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Abstract
We previously reported that intravenous delivery of the human tissue kallikrein (HK) gene
reduced blood pressure and plasma insulin levels in fructose-induced hypertensive rats with
insulin resistance. In the current study, we evaluated the potential of a recombinant adeno-
associated viral vector expressing the HK cDNA (rAAV·HK) as a sole, long term therapy to
correct insulin resistance and prevent renal damage in streptozotocin-induced type-2 diabetic rats.
Administration of streptozotocin in conjunction with a high fat diet induced systemic
hypertension, diabetes and renal damage in rats. Delivery of rAAV·HK resulted in a long-term
reduction in blood pressure, and fasting plasma insulin was significantly lower in the rAAV·HK
group than in the control group. The expression of PI3-kinase p110 catalytic subunit, and the
levels of phosphorylation at residue Thr-308 of Akt, insulin receptor B and AMP-activated protein
kinases (AMPK) were significantly decreased in organs from diabetic animals. These changes
were significantly attenuated following rAAV-mediated HK gene therapy. Moreover, rAAV·HK
significantly decreased urinary microalbumin excretion, improved creatinine clearance and
increased urinary osmolarity. HK gene therapy also attenuated diabetic renal damage as assessed
by histology. Together, these findings demonstrate that rAAV·HK delivery can efficiently
attenuate hypertension, insulin resistance and diabetic nephropathy in streptozotocin-induced
diabetic rats.
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INTRODUCTION
Type 2 diabetes is a worldwide epidemic associated with significant morbidity and
mortality. People with diabetes have higher all-cause mortality rates than those without
diabetes, mainly attributable to cardiovascular causes (1, 2). The pathogenesis of type 2
diabetes includes reductions in insulin sensitivity and Beta-cell function. Insulin resistance
may play a major role in type 2 diabetes, especially when glucose tolerance is still normal
(3).

Insulin resistance in animal and humans is characterized by decreased rates of insulin-
mediated glucose uptake and glycogen synthesis in peripheral tissues including skeletal
muscle, liver and fat. It has been previously demonstrated that bradykinin increases insulin
sensitivity and stimulates glucose uptake both in vivo and in vitro (4). Isami et al reported
that bradykinin increased insulin-induced glucose uptake, stimulated insulin-induced
translocation of GLUT4, and potentiated insulin-induced phosphorylation of the insulin
receptor and insulin receptor substrate-1 (IRS-1) in isolated dog adipocytes (5). Tissue
kallikrein is a serine protease that converts kininogen to the peptide hormone bradykinin. A
reduction of renal kallikrein has been found in non-insulin-treated diabetic individuals,
suggesting that an impaired kallikrein-kinin system (KKS) may be involved in the
development of diabetes (6).

Our previous study demonstrated that intravenous delivery of the pcDNA3.1 vector carrying
the human tissue kallikrein (HK) cDNA reduced blood pressure and plasma insulin levels in
fructose-induced hypertensive rats with diabetes (7). Recently, Montanari et al., (8) used an
adenovirus vector to deliver the HK gene to diabetic rats to further support our findings (7).
Together, these data suggest the tissue kallikrein may be an effective gene for the treatment
of insulin-resistance in type 2 diabetes. Plasmid or adenovirus vectors mediate only transient
gene expression and produce short-term therapeutic effects (∼3 to 4 weeks), and the later is
toxic and immunogenic. Because of these complications, neither is suitable for gene therapy
of a chronic disease such as insulin-resistant diabetes. Comparatively, recombinant adeno-
associated virus (rAAV) vectors possess numerous advantages, including stable and long-
term transgene expression, the ability to infect both dividing and non-dividing cells (such as
muscle and liver), non-pathogenecity and low vector toxicity. Recently, the establishment of
adenovirus-independent package and replication systems and the improvement of carrying
capacity (9-11) make rAAV the most attractive vector for long-term gene therapy.

The objectives in the current study were: 1) to confirm that tissue kallikrein gene delivery
attenuates insulin resistance in streptozotocin-induced diabetes; 2) to determine if HK gene
delivery attenuates the kidney complications associated with diabetes; and 3) to determine
the impact of rAAV·HK gene therapy on the signaling mechanisms involved in diabetic
pathology. To address these issues, we have evaluated the effectiveness of HK gene-
expressing rAAV as a sole therapy to correct insulin resistance and to prevent renal
complications in type 2 diabetic rats.
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METHODS
Materials

Horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG were obtained from
Jackson Immuno Research Laboratories (Soham, Cambridgeshire, UK). Enhanced
chemiluminescence reagent was purchased from Pierce Chemical (Rockford, IL), prestained
molecular weight standards from Bio-Rad (Hercules, CA), and PVDF membranes from
Schleicher and Schuell (Dassel, Germany). Akt (p-Thr-308) phosphorylation specific
polyclonal antibody was purchased from AnaSpec, Inc (San Jose, CA). Polyclonal
antibodies against (PI3-kinase), Akt, p42/p44 MAPK and phosphorylated MAPK (p-
MAPK), and monoclonal antibodies against Bax and Bcl-2 were obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). AMP-activated protein kinases (AMPK) and
phospharylatedd AMPK (p-AMPK), insulin receptor beta (IR-β) and p-IR-β were from Cell
Signaling Technology Inc. (Danvers, MA). All other chemicals and reagents were from
Sigma-Aldrich (St. Louis, MO) unless otherwise specified.

Construction and preparation of rAAV
The rAAV vector plasmid pXXUF1 and rAAV plasmid containing the reporter gene, pdxII-
lacZ, were from Dr. Xiao Xiao. The pXXUF1 contains 2 inverted terminal repeats, a
cytomegalovirus (CMV) promoter and a poly-A tail. The rAAV packaging plasmids were
constructed based on plasmid pAAV/Ad as we reported previously (9, 12). Packaging
plasmid pXX2 (for serotype 2 of adeno-associated virus) was constructed from pACG2 by
inserting a promoter p5 element downstream of the capsid gene. The adenovirus helper
plasmid pXX6 was constructed by inserting the large ClaI/SalI fragment of pXX5 into
plasmid pBluescript KS. A 860-base pair human tissue kallikrein (HK) cDNA fragment (Not
I/Not I) containing the open reading frame (NM 002257) was subcloned into pXXUF1
downstream of the CMV promoter to create the plasmid pUF1·HK. rAAVs containing either
LacZ or HK genes were prepared and purified as described previously (13, 14) and the
rAAV titers were determined by dot blot hybridization. The resultant rAAV vectors were
designated rAAV·LacZ and rAAV·HK, respectively.

Animal treatment
Animals treatment has been described in detail elsewhere (15). Briefly, two month old male
Wistar rats weighing 180−200 g were supplied from the Experimental Animal Center in
Shanghai, China. Experimental protocols complied with National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and were approved by The
Academy of Sciences of China. All animals were housed (four per cage) in a temperature
(25±3°C) and humidity (50%±20%)-controlled room with 12-hour light/dark cycles and
were allowed free access to normal rat chow (fat 9%, protein 20%, starch 53%, fiber 5%)
plus water for 1 week to obtain baseline blood pressure and blood samples. The animals
were then divided randomly into two groups. Normal rats (n=16) were fed normal rat chow
and remained untreated for the duration of the study. Experimental rats (n=32) were fed a
diet enriched in fat (25% fat, 15% protein, 51% starch and 5% fiber) as previously described
(16). After 1 month on their respective diets, experimental rats were injected intravenously
with streptozotocin 25 mg/kg body weight and normal rats were injected with vehicle (0.05
mol/L citric acid, pH 4.5). Both the low dose of STZ and the high fat diet are essential
elements of the model designed to induce type 2 diabetes with insulin resistance. After 1
month, rats were fasted overnight and given 20% glucose 3g/kg body weight. Blood samples
were taken from the tail vein to measure glucose and insulin levels at 2 hrs and 12 hrs after
glucose administration. Only rats with increased postprandial glucose (>200mg/dl) were
considered diabetic and were randomly divided into 2 groups: rAAV·HK treatment (HK
group) and rAAV·lacZ treatment (LacZ group) (n=16 rats in each group).
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Gene delivery
Diabetic animals were first anesthetized with pentobarbital at a dose of 50 mg/kg body
weight intraperitoneally. A single intravenous injection of rAAV·HK or rAAV·LacZ
(1×1011 viron particles in 1 ml of saline solution) was then given into the via tail vein of
diabetic rats. This dose has previously been shown to result in persistent HK gene
expression for up to 19 weeks (13). After the injection, the rats were kept warm under an
infrared lamp until they returned to consciousness. All animals were sacrificed 12 weeks
after rAAV gene delivery under pentobarbital anesthesia (50 mg/kg body wt) and heart,
kidney, skeletal muscle, liver, lung and fat were collected, frozen on liquid nitrogen and
stored at −80°C until further analyses were done.

Systolic blood pressure measurements
After rAAV injections, systolic blood pressure was measured every 2 weeks in conscious
rats with a manometer-tachometer (Rat Tail NIBP system, ADI Instruments) by means of
the tail-cuff method (17). The rats were minimally warmed (usually 15 minutes) before
blood pressure determination and after a brief period of restraint in a plastic cage. For each
animal, systolic blood pressure was taken as the mean of five daily recordings. All
measurements were made between 9:00AM and noon.

Plasma and urine analysis
Blood samples were taken after an overnight fast from the tail vein immediately before
injection of rAAV and at the end of the experiment. Plasma was prepared and stored at
−80°C. Every two weeks, 24-hour urine samples were collected in metabolic cages into
brown bottles containing 500μl toluene to prevent decay. Plasma glucose, cholesterol,
triglyceride, creatinine and urine creatinine were measured in duplicate on an AEROSET
Clinical Chemistry System (Abbott Laboratories). Plasma insulin was measured with the use
of a magnetic solid phase enzyme immunoassay kit from BioChem ImmunoSystem. Insulin
resistance was calculated by means of the hemostasis model assessment (HOMA IR)
method (18), which has been used previously in rodents (19-21). Urine osmolarity was
measured on a model 3D3 osmometer (Advanced Instruments, Inc). Urinary microalbumin
was measured to estimate albumin excretion rate (AER) by ELISA method with a kit from
Shanghai Debo Bbiotechnology Inc. Creatinine clearance (Ccr) was calculated according to
the method of Cockcroft and Gault (22).

ELISA specific for human tissue kallikrein
ELISA reagents specific for human tissue kallikrein are a gift from Dr. Lee Chao (Medical
University of South Carolina). ELISA for HK in animal urine samples was performed
according to previously described methods (23, 24). The plates were read at 405 nm on Elx
800 ELISA reader (Bio-tek instruments, INC).

RT-PCR analysis of human tissue kallikrein mRNA
Total RNA was extracted from frozen rat lung, liver, heart, kidney, skeletal muscle and fat
using TRIZOL reagent (Invitrogen Life Technologies). RT-PCR analysis specific for HK
mRNA utilized the following primers: 5' primer, 5'-CATTTCAGCACTTTCCA-3' ; 3'
primer, 5'-GCCACAAGGGACGTAGC-3'); RT-PCR analysis for β-actin housekeeping
gene use the following primers: 5` primer, 5'-GGAGAAGATGACCCAGATC-3', 3' primer,
5'-GATCTTCATGAGGTAGTCAG-3'). The RT-PCR method was performed according to
manufacturer's instructions using an RT-PCR kit from TAKARA Biotechnology Co. Ltd.
After incubation with Moloney murine leukemia virus reverse transcriptase, amplification
was performed with reagents from Applied Biosystems under the following conditions:
denaturing phase of 1 min at 94°C, annealing phase of 40s at 65°C, and extension phase of 1
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min at 72°C for 20 cycles. PCR products were electrophoresed on 1.5% agarose gels. The
quantity of specific HK transcripts was normalized to the expression of β-actin to control for
RNA quality and amount.

Analysis of renal morphology and collagen deposition
A portion of the kidney from each animal was preserved in 4% PBS-buffered formaldehyde
solution and embedded in paraffin. Four 3-μm paraffin sections were randomly chosen from
one kidney from each animal and stained with periodic acid Schiff reagent (PAS) or
Masson's trichrome to evaluate morphologic changes, and with Sirius red using the method
described previously to evaluate collagen deposition (25). In each section, six fields of
kidney cortex were randomly selected at a magnification of 40X using an Olympus BH-2
light microscope (Olympus, Tokyo, Japan). Extracellular matrix (ECM) production was
quantified as the ratio of collagen to non-collagen area (percentage of ECM) with the use of
HAIPS pathologic image analysis system. All sections were evaluated by investigators who
were blinded to treatment group assignment.

Apoptosis assays
Apoptotic cells were detected using a TUNEL assay on paraffin-embedded sections using a
commercially available kit for detecting end-labeled DNA (RD Systems, Inc., Minneapolis,
MN) as described previously (26). All experiments were repeated at least three times for
each animal kidney. Double-stranded DNA in nuclei was counterstained after TUNEL
staining with methyl green. TUNEL-positive cells per high-power field were counted in 10
random high power fields (HPFs) from each of 5 sections, and the counts were averaged as
the apoptotic index (AI).

Western blotting
Proteins for western blotting were obtained from skeletal muscle and liver using TRIZOL
reagent. Protein concentrations were estimated by the Bradford method (27). Equal amounts
of protein sample were separated by electrophoresis on 10% SDS/PAGE gels. The resolved
proteins were electrophoretically transferred to PVDF membranes using a transfer buffer
containing 192 mmol/L glycine, 20% (vol/vol) methanol and 0.02% SDS. The membranes
were incubated in 10mmol/L Tris-Cl (pH 7.5), 100mmol/L NaCl, and 0.1% Tween-20
(TBS-T) with 5% nonfat dried milk for 2 hr at room temperature, and then incubated
overnight at 4°C with the indicated primary antibodies. Immunoreactive proteins were
visualized by enhanced chemiluminescence using horseradish peroxidase–labeled anti-rabbit
or anti-mouse IgG (Amersham Life Science) and quantified by densitometric analysis using
Rio image system (Syngene, a Division of SYNOPTIC, Ltd).

Statistical Analysis
Results are expressed as mean±SEM. Data were analyzed by either the unpaired Student's t
test or ANOVA, with the use of SYSTAT software (SYSTAT Inc). Values were considered
significantly different if P<0.05.

RESULTS
Streptozotocin and high fat diet induce diabetes in rats

Table 1 shows the biochemical and physiological parameters in streptozotocin treated rats
on a high fat diet and normal rats. There were no significant differences in systolic blood
pressure, body weight, glucose, insulin, triglycerides, cholesterol and the insulin resistance
index assessed by homeostasis model assessment (HOMA IR) between the two groups at
baseline. After streptozotocin injection and high fat feeding, experimental rats displayed
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lower body weight (P < 0.05), higher systolic blood pressure (P < 0.01), higher serum post-
prandial glucose (P < 0.01), higher fasting insulin levels (P < 0.01), higher triglycerides, and
higher cholesterol compared to nondiabetic control rats. HOMA IR was significantly
increased in experimental rats compared to nondiabetic controls. These data validate the use
of streptozotocin and high fat diet to induce the metabolic abnormalities characteristic of
type 2 diabetes in rats.

rAAV·HK induces in vivo expression of human tissue kallikrein
We analyzed HK mRNA levels in rats after rAAV gene delivery by RT-PCR. Total RNA
was prepared from lung, liver, heart, kidney, skeletal muscle and fat 16 weeks after
intravenous injection of rAAV·HK. HK mRNA was detected in lung, liver, heart, kidney
and skeletal muscle in rAAV-HK-treated rats, but not in rAAV·lacZ-treated diabetic rats
(Figure 1A). Equivalent levels of β-actin mRNA were detected in tissues of HK and lacZ
groups. We also observed abundant HK protein expression in rAAV·HK treated rats
compared to rAAV·LacZ treated rats, indicating that the increase in HK mRNA levels is
accompanied by abundant HK protein expression (Figure 1B). Immunoreactivity observed
in rAAV·LacZ lanes is likely cross-reactivity of our antibodies with endogenous rat tissue
kallikrein. Together, these results indicate that HK is stably expressed in multiple tissues
related to cardiovascular and renal function after rAAV·HK gene transfer in rats.

We also measured kallikrein protein levels in urine by ELISA. Low levels of
immunoreactive kallikrein were detected in the urine of saline treated nondiabetic normal
control rats and rAAV·lacZ treated diabetic animals. In contrast, in rAAV·HK-treated
diabetic animals, the urinary level of immunoreactive kallikrein was 1.91±0.73 ng/ml 2
weeks after injection and was maintained at high levels (1.92± 0.49 ng/ml) throughout the
duration of the experiment, which significantly higher than those in nondiabetic normal
control and rAAV·lacZ treated diabetic rats (Figure 2). These results demonstrate that
rAAV-mediated gene transfer achieves HK gene expression in vivo for an extended period
of time.

rAAV·HK reduces blood pressure in diabetic rats
Blood pressure was measured at baseline, after treatment with streptozotocin and high fat
diet, and after injection of saline, rAAV·LacZ and rAAV·HK. The results shown in Figure 3
indicate that systolic blood pressure was significantly higher in diabetic rats than in control
rats. Moreover, rAAV·HK treatment significantly reduced systolic blood pressure within 2
weeks of injection and normalized systolic blood pressure from the 4th week post-injection
until the end of the experiment (16 weeks). In contrast, the rAAV·LacZ-treated animals
remained significantly hypertensive throughout the study period (Figure 3). These results
indicate that rAAV·HK gene delivery induce a sustained reduction in blood pressure in
diabetic rats.

rAAV·HK attenuates diabetic nephropathy
Biochemical tests indicated that creatinine clearance (Ccr) was increased in the rAAV·LacZ
group compared to normal consistent with enhanced glomerular filtration with
streptozotocin treatment. Treatment with rAAV·HK significantly prevented the increase in
Ccr (Figure 4A). In addition, rAAV·LacZ injected streptozotocin-treated rats had reduced
urine osmolarity, suggesting renal tubular damage. In contrast, urine osmolarity was not
significantly different from normal in rAAV·HK treated rats (Figure 4B). Moreover, urinary
microalbumin levels were significantly decreased in the rAAV·HK group compared with the
rAAV·LacZ group (Figure 4C). Together, these results suggest that HK gene delivery
significantly preserves renal glomerular and tubular functions after induction of diabetes in
rats.
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Effect of rAAV·HK on renal histology
Histological analysis of kidneys revealed moderate mesangial cell proliferation and
extracellular matrix (ECM) accumulation in rats with streptozotocin-induced diabetes
(Figure 5B, 5J). Severe interstitial lymphocyte infiltration, renal tubular vacuolation, protein
casts in renal tubules, and hyaline caps were observed in rats with diabetes (Figure 5D, 5G).
Moderate collagen deposition and blood capillary thrombosis was also observed in the
diabetic rats. In contrast, rats treated with rAAV·HK displayed only mild mesangial cell
proliferation, a small degree of interstitial lymphocyte infiltration, and nearly normal renal
tubular morphology (Figure 5C, 5E, 5H, 5K). To quantify collagen accumulation in kidneys,
red-staining ECM was expressed as a percentage of the total tissue area and was used as an
index of fibrosis. There was a significant difference in ECM accumulation between the
rAAV·LacZ group (0.277 ± 0.069) and the HK group (0.209 ± 0.032) (p<0.01). Together,
these results suggest that HK gene delivery attenuates the renal injury associated with
diabetes.

Kallikrein decreases hyperinsulinemia and insulin resistance
Fasting glucose and insulin levels were measured prior to rAAV·LacZ and rAAV·HK
injections and at the end of the study. Fasting glucose was significantly higher in both the
rAAV·HK group and the rAAV·LacZ group compared with the control group at the end of
study, indicating that kallikrein expression did not alter this parameter (Table 2). However,
fasting insulin levels were significantly lower in the rAAV·HK group than the rAAV·LacZ
group despite lack of an observed change in fasting glucose (Table 2). These findings
suggest that less insulin is required to maintain the same glucose level in the HK group than
the LacZ group. Consistent with this data, insulin resistance (as measured via HOMA IR)
was significantly decreased in the rAAV·HK group compared with the rAAV·LacZ group
(Table 2). We also found that HK gene delivery lowers circulating levels of triglycerides and
cholesterol, important indicators of cardiovascular risk. Together, these data indicate that
HK decreases hyperinsulinemia and insulin resistance, and improves lipid profiles in
streptozotocin-induced diabetic rats.

Effects of kallikrein on the PI3-kinase/Akt and AMPK signaling pathways
PI3-kinase is recruited to insulin-receptor-substrate (IRS) signaling complexes through
binding of SH2 domains in its 85-kDa regulatory subunit to specific phosphotyrosine
residues in IRS (28). This process leads to activation of the PI3-kinase p110 catalytic
subunit. To begin to investigate the signaling mechanisms through which HK attenuates
insulin resistance, we evaluated the expression of PI3-kinase and Akt associated with the
insulin signaling cascade in kidney, liver and skeletal muscle. PI3-kinase p110 catalytic
subunit expression was determined by immunoblotting with p110-specific antibodies.
Results showed that PI3-kinase p110 catalytic subunit expression was significantly
decreased in kidneys from rAAV·LacZ treated rats compared with nondiabetic controls. In
contrast, rAAV·HK treatment increased p110 expression to normal levels (Figure 6A, 6B).
Similarly, rAAV·HK treatment restored partially PI3 kinase levels in liver and skeletal
muscle compared with rAAV·LacZ-treated diabetic rats (Figure 6C, 6D).

The expression of Akt, a serine/threonine kinase that lies downstream of PI3-kinase, was
also assessed in kidneys of the experimental animals. Because phosphorylation of Akt is
required for its activation (29), levels of pAkt at position Thr-308 were determined by
immunoblotting with a phosphospecific anti-Akt antibody. A significant decrease of pAkt
was noted in kidneys of diabetic rats treated with rAAV·LacZ compared with normal control
animals, but rAAV·HK treatment restored pAkt to control levels (Figure 6E, 6F). There
were no changes in total Akt levels between the groups. Together, these data indicate that
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reduced insulin resistance in rAAV·HK treated rats was associated with partial activation of
the PI3-kinase/Akt signaling pathway.

We also probed the phosphorylation state of AMP-activated protein kinase (AMPK). We
found that AMPK phosphorylation was not downregulated in our model of type 2 diabetes.
However, rAAV-HK treatment enhanced phosphorylation of AMPK while total level of
AMPK was not changed by rAAV-HK treatment (Figure 6G, 6H).

Effects of kallikrein on activity of p42/44 MAPK and IR-β
The p42/44 mitogen activated protein kinases (MAPK) are important signaling molecules
activated during injury in multiple cells and tissues. We found that in rAAV·LacZ treated
diabetic rats, phosphorylated p42/p44 MAPK (p-MAPK) levels were markedly reduced in
kidney relative to control rats. Importantly, rAAV·HK therapy returned p-MAPK to normal
levels (Figure 7A,7B). We also investigated insulin receptor-β (IR-β) expression and
activity in kidneys of normal, rAAV·LacZ, and rAAV·HK treated rats. Figures 7C and 7D
show that IR-β expression was comparable in all groups; however, the extent of IR-β
phosphorylation was reduced in rAAV·LacZ treated diabetic rats. In contrast, rAAV·HK
treatment restored IR-β phosphorylation to normal levels. Together, these results suggest
that reversal of diabetic pathology in rAAV·HK treated rats is associated with activation of
both p42/p44 MAPK and IR-β.

Kallikrein decreases renal apoptosis in diabetic rats
Tubular and interstitial cell apoptosis is known to occur in streptozotocin-induced diabetic
rats (30, 31). Hence, we examined the effects of rAAV·HK treatment on renal apoptosis and
expression of apoptosis-related genes in diabetic rats. Consistent with prior literature, we
found that the number of apoptotic cells (as assessed by Tunnel staining) in kidneys from
rAAV·LacZ treated diabetic rats was significantly increased compared to control rats
(Figure 8A, 8B). Apoptotic cells were observed in the renal tubules but not in the
glomerulus in diabetic rats. Interestingly, rAAV·HK treatment significantly attenuated this
effect (Figure 8A, 8B).

Apoptosis-related protein levels were assessed using Western blotting. Levels of the anti-
apoptotic protein Bcl-2 was decreased while levels of the pro-apoptotic protein Bax was
increased in rAAV·LacZ treated diabetic rats (Figure 8C, 8D, 8E). Interestingly, rAAV·HK
treatment reversed these changes (Figure 8C). Together, these results indicate renal tubular
apoptosis is an important component of diabetic nephropathy and that this is attenuated by
HK treatment.

DISCUSSION
In our previous studies, intravenous delivery of a plasmid carrying the human kallikrein
cDNA was found to reduce blood pressure and reverse hyperinsulinemia in fructose-induced
hypertensive rats. However, these effects persisted for only 3−4 weeks, likely due to the
transient nature of the pcDNA3.1-HK expression system. In the current study, we delivered
the HK cDNA in a rAAV-based vector to type 2 diabetic rats induced by streptozotocin and
high fat diet. A single injection of rAAV·HK resulted in persistent and stable expression of
HK, and caused significant reductions in blood pressure and insulin resistance in diabetic
rats for up to 12 weeks. In contrast, injection of the control rAAV·LacZ did not affect blood
pressure or reduce circulating insulin levels in diabetic rats. We also found that HK gene
therapy may elicit these changes by altering a number of signal transduction pathways
associated with diabetes. Indeed, mechanistic studies revealed an enhancement in the
expression of PI3-kinase and increased phosphorylation of Akt suggesting activation of the

Yuan et al. Page 8

Endocrinology. Author manuscript; available in PMC 2007 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PI3-kinase/protein kinase B (Akt) pathway in kidney, liver and skeletal muscle. Moreover,
we observed activation of MAPK and enhanced phosphorylation of IR-β in rAAV·HK
treated rats.

There is considerable controversy as to the relative roles of insulin resistance and insulin
secretion in the pathogenesis of type 2 diabetes mellitus. Recent evidence suggests that
insulin resistance can be observed in non-diabetic first-degree relatives of patients with type
2 diabetes (32). Normal glucose tolerance is maintained in these subjects because the
pancreas is able to secrete sufficient insulin to overcome the insulin resistance, and frank
hyperglycemia does not occur until this compensatory response fails. Previous studies have
shown that fructose-fed or high fat-fed rodents become hyperinsulinemic and hypertensive
but are still able to maintain normal glucose levels (33, 34), a condition that is similar to the
aforementioned “pre-diabetic state” in humans. Administration of relatively low-doses of
streptozotocin to such animals leads to significant hyperglycemia, whereas the same dose
does not decrease the insulin secretory capacity enough to cause hyperglycemia in the
rodents that were fed with conventional chow. In this study, we used high fat feed and low
dose streptozotocin injection to induce a diabetic state characterized with hyperglycemia,
hyperinsulinemia, and hypertension – a state that closely resembles the metabolic
abnormalities of patients with type 2 diabetes.

The majority of individuals with essential hypertension also display insulin resistance and
hyperinsulinemia (35). Angiotensin-converting enzyme (ACE) inhibitors are frequently used
for the treatment of high blood pressure. ACE inhibitors not only reduce blood pressure but
also improve insulin action and peripheral glucose utilization, as shown in both animal
studies (36) and clinical investigations (37). ACE inhibitors have at least two effects at the
tissue level: 1) inhibition of the conversion of ANG I to ANG II; and 2) enhancement of
bradykinin levels through inhibition of kininase II-mediated degradation of this peptide (4).
There is evidence to suggest that bradykinin itself may have an effect on the enhanced
insulin action and insulin signaling at the skeletal muscle level (38). Tissue kallikrein is a
serine protease that converts kininogen to the peptide hormone bradykinin. Considering
these data, we hypothesized that HK gene therapy would reduce blood pressure and improve
insulin resistance in diabetic rats.

In the present study, we used a rAAV vector which can drive efficient and prolonged
transgene expression via persistent episomal concatamers (39, 40) or by genomic integration
(41, 42). High levels of HK protein in urine was detected by ELISA at 2 weeks after
intravenous injection of rAAV·HK, and this level of HK protein was maintained for up to 12
weeks. Moreover, RT-PCR analysis revealed HK mRNA was abundant in heart, lung, liver,
skeletal muscle, fat and kidney from rAAV·HK treated diabetic rats at 12 weeks post-
injection. This suggests that rAAV mediates stable and long-term expression of the HK gene
in numerous target organs in diabetic rats.

The blood pressure in rAAV·HK-injected rats was decreased within 2 weeks after initiating
therapy. This is consistent with the increased urinary concentrations of HK at 2 weeks post-
injection and suggests that the reduction of blood pressure was caused by the increased HK
expression, as we have previously shown (13). In diabetic subjects, hypertension and
hyperinsulinemia may be caused by related physiological processes, with insulin resistance
being a common feature. In the present study, insulin resistance was attenuated in rats
treated with rAAV·HK, although the fasting glucose levels were not significantly reduced
compared with control rats.

A previous study (43) demonstrated that bradykinin administration significantly reduced
fasting insulin levels by 20%, whereas fasting glucose was not significantly altered. In that
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study, the glucose areas under the curve (AUC) was reduced by 21% during an oral glucose
tolerance test, which suggests that glucose metabolism was significantly improved. The
model used by Henriksen et al. utilized chronic administration of bradykinin (twice daily for
14 consecutive days at a dose of 40 ug/kg body weight). Not even a very high level of HK
gene expression can achieve high kinin levels in vivo. For example, Emanueli et al (44) used
a mouse model of adenovirus mediated HK delivery (1.8×109 plaque forming units/rat) to
induce high level expression of HK (350 ng/day in urine) and only observed a modest
increase in urine kinin levels of 80−100 ng/day. More recently, Montanari et al. (45)
reported adenovirus-mediated HK delivery that resulted in a very high expression level of
HK, but only a moderate reduction in post-prandial blood glucose (575.8±28.3 to
450.8±29.9 mg/dl). Furthermore, Montanari et al. used a type 1 diabetes model which
produces very high post-prandial blood glucose levels, whereas our manuscript used a type 2
diabetes model with insulin resistance that produces much lower glucose levels (13−15
mmol/l = 234−270 mg/dl). Comparatively, our rAAV mediated long-term HK gene delivery
system resulted in levels of ∼2 ng/ml in urine and ∼1.2 ng/ml in serum. These differences
may explain why glucose levels were not reduced by rAAV-HK therapy.

Published data consistent with our findings suggest that kallikrein and bradykinin additively
increase adipocyte hexose transport under conditions of maximal intrinsic insulin
stimulation and this action occurs at post-insulin binding sites (46). Miyata, et al. also
reported that bradykinin infusion could increase glucose uptake in peripheral tissues (47).
This effect could be explained by the ability of bradykinin to upregulate insulin receptor
tyrosine kinase activity, which stimulates phosphorylation of insulin receptor substrate-1
(IRS-1), and increases glucose transporter 4 (GLUT4) translocation. However, this effect
was only found when insulin was present, and not in the absence of insulin. This could also
partially explain why the fasting glucose was not different between rAAV·HK and
rAAV·LacZ groups.

A growing body of evidence indicates that defects in the early and intermediate steps of the
insulin signaling pathway, including the IRS-1 and PI3-kinase/Akt pathways, contribute to
insulin resistance in skeletal muscle of diabetic rodents and humans (38, 48). Data indicate
that activation of PI3-kinase is a necessary, albeit not sufficient, step for insulin-induced
glucose transport. The present study aimed to determine whether the impairment in PI3-
kinase activation in diabetes could be reversed by HK gene therapy. We found that the
levels of the PI3-kinase p110 catalytic subunit were significantly decreased in skeletal
muscle and liver of diabetic rats and rAAV·HK treatment corrected this defect. Recent
evidence indicates that the serine/threonine protein kinase B (PKB/Akt) mediates many of
the downstream events controlled by PI3-kinase. Following the activation of PI3-kinase, Akt
isoforms are recruited from the cytosol to the plasma membrane through interactions with
PtdIns(3,4,5)P3 and/or PtdIns(3,4)P2, where they are thought to undergo a conformational
change and become activated by phosphorylation at two residues. Akt isoforms are
phosphorylated at the T-loop (Thr-308 in PKB α) by 3-phosphoinositide dependent protein
kinase 1 (PDK1) and this phosphorylation appears to be crucial for activation of Akt (49).
Buren has demonstrated that high glucose levels combined with high insulin produce
impaired sensitivity to insulin stimulation of Akt activity (50). In this regard, we evaluated
Akt phosphorylation on Thr-308 in skeletal muscle and liver of diabetic rats. We found that
Akt phosphorylation on Thr-308 was decreased in diabetic rats, but this was enhanced by
HK gene therapy. These data suggest that the improvement of insulin resistance following
HK gene therapy could be caused, at least in part, by increased activation of PI3-kinase and
Akt phosphorylation in skeletal muscle and liver. We found that HK gene treatment also
enhanced AMPK phosphorylation, which has been shown to ameliorate insulin resistance
(51).
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Diabetic nephropathy occurs in ∼30% of all patients with diabetes and has become the
leading cause of end-stage renal disease in the Western societies; it is also becoming more
prevalent in China (52-54). Diabetic nephropathy is characterized by persistent albuminuria,
elevated blood pressure, glomerular hyperfiltration at early stages and a relentless decline in
the glomerular filtration rate (GFR) at later stages, as well as a high risk for cardiovascular
morbidity and mortality (55). Diabetic nephropathy involves progressive injury to both the
glomerulus and the tubulointerstitium that is accompanied by increased protein excretion
and ultimately a decline in renal function (56). In the present study, diabetic rats developed
features similar to human diabetic nephropathy, including severe glomerulosclerosis,
tubulointerstitial abnormalities and albuminuria. We also found significant apoptosis in the
renal tubules of diabetic rats. HK gene delivery significantly decreased urinary albumin
excretion, increased urinary osmolarity and attenuated renal tubule apoptosis, possibly by
modifying expression of apoptosis-related proteins Bcl-2 and Bax. Morphological studies
showed that both glomerular sclerotic lesions and tubular damage were reversed by HK gene
transfer. These results demonstrate that persistent expression of HK gene protects against
nephropathy in diabetic rats.

The mechanisms by which kallikrein prevents renal complications in diabetic rats are poorly
understood. Previous studies have shown that bradykinin is able to reduce blood pressure,
attenuate endothelial cell apoptosis, increase tPA and increase MMP (57). Together, these
effects may contribute to the protection of the kidney from injury induced by the diabetic
state. MAPK and AMPK activity is essential for cell survival. Our study demonstrated that
HK gene delivery significantly enhanced phosphorylation of renal p42/p44 MAPK and
AMPK supporting the notion of a protective role of kallikrein in the kidney(58). The role of
bradykinin and related products of the plasma KKS in diabetic renal damage are currently
undefined. Other researchers reported that renal tissue kallikrein and kinin increased in type
1 diabetic patients at risk for developing nephropathy (59). Treatment of diabetic rats with
aprotinin, a kallikrein inhibitor, reduced glomerular filtration rate and renal plasma flow,
indicating that tissue kallikrein and kinins help to mediate renal hyperfiltration in diabetes
(60, 61). Some published data indicated that bradykinin can attenuate vascular disease
associated with diabetes when there is an intact endothelium, but could aggravate vascular
disease when the endothelium is damaged (59, 62, 63). In the present study, HK gene
delivery during the early period of diabetes appears to exert several protective effects in the
kidney.

In summary, our studies demonstrate that rAAV-mediated HK gene delivery can efficiently
attenuate insulin resistance, prevent diabetic nephropathy and reduce blood pressure in
streptozotocin-induced diabetic rats. HK gene therapy may mediate these effects by
restoring activation of the insulin receptor, PI3 kinase/Akt, MAPK and AMPK signaling
pathways. These results suggest that rAAV-mediated HK gene administration may be a
promising tool for the therapy of insulin resistance.
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Figure 1.
Expression of kallikrein. Panel A: RT-PCR analysis in diabetic rats treated with rAAV·HK
(HK) or rAAV·LacZ (LacZ). Total RNA was prepared from lung (L), liver (Li), kidney (K),
skeletal muscle (SK), heart (H), and adipose tissue (A). Panel B: Representative
immunoblotting results showing increased HK expression in heart, kidney and liver of
rAAV·HK treated diabetic rats compared to rAAV·LacZ-treated diabetic rats. Experiments
were repeated 3 or 4 times.
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Figure 2.
Urinary expression of kallikrein by ELISA in non-diabetic rats (Normal), diabetic rats
treated with rAAV·LacZ (LacZ) and diabetic rats treated with rAAV·HK (HK) at various
time points after treatment. Values are mean ± SEM (n=6 for each group); **P<0.01 vs.
Normal; ## P<0.01 vs. LacZ.
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Figure 3.
Systolic blood pressure in non-diabetic rats injected with saline (Normal), diabetic rats
injected with rAAV·LacZ (LacZ) and diabetic rats injected with rAAV·HK (HK). Values are
mean ± SEM (n=16 per group); **P<0.01 vs. Normal, ##P<0.01 vs. LacZ.
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Figure 4.
Creatinine clearance (Panel A), urine osmolarity (Panel B) and urinary microalbumin (Panel
C) in non-diabetic rats injected with saline (Normal), diabetic rats injected with rAAV·LacZ
(LacZ) and diabetic rats injected with rAAV·HK (HK). Values are mean ± SEM (n= 6 for
each group); #P<0.05 vs. LacZ; ##P<0.01 vs. LacZ; ** P<0.01 vs. Normal.
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Figure 5.
Histological assessment of rat kidneys. Paraffin sections of kidney cortex from non-diabetic
rats (Panels A, F, I) or from diabetic rats treated with rAAV·HK (Panels C, E, H, K) or
rAAV·LacZ (Panels B, D, G, J) stained with periodic acid Schiff (PAS) (Panels A, B, C),
Masson' s trichrome (Panels D, E, F, G, H) or Sirius red reagent (Panels I, J, K).
Magnification was 400X (Panels A-C, F-K) or 200X (Panels D, E). PAS staining shows that
rAAV·LacZ-treated rats had moderate mesangial cell proliferation (→) with severe blood
vessel narrowing (↓) (Panel B), and rAAV·HK-treated rats had minimal glomerulosclerosis
(→) (Panel C), much milder than rAAV·LacZ-treated diabetic rats (B) and nearly normal
blood vessels (A). Masson's trichrome staining shows renal tubule vacuolation (→) in
rAAV·LacZ treated rats (Panel D) but almost normal renal tubules (→) in rAAV·HK treated
rats (Panel E). Masson's trichrome staining also showed significant capillary thrombosis
(→) in rAAV·LacZ treated diabetic rats (Panel G), but minimal capillary thrombosis (→) in
rAAV·HK treated diabetic rats (Panel H). Sirius Red staining shows rAAV·LacZ treated
diabetic kidneys with moderate collagen deposition (Panel J), but only mild collagen
deposition in kidneys from rAAV·HK treated diabetic rats (Panel K). One section from each
experimental animal was prepared and representative slices are shown.
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Figure 6.
Representative western blots and densitometric quantification of at least three repeats for
each experiment showing the effects of rAAV-mediated HK gene therapy on PI3 kinase/Akt
and pAMPK signaling pathways. Effects of HK gene therapy on the expression of PI3-
kinase p110 catalytic subunit in kidney (Panels A and B), liver and skeletal muscle (Panels
C and D). Effects of HK gene therapy on total and p-Akt at Thr-308 in kidney (Panels E and
F). Effects of HK gene therapy on total and p-AMPK in kidney (Panels G and H). Blots
were scanned, and relative expression levels were normalized to total β-actin. Values shown
are the means ± S.E. of three independent experiments. * p < 0.05 versus rAAV-LacZ.
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Figure 7.
Representative western blots and densitometric quantification of at least three experiments
showing effects of rAAV-mediated HK gene therapy on phosphorylation of p42/44 MAPK
and IR-β. Results show decreased phosphorylation of MAPK in diabetic kidney is reversed
by HK overexpression (Panels A and B) and that decreased phosphorylation of IR-β in
diabetic treated rats is also reversed by rAAV·HK treatment (Panels C and D). Results are
representative of 3 independent experiments. Blots were scanned and relative p-ERK (B)
and p-IR-β levels (D) were normalized to total ERK and total IR-β, respectively. Values
shown are the means ± S.E. of three independent experiments. *, p < 0.05 versus rAAV-
LacZ.
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Figure 8.
Effects of kallikrein on renal apoptosis. TUNEL staining of kidney showing significantly
increased TUNEL-positive cells in diabetic rat renal tubules from rAAV-LacZ rats
compared with non-diabetic controls and rAAV-HK-treated rats (Panel A). The number of
TUNEL staining apoptotic cells/HPF is quantified, *p<0.01 vs. Normal Control; #p<0.01 vs.
rAAV-LacZ (Panel B). Representative western blots showing expression of anti-apoptotic
protein Bcl-2 and pro-apoptotic protein Bax in kidney (Panel C). Blots were scanned and
Bcl-2 and Bax levels (D and E, respectively) were normalized to β-actin. Values shown are
the means ± S.E. of three independent experiments. *, p < 0.05 versus rAAV-LacZ.
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Table 1

Physiological parameters in normal and diabetic rats following induction of Type 2 diabetes but preceding HK
gene delivery

Nondiabetic Normal Rats(n=16) Diabetic Rats (n=32)

Baseline Week 8 Baseline Week 8

Body weight (g) 216.1±14.8 258.7±20.1 214.9±15.7 233.6±17.9*

Systolic pressure (mmHg) 94.5±4.4 94.5±3.5 95±5.1 124.1±3.9*

Fasting glucose (mmol/L) 5.43±0.68 4.61±0.82 5.49±0.74 3.94±0.56

2h glucose (mmol/L) 6.77±1.02 15.66±2.41*

Fasting insulin (mlU/L) 2.92±0.72 3.44±0.88 2.81±0.82 10.12±2.47*

Triglycerides (mmol/L) 1.04±0.21 1.18±0.52 1.08±0.30 2.11±0.48*

Total cholesterol (mmol/L) 1.36±0.17 1.27±0.15 1.40±0.16 2.61±0.44*

HOMA IR 0.71±0.02 0.71±0.03 0.68±0.03 1.77±0.06*

Values are mean±SEM. Normal rats were fed with normal rat chow (Normal). Diabetic rats received streptozotocin injection and high fat diet
(Diabetes). HOMA IR indicates homeostasis model assessment of insulin resistance.

*
P<0.05 vs. normal.
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Table 2

Physiological parameters in nondiabetic normal, diabetic-LacZ and diabetic-HK rats 12 weeks after
introduction of rAAV-HK and rAAV-LacZ.

nondiabetic normal diabetic-HK diabetic-LacZ

Weight (g) 285.7±11.2 253.2±9.7 242.5±8.1

Systolic pressure (mmHg) 97.5±3.8 98.5±5.5## 131.1±6.3**

Glucose (mmol/L) 5.51±0.79 13.09±3.01** 13.58±2.88**

Insulin (mIU/L) 3.56±0.69 8.19±2.45## 13.85±3.76**

HOMA IR 0.87±0.02 4.76±0.33## 8.36±0.48**

Triglyceride (mmol/L) 1.10±0.47 1.54±0.66## 2.38±0.89**

Total cholesterol (mmol/L) 1.36±0.55 1.48±0.62## 2.55±1.01**

Values are mean±SEM for 16 rats per group. Plasma glucose, insulin, triglyceride and total cholesterol were measured after an overnight fast at the
end of experiment. Nondiabetic normal rats were injected with saline, diabetic rats were injected with rAAV·LacZ (LacZ) or rAAV·HK (HK).
HOMA IR indicates homeostasis model assessment of insulin resistance.

##
P<0.01 vs. LacZ.

**
P<0.01 vs. Normal.
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