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Abstract

Aim: The renin–angiotensin system (RAS) plays a critical role in blood pressure

control and body fluid and electrolyte homeostasis.  In the past few years, angio-

tensin (Ang) (1–7) has been reported to counteract the effects of Ang II and was

even considered as a new therapeutical target in RAS.  The present study aimed to

investigate the effect of Ang (1–7) administration on a diabetic animal model and

the modulation on local RAS.  Methods: Streptozotocin (STZ) injection-induced

diabetic rats were used in the experiment.  The animals were divided into 3 groups:

(1) control; (2) STZ-induced diabetes; and (3) STZ-induced diabetes with chronic

Ang (1–7) treatment [D+Ang(1–7)].  In the D+Ang(1–7) group, a dose of 25 µg·kg-1·h-1

of Ang (1–7) was continually injected through the jugular vein by embedding mini-

osmotic pump for 6 weeks.  Plasma glucose, ratio of kidney to body weight, and 24 h

urine protein and serum creatinine were monitored by conventional measurement.

Plasma and renal Ang II levels were measured by radioimmunoassay.  Ang-con-

verting enzyme (ACE), ACE2, Ang II type 1 (AT1) receptor, Ang II type 2 (AT2)

receptor, Ang (1–7) Mas receptor, and TGF-β1 mRNA levels were measured by real

time PCR; ACE, ACE2, and TGF-β1 protein levels were analyzed by Western blotting.

Results: The renal function of diabetic rats was significantly retrogressed when

compared with that of control rats.  After the treatment by constant Ang (1–7) vein

injection for 6 weeks, renal function was found to be even worse than diabetic rats,

and both TGF-β1 mRNA and protein levels were elevated in the D+Ang(1–7) group

compared with the diabetic rats.  The real-time PCR result also showed an increase

in ACE mRNA expression and decrease in ACE2 mRNA level in the D+Ang(1–7)

group when compared with diabetic rats.  The number of AT1 receptors increased

in the Ang (1–7)-injected group, while the number of AT2 and Mas receptors

decreased.  Conclusion: Exogenous Ang (1–7) injection did not ameliorate STZ-

induced diabetic rat renal injury; on the contrary, it accelerated the progressive

diabetic nephropathies.

Key words

angiotensin (1-7); renin-angiotensin system;

diabetic nephropathy

1Project supported by the National Natural

Science Foundation of China (No 30470627).
4Correspondence to Assoc Prof Li-min LU.

Phn 86-21-5423-7716.

E-mail lulimin@shmu.edu.cn

Received 2008-04-01

Accepted 2008-04-22

doi:  10.1111/j.1745-7254.2008.00812.x

Introduction

The renin–angiotensin system (RAS), a potent regulator

of blood pressure, plays a pivotal role in cardiovascular

homeostasis, hydroelectrolyte balance, and cell functions.

Attesting to its importance in regulating the internal envi-

ronment is the fact that overactivity of RAS can lead to arte-

rial hypertension, congestive heart failure, and renal insuffi-

ciency[1].  The RAS in diabetes has been studied in detail,

including an assessment of the various components of this

pathway in the kidney[2,3].  Furthermore, it has been postu-

lated that in diabetes there is a role for the RAS in mediating

many of the functional effects, such as changes in intraglomerular

hemodynamics as well as structural changes in the diabetic

kidney at both the glomerular and tubulointerstitial levels[4].
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Angiotensin (Ang) II, which is cleaved from Ang I by

angiotensin-converting enzyme (ACE), is a vasoconstrictor

and growth stimulator when acting on the Ang II type 1

(AT1) receptor.  Currently, therapies for different cardio-

vascular diseases are mainly based on the inhibition of ACE

or Ang II receptor blockade[5,6].  Recently, a chemically-related

enzyme, ACE2, was cloned and identified.  It shared 42% ho-

mology with ACE at the metalloprotease catalytic domain[7,8],

but differed from ACE in having only 1 enzymatic site.  It has

been shown that recombinant ACE2 hydrolyzes the carboxy

terminal leucine from Ang I to generate Ang (1–9)[7,8].  ACE2

also has a high affinity for Ang II[9], resulting in its degrada-

tion to Ang (1–7)[7].  Ang (1–7) is another bioactive peptide

besides Ang II in RAS.  It is considered to play a counteract-

ing effect to Ang II via acting on the Mas receptor.  ACE2 is

not inhibited by classic ACE inhibitors, such as captopril or

lisinopril.  The high expression levels of ACE2 in the normal

kidney[7,10,11], together with the observations of reduced lev-

els of ACE2 in diabetic rats and in human kidney diseases[12],

imply that the ACE2 Ang (1–7) axis in RAS may be involved

in kidney physiology and pathophysiology.

The inhibition of ACE blocks the metabolism of Ang (1–

7) to Ang (1–5) and can lead to the elevation of Ang (1–7)

levels in plasma and tissue.  Ang (1–7) itself causes or en-

hances vasodilation and inhibits vascular contractions to

Ang II[43–45].  Although the counterregulatory actions of Ang

(1–7) have been well documented in animal models[46-48], no

extensive studies have addressed the effects of Ang (1–7)

on renal function and the changes of kidney local RAS

brought by it.  Therefore, we sought to study the effects of

Ang (1–7) on tissue RAS in the progressing diabetic nephr-

opathy model.

Materials and methods

Drugs and chemicals  Streptozotocin (STZ) was pur-

chased from Sigma (St Louis, MO, USA), the mini-osmotic

pump was purchased from Alza (Palo Alto, CA, USA), TRIZOL

reagent was purchased from Watson Biotechnologies

(Shanghai, China), the Superscript first strand synthesis

system for RT–PCR was purchased from Promega ( Madison,

WI, USA), and proteinase inhibitor was purchased from

Upstate (Waltham, MA, USA).  The Ang (1–7)  polypeptide

was synthesized by GL Biochem (Shanghai, China),

prestained standards as molecular weight markers were pur-

chased from Jingmei (Shanghai, China), the polyvinylidene

difluoride (PVDF) membrane was purchased from Amersham

(Piscataway, NJ, USA), the polyclonal rabbit antihuman ACE2

antibody was purchased from Abcam (Cambridge, UK), the

monoclonal mouse antihuman TGF-β antibody was pur-

chased from Chemicon (Malvern, PA, USA), the Western

blotting analysis system was purchased from Amersham–

Pharmacia Biotech (San Francisco, CA, USA), and the mono-

clonal anti-β-actin antibody was purchased from Sigma (St

Louis, MO, USA).  The anti-Ang II antibody and mono-iodi-

nated [125I]-labeled Ang II was purchased from Furui Biotech

(Beijing, China), the BCA protein assay kit was purchased

from Shenergy Biocolor BioScience and Technology

(Shanghai, China), the SYBR green QRT–PCR master mix-

ture was purchased from Applied Biosystems (Tokyo, Japan),

and other chemicals and reagents were of analytical grade.

Animal model   Age-matched, 4-month-old male Sprague–

Dawley rats, weighing 180–210 g, were provided by Depart-

ment of Experimental Animal, Shanghai Medical College,

Fudan University.  All procedures were followed the Guide

for Care and Use of Laboratory Animals of Fudan University

(Shanghai, China).  The animals were acclimatized for 5 d

before the study and had free access to water and standard

rat chow throughout the experiment.

The rats were rendered diabetic with a single injection of

STZ (65 mg/kg, ip) dissolved in 0.1 mol/L sodium citrate buffer

(pH 4.0).  Only animals with plasma glucose concentrations

>16.7 mmol/L 1 week after the induction of STZ were in-

cluded in the study[13].  Body weight, 24 h urine protein,

serum blood urea nitrogen (BUN), and creatinine were mea-

sured every 3 weeks.  The rats were divided into 3 groups:

(1) control  rats, injected with vehicle (0.1 mol/L sodium cit-

rate buffer, pH 4.0); (2) diabetic rats, sham-embedded with

empty pump after 3 weeks; and (3) D+Ang(1–7) rats, dia-

betic rats injected with Ang(1–7) at a dose of 25 µg·kg–1·h–1

through the jugular vein by embedding the mini-osmotic pump

at the end of 3 weeks[14]; 12 weeks after STZ injection, [or 9

weeks after Ang(1–7) vein injection for D+Ang(1–7) group],

the rats were killed by decollation, and blood was collected

for glucose, BUN, creatinine, and Ang II concentration

measurements.

Isolation of total RNA and synthesis of cDNA   The whole

kidney was sliced up and frozen by liquid nitrogen promptly

avoiding RNA degradation[13].  To avoid the cortex and me-

dulla proportion difference, the kidney was crosscut and

marked.  About 50 mg of an equivalent proportion slice tis-

sue was removed and homogenized using concussive muller

in TRIZOL, and total RNA was isolated.  cDNA was synthe-

sized with a reverse transcriptase reaction carried out with

standard techniques by using the Superscript first strand

synthesis system.  The reaction mixtures were: 1 µg total

RNA extracted from the control and diabetic rat kidneys, 0.5

µg random hexamers, 10 mmol/L dNTP 4 µL, 15 U AMV re-

verse transcriptase, 25 U RNase inhibitor in a total volume of
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20 µL.  Aliquot of the resulting single-strand cDNA (1 µL)

was used in the real-time PCR experiments as described later.

To assess genomic DNA contamination, controls without

reverse transcriptase were included.

Real-time PCR Quantification   ACE, ACE2, AT1, AT2,

TGF-β1, and Mas receptor PCR primers were designed with

Primer express (PE Applied Biosystems, Shanghai, China)[15].

The primer sequences are listed in Table 1.

SYBR Green real-time PCR was used to quantify the rela-

tive abundance of target mRNAs in the samples.  PCR proce-

dures were performed according to the manufacturer’s

protocols, and the accumulated fluorescence was detected

by iCycler iQ real-time PCR detection system (Bio-Rad,

Hercules, CA, USA).  The PCR procedure was performed

with the following time courses: 95 oC for 10 min, 40 cycles at

95 oC for 30 s, 63 oC (for ACE), 58 oC (for ACE2), 62 oC (for

both AT1 and AT2 receptors and TGF-β1) and 60 oC (for Mas

receptor and GAPDH) for 45 s, and 72 oC for 1 min for

amplification.  The amplified products were subjected to a

stepwise increase in temperature from 55 oC to 95 oC and

dissociation curves were constructed.

Target mRNA was quantified by measuring the threshold

cycle (when fluorescence is statistically significant above

the background) and read against a calibration curve.  The

relative amount of each mRNA was normalized to the house-

keeping gene, GAPDH mRNA.  Each sample was run and

analyzed in triplicate.  The samples from the control kidney

were then used as the calibrator with a given value of 1, and

the diabetic groups were compared with this calibrator[16].

Western blotting  Kidneys from the control, diabetic,

and D+Ang (1–7) animals were quickly removed and minced

with a scalpel blade, resuspended in 4-fold volume of 10%

m/v SDS buffer with 1:25 proteinase inhibitor, homogenized

at 12 000×g with the concussive muller, and centrifuged at

1000×g (4 oC) for 10 min.  The supernatants were removed

and kept at –80 oC until used for further analysis.

Protein concentrations in the supernatant were measured

by the BCA protein assay kit.  A solubilized tissue sample (30

µg of total protein) and prestained standards as molecular

weight markers were loaded and separated in a 12% poly-

acrylamide sodium dodecyl sulfate gel, and proteins were

transblotted onto the PVDF membrane through the use of a

transfer tank at 270 mA for 110 min.  At the end of the transfer,

the filters were blocked with 10% skim milk powder in Tris-

buffered saline (TBS) and 0.1% Tween (TBS/Tween) for 1 h

at room temperature with gentle rocking.  For the ACE2

immunodetection, the membranes were incubated with a

polyclonal rabbit antihuman ACE2 antibody, diluted at 1:600

with 10% skim milk powder in TBS/Tween and incubated

overnight at 4 oC.  For the TGF-β immunodetection, the mem-

branes were incubated with a monoclonal mouse antihuman

TGF-β antibody diluted at 1:5000 with 10% skim milk powder

in TBS/Tween.  The following day, the membrane was washed

thoroughly 3 times (15 min washes) in TBS/Tween.  Positive

bands were developed with the use of the Western blotting

analysis system, in which a horseradish peroxidase-labeled sec-

ondary antimouse antibody was diluted at 1:1000 for TGF-β, a

secondary antirabbit antibody for ACE2, and incubated for 1

Table 1.   PCR primer pairs used for amplify ACE, ACE2, AT1 receptor, AT2 receptor, TGF-β1, Mas receptor, and GAPDH cDNA fragments.

Target                 Oligonucleotide sequence Tm oC  bp

ACE F 5'-CCG TTG TCA CCG CCG CTC CC-3' 6 3   89

R 5'-CCG CGC ATT CTC CTC CGT GAT-3' 6 3

ACE2 F 5'-AAT TCA GAA TGC GAC CAT GC-3' 5 8 288

R 5'-TAC TCT TCA TAT AAC GGC CTC AGC-3' 5 8

AT 1 F 5'-CTC AAG CCT GTC TAC GAA AAT GAG-3' 6 2 204

R 5'-CTT CTC CAT GGT GGT GAA GAC-3' 6 1

AT 2 F 5'-ACC TTT TGA ACA TGG TTT G-3' 6 2 218

R 5'-GTT TCT CTG GGT CTG TTT GCT C-3' 6 2

TGF-β1 F 5'-TGG CGT TAC CTT GGT AAC C-3' 6 1 277

R 5'-GGT GTT GAG CCC TTT CCA G-3' 6 2

Mas F 5'-GCC AGT CTC GGA TTG TTG-3' 6 0 376

R 5'-ACC TTG GGC TCC TTA GTG-3' 6 0

GAPDH F 5'-CCC TTC ATT GAC CTC AAC TAC ATG-3' 6 0 216

R 5'-CTT CTC CAT GGT GGT GAA GAC-3' 6 0

F, forward primer; Tm, melting temperature; R, reverse primer.
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h at room temperature.  They were then washed 3 times for 15

min with TBS (pH 7.2), treated with the enhanced chemilumi-

nescent (ECL) method following the instructions of the ECL

detection kit, and exposed to Kodak X-ray film (Kodak,

Rochester, NY, USA) for 0.5–20 min as necessary to detect

the signals.

To ensure equal protein loading, all membranes were

stripped and probed with a monoclonal anti-β-actin antibody

that recognizes the β-actin protein at ~43 kDa.  The relative

intensity of immunoreactive band exposed on the films was

quantified and corrected for the β-actin signal by using a

computer-assisted densitometry program (Smart View, Life

Science Research Products and System Engineering,

Shanghai, China).

Measurement of Ang II by radioimmunoassay  Plasma

and kidney Ang II levels were measured by a radioimmu-

noassay as previous reported[17].  For these measurements,

kidney and plasma samples were collected when the rats

were killed.  For the assessment of plasma Ang II levels,

blood was collected into chilled tubes containing anticoagulant.

Blood samples were centrifuged at 4 oC for 10 min at 1 000×g,

and the supernatant was collected and stored at –20 oC for

further assay.  One kidney was removed quickly, weighed,

immersed in 5-fold volume of cold acetic acid (1 mol/L), and

immediately homogenized with concussive muller.

For the analysis of renal Ang II levels, kidney superna-

tants were dried overnight in a vacuum centrifuge.  The dried

residue was reconstituted in 4 mL of 50 mmol/L sodium phos-

phate buffer, pH 7.4, containing 1 mmol/L EDTA.  Plasma

and kidney extracts samples were incubated with Ang II an-

tiserum and [125I]-labeled Ang II for 15 min at 4 oC, and then e

centrifuged for 15 min at 3500×g.  The supernatant was

discarded, and the radioactivity counts per minute (cpm)

were recorded and then calculated by a computer.  The re-

sults for kidney Ang II levels are reported as picogram per

gram of kidney weight.  The sensitivity of the Ang II assay

was <10 pg/g.

Statistical analysis The results are expressed as

mean±SEM.  Data were analyzed by one-way ANOVA fol-

lowed by Bonferroni correction for all pairwise comparisons.

Significance was assigned at P<0.05.

Results

Biochemical parameter obtained from control, diabetic,

and Ang (1–7)-treated animals  STZ-induced diabetic rats

had significant hyperglycemia (plasma glucose: STZ, 21.8±1.9

mmol/L vs control, 5.1±1 mmol/L, P<0.05) at the time of death.

In D+Ang(1–7) rats, the plasma glucose levels indicated sig-

nificant hyperglycemia, but did not differ from the diabetic

rats (P<0.05).  There were significant decreases in body

weight, and increases in kidney weight, both in the diabetic

control group and Ang(1–7)-injected diabetic rats, but the

[D+Ang(1–7)]group had a further decrease in body weight

and a further increase in kidney weight, which was signifi-

cantly different from the diabetic group.  24 h Urine protein

excretion increased significantly in both the diabetic group

and Ang (1–7)-treated diabetic rats, but Ang (1–7)-treated

diabetic rats had significantly higher 24 h urine protein ex-

cretion than diabetic rats (P<0.05).  The serum BUN and

creatinine levels increased significantly in the diabetic group

and Ang (1–7) -treated diabetic groups, and the D+Ang(1–

7) rats had a greater increase than the non-treated diabetic

rats (P<0.05; Table 2).

Changes in ACE, ACE2, and AT1, AT2, and Mas recep-

tors in control, diabetic, and Ang (1–7)-treated diabetic rats

As shown in Figure 1A and B, there were significant de-

creases in both ACE mRNA and protein levels in the diabetic

rats compared with the control rats.  Both ACE mRNA and

protein levels recovered in Ang (1–7)-treated diabetic rats

and showed significant differences from that of diabetic rats

Table 2.   Biochemical parameter obtained from control, diabetic, and Ang (1–7)-treated diabetic animals.  n=6.  Data are mean±SEM.  bP<0.05

vs control rats; eP<0.05 vs diabetic rats.

Control rats Diabetic rats D+Ang1–7

Plasma glucose, (mmol/L)     5.1±1     21.8±2.9b   20.5±3.2b

Body weight (g)    465±23   328.7±34b    273±42be

Kidney weight (% total body weight)   0.43±0.01     0.52±0.02b     0.6±0.01be

24 h Urine protein (mg) 20.82±3.2 114.09±7.25b    327±38.36be

Serum BUN (mg/L) 138.7±7   206.3±24b 367.3±22be

Serum creatinine (mg/L)    169±14.7   239.5±14b 387.8±25.8be

Measurements were made at the time of death, 9 weeks after intervention, except for STZ-induced diabetic rats.
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(P<0.05), and no difference from the control rats.  With re-

gard to ACE2 mRNA levels, diabetic rats also showed a de-

crease compared with the control rats, although it did not

reach statistical significance.  The Ang (1–7)-treated group

showed a greater decrease in ACE2 mRNA levels than the

diabetic group (P<0.05).  The ACE2 protein levels showed

consistency with the mRNA changes (Figure 2A, 2B).

In the diabetic rats, AT1 receptor mRNA showed a sharp

decrease compared with the control rats (P<0.05).  The Ang

(1–7)-treated group had an increased AT1 receptor mRNA

level compared with the diabetic rats (P<0.05), although it

still showed a significant decrease relative to the control rats

(Figure 3A).  As for the AT2 receptor mRNA level, diabetic

rats showed a significant decrease relative to the control

rats.  The Ang (1–7)-injected (iv) group showed a more sig-

nificant decrease in AT2 receptor mRNA than diabetic rats

(P<0.05; Figure 3B) With regard to the Mas receptor mRNA

level, there was a significant decrease in diabetic rats com-

pared with the control rats, and the [D+Ang (1–7) rats had a

more significant decrease than the diabetic rats (P<0.05; Fig-

ure 3C).

TGF-ββββ1 mRNA and protein expression  As shown in

Figure 4A, there was an increase in TGF-β1 mRNA levels in

the diabetic rats compared with the control rats, although

this did not reach statistical significance.  The D+Ang (1–7)

group showed a greater increase in TGF-β1 mRNA levels

compared with the diabetic rats.  With regard to the TGF-β1

protein expression, a similar pattern was shown in the TGF-

β1 protein expression changes between the diabetic and con-

trol rats, as shown in Figure 4B, but the D+Ang (1–7) rats

showed a significant increase in the TGF-β1 protein expres-

sion compared with the control and diabetic rats.

Plasma and kidney Ang II levels  In the STZ diabetic

rats, plasma Ang II levels increased compared with the con-

Figure 1.  ACE mRNA and protein levels in 12 week control, diabetic,

and D+9 week Ang (1–7) intervention rat kidneys.  (A) Real-time

PCR assay for k idney ACE mRNA; (B) Western blot analysis of

kidney ACE protein level (normalized by β-actin).  n=6.  Data are

mean±SEM.  bP<0.05 vs control rats; eP<0.05 vs diabetic rats.

Figure 2 .  ACE2 mRNA and protein levels in 12 week control,

diabetic, and D+9 week Ang (1–7) intervention rat kidneys.  (A)

Real-time PCR assay for k idney ACE2 mRNA; (B) Western blot

analysis of kidney ACE2 protein level (normalized by β-actin).  n=6.

Data are mean±SEM.  bP<0.05 vs control rats; eP<0.05 vs diabetic rats.
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trol rats, and showed significant difference (control: 467±108

vs diabetic: 1229.9±134.6 pg/mL).  After Ang (1–7) injection,

the Ang II levels decreased compared with the diabetic rats

(D+Ang1–7: 747.7±254 vs diabetic: 1229.9±134.6 pg/mL, P<0.05),

but it was still higher than the control rats (P<0.05).  Similarly,

whole kidney Ang II levels in the diabetic rats were higher

than the kidney levels in the control rats (control: 6126.7±183.9

vs diabetic: 10892±1220.1 pg/g).  The kidney Ang II levels in

the Ang (1–7)-treated group decreased relative to the dia-

betic rats (Figure 5).

Discussion

It has been widely reported that RAS is implicated in

hemodynamic maladaptations of the diabetic kidney[21,22,28],

and the changes of ACE, ACE2, as well as Ang II, have been

investigated in STZ-induced diabetic rats[23–25].  Previous

investigations have shown that Ang (1–7) serves a protec-

tive role by counteracting the effects of locally-generated

Ang II in cardiovascular research[26].  In some cardiovascu-

lar diseases, the increased Ang (1–7) levels may serve some

role in treatments with ACE inhibitors or AT1 receptor an-

tagonists[19,20].  However, no studies have focused on the

effects of Ang (1–7) treatment on diabetes.

In the present study, we used the STZ-induced diabetic

model to investigate the effect of sustaining a vein injection

of exogenous Ang (1–7) on renal function.  All diabetic rats

Figure 4 .  TGF-β1 mRNA and protein levels in 12 week control,

diabetic, and D+9 week Ang (1–7) intervention rat kidneys.  (A)

Real-time PCR assay for kidney TGF-β1 mRNA.  (B) Western blot

analysis of for TGF-β1 protein (25 kDa), All bands were normalized

by β-actin (43 kDa).  n=6.  Data are mean±SEM.  bP<0.05 vs control

rats; eP<0.05 vs diabetic rats.

Figure 3 .  Real-time PCR assay for k idney AT1, AT2, and Mas

receptor mRNA from the kidney of 12 week control, diabetic, and

D+9 week Ang (1–7) intervention rats.  (A) AT1 receptor; (B) AT2

receptor; (C) Mas receptor.  n=6.  Data are mean±SEM.  bP<0.05 vs

control rats; eP<0.05 vs diabetic rats.
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showed an increase in plasma glucose, a decrease in body

weight, and an increase in kidney body weight proportion.

With regard to the renal function guidelines, the 24 h urine

protein, serum BUN, and serum creatinine all showed a sig-

nificant increase after 12 weeks.  In diabetic rats injected

with Ang (1–7) for 9 weeks, parallel to each other, the extent

of the body weight decreases and increases of kidney body

weight ratios were significantly different from those of the

diabetic rats.  The 24 h urine protein, serum BUN, and serum

creatinine levels increased much more than that of diabetic

rats.  These data suggest that the Ang (1–7) vein injection

caused a further deterioration of the renal function in dia-

betic rats rather than amelioration.

Elevated TGF-β1 was considered an indicator of renal

damage in multiple pathological conditions.  Previous re-

ports have proven that overactivity of the TGF-β1 system in

the kidney is a crucial mediator of diabetic renal hypertrophy

and mesangial matrix expansion[18], and treatment of diabetic

mice with neutralizing anti-TGF-β1 antibodies prevents the

development of renal hypertrophy, mesangial matrix

expansion, and a decline in renal function [27].  In our

experiments, the change in TGF-β1 levels was consistent

with that in renal function.  In Ang (1–7)-treated diabetic

rats, TGF-β1 showed dramatic increases both in mRNA and

protein levels when compared with non-treated rats.

In the present study, we also observed the ACE mRNA

level.  The ACE mRNA level significantly decreased in dia-

betic rats compared with the control rats.  This result was

consistent with previous observations, which suggested that

the ACE level might be downregulated by a compensatory

mechanism of negative feedback.  In the Ang (1–7) group,

however, the decrease in ACE was significantly attenuated;

the ACE2 mRNA expression significantly decreased com-

pared with the diabetic rats.  Taking into account the meta-

bolic pathways of RAS, ACE determines both the produc-

tion of Ang II and the degradation of Ang (1–7), whereas

ACE2, by facilitating the conversion of Ang II into Ang (1–

7), plays a key role in the production of Ang (1–7).  Although

ACE can also induce Ang (1–7) formation by acting on Ang

I as a substrate, this pathway is relatively minor as compared

with the ACE2-inducing Ang (1–7) formation pathway[7,8].

According to our data, it seems possible that with the exog-

enous Ang (1–7) vein injection, the increased plasma Ang

(1–7) concentration may inhibit the local ACE2 expression in

the kidney, and the increased plasma Ang (1–7) concentra-

tion may accelerate the ACE effect via increasing its

expression.

Most of the effects of Ang II in the renal and cardiovas-

cular systems are dominated by AT1 receptors[29-32].  In the

kidney, AT1 receptors are abundant in vascular smooth

muscle cells, endothelium, glomerular mesangial cells,

podocytes, tubular cells, and medullary interstitial cells[33–36].

In contrast, the AT2 receptor was only highly expressed in

the fetal kidney and dramatically decreased after birth[34].  A

series of studies have shown that AT2 receptors are linked

to the stimulation of intrarenal nitric oxide formation[37].  The

decreased renal expression of AT2 receptors may result in an

amplification of AT1-mediated effects, including promoting

enhanced tubular sodium reabsorption, cell proliferation, and

hypertrophy[38,39].  All these changes will contribute to in-

creased nephric injury.  In our study, the mRNA levels of

AT1 and AT2 receptors showed a decrease in STZ diabetic

rats, which is in agreement with other reports[40,41].  In the

D+Ang (1–7) rats, however, AT1 receptors recovered, as com-

pared with the diabetic control rats, while AT2 receptors ex-

hibited a further decrease.  As AT2 receptor stimulation might

account for part of the renal protection by balancing the

effect of AT1[39,41], the dramatically reduced AT2 receptor, in

combination with the partially recovered AT1 receptor, might

explain the accelerating effect by the Ang (1–7) injection on

renal function deterioration in the experiment.

Figure 5.  Radio-immunoassay for Ang II in 12 week control, diabetic,

and D+9 week Ang (1–7) intervention rat plasma and renal tissue.

(A) plasma; (B) renal tissue.  n=6.  Data are mean±SEM.  bP<0.05 vs

control rats; eP<0.05 vs diabetic rats.
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Mas is the specific receptor of Ang (1–7).  Ang (1–7)

counteracts many of the cardiovascular and renal effects of

Ang II through acting on Mas receptors.  Previous reports

have indicated that Mas, a G-protein-coupled receptor, may

act as a physiological antagonist of the AT1 receptor.  Mas

may cause heterooligomerization between AT1 and Mas

receptors.  The formation of the AT1–Mas receptor complex

resulted in the inhibition of Ang II actions[42].  In the

experiment, it was found that Mas receptors decreased sig-

nificantly in diabetic rats when compared to controls, and a

further decrease occurred in the Ang (1–7)-injected group.

The downregulation of the Mas receptor may severely limit

the biological actions of Ang (1–7).

Generally, in the present study, Ang (1–7) did not play a

role in postponing the kidney damage as expected; it showed

further kidney damage.  Many important components in RAS

were resettled following Ang (1–7) administration, including

changes in local tissue after the exogenous chronic adminis-

tration of Ang (1–7), and the local RAS shift and resulting

acceleration in renal function retrogression, both of which

still need further exploration.
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