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Development of an effective, safe, and convenient method for
gene delivery to the pancreas is a critical step toward gene ther-
apy for pancreatic diseases. Therefore, we tested the possibility
of applying the principle of hydrodynamic gene delivery for
successful gene transfer to pancreas using rats as a model.
The established procedure involves the insertion of a catheter
into the superior mesenteric vein with temporary blood flow
occlusion at the portal vein and hydrodynamic injection of
DNA solution. We demonstrated that our procedure achieved
efficient pancreas-specific gene expression that was 2,000-fold
higher than that seen in the pancreas after the systemic hydro-
dynamic gene delivery. In addition, the level of gene expression
achieved in the pancreas by the pancreas-specific gene delivery
was comparable to the level in the liver achieved by a liver-spe-
cific hydrodynamic gene delivery. The optimal level of reporter
gene expression in the pancreas requires an injection volume
equivalent to 2.0% body weight with flow rate of 1 mL/s and
plasmid DNA concentration at 5 mg/mL. With the exception
of transient expansion of intercellular spaces and elevation of
serum amylase levels, which recovered within 3 days, no perma-
nent tissue damage was observed. These results suggest that
pancreas-targeted hydrodynamic gene delivery is an effective
and safe method for gene delivery to the pancreas and clinically
applicable.
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INTRODUCTION
The pancreas lies transversely on the posterior abdominal wall and is
surrounded by various ducts and vessels.1 The arteries feeding the
pancreas arise from the gastroduodenal artery, superior mesenteric
artery, and splenic artery, forming a complex arcade. The veins drain
into the portal vein (PV), either directly or through the superior
mesenteric or splenic vein. The pancreas has both endocrine and
exocrine functions; the pancreatic islet consists of the acinar cells
and serves an endocrine function, while the duct consists of columnar
epithelial cells and serves an exocrine function.1 Pancreatic diseases
include diabetes mellitus, pancreatitis, and pancreatic cancer, often
resulting in dysfunction of pancreas. Among them, the incidence of
pancreatic cancer is increasing, and it is now the fourth-most-com-
mon cause of cancer-related mortality in the US and Europe and
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has a poor prognosis, with a 5-year survival rate at 6%.2,3 Various che-
motherapies have been tried, but the results are far from satisfactory.
Recently, the applicability of gene and cell therapy has been tested.4

To date, a few clinical trials have been performed using the modalities
of gene addition, gene editing, ex vivo gene therapy, and oncolytic
viral vector-mediated therapy (for recent review, see Singh et al.4).
These studies showed feasibility of the gene therapy approach in pre-
clinical studies; however, the use of these approaches has been limited
in clinics due to safety concerns and lack of pancreas specificifity.4

Therefore, the development of a new method for pancreas-targeted
gene delivery is an unmet need to advance medical treatment of
pancreatic diseases.

Therefore, in this study, we explored the possibility of achieving
pancreatic gene delivery using the principles of hydrodynamic gene
delivery (HGD). HGD employs a physical force of dynamic pressure
generated by a rapid injection of a large volume of fluid into a blood
vessel to permeabilize the cell membrane and facilitate intracellular
gene transfer.5,6 The method of HGD was established 18 years ago
and has been successfully employed for delivery of proteins, oligonu-
cleotides, siRNA, viral vectors, and small chemicals to hepatocytes in
rodents following a simple tail-vein injection.5–9 More recent work
has extended the use of HGD to large animals to achieve organ-spe-
cific gene delivery to the liver, muscle, heart, and kidneys. Target-spe-
cific gene delivery has the advantage of avoiding delivery of genes to
non-targeted cells and is commonly achieved by hydrodynamic injec-
tion into a major vein of the target organ where gene delivery is
needed. The techniques of imaging-guided catheter insertion and
surgical exposure of blood vessels for needle insertion have been
developed to aid target-specific HGD.10–20 A significant advantage
of this method is the achievement of therapeutic levels of gene
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Figure 1. Schematic Presentation of Hydrodynamic

Gene Delivery

(A) Schema of the standard hydrodynamic gene delivery

(HGD) via the inferior vena cava (IVC). (B) Schema of

pancreas-targeted HGD from the superior mesenteric

vein (SMV) with a temporary vascular blockade at the

portal vein (PV). HV, hepatic vein; SV, splenic vein.
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expression in target organs of the transfected animals.19,20 Conse-
quently, HGD has become one of the most commonly used tech-
niques for gene therapy and function studies in vivo.

Based on these successes, we investigated the possibility of pancreas-
targeted HGD toward a safe and effective gene therapy for pancre-
atic diseases, including cancers, for which no effective therapy has
been developed to date. The experiments were designed to assess
the effects of hydrodynamic parameters on gene delivery efficiency
and potential tissue damage. We demonstrate for the first time
that efficient HGD to the pancreas can be achieved by hydrody-
namic injection of plasmid DNA in saline (5 mg/mL) into superior
mesenteric vein (SMV) with injection volume equivalent to 2.0%
body weight (BW) and an injection rate at 1 mL/s. These results
provide direct evidence supporting the safety and efficacy of
pancreas-targeted HGD and its potential use in clinic for treatment
of pancreatic diseases.

RESULTS
Development of Pancreas-Targeted HGD

The experimental design for catheter insertion is shown in Figure 1.
Systemic HGD was done in rats by inserting a catheter from the infe-
rior vena cava (IVC), as shown in Figure 1A. HGD via IVC induces a
retrograde flow of DNA solution into the liver.With time, the injected
DNA solution joins the blood flow, enters the heart, passes through
the mesenteric arteries into the SMV and PV, fills the liver, and
then returns to the IVC. While this method showed an efficient
gene delivery to the liver, no effective distribution of the solution
was seen in the pancreas. For our deign of pancreatic gene delivery
(Figure 1B), hydrodynamic injection is performed through the
SMVwith occlusion at the PV tomaximize DNA distribution and hy-
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drodynamic impacts on pancreas, and to pre-
vent leakage of injected DNA solution into the
liver.

Efficiency of Pancreatic HGD

The efficiency of HGD via the IVC and
pancreas-targeted HGD on gene expression in
the pancreas was evaluated using a pCMV-
Luc reporter plasmid. The injection parameters
used are derived from previous studies21–23 and
shown in Figure 2A. The injection volume and
flow rate were set at 5.0% BW, which was
10 mL in 200 g rats, and 1 mL/s, respectively.
The level of luciferase activity by HGD via
the IVC showed 1.1 � 106 relative light units (RLU)/mg of protein
in the liver, which was approximately 3,000-fold higher than the
3.6 � 102 RLU/mg of protein achieved in the pancreas (p < 0.05;
Figure 2B). However, pancreas-targeted HGD achieved a level
of 6.5 � 105 RLU/mg of protein in the pancreas, which was
2,000-fold higher than the 3.2 � 102 RLU/mg of protein seen in
the liver (p < 0.05; Figure 2C). Other than pancreas and residual level
in the liver, pancreas-targeted HGD did not result in detectable level
of luciferase activity in other organs, including the brain, heart, lungs,
spleen, and kidneys.

Effect of Hydrodynamic Injection Volume on Gene Delivery

Efficiency

The impact of injection volume of DNA solution on gene delivery
efficiency was examined using the same condition utilized in
Figure 2. The flow rate (1 mL/s) and plasmid concentration
(5 mg/mL) in saline were kept constant and the injection volume
varied from 0.5% BW to 2.5% BW equivalent to 1–5 mL for a
200 g rat (Figure 3A). Figure 3B shows that the highest level of lucif-
erase expression of 3.4 � 106 RLU/mg of protein was achieved with
an injection volume of 2.0% BW, which was significantly higher
than that of 1.1 � 105 RLU/mg and 6.5 � 105 RLU/mg of protein
achieved by the injections of 0.5% BW (p < 0.01) and 1.5% BW (p <
0.05), respectively. In addition, luciferase gene expression appears
higher than the level of 6.5 � 105 RLU/mg of protein achieved
with a volume of 5.0% BW (p < 0.05; Figure 2C). The injection vol-
ume of 2.5% BW resulted in 3.0 � 106 RLU/mg of protein, similar
to the level achieved with injection volume of 2.0% BW (no statis-
tical significance [NS]). These results suggest that an injection vol-
ume of 2.0% BW containing 20 mg of plasmid DNA was optimal
for pancreas-targeted HGD.
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Figure 2. Effect of Hydrodynamic Gene Delivery on

Gene Expression in the Pancreas

(A) Summary of the procedures performed. (B) The level of

luciferase activity in the liver and pancreas 4 hr after HGD

via IVC. (C) The level of luciferase activity in the liver and

pancreas 4 hr after pancreas-targeted HGD. The values

represent mean ± SD (n = 10 for each value); *p < 0.05

(t test).
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Immunohistochemical analyses were performed to confirm lucif-
erase gene expression in pancreases of animals hydrodynamically
transfected with different volumes of DNA solution. Results in Fig-
ure 4 show about 25% ± 5% of pancreatic cells stained positive in
rats hydrodynamically transfected with the volume of 2.0% BW (Fig-
ure 4E). This level was significantly higher than the level achieved
with injection volume of 0.5% BW (Figure 4A) (0.8% ± 1.6%, p <
0.01) and 1.5% BW solution (Figure 4B) (12% ± 4%, p < 0.05). No
statistical difference was seen with an injection volume of 2.5%
BW (Figure 4D) (24% ± 6%, NS). Other than a few cells stained pos-
itive in the intestine (Figure S1), no expression of luciferase reporter
gene was observed in other organs assessed, including the brain,
heart, lungs, spleen, and kidneys. These results confirm that a volume
of 2.0% BW is optimal for pancreatic gene delivery under our exper-
imental conditions. Luciferase-positive cells appear clustered in the
pancreas, with higher density seen in one region, but not in others.
The highest transfection efficiency obtained was 30% of cells in the
areas stained positive with anti-luciferase antibodies, mostly acinar
cells (Figures 4C and 4E).

Impact of Hydrodynamic Injection on the Pancreas

To examine the impact of pancreas-targeted HGD on pancreatic tis-
sue, a histological analysis was performed on samples collected at
different times before and after the procedure using an injection vol-
ume of 2.0% BW (Figure 5). H&E staining showed significant expan-
sion of the intercellular space in the pancreas (Figure 5A) up to 396%
of the original immediately after the procedure (p < 0.01) (Figure 5B).
The expanded tissue returned gradually to its normal size: 340% in
4 hr (Figure 5C), 245% in 12 hr (Figure 5D), 226% in 24 hr (Figure 5E),
and 108% in 72 hr (Figure 5F). No fibrosis or other tissue damage was
noticed 7 days after the injection (Figure 5G). These results suggest
that the impact of pancreas-targeted HGD on the pancreas is tran-
sient and reversible.
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Assessment of Safety of Pancreas-

Targeted HGD

To assess potential tissue damage of the pro-
cedure, serum biochemical analyses were per-
formed using blood samples collected before
and at 4 and 72 hr after pancreas-targeted
HGD with the injection volume of 2.0% BW.
As shown in Figure 6, serum levels of amylase
(AMY) in animals received the HGD via IVC
or pancreas-targeted HGD showed a transient
increase from 1,400 ± 270 IU/l and 1,700 ±
300 IU/l (before, NS) to 1,500 ± 290 IU/l and 2,500 ± 120 IU/l, respec-
tively, at 4 hr, which is significantly higher in pancreas-targeted HGD
(p < 0.001) than in HGD via IVC. The elevated levels returned to
background levels of 1,300 ± 200 IU/l and 1,700 ± 90 IU/l, respec-
tively, within 72 hr (NS) (Figure 6A). An additional examination
was performed using serum AMY level as an indicator to see whether
plasmid DNA is responsible for transient increases of cellular en-
zymes. Results shown in Figure S2 demonstrate that plasmid DNA
does not play any role. It is the hydrodynamic pressure that not
only facilitates intracellular gene transfer but also induces minor
release of cellular content. In addition, serum levels of aspartate
aminotransferase (AST) by systemic HGD via IVC and pancreas-
targeted HGD groups increased from the background levels of 72 ±

16 IU/l and 87 ± 4 IU/l (before, NS) to 370 ± 71 IU/l and 220 ±

31 IU/l, respectively, at 4 hr, showing significantly higher levels in an-
imals receiving HGD via IVC (p < 0.001). The elevated levels returned
to background levels of 73 ± 15 and 77 ± 13 IU/l, respectively, within
72 hr (Figure 6B). A similar pattern was seen for alanine amino-
transferase (ALT) in animals with HGD via IVC and pancreas-tar-
geted HGD, showing a transient increase from 33 ± 6 IU/l and
39 ± 8 IU/l (NS) to 167 ± 37 IU/l and 72 ± 12 IU/l, respectively, at
4 hr (p < 0001), which returned to 29 ± 4 IU/l and 51 ± 6 IU/l
(NS), respectively, within 72 hr (Figure 6C). No significant differences
were seen in the levels of lactate dehydrogenase (LDH) between the
groups (Figure 6D). The concentrations of other blood components
including creatinine, albumin, blood urea nitrogen, sodium, chloride,
and potassium, showed no change (data not shown).

The relationship between the impacts of the procedure and
injection volume was established 4 hr after pancreas-targeted
HGD. The level of AMY with the injection volume of 2.5% BW
was the highest, at 4,300 ± 850 IU/l at 4 hr, which was significantly
higher than those with injection volumes of 0.5%, 1.5%, and 2.0%



Figure 3. Effects of Injection Volume on Gene

Delivery Efficiency

(A) Summary of the injection volumes examined. (B) The

level of luciferase activity in the pancreas 4 hr after

pancreas-targeted HGD. The values represent mean ±

SD (n = 10 for each value); *p < 0.05, **p < 0.01, and NS,

no statistical significance; one-way ANOVA followed by

Bonferroni’s multiple comparison test.
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BW (2,300 ± 360 IU/l, 2,400 ± 150 IU/l, and 2,600 ± 710 IU/l, respec-
tively) (p < 0.05). AST showed significantly higher levels with
injection volume of 2.0% and 2.5% BW (340 ± 64 IU/l and 340 ±

26 IU/l, respectively), than those of 0.5% and 1.5% BW (p < 0.01).
ALT showed a similar pattern to AST with significantly higher levels
at 2.0% and 2.5% BW (77 ± 11 IU/l and 79 ± 16 IU/l) than 0.5% and
1.5% BW (p < 0.05). LDH showed no significant difference among the
injection volumes tested (Figure 7). No procedure-related animal
deaths were seen, with injection volumes up to 2.5% BW and animals
were active and eating well. These results suggest that although a tran-
sient increase of intracellular marker enzymes was seen, the injection
volume of 2.0% BW solution is well tolerated.

DISCUSSION
The incidence of pancreatic cancer is increasing and is currently the
fourth-most-common cause of cancer-related mortality in US and
Europe with poor prognosis; therefore, the development of effective
therapeutic methods is essential.2,3 Although surgical procedures are
known to be effective, complex anatomical structures surrounding
the pancreas, leading to vascular invasion and metastasis, preclude
this option in many patients. Various chemotherapies, including
gemcitabine,24 FOLFIRINOX (fluorouracil plus leucovorin, irinote-
can, and oxaliplatin),25 and albumin-bound paclitaxel26 have shown
positive results but far from satisfactory with systemic side effects
affecting the patient’s general condition and prognosis.27 The poor
clinical outcomes and systemic side effects with conventional treat-
ments are partially due to the lack of pancreas-specific delivery.
Therefore, the development of new and innovative approaches
with pancreas-specific therapy, including gene therapy, is impor-
tant.4 Toward this end, only a few clinical trials of gene therapy
have been performed, utilizing an adenoviral vector expressing
IL-228 or TNF-a,29,30 a retroviral vector expressing TNF-a,31,32 or
dsDNA expressing diphtheria toxin A.33 Basic research is ongoing
Molecular The
to demonstrate the efficacy of tumor vaccines,
viral-vector-mediated therapy, and gene edit-
ing34,35 for achievement of antitumor effects
or management of pain associated with cancer
progression.36 To extend the applicability
of gene therapy for pancreatic diseases, we
focused our effort in this study on develop-
ment of a pancreas-specific gene delivery uti-
lizing the principles of HGD using rats as
an animal model and luciferase marker gene.
The results in Figures 2, 3, 4, 5, and 6 clearly
demonstrate that the procedure developed is pancreas specific, effi-
cient, and safe.

HGD has been developed as a safe and effective method for gene
transfer to the liver of small animals by injecting naked DNA into
the tail vein.5,6,9,37–39 Further applicability of the procedure was
evidenced by the development of catheter-based, organ-specific
HGD,40 and its safety and efficiency have been reported in the
liver,10,11,13,14,17,19,20,22,23,41 kidney,42 andmuscle18,43 of large animals.
As the pancreas-specific delivery method is a key to improving the
treatment of pancreatic diseases, we developed a catheter-based
pancreas-targeted gene-delivery system, demonstrating the safety
and efficacy of the procedure in this study. The complex vascular
structures surrounding the pancreas have been consideredmajor con-
cerns for pancreatic gene delivery in the past, compared to the sys-
temic HGD. Our results suggest that such technical barriers can be
overcome by gene injection to the SMV, a major vein linking to
pancreatic veins to lead venous blood to the PV (Figure 1). Gene de-
livery efficiency of the procedure was significantly better than HGD
via IVC (Figure 2), implicating that this pancreas-specific injection
may be considered for administrating other therapeutic agents for
better treatment of pancreatic diseases with fewer systemic side
effects.

As we have previously reported regarding liver-specific gene deliv-
ery,19,21 injection volume and flow rate are key factors for safety
and efficacy. The optimal parameters determined for pancreatic
gene delivery include an injection volume of 2.0% BW and a flow
rate of 1 mL/s with plasmid DNA concentration of 5 mg/mL (Figures
3, 4, and 7). A transient increase of AMY concentration is likely due to
the transient impact of HGD on the pancreatic tissue, supported by
the evidence of a time-dependent change in intercellular space expan-
sion (Figures 5 and 6) depending on injection volume (Figure 7), very
rapy: Nucleic Acids Vol. 9 December 2017 83
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Figure 4. Histological Analyses of Luciferase Expression in the Pancreas

Immunohistochemical staining with anti-luciferase antibody was performed on pancreatic tissues collected 4 hr after HGD. Scale bar represents 100 mm. Injection volumes

were (A) 0.5% BW, (B) 1.5% BW, (C) 2% BW, and (D) 2.5% BW. Black arrowhead indicates the positively stained cells. (E) Quantitative analysis of positively stained cells. Ten

different pancreas sections from each of five rats in each group were immunohistochemically stained with anti-luciferase antibody, and a quantitative analysis was performed

using the ImageJ software. The values represent mean ± SD (n = 50); *p < 0.05, **p < 0.01, and NS, no statistical significance; one-way ANOVA followed by Bonferroni’s

multiple comparison test.
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similar to liver-specific HGD.20,21 The mild and transient increase of
AST and ALT concentrations is caused by temporary occlusion of the
PV (Figure 6) for around 6–10 s.

Further studies are needed to assess the procedure and injection
parameters optimized in rats in human-size animals. In addition,
the procedure established needs to be evaluated in disease-carrying
animals, as there might be changes in pancreas and surrounding
tissue of animals with chronic pancreatitis and cancer.1–4 For this
purpose, the strategy we have reported in various animal species
and tissues17–19,44 using computer-controlled HGD21,42 could be
considered.
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In summary, we report for the first time, the development of amethod
for pancreas-targeted HGD and demonstrate its safety and efficacy.
We believe that pancreas-specific delivery of therapeutic genes could
offer great advantages for treatment of pancreatic diseases.

MATERIALS AND METHODS
Materials

The pCMV-Luc plasmid, containing firefly luciferase cDNA driven
by a CMV promoter, was purified using a Plasmid Mega Kit
(QIAGEN, Hilde, Germany). The purity of the plasmid preparation
was verified on the basis of absorbency at 260 nm and 280 nm and
1% agarose gel electrophoresis. Luciferase assay kits were purchased



Figure 5. Impact of Pancreas-Targeted HGD on Structure of Pancreas

H&E staining was performed on the pancreatic samples. (A) Before, (B) immediately following, (C) 4 hr, (D) 12 hr, (E) 24 hr, (F) 72 hr, and (G) 7 days after the pancreas-targeted

HGD in rats. The scale bar represents 100 mm. Black arrowhead indicates the expansion of the intercellular space in the pancreas. (H) Quantitative measurement of

intercellular space in the pancreas. Ten different pancreas sections from each of five rats per group were stained and images were captured. Quantitative analysis was

performed using the ImageJ software (version 1.6.0_20, National Institutes of Health, USA). The values represent mean ± SD (n = 50); *p < 0.05, **p < 0.01, and NS, no

statistical significance; one-way ANOVA followed by Bonferroni’s multiple comparison test.
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fromWako Pure Chemical Industries (Chuo-ku, Osaka, Japan). Wis-
tar rats (n = 50, female, 7–8 weeks of age, 200–250 g) were purchased
from Japan SLC (Hamamatsu, Shizuoka, Japan) and fed a standard
chow. Ten animals were used for each group of the experiment.

HGD to Rat Pancreas

All animal experiments were approved by and conducted in full
compliance with the regulations of the Institutional Animal Care
and Use Committee at Niigata University, Niigata, Japan. Systemic
HGD via IVC in rats was performed as previously described.21 In
brief, a midline skin incision wasmade on the rats under general anes-
thesia using isoflurane and 2,2,2-tribromoethanol (concentration,
0.016 g/mL in 0.9% saline; dose, 1.25 mL/100 g bodyweight). An in-
jection catheter (SURFLO 22 gauge, Terumo, Shibuya-ku, Tokyo,
Japan) was inserted into the IVC and its tip was placed right below
the junction of the hepatic vein. Saline-containing plasmid DNA
(pCMV-Luc, 5 mg/mL) was hydrodynamically injected into the liver
via the catheter with temporary blood flow occlusion at the infra-he-
patic IVC. For the pancreas-targeted HGD, the PV in the hilus and
the SMV were dissected out and isolated. And the catheter (SURFLO
22 gauge, Terumo, Shibuya-ku, Tokyo, Japan) was inserted into the
SMV with temporary occluding blood flow at the PV by vessel loops
followed by hydrodynamic injection of pCMV-Luc (5 mg/mL) at a
flow rate of 1 mL/s. The doses of plasmid DNA were 5 mg in 1 mL
(0.5% BW), 15 mg in 3 mL (1.5%BW), 20 mg in 4 mL (2.0% BW),
and 25 mg in 5 mL, (2.5% BW), and the time for PV occlusions
including the preparation time were around 6, 8, 9, and 10 s for injec-
tion of 1, 3, 4, and 5 mL, respectively. The abdominal median incision
was sutured after the procedure. For this surgical procedure, female
rats were used in order to be consistent with our previous
studies,21–23 and there is no effect of hormonal status on this gene
expression study.

Luciferase Assay

Rats were euthanized 4 hr after the injection of pCMV-Luc plasmid
DNA, and tissue samples were collected from liver, pancreas, and
other organs as previously described21–23 and kept at �80�C until
use. Lysis buffer (2 mL) (0.1 M Tris-HCL, 2 mM EDTA, and 0.1%
Triton X-100 [pH 7.8]) was added to each sample (�200 mg wet tis-
sue), and the tissue samples were homogenized for 30 s with the tissue
homogenizer (ULTRA-TURRAX T25 digital, IKA, Staufen, Ger-
many) at maximum speed. The tissue homogenates were centrifuged
in a microcentrifuge for 10 min at 13,000� g at 4�C. The protein con-
centration of the supernatant was determined using a protein assay kit
Molecular Therapy: Nucleic Acids Vol. 9 December 2017 85

http://www.moleculartherapy.org


Figure 6. Impact of Pancreas-Targeted HGD on

Serum Biochemistry

The standard serum biochemical analysis was performed

with sera collected before (time = 0) and at 4 hr and 72 hr

after the HGD via IVC or pancreas-targeted HGD. Con-

centrations of (A) amylase (AMY), (B) aspartate amino-

transferase (AST), (C) alanine aminotransferase (ALT), and

(D) lactate dehydrogenase (LDH). Black circles and white

squares represent values of systemic (black circles)

and pancreas-targeted HGD (white squares) groups,

respectively. The values represent mean ± SD (n = 5).

***p < 0.001, and N.S., no statistical significance; two-

way factor repeated-measure ANOVA followed by Bon-

ferroni’s multiple comparison test.
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(Bio-Rad, Hercules, CA, USA) based on Coomassie blue assay strat-
egy. Supernatant (10 mL) was mixed with luciferase assay reagent
(100 mL), and the luciferase activity was measured in a luminometer
(Luminescencer Octa AB-2270, ATTO, Bunkyo-ku, Tokyo, Japan)
for 10 s. The luciferase activity is presented as relative light units
per mg of protein.

Histological Analysis

Tissue samples for immunohistochemical staining were collected 4 hr
after the HGD of pCMV-Luc plasmid upon euthanasia and fixed in
10% formalin upon tissue collection before embedding in paraffin.
A total of 10 sections (10 mm) were cut from each of the 5 rats
randomly chosen from a group of 10 animals in the group, and stan-
dard immunohistochemistry was performed using goat anti-Lucif-
erase polyclonal antibody (G7451, 1:100 dilution; Promega, Madison,
WI, USA), Vecstain Elite ABC Goat IgG kit (PK-6105; Vector
Laboratories, Burlingame, CA, USA), and DAB chromogen tablet
(Muto Pure Chemicals, Bunkyo-ku, Tokyo, Japan). Images were
captured from each tissue section randomly, and a quantitative anal-
ysis of positively stained cells was performed using ImageJ software
(version 1.6.0_20, National Institutes of Health, USA) as previously
described.45

Assessment of Tissue Damage

Blood samples were collected from each rat before (time = 0) and at
4 hr, and 72 hr after HGD from tail vein or IVC. The serum biochem-
ical analysis was performed by BML Inc. (Shibuya-ku, Tokyo, Japan).
86 Molecular Therapy: Nucleic Acids Vol. 9 December 2017
Tissue samples for H&E staining were collected
before, immediately following, and at 4 hr,
12 hr, 24 hr, 72 hr, and 7 days after HGD.
Pancreas sections from each of five randomly
selected rats of seven groups were stained, and
images were captured. Quantitative analysis
was performed using ImageJ software (version
1.6.0_20, National Institutes of Health, USA).45

Statistical Analyses

The data of luciferase assays, histological
analyses, and biochemical analyses were statisti-
cally evaluated by analyses of variance followed by Bonferroni’s
multiple comparison test and the t test.
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Figure 7. Impact of the Injection Volume on Serum Biochemistry

The serum biochemical analysis was performed on the sera collected 4 hr after

pancreas-targeted HGD with injection volumes of 0.5% BW, 1.5% BW, 2% BW,

and 2.5% BW. The values represent mean ± SD, (n = 5 for each group) of con-

centrations of AMY (�), LDH (black circle), AST (white square), and ALT (black tri-

angle), *p < 0.05 and **p < 0.01; one-way ANOVA followed by Bonferroni’s multiple

comparison test.
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Supplementary Figure S1. Effect of pancreas-targeted HGD on the small intestine. 

Immunohistochemical staining with an antiluciferase antibody was performed on tissue 

of small intestine collected 4 h after systemic HGD (a, b) or pancreas-targeted HGD (c, 

d). The scale bar represents 100 μm. Black arrowhead indicates the positively stained 

cells. 

 

Supplementary Figure S2. Impact of DNA on serum concentrations of amylase. 

The serum biochemical analysis was performed with sera collected 4 h after the 

pancreas-targeted HGD of 2% BW saline with or without plasmid DNA. The 

concentrations of serum amylase represent mean ± SD (n = 5). N.S., no statistical 

significance by t-test.  

 

Materials and Methods for Supplementary Data 

Tissue samples for immunohistochemical staining were collected from the small 

intestine 4 h after the HGD of pCMV-Luc plasmid, fixed in 10% formalin upon tissue 

collection and embedded in paraffin. A standard immunohistochemistry was performed 

using goat anti-Luciferase polyclonal antibody (G7451, 1:100 dilution; Promega Inc., 

Madison, WI, USA), Vecstain Elite ABC Goat IgG kit (PK-6105; Vector Laboratories 
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Inc., Burlingame, CA, USA), and DAB chromogen tablet (Muto Pure Chemicals Co. 

Ltd, Bunkyo-ku, Tokyo, Japan). Blood samples were collected from each rat 4 h from 

tail vein or IVC. The serum biochemical analysis was performed by BML Inc. 

(Shibuya-ku, Tokyo, Japan). 
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