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Abstract: In animal models, hepatocytes can be reprogrammed into insulin-producing cells (IPCs) for a novel an-
tidiabetic treatment. However, the potential for an immunologic reaction and issues with gene integration of the
viral vehicle hamper system efficacy. Here, we adopted an Ultrasound Targeted Microbubble Destruction (UTMD)
enhanced hydrodynamic gene delivery system in a streptozotocin induced mouse diabetic model to examine its
treatment effect. After transfection by combining UTMD and hydrodynamic injection, accumulated luciferase signal
was only found in the liver with optimal signal intensity. Liver function tests showed an increase in alanine amino-
transferase level followed by a decrease to normal levels. Then this new gene delivery system was used to deliver
Pdx1, Neurog3, and MafA plasmids into diabetic mice. We found that glucose levels gradually decreased, and insu-
lin levels increased in transfected diabetic mice compared to controls. Glucose intolerance in transfected mice was
alleviated. Gene expression assay confirmed the reprogramming of hepatocytes. We demonstrated the feasibility of

repeated plasmid transfection in vivo by UTMD enhanced hydrodynamic gene delivery system.
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Introduction

Reprogramming of adult non-pancreatic cells
into Insulin-Producing Cells (IPCs) has been
shown to be a novel molecular way to treat dia-
betes in animal models [1]. Direct reprogram-
ming refers to inducing trans-differentiation of
one type of mature somatic cell into another
cell type without dedifferentiation back to mul-
tipotent stem cells. Adenovirus vector-mediat-
ed transfection of genes encoding multiple
pancreatic development-related transcription
factors (TFs) including Pdx1, Neurog3 and
MafA, effectively reversed hyperglycemia symp-
toms by reprogramming hepatocytes into IPCs
in mouse models [2, 3]. Exogenous TFs are able
to switch the progression of trans-differentia-
tion from hepatocytes to IPCs. However, viral
vectors have certain drawbacks, such as the
possibility for immunologic reactions and gene

integration issues [4]. Thus, this approach has
been restrained from extensive clinical app-
lication.

Ultrasound targeted microbubbles destruction
(UTMD) has become a promising method of
gene delivery due to its non-invasiveness, safe-
ty and versatility to concentrate sound energy
on specific areas of the organ [5], thus has
been applicated into several diseases [6-9]. It is
speculated that cavitation plays a major role in
ultrasound-induced membrane permeability or
acoustic perforation [10]. Acoustic pressure,
pulse repetition frequency, duty cycle are the
key factors for cavitation activity. However, for
efficient ultrasound-mediated gene delivery,
plasmids need to be localized at the site of
exposure because ultrasound is limited in the
process of transporting genetic material across
various tissue barriers without causing signifi-
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cant collateral damage. Hydrodynamic gene
delivery showed a tissue-specific pattern with a
liver transfection efficiency of 40% using a plas-
mid concentration of less than 50 ug [11].
Increased endothelial and parenchymal cell
permeability caused by hydrodynamic pressure
in the hepatic sinusoid permitted entrance of
plasmid DNA into hepatocytes [12]. Opened
cell membranes can be reclosed within min-
utes, and the enlarged liver returns to normal
within 24 hours [13]. Despite this, it has been
observed that, following hydroporation, much
of the plasmid is bound to the outer surface of
the plasma membrane for more than 1 hour,
indicating insufficient permeabilization from
hydrodynamic pressure [14]. Therefore, UTMD
and hydrodynamic injection are complementa-
ry. Ultrasound induced cavitation, as additional
mechanical forces, is capable of enhancing the
entry of DNA molecules into the cytoplasm;
thus could further enhance the efficiency of
hydrodynamic-induced gene delivery. In this
study, we aimed to investigate the efficiency of
UTMD enhanced hydrodynamic gene delivery in
in vivo hepatocytes and antidiabetic treatment
efficacy and safety of Pdx1, Neurog3, and MafA
(PNM) transfection by this gene delivery meth-
od in a diabetic mouse model.

Materials and methods
Plasmids

The plasmids, containing the human transcrip-
tion factor Pdx1, Neurog3, MafA gene, driven by
the CMV promoter, was constructed and kept in
our laboratory [15]. Luciferase reporter plasmid
with same vector backbone was used as con-
trol. Plasmids were further purified with
ZymoPURE Il Plasmid Maxiprep Kit (Zymo
research, USA).

Microbubbles

SonoVue microbubble contrast agent (Bracco,
Milan, Italy) was prepared according to the
manufacturer’s instructions. Firstly, microbub-
ble was reconstituted in 5 ml of saline solution,
fully mixed and securely capped. SonoVue
microbubbles are lipid-shelled and filled with
sulfur hexafluoride gas, containing approxi-
mately 2-5x108 microbubbles/ml, with an aver-
age diameter of 2.5-6.0 um.

Experimental animals
Male C57BL/6N mice (age: 6 weeks, weight:
18-20 g) were used for this study (Guangdong
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Medical Laboratory Animal Center, Guangdong,
China). All mice were housed under pathogen-
free conditions. Animal procedures were
approved by the Institutional Animal Care and
Use Committee of the Second clinical Medical
College, Jinan University (20180226046). The
diabetic mouse model was established by
streptozotocin (STZ) administration. Mice were
fasted overnight for 14 hours, and 2% STZ
(Sigma, USA) was injected intraperitoneally at a
dosage of 60 mg/kg once a day for 3 consecu-
tive days. Mice with blood glucose level of 300
mg/dl or greater for 3 consecutive days, which
was stable for at least 1 week, were considered
as diabetic.

UTMD enhanced hydrodynamic gene injection

The ultrasound signal is generated by the
Shenzhen Welder Ultrasonic Cavitation Therapy
Instrument. The non-focusing probe has a
diameter of 2 cm and the ultrasonic depth is
5-6 cm. The default US condition was 1 MHz
frequency, an acoustic peak negative pressure
amplitude of 1 MPa, 20 cycle pulses, 50 Hz
PRF and total ultrasonic time 5 min with an
interval of 6 s. Different plasmid dose, acoustic
peak negative pressure and duty cycles has
been screened to achieve optimal gene deliv-
ery efficiency. The parameters were shown in
Table 1.

The hydrodynamic tail vein injection procedure
has been reported previously [16], indicated as
bolus in the study. Total injection volume was
equal to 8% body weight. The microbubble dose
was 10% (v/v) of the injection volume. Besides
the plasmid dose, the remaining volume was
supplemented with physiological saline. Briefly,
for a 20-gram weight mouse, 1.6 mL delivery
solution containing 50 ug plasmid DNA and
160 pL microbubbles was injected into the tail
vein within 5-8 seconds. Then the animal was
placed on a constant temperature heating pad
for isoflurane anesthesia induction. Within 1
minute, unfocused ultrasound irradiation was
performed for 5 minutes with an ultrasonic cou-
pling agent thickness of approximately 2 mm.

Pathology test

On days 7 post-transfection, mouse livers were
dissected from mice in the UTMD Bolus group
(n = 3). Liver was fixed in 10% formalin, embed-
ded in paraffin, and sectioned into 5-um slides
for hematoxylin and eosin staining. Pathological
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Table 1. List of ultrasound parameters used in UTMD enhanced hydrodynamic injection

Group UTMD UTMD UTMD UTMD Bolus UTMD UTMD Bolus  UTMD Bolus
Bolus 2.5 Bolus3.0 Bolus 3.5 0.5% Bolus 2% 0.5 MPa 1.5 MPa
Number of animals 5 6 6 5 4 7 5
Bolus, 8% Bolus, 8% Bolus, 8% Bolus, 8% Bolus, 8% Bolus, 8% Bolus, 8% Bolus, 8%
Plasmid Dose 2.5 ug/g 3.0 ug/g 3.5 pg/g 2.5 ug/g 2.5 ug/g 2.5 ug/g 2.5 ug/g
Peak negative pressure (MPa) 1 1 1 1 1 0.5 1.5
Number of cycles 200 200 200 100 400 200 200
PRF 50 50 50 100 25 50 50
MBs/sonication 10 ul/g 10 pl/g 10 ul/g 10 pl/g 10 pl/g 10 ul/g 10 pl/g
Time US on (min) 5 min 5 min 5 min 5 min 5 min 5 min 5 min
Total exposure time 15s 15s 15s 0.75s 3.0s 15s 15s

PRF: Pulse repetition frequency; MBs: Microbubbles; US: Ultrasound.

changes were observed under the microscope
(Olympus IX71, Japan).

Immunofluorescence staining

For immunostaining, mouse livers and pancre-
as were dissected and fixed in 4% paraformal-
dehyde. Tissue blocks were embedded in O.C.T.
compound (SAKURA Tissue-Tek, PA, USA), and
7-um sections were prepared for immunostain-
ing. Frozen tissue sections were permeabilized
and blocked with 0.2% Triton X-100 plus 1%
bovine serum albumin. Sections were incubat-
ed with guinea pig anti-insulin (1:100; Abcam,
Cambridge, UK) or sheep anti-glucagon (1:200;
Abcam, Cambridge, UK) at 4°C overnight, fol-
lowed by incubation with secondary antibodies
of Alexa Fluor 568-conjugated goat anti-guinea
pig 1g8G (1:1000; Abcam) or FITC-conjugated
rabbit anti-sheep IgG (1:300, Abcam). Nuclei
were stained with 4’,6-diamidino-2-phenylin-
dole (1:800, Invitrogen). Images were observed
and captured under a Leica microscope (Leica,
DMi8) with its software LAS X.

In vivo bioluminescence imaging

Efficiency of hydrodynamic delivery of the lucif-
erase plasmid was assessed by in vivo biolumi-
nescence imaging of luciferase activity using
an IVIS Spectrum system (Perkin-Elmer,
Waltham, MA) at 24, 48, 72, and 168 hours
post-injection. Mice were anesthetized with iso-
flurane, followed by intraperitoneal injection of
150 mg/kg of D-luciferin (Goldbio, USA). Eight
consecutive scans (1 min acquisition time/
scan) were taken after 10 min. Images were
processed by using Living Image 4.2 software.
An ellipsoidal region of interest was drawn over
the liver. Data were shown in radiance units
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(photons/s/cm?/steradian) for statistical analy-
sis. To determine the distribution of luciferase
activity, mice were euthanized, and liver,
spleen, kidney, pancreas, heart, stomach, gas-
trointestinal tract, and brain were dissected 10
minutes after D-luciferin injection.

Study design

Male C57BL/6J mice were either induced by
STZ to develop diabetes or defined as a healthy
control group. Mice were divided into four
groups: (1) healthy control mice (n = 8); (2) dia-
betic control mice (n = 8); (3) hydrodynamic-
injection diabetic mice (n = 5); (4) UTMD Bolus
diabetic mice (n = 5). Mice were evaluated from
the day of completion of transfection (day O)
until the end of the experiment (day 126).
Evaluation included measurements of glucose
metabolism and gene expression levels. Fa-
sting glucose levels were measured at 4:00 PM
every day for the first week, followed by once
every 3 days until day 21, and once a week until
day 126. Insulin level was measured and an
intraperitoneal glucose tolerance test (IPGTT)
was performed on days 14, 56, 100, and 126
post-transfection. Gene expression levels were
determined on days 126.

Biochemical tests

Fasting blood glucose levels were measured by
glucometer (Life Scan Canada Ltd.) every week
post-injection at 4:00 PM until day 126. Insulin
levels were measured by mouse Insulin ELISA
Kits (Mercodia, Sweden) according to the manu-
facturer’s protocol. IPGTT was performed after
a 6-hour fast in mice. Glucose solution (2 g/kg)
was injected intraperitoneally, and blood glu-
cose was measured from the tail vein at O, 15,
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Figure 1. In vivo DNA transfection efficiency in the liver of UTMD enhanced hydrodynamic injection. A. Mouse liver
bioluminescence images of UTMD enhanced hydrodynamic injection (UTMD bolus) and control groups at different
time points. Both Bolus, bolus with ultrasound (Bolus US), bolus with microbubbles (Bolus MB), and UTMD with
bolus (UTMD bolus) effectively induces bioluminescence signals after 24 hours. However, at 48 hours, only UTMD
bolus treated mice maintained high level of bioluminescence signals, with statistically significant difference vs. Bo-
lus (P < 0.05). *P < 0.05. B. Time-dependent curve of transfection efficacy with different transfection groups (n = 4).
UTMD bolus can maintain high gene expression up to at least 168 hours. C. High concentration of bioluminescence

signals in mouse liver 48 hours after transfection.

30, 60, 120, and 180 min after glucose injec-
tion.

Real time RT-PCR

Total RNA was isolated from mouse liver by
using TRIzol reagent (TaKaRa, Tokyo Japan). A
1-ug aliquot of RNA was reverse-transcribed
into cDNA by using a Prime Script RT Reagent
Kit with gDNA Eraser (TaKaRa), according to the
manufacturer’s protocol. Quantitative real-time
PCR using SYBR Green Premix EX Taq (TaKaRa)
was performed to determine relative gene
expression on a Biorad CFX 96 touch real-time
PCR detection system. Ct values were normal-
ized to B-actin, and expression level was calcu-
lated by the 222t method. All primer sequences
are listed in Table 1.

Statistical analysis

All data were analyzed using Graphpad Prism
software. Continuous variables are expressed
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as the mean + standard deviation. Statistical
analysis was performed using one-way Analysis
of Variance (ANOVA) to compare differences
among different groups. T-tests were used to
compare differences between two groups.
Blood glucose levels and body weight were
compared using repeated measures ANOVA. All
experiments were performed in technical tripli-
cate. Differences with a P value less than 0.05
were considered statistically significant.

Results
In vivo transfection efficiency

We first assess the transfection efficiency of
different gene delivery methods using lucifer-
ase vector. We found that both Bolus, bolus
with ultrasound (Bolus US), bolus with micro-
bubbles (Bolus MB), and UTMD with bolus
(UTMD bolus) effectively induces biolumines-
cence signals after 24 hours (Figure 1), and no
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Figure 2. Optimization of ultrasound parameters. Dif-
ferent parameters of acoustic pressure, pulse rep-
etition frequency, and plasmid concentration were
tested to achieve optimal in vivo transfection effi-
ciency. Across all groups the statistically significant
differences were seen in UTMD Bolus 2% vs. UTMD
Bolus 2.5, P < 0.01. There was no statistical differ-
ence between UTMD Bolus 3.0 vs. UTMD Bolus 2.5,
UTMD Bolus 3.5 vs. UTMD Bolus 2.5, UTMD Bolus
0.5% vs. UTMD Bolus 2.5, UTMD Bolus 0.5 MPa vs.
UTMD Bolus 2.5, and UTMD Bolus 1.5 MPa vs. UTMD
Bolus 2.5. **P < 0.01. Comparing to UTMD Bolus
2.5, parameters in other groups are the same except
one. The details of all groups are listed in Table 1.

difference was observed between different
delivery methods. However, after 24 h, the bio-
luminescence signals dropped rapidly in bolus,
bolus with ultrasound, and bolus with MBs
treated mice, while UTMD bolus treated mice
maintained high level of bioluminescence sig-
nals (Figure 1A, 1B). At 48 hours, the biolumi-
nescence signals in the UTMD bolus treated
mice are 8.09+3.82x107 photons/sec/cm?/
steradian, comparing to 9.51+5.52x10°% pho-
tons/sec/cm?/steradian in bolus treated mice,
3.07+2.74x10° photons/sec/cm?/steradian in
Bolus US treated mice, and 6.16+2.49x10°
photons/sec/cm?/steradian in Bolus MB treat-
ed mice. These results indicate that hydrody-
namic injection is capable of delivering genes
in liver, but gene expression does not last long
enough. The application of UTMD can maintain
high gene expression up to at least 168 h.
Theoretically, gene delivery can be achieved in
any regions that are covered by ultrasound sig-
nal. Thus, we further examined gene delivery
pattern in various tissues, including the liver,
gastrointestinal tract, kidneys, and pancreas,
which could be covered by ultrasound signal.
However, bioluminescence signal was only
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found in the liver, but not in other tissues exam-
ined (Figure 1C), highlighting the specificity of
the method.

Acoustic pressure [17] and pulse repetition fre-
quency [18] are key factors for ultrasound
induced cavitation, and also plasmid concen-
tration has effects on in vivo gene transfection
efficiency. Therefore, we tested different pa-
rameters of these three factors to achieve opti-
mal in vivo transfection efficiency. When pulse
repetition frequency increased to 2%, lucifer-
ase expression level in liver increased dramati-
cally (4.19+1.26x107 photons/sec/cm?/stera-
dian), as shown in Figure 2. Gene transfection
efficiency tended to increase when plasmid
concentration increases. Increasing the peak
negative pressure to 1.5 MPa however didn’t
enhance gene transfection.

Liver functional and pathological damage

We investigated whether UTMD enhanced
hydrodynamic gene delivery would cause any
potential damage to the liver damage. As shown
in Figure 3A, in the early phase (< 8 days) post
transfection, although not significant, body
weights of mice received treatments decreased
as comparing to control mice without treat-
ment. At day 8, there was not apparent differ-
ences in body weight, suggesting that this tem-
porary effect is unlikely caused by liver injury. In
agreement with this, we found serum aspartate
aminotransferase (AST) activities were unaf-
fected by the treatments (Figure 3B). Mild
increase in serum alanine aminotransferase
(ALT) activities was found 1 day and 3 days
post the treatment (Figure 3B). Serum ALT
activities of the mice received treatments were
comparable to control mice after 3 days, indi-
cating the liver injury is mild and temporary.
Additionally, there were no apparent morpho-
logical changes in the liver, revealed by H&E
staining (Figure 3C), further excluding the pos-
sibility that the treatments cause liver injury.

Transforming hepatocytes into IPCs alleviates
diabetes in mice

We then examined if transforming hepatocytes
into IPCs could treat diabetes by monitoring
fasting blood glucose levels for up to 126 days.
We observed a rapid decreased in fasting blood
glucose levels after PNM injection (Figure 4A).
Transforming hepatocytes into IPCs using both
Bolus and UTMD Bolus reduced the fasting
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Figure 3. Safety investigation after UTMD enhanced hydrodynamic injection. A. Body weights of mice received all
treatments decreased as comparing to control mice without treatment in the early days. At day 8, there were not
apparent differences in body weight of all groups. B. Liver function after DNA transfection. AST activities were unaf-
fected by all the treatments. Mild increases in ALT activities were found on day 1 post the treatment. AST: aspartate
aminotransferase; ALT: alanine aminotransferase. *P < 0.05, **P < 0.01, ***P < 0.001 compared to blank trans-
fection control, as indicated. n = 4 in each group; C. Liver tissue pathology from 8 days mice after transfection (n =
4). There were no apparent morphological changes in the liver of all groups. Scale bar: 100 um.

blood glucose levels to a normal level which glucose is sharper in mice treated with UTMD
was maintained until the end of the experiment Bolus, as compared with mice treated with
(Figure 4A). However, the reduction in blood Bolus only, suggesting that UTMD Bolus is more
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Figure 4. In vivo Pdx1/Neurog3/MafA transfection by UTMD enhanced hydrodynamic injection for antidiabetic treat-
ment. A. Fasting blood glucose level in diabetic mice after transfection. Transforming hepatocytes into IPCs using
UTMD Bolus reduced the fasting blood glucose levels to a normal level which was maintained until the end of the
experiment. B. Glucose tolerance results in diabetic mice on days 14, 56, 100, and 126 after transfection. UTMD
Bolus improves glucose tolerance on day 56, 100 and 126. C. Serum insulin levels in diabetic mice on days 14,
56, 100 and 126 after transfection. Transforming the hepatocytes into IPCs using UTMD Bolus gradually increased
serum insulin levels from day 100. Diabetes UTMD Bolus (n = 5), Diabetes Bolus (n = 5), Diabetes vector ctrl (n = 8),
Normal ctrl (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001 compared to diabetic vector control.

efficient in transforming hepatocytes. Although
reduction in fasting blood glucose is immediate
after 7 days, glycemic control, measured by
IPGTT at 14" day post transfection, was not
improved by both Bolus and UTMD Bolus treat-
ment (Figure 4B). Yet, 56, 100 and 126 days
post transfection revealed that UTMD Bolus
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improves glucose tolerance (Figure 4B). We
also measured serum insulin levels in these
mice and found that transforming the hepato-
cytes gradually increased insulin levels (Figure
4C). Again, UTMD Bolus treatment showed
higher efficiency than Bolus in rising insulin
levels.
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Successful induction of pancreatic 3 cell spe-
cific genes in the liver

To assess if the transformation of hepatocytes
into IPCs are successful, we examined the
expression of pancreatic 3 cell specific genes in
the liver (Figure 5). We found that both Bolus
and UTMD Bolus treatment induced the expres-
sion of Pdx1, Ngn3, and MafA in the liver (Figure
5F-H), validating successful PNM delivery by
the treatment. Expression of Insl1 and Ins2
were also significantly increased (Figure 5A,
5B), in accordance with increased serum insu-
lin levels. Interestingly, Geg, which encodes glu-
cagon, were also induced in the liver (Figure
5C). With the increased expression of pancre-
atic specific genes, we found the expression of
Alb and Afp, two liver-specific genes, were
decreased (Figure 5D, 5E). Expression of the
key TFs involved in insulin secretion and islet 3
cell development, including, Kcnjl1l, Abcc8,
and Nkx6-1, were also induced by Bolus and
UTMD Bolus mediated PNM delivery (Figure
51-K). Moreover, expression of Ucn3, a gene
only expressed in maturated pancreatic 3 cell,
were highly expressed in UTMD Bolus treated
liver, and to a lesser extend in Bolus treated
liver (Figure 5L).

Immunostaining of liver tissue on day 126
showed scatted single IPC in Bolus group
(Figure 6A), insulin positive cells were
2.49%+0.15% (Figure S1). IPCs were aggregat-
ed in cluster in UTMD Bolus group (Figure 6E),
and insulin positive cells were 5.26%+0.33%
(Figure S1). However, glucagon was negative in
both groups (Figure 6B-F). These results indi-
cate that the hepatocytes were reprogrammed
to become IPCs after in vivo gene delivery.

Discussion

This study demonstrated the possibility of
reprogramming hepatocytes into IPCs by simul-
taneously delivery of Pdx1, Ngn3 and MafA
using UTMD enhanced hydrodynamic gene
delivery. In vivo transfection of PNM plasmids
effectively relieved diabetic symptoms, includ-
ing reduction of glucose levels, alleviation of
glucose intolerance, and increase of serum
insulin levels. It was without damaging the liver,
highlighting its efficacy and safety.

UTMD-mediated gene transfection is a safe
non-viral gene transfection method. Multiple
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studies have shown that ultrasound macrovesi-
cles can achieve gene transmission in vivo in
various tissues, including skeletal muscle [19],
brain [20], heart [21], liver [22] and kidney [23].
Combination of UTMD with gene delivery meth-
ods can increase transfection efficiency. It has
been reported that the combination of UTMD
and PEl increases the transfection efficiency of
plasmid DNA in skeletal muscle cells and solid
tumor cells [8]. In addition, the combination of
low-intensity ultrasound and hydrodynamics
also increases efficient gene transfection in
kidneys. Researchers can increase the gene
expression level of erythropoietin plasmid in
the left kidney of rats by 4.5-fold using ultra-
sound irradiation with 2 w/cm? and 10% duty
cycle for 15 min [24]. Similarly, our study found
that combining UTMD with hydrodynamics can
increase the efficiency and duration of gene
expression in the liver. We found that increas-
ing ultrasound duty cycle but not the plasmid
dose can increase gene transfection efficien-
cy.

Our previous study demonstrated that repeat-
ed hydrodynamic gene injection of PNM plas-
mids can achieve direct reprogramming of liver
cells to insulin producing cells [15]. Here, we
combine UTMD and hydrodynamic gene injec-
tion together, without using transfection rea-
gents, to deliver plasmids to mouse livers in
vivo. After the fourth injection and until the later
stage of the experiment, we observed steady
trends of decreasing glucose level and increas-
ing insulin levels, as demonstrated by gene
expression and ELISA assays. Interestingly, we
found that the decrease in blood glucose levels
did not parallel with the increase in plasma
insulin levels. A possibility is that transformed
hepatocytes only secrete a small amount of
insulin, which did not cause any changes in the
insulin levels in the circulation. However, this
small amount of insulin may act in a paracrine
manner to lower blood glucose levels in the
liver. These findings indicate that the trans-
formed hepatocytes were exerting an insulin-
producing function. Similarly, Cim et al. report-
ed a transient antidiabetic effect after rat hepa-
tocyte reprogramming by the hydrodynamic
method for a week [25]. They speculated that a
single injection of PNM plasmids turned on the
trans-differentiation of hepatocytes to islet
cells. However, this effect may be reversible
[25]. We found that the reprogrammed cells
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Figure 5. mRNA expression levels of genes relevant to pancreatic 3 cells and hepatocytes in liver tissue after in
vivo transfection. gRT-PCR analysis of pancreatic 3 cells and hepatocytes marker expression on day 126 (n = 5)
after transfection. Normal pancreas was included as positive control for pancreatic 3 cells marker gene expression.
Pancreas-related genes: Ins1: insulin I; Ins2: insulin Il; and Gcg: glucagon. Hepatocyte-related genes: Alb: albumin;
and Afp: alpha fetoprotein. Key transcription factors related to pancreatic development: Pdx1: pancreatic and duo-
denal homeobox 1; Neurog3: neurogenin 3; MafA: v-maf musculoaponeurotic fibrosarcoma oncogene family, pro-
tein A; Nkx6-1: NK6 homeobox 1; Pancreatic B cell function-related genes: Abcc8: ATP-binding cassette, sub-family
C (CFTR/MRP), member 8; Kcnj1l1: potassium inwardly rectifying channel, subfamily J, member 11; and Ucn3:
urocortin 3. *P < 0.05, **P < 0.01 compared to diabetic vector control.

Insulin Glucagon DAPI Merge

UTMD Bolus Bolus

Normal Islet

Figure 6. Immunofluorescence images of hepatic insulin-secreting cells. Liver tissue was sectioned and stained on
day 126 (n = 5) after transfection. Red fluorescence: insulin; green fluorescence: glucagon; cellular nuclei: blue.
Scale bar = 25 ym (A-D), Scale bar = 10 ym (E-H), Scale bar = 100 pm (I-L).

simultaneously express both insulin and gluca-
gon in mRNA level. This phenomenon has been
observed in previous studies [3, 15]. It is likely
that these reprogrammed cells are progenitors
of a and f cells and non-terminally differentiat-
ed. We also observed an increased expression
of beta cells transcripts like Insulinl, Insulin2,
Ucn3, Nkx6-1, and potassium channel proteins
like Kcnjll and Abcc8. These indicate that
these cells have some properties of pancreatic
B cells but are not fully matured.

In conclusion, this study demonstrated the fea-
sibility of repeated transfection of multiple

7284

plasmids in mice by a UTMD enhanced hydrody-
namic gene delivery system. Hepatocytes can
be successfully reprogrammed into functional
IPCs to alleviate diabetic symptoms. Further
studies in other animal models are warranted
to elucidate the treatment effect and safety of
hepatocyte reprogramming by the method.
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6- p<0.0001
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Figure S1. Insulin positive cells quantification. One thousand cells were selected randomly for foci quantification
(x400). Data are shown as mean + SD (n = 5).



