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Sex-Specific Changes in Renal
Angiotensin-Converting Enzyme and
Angiotensin-Converting Enzyme 2 Gene
Expression and Enzyme Activity at Birth
and Over the First Year of Life
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Mark C. Chappell, PhD3, and James C. Rose, PhD1,2

Abstract
Objective: Angiotensin-converting enzyme (ACE) and angiotensin-converting enzyme 2 (ACE2) are key enzymes of the renin–
angiotensin system. We investigated developmental changes in renal ACE and ACE2 gene expression and activity in both male and
female sheep. Methods: Three groups of sheep (fetus, newborn, and adult) were used. Renal ACE and ACE2 activities,
messenger RNA (mRNA), and protein expression were studied. Results: Renal ACE and ACE2 activities increased at 1 year in
males, while there were no changes throughout development in females. Renal ACE and ACE2 mRNA and protein showed no sex
differences but increased by 1 year of age. Conclusion: There are sex-related differences in the development of renal-converting
enzyme activities that may have functional implications in terms of the regulation of blood pressure and renal function in men and
women. The difference in the patterns of gene expression and enzyme activity indicates that changes in gene expression may not
accurately reflect changes in activity.
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Introduction

The renin–angiotensin system (RAS) was initially viewed as an

endocrine system with circulating angiotensin II (Ang II) as its

functional effector hormone. Systemically, the juxtaglomerular

cells of the kidney release active renin into the circulation.1 In

the blood, renin cleaves liver-derived angiotensinogen to form

inactive angiotensin I (Ang I). An angiotensin-converting

enzyme (ACE), which is a sessile zinc-containing metallopro-

teinase, further removes 2 c-terminal amino acids of Ang I

thereby generating Ang II. Actions of Ang II are imparted by its

binding to specific receptors, type 1 and type 2 (AT1 and AT2).2

Most of the known effects of Ang II, such as vasoconstriction,

aldosterone release, and cell proliferation, are medicated by the

AT1 receptor.2-5 Ang II may also interact with AT2 receptors,

which generally oppose the actions of the Ang II-AT1 axis.6

More than a decade ago, a new arm of the RAS, the

angiotensin-converting enzyme 2 (ACE2)–angiotensin-(1-7)/

Mas receptor axis, was identified. Unlike ACE, ACE2 does not

convert Ang I to Ang II, and the enzyme is resistant to ACE

inhibitors.7 The ACE2 exhibits much greater catalytic activity

for Ang II to form Ang-(1-7) rather than converting Ang I to

Ang-(1-9).8 The ANG-(1-7), the main product of ANG II

degradation by ACE2, has opposite properties to that of ANG

II. The ANG-(1-7) promotes natriuresis, antiproliferation, anti-

hypertrophy, and in some circumstances vasodilation.9,10

Together with ACE, ACE2 is abundantly expressed in the

kidney.11,12 Recent evidence has indicated that intrarenal RAS

activity, governed in part by the balance of ACE and ACE2,

may be involved in organogenesis and development of adult

disease including hypertension and renal disease.13-16 It has

been shown that ACE activity is important in the development

of high blood pressure.17,18 Locally, ACE2 mediated produc-

tion of Ang-(1-7) may counteract the effects of locally
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generated Ang II by ACE in the proximal tubule.19 This may

help protect against the development of high blood pressure and

progressive kidney injury.19,20

Striking sex differences have been documented in the preva-

lence and/or progression of hypertension and renal disease. For

example, compared to girls and young women, boys and young

men developed higher serum ACE activity and higher blood

pressure.21,22 Also, kidneys from males appear more suscepti-

ble to renal disease in both human and animal studies than do

kidneys from females.23-27 The mechanisms contributing to

these sex differences are unclear.

From the above, it is clear that ACE and ACE2 are 2 key

components of RAS, which help regulate multiple physiologi-

cal functions in both males and females. However, the develop-

ment of renal ACE and ACE2 activities is not well defined.

Therefore, the present study was designed to determine renal

ACE and ACE2 levels and messenger RNA (mRNA) expres-

sion prior to birth, in the newborn period, and in the first year

of life in both male and female sheep. We chose to examine

these questions in sheep because they are a major animal model

used in studying the development of renal function and the

RAS28-30 and to study both males and females to determine

whether sex-related differences in the developmental patterns

of enzyme activities exist.

Materials and Methods

Animal and Experimental Protocols

All study protocols were approved by the institutional Animal

Care and Use Committee of Wake Forest University School of

Medicine. Three groups of date-mated sheep (5 animals of each

gender) were studied (fetus at 135 days of gestation age, newborn

at 5-7 days, and adult at 1 year). Sheep (mixed breeds) were

anesthetized and nephrectomy was performed, and the kidney

cortex was dissected on ice and frozen at�80�C for further study.

Renal ACE and ACE2 Activities

Renal cortical membranes were prepared by homogenization in

assay buffer (10 mmol/L HEPES [4-(2-Hydroxyethyl)pipera-

zine-1-ethanesulfonic acid], 125 mmol/L NaCl, 10 mmol/L

ZnCl2, pH 7.4) followed by centrifugation at 28 000g for 10

minutes at 4�C. The supernatant was removed, the pellet was

resuspended, and incubated overnight at 4�C in 0.5% Triton-

Assay buffer to solubilize the membranes. The sample was cen-

trifuged at 28 000g for 5 minutes at 4�C. The supernatant was

saved for further study. Protein concentration was determined

using the bovine serum albumin method according to the man-

ufacturer’s instructions (Pierce, Rockford, Illinois).

Solubilized membranes of 4 mg were then incubated at 37�C
for 30 minutes with either 125I-Ang I or 125I-Ang II in the pres-

ence or absence of Lisinopril (at 10 mmol/L final concentration)

to inhibit ACE activity or C-16 (an ACE2 inhibitor; Millennium

Pharmaceuticals, Baltimore, Maryland, at 10 mmol/L final con-

centration) to inhibit ACE2 activity. The general inhibitor

cocktail, which was used in all assays included amastatin (2

mmol/L), bestatin (10 mmol/L), chymostatin (10 mmol/L), benzyl

succinate (10 mmol/L), para-chloro-mercuribenzoic acid (0.5

mmol/L), and SCH39370 (10 mmol/L). The reaction was stopped

by addition of 1.0% phosphoric acid, centrifuged at 16 000g, and

the supernatant was stored at �20�C. Samples were filtered

before separation by reverse-phase high-performance liquid chro-

matography (HPLC), and the 125I products were monitored by a

Bioscan flow-through g detector as described.31 Products were

identified by comparison of retention times to 125I standard pep-

tides. Peptides were iodinated by the chloramine T method and

purified by HPLC (specific activity of 2200 Ci/mmol).32 The

activities of ACE (Figure 1) and ACE2 (Figure 2) were then quan-

tified by calculating the area under the curve for each product and

converted to fmol of product/mg protein/min of incubation.

Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction

The relative abundance of ACE1 and ACE2 mRNA transcripts in

kidney cortex was measured by quantitative real-time reverse

transcription polymerase chain reaction (PCR) using TaqMan

PCR (Applied Biosystems, Foster City, CA). Total RNA was iso-

lated from kidney cortex tissue using the TRIzol reagent accord-

ing to the manufacturer’s instructions (Invitrogen, Carlsbad,

California). RNA from kidney cortex was quantified by measur-

ing absorbance at 260 nm, and 1 mg of total RNA was reverse

transcribed in a 20-mL reaction mixture using an ABI High

Capacity complementary DNA (cDNA) Archive Kit according

to the manufacturer’s instructions (Applied Biosystems, Foster

City, California). The reaction contained 1� reverse transcrip-

tion (RT) buffer, 100 mmol/L of each deoxynucleoside tripho-

sphate, 1� random primer, and 100 U of reverse transcriptase.

The reaction was carried out at 25�C for 10 minutes then at

37�C for 2 hours. Control reactions were those in which the RT

enzyme or the target RNA was omitted from the reaction.

TaqMan PCR was performed on the cDNA samples using an

ABI PRISM 7500 Sequence Detection System (Applied Bio-

systems). For each gene tested (see Table 1), PCR was carried

out in multiplex mode, with every 20 mL reaction containing 2

mL of cDNA reaction, 1� TaqMan universal PCR master mix,

250 nmol/L of a gene-specific primer, 250 nmol/L of FAM (6-

carboxy-fluorescein)-labeled fluorogenic TaqMan probe, and

2.5 U of TaqMan enzymes. The thermal cycling conditions

were as follows: 50�C for 2 minutes, 95�C for 10 minutes, 40

cycles at 95�C for 15 seconds, and 60�C for 1 minute. An

increase in fluorescence was obtained at the annealing and

extension step at 60�C.

The relative level of expression of each gene in the samples

was determined using the relative 2DDCt expression method as

previously described according to the manufacturer’s instruc-

tions (Applied Biosystems. Relative Quantitation of Gene

Expression, User Bulletin #2, ABI PRISM 7700 Sequence

Detection System. 2001:11-5). After the linear range of ampli-

fication (threshold cycle, Ct) was determined for the genes of

interest, it was normalized against an endogenous
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glyceraldehyde 3-phosphate dehydrogenase control and then

against a control sample (aliquots of this sample from a naive

sheep were used in each assay as the calibrator). The value

of the relative level of expression for the gene of interest rep-

resents 2 independent reactions performed in triplicate.

Western Blot for Enzyme Proteins

Frozen kidney cortex was fractured in liquid nitrogen and then

homogenized at 4�C with 2 mL homogenization buffer

(0.1 mmol/L EDTA, 50 mmol/L Tris-HCl, 150 mmol/L NaCl,

1% Triton X, 0.1% sodium dodecyl sulfate, 1% Na deoxycho-

late, and 0.5 mmol/L dithiotreitol) and 1:1000 protein inhibitor.

Samples were then centrifuged at 2000 rpm for 10 minutes. The

supernatant was then centrifuged at 45 000 rpm for 60 minutes.

The supernatant was kept for further study. Protein concentra-

tion was determined using the BCA method (Pierce).

Protein of 25 mg was electrophoresed and transferred onto a

polyvinylidene fluoride membrane. The membrane was

blocked with 6% nonfat dry milk in 0.1% Tween in
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Figure 1. Representative chromatograms of ACE activity. A, The figure shows the quantity of angiotensin I (Ang I) after a control membrane
sample incubated with Ang I with ACE activity blocked with lisinopril. B, The figure shows the quantity of Ang I and angiotensin II (Ang II) after a
control membrane sample incubated with Ang I without blockade of ACE. ACE indicates angiotensin-converting enzyme.
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Tris-buffered saline (TBST) for 60 minutes at room tempera-

ture before incubation with an ACE antibody (Abcam, Massa-

chusetts) at a 1:150 dilution at 4�C overnight. Immunoblots

were then resolved with Amersham ECL plus Western blotting

detection reagents, as described by the manufacturer, and

exposed to AmershamHyperfilm. Membranes were then

stripped and again blocked with 6% nonfat dry milk in 0.1%
TBST for 60 minutes prior to incubation with ACE2 antibody

(Abcam) at a 1:2000 dilution at 4�C overnight. Immunoblots

were then resolved with Amersham ECL plus Western

blotting detection reagents, as before, and exposed to
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Figure 2. Representative chromatograms of ACE2 activity. A, The figure shows the quantity of angiotensin II (Ang II) after a control membrane
sample incubated with Ang II with ACE2 activity blocked with C16. B, The figure shows the quantity of Ang II and angiotensin 1-7 (Ang-1-7) after
a control membrane sample incubated with Ang I without blockade of ACE2. ACE2 indicates angiotensin-converting enzyme 2.

Table 1. Primers for ACE and ACE2 mRNA.

Gene Primers Sequence

ACE1 Forward CCGCCTGGGACTTCTTCA
Reverse ACTGAGGTGCACTGCTTGATC
Probe ACGGCAAGGACTTTAG

ACE2 Forward ACCTCACTATTTGAAAGCACTTGGT
Reverse GCTTGCTTGAGCAGGAAGTTTATTT
Probe TCTGGCACCCGATTTT

Abbreviations: ACE, angiotensin-converting enzyme; ACE2, angiotensin-
converting enzyme 2; mRNA, messenger RNA.
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AmershamHyperfilm ECL (Amersham, Piscataway, New Jer-

sey). b-Actin was detected as internal control using standard

protocols.

Immunohistochemical Determination for ACE and ACE2

Sections (5 mm) of kidney cortex of 1-year-old sheep were cut

from 4% paraformaldehyde-fixed, paraffin-embedded tissue

blocks and mounted on polylysin-coated slides. The antigen was

retrieved by heating the sections in a 10-mmol/L citrate buffer

(90�C, 30 minutes). For ACE immunostaining, sections were

incubated at 4�C overnight with the mouse monoclonal anti-

ACE antibody (Abcam) at a 1:1000 dilution in 0.5 mol/L TBST.

The secondary antibody was coupled to alexafluor488 anti-

mouse immunoglobulin G (IgG; Invitrogen Corp) used at a

1:200 dilution. For ACE2 immunostaining, sections were incu-

bated at 4�C overnight with the rabbit polyclonal anti-ACE2

antibody (Abcam) at a 1:1000 dilution in 0.5 mol/L TBST. The

secondary antibody was coupled to alexafluor 546 antirabbit

IgG (Invitrogen Corp) used at a 1:200 dilution. Nuclear counter-

staining was performed with 40,6-diamidino-2-phenylindole at

mounting medium (H-1200; VECTOR Lab Inc, Burlingame,

CA). Sections were kept in the dark until the fluorescence was

studied using a microscope (LEICA DM 4000; LEICA Micro-

system, Germany). Control slides were incubated with the

appropriate IgG but without the primary antibody.

Statistics

All of the measurements were expressed as the means + stan-

dard error of means. Two-way analysis of variance with Bon-

ferroni posttest was used for developmental data analysis. A

P value <.05 was used as statistical significance.

Result

Immunohistochemical Determination for ACE and ACE2

The locations of both ACE and ACE2 in the renal cortex are

shown in Figure 3. Both ACE (Figure 3, panel A, red) and

ACE2 (Figure 3, panel B, green) were primarily localized to the

brush border of proximal tubules in the renal cortex.

Developmental Change in Renal ACE and ACE2 Activities

Figure 4 shows the developmental changes in renal ACE activ-

ity, ACE2 activity, and their ratios. There were age (F¼ 3.642,

P ¼ .0409) and sex (F ¼ 9.090, P ¼ .0058) effects in ovine

renal cortical ACE activity. In males, renal ACE activity

(Figure 4, Panel A) increased approximately 50% at 1 year

compared with levels in the fetus (late gestation, P < .01) and

newborns (P < .001). In contrast, renal ACE activity in females

had no change throughout development. Males had higher renal

ACE activity compared with that in females at 1 year of age

(P < .001).

Age (F ¼ 27.38, P < .0001) and sex (F ¼ 10.52, P ¼ .0033)

effects were also noted in ovine renal cortical ACE2 activity. In

males, renal ACE2 activity (Figure 3, Panel B) increased about

300% at 1 year compared with the late gestation (P < .001) and

newborn periods (P < .001). In contrast, renal ACE2 in females

had no change throughout development. Males had higher renal

ACE2 activity compared with that in females at 1 year of age

(P < .001).

The ACE/ACE2 activity ratio (Figure 4, Panel C) showed

age (F ¼ 3.399, P ¼ .0495) but not sex (F ¼ 0.062, P ¼ .804)

effects. The ACE/ACE2 ratio decreased at 1 year in males

(P < .05) compared with newborns but did not change during

development in females.

Developmental Changes in Renal ACE mRNA
and ACE2 mRNA Expression

Renal cortical ACE and ACE2 mRNA expression and the

ACE/ACE2 mRNA ratio are shown in Figure 5. There was

an age (F ¼ 7.473, P ¼ .0029) but not a sex (F ¼ 0.656,

P ¼ .42) effect in sheep renal ACE mRNA during develop-

ment. Renal cortical ACE mRNA expression (Figure 4, Panel

A) increased at 1 year in males compared with the newborns

and fetuses.

There was an age (F ¼ 9.00, P ¼ .001) but not a sex (F ¼
0.25, P ¼ .62) effect in the developmental change in sheep

renal ACE2 mRNA levels. Renal ACE2 mRNA expression

(Figure 5, Panel B) was significantly increased at 1 year in both

males and females compared with newborns. The ACE/ACE2

mRNA expression ratio (Figure 5, Panel C) had neither age

(F¼ 2.81, P¼ .08) nor sex (F¼ 1.58, P¼ .23) effects through-

out development.

Developmental Change in Renal ACE and
ACE2 Protein Expression

Renal cortical ACE and ACE2 protein expression are shown in

Figures 6 and 7. There was an age (F ¼ 12.25, P ¼ .0003) but

not a sex (F ¼ 1.63, P ¼ .21) effect in the developmental

change in sheep renal ACE protein expression. Renal ACE pro-

tein expression increased at 1 year in both males and females

compared with newborns (Figure 6, panel A).

The developmental change in sheep renal ACE2 protein

expression had an age (F ¼ 9.04, P ¼ .0014) but not a sex

(F ¼ 1.33, P ¼ .26) effect. Renal ACE2 protein expression

increased at 1 year in both males (compared with newborns)

and females (compared with both the newborns and fetuses;

Figure 7, panel A).

Discussion

The purpose of this study was to define renal ACE and ACE2

levels and mRNA expression prior to birth, in the newborn

period and in the first year of life and to determine whether sex

influences any changes observed. We studied sheep, which are

a widely used animal model for studying renal physiology dur-

ing development. We chose the renal cortex because it is a pri-

mary target for Ang II and Ang-(1-7), which is locally
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produced by ACE and ACE2, respectively.33 We found the

developmental pattern of ACE and ACE2 activities was differ-

ent in males and females with males having an increase in both

activities at 1 year of age while females showed no increase.

Thus, there are sex differences in the development of renal cor-

tical ACE and ACE2 activities after birth. We also found that

the pattern of change in ACE and ACE2 activities in females

differed from the pattern of change in mRNA and protein

expression. This difference was not seen in males. This sug-

gests there are some posttranslational modifications of the

enzyme occurring as development progresses in the females

that are lacking in the males.

At present, the mechanisms underlying the sex differences in

renal cortical ACE and ACE2 development are unknown. Our

study shows that the sex difference in development of renal ACE

and ACE2 activities in sheep does not appear until postpuberty.

This is consistent with human studies in which, compared to girls,

boys have the same serum ACE activity before puberty but their

blood serum ACE activity starts to increase and becomes signif-

icantly higher after puberty.21 These findings suggest that sex

hormones may be involved in this age-related change and some

studies indicate that estrogen and testosterone may modulate

ACE activity in other species.34-37 It seems that ACE activity is

likely decreased by estrogen and increased by androgens.38

But the regulation of ACE2 is more complex and the effect

of estrogen on ACE2 is different depending upon the physiolo-

gical or pathophysiological status of the subject. For example,

in normal mice and normotensive Lewis rats, females had

lower renal ACE2 activity compared to males. This was similar

to what we found in adult sheep. This difference depended on

the presence of ovaries and ovarian hormones.39,40 On the other

hand, ovariectomy attenuated renal ACE2 activity in a rat

model of progressive renal disease, and this effect was pre-

vented by estrogen treatment.41 These findings suggest that

renal ACE2 is differentially regulated by estrogen under nor-

mal and pathological conditions and that the enzyme may play

different physiological roles in normal and disease states.

The pattern of changes in ACE and ACE2 activities in

females differed from the pattern of changes in mRNA and pro-

tein expression in our study. The different patterns of change

were not seen in males. This suggests there were some posttran-

slational modifications of the enzyme occurring in the females

that were lacking in the males. The lack of parallelism in

mRNA expression, protein expression, and protein activity of

Figure 3. Fluorescent stain of ACE and ACE2 in the renal cortex. A, The figure shows the fluorescent ACE staining in the renal cortex was
primarily localized to the brush border of proximal tubules (left: bright green shows ACE. Right, negative control. Magnification: 1:20). B, The
figure shows the fluorescent ACE2 staining in the renal cortex was primarily localized to the brush border of proximal tubules (left, bright red
shows ACE2. Right, negative control. Magnification: 1:20). ACE indicates angiotensin-converting enzyme.
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ACE2 was also noted previously in both renal cortex and lung

in rats.42,43 Thus, our data and these reports all suggest that

ACE and ACE2 activity measurements are needed to fully

understand the effects of interventions on the enzymes rather

than measurements of only gene or protein expression, espe-

cially when making comparisons between males and females.

The mechanisms producing the discrepancy among ACE

and ACE2 mRNA, protein expression, and enzyme activity

in female sheep are still unclear but might be related to the

effect of estrogen in posttranscriptional and/or posttranslational

regulation. A posttranslational effect of estrogen has been

reported in a recent study in which a novel mechanism of

estrogen-mediated promotion of inflammatory responses,

which involves posttranslational modification of signal trans-

ducer and activation of transcription-1 protein, was noted.44

Whether or not such mechanisms are operative in controlling

ACE and ACE2 expression is not known at present.

Recently several studies have provided another potential

mechanism to explain this phenomenon.36,45-47 For example,

it was noted that xanthenone, a small drug-like compound

(molecular weight <500), may enhance ACE2 activity which
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Figure 5. The developmental changes in renal cortical ACE mRNA,
ACE2 mRNA, and their ratio. A, Renal cortical ACE mRNA expres-
sion. Renal ACE mRNA increased at 1 year of age in female (*P < .05
vs newborns [NBs] and 135 GA) but not in males. B, Renal cortical
ACE2 mRNA expression during development. Renal ACE2 mRNA
expression was significantly increased at 1 year of age in both males
(P < .05 vs NBs) and females (P < .05 vs NBs and 135 GA). C, The
ACE/ACE2 mRNA expression ratio during development. There were
no effects of age or sex and no interactions. ACE indicates angiotensin-
converting enzyme; mRNA, messenger RNA; 135 GA, 135 days of
gestation.

Figure 4. The developmental changes in renal ACE activity, ACE2
activity, and their ratio. A. Renal ACE activity during development.
Renal ACE activity increased at 1 year of age (1 year; *P < .01 vs 135
days of gestation [135 GA], P < .001 vs newborns [NBs]) in males. Males
had higher renal ACE activity compared to that in females at 1 year of
age (þP < .001). B, Renal ACE2 activity during development. Renal
ACE2 activity increased at 1 year of age (*P < .001 vs 135 GA and NBs)
in males. Males had higher renal ACE2 activity compared to that in
females at 1 year of age (þP < .001). C, ACE/ACE2 activity ratio during
development. The ACE/ACE2 ratio decreased at 1 year (*P < .05 vs NB)
in males. ACE indicates angiotensin-converting enzyme.
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can cause considerable reductions in blood pressure without

changing ACE2 mRNA or protein expression.47 Other small

molecules have similar effects on ACE2 activity.36,46 This

opens the possibility that endogenous small molecules could

serve as sex-specific posttranslational regulators of ACE and

ACE2 activities and would be consistent with our observations.

Little is known about the physiological consequences of the

sex difference we noted in the development of renal cortical

ACE. The increased ACE in adult males that is absent in

females may contribute to differences in blood pressure in

males and females as both animal and human studies have

shown that males have higher ACE levels and blood pressure

compared to females.6,17,18,21,22,40,48,49 These reports are all

consistent with the idea that ACE acts to increase blood pres-

sure and that some sex-related differences in blood pressure

may be associated with differences in ACE activity in males

and females.

Compelling evidence suggests that ACE2-Ang-(1-7)–Mas

receptor axis may oppose actions of the ACE-Ang II-AT1

receptor pathway.50 We found that, besides higher renal ACE

activity, 1-year-old male sheep also had higher ACE2 activity

compared to females. The same phenomenon has been reported

in both mice and rats.39,40 The physiological impact of this sex

difference is not clear. Some evidence suggests a link between

changes in blood pressure and changes in ACE2 in adults. For

example, compared to normotensive Wistar Kyoto rats, an

increase in renal ACE2 was paralleled by increases in renal

ACE before the onset of hypertension in spontaneously hyper-

tensive rats (SHRs).16 Then, with, the onset of hypertension1

renal ACE2 declined significantly16 and became lower in the

hypertensive adult male SHR.16,51 It was hypothesized that the

increased renal ACE2 might reflect the compensatory role of

ACE2 before the onset of hypertension.16 Thus, the develop-

mental increase in ACE2 activity in male sheep may play a role

in modulating the effect of increased ACE activity before the

development of age-related hypertension in males.52

Besides earlier development of hypertension, studies also

show that, compared to females, males appear more susceptible

to renal disease23-27,53 and show greater deleterious effects ear-

lier than do females in response to reductions in nephron num-

ber.54 The emerging evidence suggests that the interaction of

ACE and ACE2 maybe involved in the development of renal

disease,13 with intrarenal ACE playing a determining role.55,56

For example, increased renal ACE is associated with age-

related renal fibrosis in male SD rats,57,58 and renal fibrosis

is well known as one of the major mechanisms in the progres-

sion of renal disease.59-62 We demonstrated that renal ACE

activity was significantly increased and higher in male sheep

than in females at 1 year. The higher local ACE activity may

be responsible, at least partially, for the sex susceptibility to

renal disease in males.23-27

On the other hand, increased renal ACE2 expression is con-

sidered as a renoprotective mechanism.63,64 Spontaneously

hypertensive rats treated with ACE2 activators have signifi-

cantly attenuated interstitial renal fibrosis,45 and ACE2 overex-

pression in diabetic mice ameliorated their glomerular injury.65

Changes in ACE/ACE2 ratio have a significant impact on renal

A

135GA NB 1yo
0

1

2

3
Male (N=5)
Female(N=5)

*

+

A
C

E/
A

ct
in

O
D

 ra
tio

B
Lane: 1 2 3 4 5 6 7 8

135 GA

New Born

One Year of Age

Beta actin
Lane 1-4, Males; Lane 5-8, Females.

Figure 6. The developmental change in renal cortical ACE protein.
Panel A: renal cortical ACE protein expression. Renal ACE protein
expression increased at 1 year old in both males (*P < .01 vs newborns
[NBs]) and females (*P < .01 vs NB). Panel B: Western blot of renal
cortical ACE. ACE indicates angiotensin-converting enzyme.
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Figure 7. The developmental change in renal cortical ACE2 protein.
Panel A: renal cortical ACE2 protein expression. Renal ACE2 protein
expression increased at 1 year old in both males (*P < .01 vs NB) and
females (*P < .05 vs NB and 135 days of gestation [135 GA]). Panel B:
Western blot of renal cortical ACE2. ACE2 indicates angiotensin-
converting enzyme 2
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injury,45,63-66 with increased ACE/ACE2 ratio possibly contri-

buting to hypertensive and diabetic nephropathy in rats67,68 and

age-dependent glomerulosclerosis in male mice.63 Interest-

ingly, increased ACE2 expression and consequently lower

ACE/ACE2 ratios were seen in the kidneys of diabetic mice

before development of diabetic nephropathy. This suggested

that the increased ACE2 and decreased ACE/ACE2 ratio repre-

sented an early protective response by attenuating Ang II accu-

mulation and increasing Ang-(1-7) formation.20 If this is the

case, then a higher ACE/ACE2 ratio67,68 seen in pathological

conditions might indicate loss of renal protective mechanisms

which may foster kidney damage. We noted that in male sheep

at 1 year, renal ACE activity increased less (about a 30%
increase compared to late gestation and newborn) than did

renal ACE2 activity (about 300% increase compared to late

gestation and newborn); consequently the renal ACE/ACE2

ratio decreased. Therefore, the greater increase in renal ACE2

activity compared to the increase in ACE activity during

development might indicate an early protective response to

delay the onset of renal injury in male sheep.

In conclusion, the ontogeny of renal cortical ACE and ACE2

enzymatic activity is developmentally regulated in a sex-

specific manner in sheep. These sex differences may be influ-

enced by sex hormones and could be related to sex differences

in renal function or the ability to respond to endogenous and/or

exogenous insults. Gene or protein expression alone may not

accurately reflect the effects of interventions on both renal

ACE and ACE2 activities. The physiological consequences and

mechanisms involved in the sex-specific ontogeny of renal

ACE and ACE2 activities merit further investigation.
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