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and MRX34 (NCT01829971). A few miRNAs have been implicated 
in the regulation of gluconeogenesis [8-10]. Yet, none was associated 
with AQP9 expression and glycerol transport. In view of this and the 
fact that AQP9 inhibitor could be of therapeutic benefit in controlling 
gluconeogenesis in glycerol-based hyperglycaemic conditions, the 
potential of using endogenously expressed miRNAs to regulate AQP9 
expression is explored in this study.

Materials and Methods
Transfection of miRNAs in HepG2 cells

HepG2 were purchased from American Type Culture Collection 
(ATCC) and grown in 5% CO2 at 37°C in DMEM containing 5.5 mM 
glucose supplemented with 10% FBS, 100U penicillin/ml, 100 µg 
streptomycin/ml. Transfection of miRNAs was carried out according to 
Karolina et al. [11]. Anti- or pre-miR-22 and miR-23a were purchased 
from Ambion, USA. Briefly, respective miRNAs were diluted in 50 µl 
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Abstract
In obese individuals, a high efflux of glycerol from accumulated fat in adipose tissue into the liver is known to be 

associated with the development of type 2 diabetes. Aquaporin 9 (AQP9) is an aquaglyceroporin which serves as 
the primary route of hepatic glycerol uptake for gluconeogenesis. Hence, development of AQP9 blockers/regulators 
may be of potential benefit in controlling hyperglycaemia especially in obese and diabetic individuals. HTS13286 was 
recently identified as a specific AQP9 inhibitor, even so its limited solubility renders the molecule unsuitable for in vivo 
application. microRNAs are naturally occurring gene regulators that are often associated with various diseases. The 
feasibility in selective modulation of microRNAs has introduced a new paradigm for therapeutic applications. 

In this study, we explore the possibility of using microRNAs to regulate AQP9 expression and eventually glycerol-
based gluconeogenesis. In silico prediction of microRNAs targeting the 3’ untranslated region of AQP9 was conducted 
using miRWalk database. Among the list of potential microRNAs, miR-22 and miR-23a were shortlisted for their high 
expression in liver and further confirmed to interact with AQP9 via luciferase assay. Over-expression of miR-22 or miR-
23a was able to reduce AQP9 expression (mRNA and protein) and ultimately inhibit glycerol-based gluconeogenesis in 
HepG2 cells. Livers of diabetic rats were also observed to exhibit an inverse correlation between miR-22, miR-23a and 
AQP9 expression. 

 As negative modulators of AQP9 expression, miR-22 and miR-23a suggest a potential role in regulating glycerol 
entry into hepatocytes which could be beneficial in managing glycerol-dependent hyperglycaemic conditions.

Keywords: microRNAs; Gene regulation; Aquaporin 9; Glycerol
uptake; Glycerol gluconeogenesis

Introduction
Glycerol-based gluconeogenesis (glycerogluconeogenesis) is 

observed to be a contributing factor in increased endogenous glucose 
output in obese Type 2 diabetes (T2D) [1]. This is possibly due to 
expanded insulin-resistant adipose tissue mass and accelerated lipolysis 
that consequently increase glycerol availability for gluconeogenesis 
[1]. Hepatic glycerol uptake is mediated primarily by AQP9, an 
aquaglyceroporin family member which is found to be regulated by 
insulin [2,3]. Leprdb/LeprdbAQP9−/− mice were found to exhibit lower 
postprandial plasma glucose levels compared with those of Leprdb/Leprdb 
AQP9+/− control mice [4]. These results suggested that the absence of 
AQP9 as an entrance port for glycerol reduced the capacity of hepatic 
glycerogluconeogenesis which could be useful in diabetes treatment. 
A chemical compound, HTS13286 has recently been identified as an 
efficient inhibitor of AQP9. Nevertheless due to the limited solubility 
of HTS13286, this compound is currently considered unsuitable for in 
vivo application [5].

microRNAs (miRNAs) are gene regulators that can be dysregulated 
in diseases including T2D. The extensive implication of miRNAs 
across several pathophysiological conditions illustrates the potential of 
developing miRNA-based therapeutics. The feasibility in manipulating 
miRNAs expression makes them attractive candidates as therapeutic 
agents/targets. Throughout the years, several efforts have been made 
to optimize efficacy, stability and specificity of miRNA therapeutics 
for in vivo applications [6,7]. Although most miRNA therapeutics 
is still in preclinical development, two of them have progressed into 
clinical trials showing promising results: miravirsen (NCT01200420) 
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of Opti-MEM (Ambion, USA) to a final concentration of 30 nM. The 
mix was then complexed with 1 µl of NeoFX in 50 µl of Opti-MEM. 
HepG2 cells were transfected with these complexes and maintained 
for 48 hours prior to subsequent RNA/protein extraction. Total 
RNA (+miRNAs) was extracted from cells by a single-step method 
using TRIzol (Invitrogen Life Technologies, USA) according to the 
manufacturer’s protocol.

Real-time quantitative PCR

Reverse transcription followed by real time quantitative 
PCR (qPCR) were carried out according to Karolina et al [11]. 
Specific primer sequences for AQP9 were generated using Primer 
Express (Hsa Forward 5’-GGCTGTGTTGCCCAAGCTA-3’ and 
Reverse 5’-TGAAAATCCAACATTGATAGTGATGAC and Rno 
Forward 5’-GAAAATGCAACAGCATTCAT-3’ and Reverse 5’- 
GGCACCTGGCGTGGATAT). Specific primer probes for miR-22 
(Assay ID: 000398) and miR-23a (Assay ID: 000399) were purchased 
from Applied Biosystems, USA. Real time quantitative PCRs were 
performed according to the manufacturer’s protocols on Applied 
Biosystems 7900 HT sequence detection system. Data was normalized 
against the housekeeping gene 18S RNA.

Luciferase and glucose production assays

The 3’UTR of AQP9 mRNA was cloned into the Firefly luciferase 
expressing vector (pMIR-REPORTTM; Ambion, USA) at the SpeI and 
HindIII sites (Figure 1). Plasmid and miRNA transfection procedure 
was adapted from Karolina et al. [11]. The cells were lysed 48h post 
transfection and dual luciferase assay (Promega, USA) was carried out 
to quantitate the effects of anti- or pre-miR-22 or miR-23a interaction 
with the 3’UTR of AQP9 according to the manufacturer’s protocol. For 
glucose assay, HepG2 cells were seeded at a density of 7×104 per well in 
24-well plates and miRNA transfection was carried out immediately. 
After 48 hours, the medium was replaced with glucose and phenol red 
free DMEM (Sigma, USA) in which main gluconeogenic precursors 
such as lactate, glutamine and pyruvate are absent [12,13]. Cells were 

supplemented with 0.5 mM of glycerol and incubated for 8 hours 
to allow for glucose production to take place [5,14]. After which, 
medium was collected for glucose assay (Sigma, USA) according to the 
manufacturer’s protocol. Untreated cells that were not supplemented 
with glycerol were used as a blank. Cells subjected to the same 
transfection protocol using scrambled miRNAs were used as controls.

Western blot analysis

Western blot was carried out as described in Karolina et al. [11]. 
The membranes were probed with primary rabbit anti-AQP9 antibodies 
(33 k Da, Santa Cruz Biotechnology, USA), at a concentration of 1 µg/
ml dilution in 0.5% blocking solution for 60 minutes. β-actin was used 
as a loading control (Bio-Rad, USA). Secondary antibodies (HRP-
conjugated goat anti-rabbit; Bio-Rad, USA) were used at 1:5000 dilution 
in 0.5% blocking solution. Following that, membranes were visualized 
with Super-Signal West-Dura Extended Duration Substrate (Pierce, 
Biotechnology, USA) and developed in Kodak Biomax film. Films 
of Western blots were scanned (Acer SWZ3300U), and the labeling 
intensities of the bands were quantified using ImageJ software (National 
Institutes of Health). Relative expression of protein is the quantity of 
band intensity expressed as a proportion to that in control samples.

Rat model of T2D

Male Wistar rats, 6 weeks of age and weighing approximately 150 
g were used in this study. The animals were handled according to the 
guidelines of the Council for International Organization of Medical 
Sciences on Animal Experimentation (World Health Organization, 
Geneva, Switzerland) and the National University of Singapore. The 
animal protocols were approved (Protocol number: 062/09) by the 
National University of Singapore Institutional Animal Care and Use 
committee (NUS IACUC). Induction of Type 2 diabetes was done as 
described in Karolina et al. [11]. Diabetic condition was confirmed by 
oral glucose tolerance test [11] and animals that exhibited a state of 
hyperglycemia (fasting glucose ≥ 25 mmol/L) and insulin resistance 
were selected for the study. At the end of the experimental period, 
animals were euthanized using CO2 and the liver tissue was harvested 
for gene expression studies.

Statistical analysis

Data were analyzed for statistical differences by performing two-
tailed t-tests between ‘‘control’’ and ‘‘test’’ sample groups with a level of 
significance set at P<0.05. All data are reported as mean ± SEM.

Results
miR-22 and miR-23a directly target AQP9

Potential miRNA regulators of AQP9 were collated from the 
miRWalk prediction database (www.ma.uni-heidelberg.de/apps/zmf /
mirwalk/). A total of 25 out of 492 miRNAs was shortlisted based on 
the highest number of predictions and their expression level in the 
human liver tissue [15] and HepG2 cells [16] are shown in Table 1. 
miR-22, miR-23a and miR-23b which showed the highest expression 
were selected. Also, since miR-23a and miR-23b share the same seed 
sequence and that they only differ by one nucleotide at the 3’ end of 
the sequence, miR-23a was selected for subsequent interaction studies 
alongside miR-22. Figure 1 shows the predicted binding site of miR-22 
and miR-23a at the 3’UTR of AQP9 mRNA. When the AQP9 3’UTR 
construct was co-transfected with either anti- miR-22 or miR-23a, an 
approximate 60-70% increase in luminescence was noticed (Figure 
2). In contrast, independent transfection of pre- miR-22 or miR-23a 

Figure 1: 3’UTR of AQP9 mRNA. The 3’UTR sequence of AQP9 mRNA was 
retrieved from NCBI (NM_020980.3). The seed region of miR-22 and miR-
23a is underlined. Forward 5’-TTGTAAGCCTGAGGTGGAAT-3’ and Reverse 
5’-CCCGTATGTCCATAGATTG-3’ primers used for amplification of the 3’UTR 
are shown in italics bold fonts. 
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resulted in a significant suppression of the reporter gene expression 
(~30%). Next, we elucidate the effects of modulating the miRNA 
levels on AQP9 expression. The presence of either anti- miR-22 or 
miR-23a increased AQP9 expression at both mRNA and protein levels 
significantly (Figure 3). Conversely, over-expression of either miRNA 
using their respective precursors was able to bring about reduction 
in AQP9 mRNA which was also reflected in the protein (Figure 3). 
However, the decrease in AQP9 protein in pre miR-23a treated cells did 
not reach a significant level (p-value: 0.06). In addition, AQP9 mRNA 
and protein were also found to be increased in the livers of diabetic rats 
while both miR-22 and miR-23a exhibited significant down-regulation 
(Figure 4). Altogether, these observations confirmed miR-22 and miR-
23a as negative modulators of AQP9 expression.

Regulatory roles of miR-22 and miR-23a on 
glycerogluconeogenesis

Having confirmed that miR-22 and miR-23a can control AQP9 
expression which primarily regulates glycerol transport in hepatocytes 
[5], we subsequently investigated whether glycerogluconeogenesis 
could be controlled by modulating miR-22 and miR-23a expression. To 
perform this, HepG2 cells were transfected with corresponding anti- or 
pre-miR-22 or miR-23a prior to glucose assay. Forty eight hours (48 

Hsa-MicroRNA miRanda miRDB miRWalk RNA22 Targetscan Average Signal Intensity in 
HepG2 cells [16]

Average Signal Intensity in Human Liver 
Sample [15] 

miR-18a 1 0 1 1 1 6.939 8.10

miR-18b 1 0 1 1 1 5.305 2.86

miR-146a 1 1 1 0 1 0.052 8.70

miR-146b-5p 1 1 1 0 1 0.052 7.40

miR-181a 1 0 1 1 1 3.751 10.45

miR-181b 1 0 1 1 1 4.592 8.94

miR-181c 1 0 1 1 1 2.203 2.27

miR-181d 1 0 1 1 1 2.485 2.62

miR-198 1 1 1 1 1 1.286 2.06

miR-22 1 0 1 1 1 8.602 12.55

miR-23a 1 1 1 0 1 10.945 11.98

miR-23b 1 1 1 0 1 8.885 13.47

miR-205 1 0 1 1 1 0.052 1.60

miR-324-5p 1 1 1 1 1 6.078 7.17

miR-330-3p 1 1 1 0 1 2.820 3.23

miR-331-3p 1 1 1 0 1 6.541 5.27

miR-380 1 1 1 0 1 0.052 1.86

miR-488 1 0 1 1 1 0.052 1.94

miR-515-3p 1 0 1 1 1 0.052 1.57

miR-522 1 1 1 0 1 0.052 1.68

miR-545 1 1 1 0 1 2.773 1.63

miR-590-3p 1 1 1 0 1 0.052 1.72

miR-610 1 1 1 0 1 0.052 1.64

miR-648 1 1 1 0 1 0.052 2.39

miR-802 1 1 1 0 1 0.052 1.67

Table 1: miRNAs predicted to target the 3’UTR of AQP9. A total of 25 miRNAs with the highest number of database predictions is shortlisted. Expression level of the 25 
miRNAs in human liver sample as well as in HepG2 cells is shown. Among these, miR-22, miR-23a and miR-23b (in bold italics) were found to be highly expressed in both 
liver tissue and HepG2 cells. 

Figure 2: Dual luciferase reporter assay quantitation of the effects of 
anti- or pre- miR-22 or miR-23a interaction with the 3′ UTR of AQP9. The 
plasmid constructs together with anti- or pre- miR-22 or miR-23a (30 nM) 
were co-transfected independently into HepG2 cells. Relative luminescence 
for luciferase gene activity in treated samples were obtained 48 hours post-
transfection by normalizing the values against control transfected with 
corresponding anti or pre scrambled miRNAs. Data are presented as mean 
± SEM (n=3) against control. Statistically significant differences are tested at 
*p<0.05 significance. 
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hours) post-transfection, the media was replaced with glucose and 
phenol free DMEM which does not contain the main gluconeogenic 

precursors such as lactate, glutamine and pyruvate. These cells 
were then supplemented with 0.5 mM of glycerol as the primary 
gluconeogenic substrate [5]. Introduction of anti- miR-22 or miR-23a 
was found to increase glucose production by approximately 1.8 and 1.4 
fold respectively (Figure 5). In contrast, transfection of pre- miR-22 and 
miR-23a could reduce glycerol gluconeogenesis by about -1.3 and -1.5 
fold respectively. These results provided evidence that both miR-22 and 
miR-23a play important roles in the regulation of AQP9 as the glycerol 
importer and could therefore be as therapeutic targets in diabetes, 
particularly in the management of glycerogluconeogenesis.

Discussion
Impairment in gluconeogenesis is one of the many biological 

implications in diabetes and many have reported that gluconeogenesis 
is often elevated in T2D [17-19]. Among the many gluconeogenic 
substrates, glycerol is of particular interest because its availability as a 
gluconeogenesis precursor is increased in obese T2D individuals [20]. 
AQP9 has been identified as the primary route of hepatocyte glycerol 
uptake for glycerol gluconeogenesis and that its permeability can be 
inhibited by HTS13286 [5]. Despite having a great potential as an 
AQP9 inhibitor, HTS13286 exhibits limited solubility in 1 % DMSO-
containing aqueous solution. miRNAs have long been associated to 
several pathological conditions including diabetes and several are 
currently being developed as therapeutic agents. In view of this, finding 
the direct miRNA-based regulator of AQP9 will definitely be of great 
advantage in the treatment of diabetes.

We have identified miR-22 and miR-23a as modulators of AQP9 
expression (Figure 2). Over-expression of either miRNA was able 
to reduce AQP9 expression while inhibiting the miRNA expression 
resulted in increased AQP9 mRNA (Figure 3). These observations were 
also reflected at protein level with the exception of pre miR-23a treated 
cells that although there was reduced AQP9 protein expression, it was 
not statistically significant. This could possibly due to the moderate 
decrease of AQP9 mRNA in the pre miR-23a treated cells. A higher 
dose of pre miR-23a could be needed to bring down AQP9 protein 
to a significant level. Hepatic expression of AQP9 was found to be 

Figure 3: Relative expression of miR-22, miR-23a and AQP9 in HepG2 
cells transfected with either anti- or pre- miR-22 or miR-23a (30 nM). Data 
was normalized against the housekeeping gene 18S RNA and presented as 
mean ± SEM (n=3) against control cells transfected with corresponding anti 
or pre scrambled miRNAs. Western Blot analysis of AQP9 protein in treated 
HepG2 cells is also shown (see insert). β-actin was used as loading control. 
The data presented here is a representative of three independent experiments. 
Statistically significant differences are tested at p<0.05 significance. *p<0.05, 
**p<0.01. 

Figure 4: Altered expression of miR-22, miR-23a and AQP9 in the livers of 
diabetic rat models. In comparison to the corresponding controls, AQP9 was 
observed to be increased in liver samples of diabetic rats while both miR-22 and 
miR-23a showed significant down-regulation. Data was normalized against the 
housekeeping gene 18S RNA and presented as mean ± SEM (rats study n=12, 
6 normal rats and 6 high fat diet+streptozotocin treated rats). AQP9 protein 
expression in the livers of normal and high fat diet+streptozotocin treated 
(Diabetic) rats is also shown (see insert). β-actin was used as loading control. 
The data presented here is a representative of six independent experiments 

Figure 5: Relative glycerol-dependent glucose production in HepG2 cells. 
HepG2 cells were transfected with anti or pre miR-22 or miR-23a (30 nM) for 
a period of 48hour. Post-transfection cells were supplemented with 0.5mM 
glycerol as the primary gluconeogenic substrate and incubated for another 8 
hours for glucose production to take place. At the end of 8 hours incubation, 
medium was collected in tubes for measurement of glucose productions 
(glucose assay). Medium collected from untreated cells without glycerol was 
used as blank. Data presented as mean ± SEM (n=3) of glucose output in µg/
ml against control cells transfected with corresponding anti or pre scrambled 
miRNAs. Statistically significant differences are tested at p<0.05 significance. 
*p<0.05, **p<0.01.  
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elevated in streptozotocin-treated mice [2,21]. Glucose production was 
also observed to be increased in parallel with the amount of glycerol 
perfused into the portal vein of insulin resistant db+/db+ mice [2]. 
Likewise, we observed increased expression of AQP9 mRNA and 
protein in the livers of our diabetic rat model (Figure 4). These findings 
suggested that the dysregulated augmentation of AQP9 contributed to 
the increase in glycerol supply as a substrate for gluconeogenesis and 
therefore aggravating the hyperglycemic condition.

In the current study, we also demonstrated that down-regulation of 
AQP9 expression by increasing either miR-22 or miR-23a level resulted 
in significantly decreased glycerogluconeogenesis (Figure 5). Moreover, 
miR-23a has recently been reported to compromise gluconeogenesis by 
targeting G6PC which encodes the key gluconeogenic enzyme glucose-6-
phosphatase as well as the transcription factor Pgc-1α [8]. This indicates 
that not only miR-23a depletes the glycerol pool as a gluconeogenic 
substrate by inhibiting AQP9 upstream but it also represses G6PC and 
Pgc-1α and therefore exerting further suppression on gluconeogenesis. 
Although reduction of AQP9 protein was not found to be significant 
in the pre miR-23a treated cells, glycerogluconeogenesis in these cells 
exhibited significant decrease (Figure 5). In fact, the inhibitory effects 
of pre miR-23a on glycrogluconeogenesis was higher than miR-22. 
These data possible suggest that the lowering of glycerogluconeogenesis 
is more likely due to stronger suppression of miR-23a on G6PC and 
Pgc-1α rather than AQP9. Our study has highlighted miR-22 and miR-
23a as promising lead compounds that could regulate AQP9 expression 
in the management of diabetes. Increasing the expression of miR-22 
and miR-23a could suppress AQP9 expression and therefore control 
glycerogluconeogenesis, a process which is often increased in diabetes. 
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