with negative control (HA-congtrol) or HA-FOXO1 for 48 h. Overexpression of FOXO1 induced higher levels of PCK 
and G6P mRNA and protein expression, as well as glucose production in primary hepatocytes. G-I. The PHHs were 
transfected with negative control (Congtrol) or miR-223 mimics (miR-223), or co-transfected with miR-223 mimics 
and HA-FOXO1 (miR-223+HA-FOXO1) for 48 h. Increased expression of FOXO1 significantly overturned the suppres-
sive effect of miR-223 on PCK and G6P expression, and the glucose production in primary hepatocytes. *P<0.05.
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controlling hepatic gluconeogenesis in primary 
hepatocytes.

Furthermore, we explored the mechanisms by 
which miR-223 regulated the hepatic gluconeo-
genesis. The prediction analysis from Target- 
Scan and miRanda tools showed that FOXO1 
was a potential target of miR-223. FOXO1 bel- 
ongs to the FOXO family of forkhead transcrip-
tion factors, which is crucial in regulating the 
effects of insulin on G6Pase gene expression 
[25]. The activity of FOXO1 needs its accumula-
tion in the nucleus, which is crucial in regul- 
ating the downstream molecule genes. The 
unphosphorylated form of FOXO1 can identify 
the insulin response element (IRE) in the pro-
moter regions of multiple target genes, includ-
ing the PCK and G6Pase genes, and activates 
their transcription [26, 27]. Moreover, miR-223 
could downregulate the expression of FOXO1  
to inhibit cell proliferation in various cancer  
cell lines [28]. Based on the above results,  
we hypothesized that miR-223 might target 
FOXO1 to regulate hepatic gluconeogenesis. 
Our experimental results presented that the 
change of miR-223 level could regulate the 
expression of FOXO1 and the effect of FOXO1 
on PCK and G6P expression, and the glucose 
production was consistent with the role of  
miR-223 mimics or miR-223 inhibitor in hep- 
atic gluconeogenesis. Moreover, the inhibitory 
effect of miR-223 on hepatic gluconeogenesis 
was relieved by addition of FOXO1. These find-
ing suggested that miR-223 targeted FOXO1 to 
inhibit PCK and G6P expression, and the glu-
cose production in hepatocytes. And the data 
supported our hypothesis that miR-223 partly 
regulated FOXO1 expression to inhibit hepatic 
gluconeogenesis.

In all, our work suggested a key role of miR-223 
in controlling gluconeogenesis by regulating 
FOXO1 expression in PHHs. We provided evi-
dence to verify that FOXO1 was a functional tar-
get of miR-223, and miR-223 inhibits PCK and 
G6P expression, as well as glucose production 
at least in part by targeting FOXO1. These find-
ings offer a therapeutic target to treat hypergly-
cemia in T2D.
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