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Abstract. As a member of miR‑17‑92 miRNA clusters, 
miR‑19a has been considered to regulate hepatic glycogenesis 
by mediating the PI3K/AKT signaling pathway. However, 
whether miR‑19a serves an important role in gluconeo-
genesis in hepatocytes remains unknown. In the present 
study, the impact of miR‑19a on gluconeogenesis in HEP1‑6 
cells and its mechanisms of action were investigated. It was 
observed that overexpression of miR‑19a led to decreased 
glucose production, accompanied by increased activation 
of the AKT/FOXO1 signaling pathway and downregulated 
expression of gluconeogenesis‑associated genes, including 
peroxisome proliferator‑activated receptor  γ coacti-
vator 1α, phosphoenolpyruvate carboxykinase and glucose 
6‑phosphatase in the HEP1‑6 cells transfected with the 
miR‑19a mimic. In contrast, suppression of miR‑19a impaired 
the activation of the AKT/FOXO1 signaling pathway and 
increased the expression of gluconeogenesis‑associated genes, 
accompanied by an elevated glucose production. Additionally, 
phosphatase and tensin homolog (PTEN) was identified as a 
target of miR‑19a and participated in the miR‑19a‑mediated 
gluconeogenesis in hepatocytes. These findings provide 
mechanistic insight into the effects of miR‑19a on the regula-
tion of the AKT/FOXO1 signaling pathway and the expression 
of gluconeogenesis‑associated genes. MiR‑19a may mediate 
gluconeogenesis in hepatocytes by downregulating PTEN 
expression.

Introduction

The dysregulation of glucose homeostasis is a critical cause 
for type 2 diabetes mellitus (1). Decreased insulin secretion 
and insulin sensitivity is hall marks of type  2 diabetes 

mellitus  (2). Insulin secreted by pancreas can decrease 
glucose production and increase uptake of blood glucose into 
glycogen in liver. Therefore, hepatic insulin resistance leads 
to increased glucose production and decreased glycogenesis, 
resulting in elevated blood glucose levels (3). MicroRNAs are 
a cluster of endogenous small non‑coding RNAs, which can 
negatively regulate genes expression at the post‑transcriptional 
level, either by inhibiting translation or by degrading the 
target mRNAs (4). In our previous study, we indicated many 
miRNAs involved in regulation of glycogenesis in hepato-
cytes, such as miR‑200s (5), miR‑301a (6), miR‑152‑3p (7) 
and miR‑20a‑5p (8). Moreover, we found an important role 
of miR‑19a in regulating of glycogenesis in hepatocytes (9). It 
was reported that miR‑19a is a member of miR‑17‑92 family, 
which is located on chromosome 13q31.3 and is related with 
the pathogenesis of cancer  (10). MiR‑19a could affect the 
activation of PI3K/AKT pathway by targeting phosphatase 
and tensin homolog (PTEN) in mouse liver cells. However, 
whether miR‑19a serves an important role in glucose produc-
tion in hepatocytes remains unknown.

Here, we define the impact of miR‑19a on gluconeogen-
esis and its underlying mechanisms. Our findings suggest 
that miR‑19a plays an important role in gluconeogenesis via 
targeting PTEN to regulate the activation of AKT/FOXO1 
pathway.

Methods and materials

Cell culture. The HEP1‑6 murine liver cell line (American 
Type Culture Collection) was cultured in low‑glucose 
Dulbecco's modified Eagle's medium (L‑DMEM; Invitrogen 
Life Technologies, Carlsbad, CA, USA) supplemented with 
10%  fetal serum (Hyclone; GE Healthcare Life Sciences, 
Logan, UT, USA), 100 units/ml penicillin (Invitrogen Life 
Technologies), and 0.1 mg/ml streptomycin (Hyclone) at 37˚C 
with humidified air and 5% CO2.

Transfection of miR‑19a mimic and inhibitor. The sequences of 
miR‑19a mimic and inhibitor were as follows (5'‑3'): miR‑19a 
mimic sense, UGU​GCA​AAU​CUA​UGC​AAA​ACU​GA and 
antisense, AGU​UUU​GCA​UAG​AUU​UGC​ACA​UU; miR‑19a 
inhibitor, UCA​GUU​UUG​CAU​AGA​UUU​GCA​CA. MicroRNA 
oligos were purchased from Genepharma (Shanghai, China). 
According to the manufacturer's instruction, negative miRNA 
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mimic control (NC), miR‑19a mimic (19am), negative miRNA 
inhibitor control (NCi) and miRNA‑19a inhibitor (19ai) were 
transfected into HEP1‑6 cells by using Hiperfect transfec-
tion reagent (Qiagen, Hilden, Germany). Before transfection, 
seeded HEP1‑6 cells in 6‑well plate at 1.0x105 cell per well. 
Diluted 37.5 ng miRNA and 3 µl Hiperfect transfection reagent 
in 100 µl L‑DMEM and mixed by vortexing. The mixture was 
added into the cell culture medium and incubated for 48 h.

Quantification of miR‑19a expression by reverse transcrip‑
tion‑quantified polymerase chain reaction. Total RNA was 
harvested using TRIzol (Invitrogen Life Technologies) after 
transfection for 48 h. Quantification of miR‑19a levels was 
using by real‑time PCR according the protocol of 
SYBR‑Green  II kit (Takara Bio, Inc., Otsu, Japan). The 
sequences of reverse transcription primers were as follows: 
(5'‑3') miR‑19a, GTC​GTA​TCC​AGT​GCA​GGG​TCC​GAG​GTA​
TTC​GCA​CTG​GAT​ACG​ACT​CAG​TT; U6, GTC​GTA​TCC​
AGT​GCA​GGG​TCC​GAG​GTA​TTC​GCA​CTG​GAT​ACG​ACA​
AAA​ATA​TG. The nucleotide primers used for real‑time PCR 
were as follows (5'‑3'): miR‑19a forward, GCG​TGT​GCA​AAT​
CTA​TGC​AA; U6 forward, GCG​CGT​CGT​GAA​GCG​TTC; 
universal reverse primer, GTG​CAG​GGT​CCG​AGG​T.

Western blot. After transfection for 48 h, cell lysates (15 µg of 
protein) were harvest and separated by 10% SDS‑PAGE, trans-
ferred to PVDF membranes (EMD Millipore, Billerica, MA, 
USA), blocked with 8% nonfat dry milk, and probed with 1:1,000 
primary antibodies at 4˚C overnight. The blots were incubated 
with 1:5,000 HRP‑conjugated anti‑IgG for 1 h at room tempera-
ture, followed by detection with ECL (EMD Millipore). The 
antibodies against AKT (9272S), phosphorylated AKT (ser473) 
(4060S), FOXO1 (2880), phosphorylated FOXO1 (ser256) 
(9461), PEPCK (6924) and GAPDH (5174) were purchased from 
Cell Signaling Technology, Inc. (Danvers, MA, USA). The anti-
bodies against PGC1α (ab54481) and G6Pase (ab83690) were 
purchased from Abcam (Cambridge, UK).

Immunofluorescence. HEP1‑6 cells were seed on coverslips 
and fixed with 4% paraformaldehyde for 20 min at room 
temperature. Washed the slides with PBS for three times, and 
permeabilized with 0.2% Triton X‑100/PBS for 10 min at room 
temperature. Then blocked with 3% BSA/PBS for 20 min at 
room temperature and incubated with 1:300 primary antibody 
against FOXO1 over night at 4˚C. The slides were washed three 
times with PBS and incubated with 1:100 secondary antibody 
for 1 h at 37˚C. To stain cellular nuclear, the cells were incu-
bated with 10 mM Hoechest 333442 to stain DNA. Then the 
coverslips were mounted in glycerol. The cells were analyzed 
by using a ZEISS LSM700 immunofluorescence microscope. 
The images were captured with CCD and Axiovision image 
software.

Glucose production assay. The cells were washed five times 
with PBS and the stimulated with 2 mmol/l sodium pyruvate 
and 20 mmol/l sodium lactate in glucose‑ and serum‑free 
DMEM medium for 18 h. The glucose concentration in the 
medium was analyzed by using a glucose assay kit (Sigma) 
and normalized to the total protein content determined from 
the whole cell extracts.

Statistical analysis. All data were presented as mean ± SEM. 
The two‑tailed unpaired student's t‑test was used for compari-
sons of two groups. The ANOVA multiple comparison test 
(SPSS 3.0; SPSS, Inc., Chicago, IL, USA) followed by Turkey 
post hoc test were used for comparisons of two more groups. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Upregulation of miR‑19a leads to decreased glucose production 
and expression of gluconeogenetic genes, increased level of 
p‑AKT and p‑FOXO1 in HEP1‑6 cells. In our previous study, 
we found that miR‑19a elevated the activation of AKT/GSK 
pathway and the glycogenesis in mouse hepatic cells. However, 
the effects of miR‑19a on gluconeogenesis in hepatic cells still 
unknown. To determine the effects of miR‑19a on the glucose 
production and the expression of gluconeogenetic genes 
including PGC‑1α, G6Pase and PEPCK, miR‑19a mimic was 
transfected into the HEP1‑6 cells. As shown in Fig. 1A, the 
level of miR‑19a was increased to almost 50‑fold in HEP1‑6 
cells transfected with miR‑19a mimic. Moreover, over‑expres-
sion of miR‑19a suppressed the expression of PGC‑1α, G6Pase 
and PEPCK, accompanied by elevated levels of p‑AKT and 
p‑FOXO1 in the HEP1‑6 cells transfected with miR‑19a mimic 
(Fig. 1B). The confocal analysis showed that FOXO1 located 
in cytoplasm in HEP1‑6 cells transfected with miR‑19a mimic 
(Fig. 1C). The gluconeogenesis level was decreased in HEP1‑6 
cells transfected with miR‑19a mimic (Fig.  1D). Taken 
together, Upregulation of miR‑19a impaired glucose produc-
tion by downregulating expression of gluconeogenetic genes 
and stimulating activation AKT/FOXO1 pathway in HEP1‑6 
cells.

Downregulation of miR‑19a promotes glucose production and 
expression of gluconeogenetic genes and suppresses activation 
of AKT/FOXO1 pathway in HEP1‑6 cells. To gain further insight 
into the significance of miR‑19a in regulating gluconeogenesis, 
miR‑19a inhibitor was transfected into HEP1‑6 cells. The level 
of miR‑19a was decreased to 50% in HEP1‑6 cells transfected 
with miR‑19a inhibitor (Fig. 2A). Importantly, the expression of 
PGC‑1α, G6Pase and PEPCK was enhanced significantly, while 
activation of AKT/FOXO1 pathway was suppressed in HEP1‑6 
cells transfected with miR‑19a inhibitor (Fig. 2B). FOXO1 
located in nuclear in HEP1‑6 cells transfected with miR‑19a 
inhibitor (Fig. 2C). The glucose production was increased in 
HEP1‑6 cells transfected with miR‑19a inhibitor (Fig. 2D). 
These results suggest that downregulation of miR‑19a promoted 
glucose production through blocking activation of AKT/FOXO1 
signaling and increasing expression of gluconeogenetic genes in 
HEP1‑6 cells.

Silence of PTEN impairs glucose production and expression 
of gluconeogenetic genes. In our previous study, we found that 
PTEN is a target gene of miR‑19a. And PTEN could regulate 
activation of PI3K/AKT pathway. To explore the effect of 
PTEN on glucose production and expression of gluconeo-
genetic genes, a siRNA specifically targeted PTEN (si‑1519) 
was transfected into HEP1‑6 cells for 48 h (9). The protein 
level of PTEN was decreased significantly (Fig. 3A). And the 
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Figure 1. Upregulation of miR‑19a led to decreased glucose production and expression of gluconeogenetic genes, increased level of p‑AKT and p‑FOXO1 
in HEP1‑6 cells. Negative miRNA mimic control and miR‑19a mimic were transfected into HEP1‑6 cells for 48 h. Compared with the cells transfected 
with negative miRNA mimic control (NC), the level of miR‑19a was increased to almost 50‑fold in HEP1‑6 cells transfected with miR‑19a mimic (19aM) 
(A) Over‑expression of miR‑19a suppressed expression of PGC‑1α, G6Pase and PEPCK, accompanied by elevated levels of p‑AKT and p‑FOXO1 (B) in 
the HEP1‑6 cells transfected with miR‑19a mimic. The confocal analysis of that FOXO1 located in cytoplasm in HEP1‑6 cells transfected with miR‑19a 
mimic (C) The gluconeogenesis level was decreased in HEP1‑6 cells transfected with miR‑19a mimic (D). N=4 independent experiments. *P<0.05; 
**P<0.01 (vs. control).

Figure 2. Downregulation of miR‑19a promoted glucose production and expression of gluconeogenetic genes and suppressed activation of AKT/FOXO1 
pathway in HEP1‑6 cells. Negative miRNA inhibitor control and miR‑19a inhibitor were transfected into HEP1‑6 cells for 48 h. Compared with the cells trans-
fected with negative miRNA inhibitor control (NCi), the level of miR‑19a was decreased to 50% in HEP1‑6 cells transfected with miR‑19a inhibitor (19ai) (A). 
The expression of PGC‑1α, G6Pase and PEPCK (B) was enhanced significantly, while activation of AKT/FOXO1 pathway (B) was suppressed in HEP1‑6 
cells transfected with miR‑19a inhibitor. The confocal analysis showed that FOXO1 located in nuclear in HEP1‑6 cells transfected with miR‑19a inhibitor (C). 
The gluconeogenesis level was increased in HEP1‑6 cells transfected with miR‑19a mimic (D). N=4 independent experiments. *P<0.05; **P<0.01 (vs. control).
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expression of PGC‑1α, G6Pase and PEPCK were reduced, 
while the activation of AKT/FOXO1 pathway were elevated in 
HEP1‑6 cells transfected with siPTEN (Fig. 3A). The glucose 
production was decreased in HEP1‑6 cells transfected with 
siPTEN (Fig. 3B).

MiR‑19a regulates glucose production and expression of 
gluconeogenetic genes via targeting PTEN. Next, to verify that 

miR‑19 regulates glucose production and expression of gluco-
neogenetic genes via targeting PTEN, the miR‑19a inhibitor 
and siPTEN were co‑transfected into HEP1‑6 cells. As shown 
in Fig. 4 that transfection of siPTEN reversed the effect of 
miR‑19a inhibitor on expression of gluconeogenetic genes 
(Fig. 4A) and glucose production (Fig. 4B). Taken together, 
miR‑19a might regulate glucose production and expression of 
gluconeogenetic genes and via targeting PTEN.

Figure 3. Silence of PTEN impaired glucose production and expression of gluconeogenetic genes. A siRNA specifically targeted PTEN (siPTEN) was 
transfected into HEP1‑6 cells for 48 h. Compared with the cells transfected with negative siRNA control (NC), the expression of PGC‑1α, G6Pase and 
PEPCK were reduced, while activation of AKT/FOXO1 pathway was elevated in HEP1‑6 cells transfected with si‑PTEN in HEP1‑6 cells transfected with 
si‑PTEN (si‑PTEN) (A). The glucose production was decreased in HEP1‑6 cells transfected with si‑PTEN (B). N=4 independent experiments. *P<0.05; 
**P<0.01 (vs. control).

Figure 4. MiR‑19a regulates glucose production and expression of gluconeogenetic genes via targeting PTEN. The miR‑19a inhibitor and siPTEN were 
co‑transfected into HEP1‑6 cells. Transfection of siPTEN reversed the effect of miR‑19a inhibitor on expression of gluconeogenetic genes (A) and glucose 
production (B) in HEP1‑6 cells. N=4 independent experiments. *P<0.05; **P<0.01 (vs. control).
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Discussion

The impaired hepatic insulin sensitivity contributes to 
increased hepatic glucose production, which may lead to 
dysregulation of glucose metabolism (11,12). There increasing 
evidence that miRNAs are involved in the regulation of glucose 
metabolism  (4). MiR‑19a, a member of mir‑17‑92 miRNA 
family, is a oncogenic miRNA, which could promote prolif-
eration and angiogenesis of cancer cell (10). In our previous 
study, we verified that over‑expression of miR‑19a increased 
the activation of PI3K/AKT/GSK pathway and glycogenesis via 
targeting PTEN. In the present study, we focused on the critical 
role of miR‑19a in regulating hepatic glucose production. Our 
results suggested that over‑expression of miR‑19a elevated 
the phosphorylation of FOXO1 and suppressed expression of 
gluconeogenesis‑ related genes, such as PGC1α, PEPCK and 
G6Pase. Most importantly, glucose production was impaired in 
HEP1‑6 cells transfected with miR‑19a mimic. It was reported 
that PI3K/AKT pathway is the main insulin signal pathway in 
hepatocytes, which can regulate hepatic glucose metabolism 
including gluconeogenesis and glycogenesis  (1). Activated 
AKT can inactivate glycogen synthase kinase 3β (GSK3β), 
which permits the activation of glycogen synthase and leads 
to glycogenesis  (13,14). Moreover, activated AKT also can 
promote the phosphorylation and nuclear exclusion of FOXO1 
to lower expression of gluconeogenetic enzymes and gluconeo-
genesis (15). In hepatic insulin resistance, suppressed activation 
of PI3K/AKT led to increased hepatic gluconeogenesis through 
reduced inactivation of FOXO1. Furthermore, PGC1α is 
another transcriptional co‑activator which is activated under 
fasting conditions (16). PGC1α co‑activates FOXO1, leading to 
PEPCK and G6Pase transcription. Insulin impaired PGC1α by 
increasing its phosphorylation at ser570 by activated AKT (17).

In previous study, PTEN was verified as a direct target of 
miR‑19a to mediate the activation of PI3K/AKT/GSK pathway. 
There are several binding sites for miR‑19a at the PTEN 3'‑UTR. 
PTEN is expressed in all tissues and contains a tensin‑like 
domain and a phosphatase catalytic domain (18,19). Moreover, 
PTEN is a negative regulator of PI3K/AKT pathway by cata-
lyzing PIP3 dephosphorylation and converting it into PIP2 
(19‑21). In the present study, we found that PTEN could regu-
late phosphorylation of FOXO1. Silencing PTEN could reverse 
the effects of miR‑19a inhibition on phosphorylation of FOXO1 
and expression of gluconeogenesis‑ related genes. Therefore, 
PTEN participated in miR‑19a‑mediated gluconeogenesis in 
hepatocytes via regulating AKT/FOXO1 pathway.

In conclusion, these findings provide mechanistic insight 
into the effects of miR‑19a on gluconeogenesis and regulation of 
AKT/FOXO1 pathway in hepatocytes. MiR‑19a might mediate 
gluconeogenesis via downregulating PTEN expression.
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