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Abstract—Angiotensin converting enzymes (ACE) and more recently discovered ACE-2 are
important proteins involved in the renin–angiotensin system. The balance between ACE and ACE-2
is important for the regulation of blood pressure and electrolyte homeostasis. Inflammatory diseases
like rheumatoid arthritis are associated with increased risk for cardiovascular complications. We
studied the effect of inflammation on the expression levels of ACE and ACE-2 in two groups (n=4/
group) of adjuvant arthritis (AA) and healthy (control) rats. The AA group received 0.2 ml of 50 mg
ml−1 of Mycobacterium butyricum suspended in squalene into the tail base. On day 12, rats were
euthanized and their organs (hearts, liver, kidney, and intestine) were excised. The mRNA of ACE
and ACE-2 were determined by real-time polymerase chain reaction. ACE and ACE-2 protein
expression in rat heart was determined by Western blot. Inflammation resulted in 80% reduction of
ACE-2 gene expression in rat heart. ACE-2/ACE expression ratio was significantly reduced from
0.7±0.4 in control rats to 0.07±0.09 in AA. Similarly, ACE-2/ACE protein expression ratio was
also disrupted with a significant reduction in AA animals (6.7±4.8 vs. 0.9±05 in control and AA,
respectively). ACE-2 has been found to provide negative feedback of renin–angiotensin system and
protection of the heart and kidneys. Disruption of the balance between ACE and ACE-2 observed in
inflammation may be, at least in part, involved in the cardiovascular complications seen in patients
with inflammatory diseases.
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Rheumatoid arthritis (RA) patients have demon-
strated higher mortality rates as compared to the general
population [1, 2], at least in part, due to increased
cardiovascular complications [3]. The degree of sys-
temic inflammation is considered as one of the main
factors contributing to adverse cardiovascular events and
increased mortality in RA [2]. Elevated levels of tumor
necrosis factor alpha, interleukins (IL-1 and IL-6), and
C-reactive protein in RA patients accelerate the
development of atherosclerosis and vascular dysfunc-
tion [3]. Recently, renin–angiotensin system (RAS)

activation has been implicated in the pathogenesis
of endothelial vascular dysfunction in inflammatory
conditions [4]. Sakuta et al. have found that the
expression of angiotensin converting enzyme (ACE)
and angiotensin II receptor 1 are increased in the aorta
of adjuvant arthritis (AA) rats contributing to endo-
thelial dysfunction [4]; however, the discovery of the
new enzyme ACE-2 added to the complexity of the
RAS system [5]. Crackower et al. who examined
ACE-2 knockout mice have reported severe cardiac
impairment suggestive of a cardioprotective function
for ACE-2 [6]. Interestingly, ACE and ACE-2 knock-
out mice do not exhibit cardiac impairment which can
be interpreted as a need for an ACE-2/ACE balance
[6, 7]. Therefore, we were interested in determining
the effect of inflammation on ACE and ACE-2
expression balance in the rat model of AA that is
commonly used as a model for RA.
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MATERIALS AND METHODS

Experimental Protocol

The study protocol was approved by the Health
Sciences Animal Policy and Welfare Committee of the
University of Alberta. The experiments were carried out
on male Sprague–Dawley rats (220–280 g) in two
animal groups (n=4/group), control and AA. They were
housed in a controlled-temperature room with a 12-h
dark/light cycles. The AA group received 0.2 ml of
50 mg/ml of Mycobacterium butyricum suspended in
squalene into the tail base as intra-lymphatic injections.
Control animals received an equal volume of normal
saline. On day 12, rats were then euthanized and their
organs (hearts, liver, kidney, and upper intestine) were
excised and instantly frozen in liquid nitrogen. The
excised hearts were stored in −80°.

Real-Time Polymerase Chain Reaction

Total RNA was isolated from the frozen organs
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. This was
followed by spectrophotometric quantitation of the
isolated RNA by measuring the absorbance at 260 nm.
cDNA was synthesized from 1.5 μg total RNA samples
with the random primers scheme using the High
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). Real-time polymer-
ase chain reaction (PCR) was performed on an ABI
7500 Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA). The primers for ACE were
forward 5′-CACCGGCAAGGTCTGCTT-3′ and reverse
5′-CTTGGCATAGTTTCG TGAGGAA-3′ [8]. The pri-
mers for ACE-2 were forward 5′-ACCCTTCTTACAT
CAGCCCTACTG-3′ and reverse 5′-TGTCCAAAACC
TACCCCACATAT-3′ [8]. Rat 18s rRNAwas used as the
housekeeping gene. The primers for 18s rRNA were
forward 5′-GGGAGGTAGTGACGAAAAATAACAAT-
3′ and reverse 5′-TTGCCCTCCAATGGATCCT-3′ [9].
Fold of mRNA changes normalized to 18s rRNA
(internal control) were determined. In addition, fold of
ACE-2 expression relative to ACE was also determined.
The experiment was carried out twice. Melting curves
were carried out to confirm amplification of single
sequences and absence of primer dimers. Primers
were purchased from Integrated DNA technologies
(Coralville, IA, USA). PCR products were produced
and detected quantitatively using SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA).

Western Blot Analysis

To determine ACE and ACE-2 protein expression
in the heart tissue, protein extraction was prepared using
a previously reported method [10]. Sample protein
concentrations were determined using a commercially
available protein assay kit (Bio-Rad Laboratories,
Hercules, CA). SDS-gel electrophoretic separation of
50 μg aliquots of cardiac proteins on gradient poly-
acrylamide gel (4–20%) for 90 min at 200 V was carried
out. The resultant separation was transferred to a
nitrocellulose membrane. The membrane was incubated
overnight in a blocking solution (2% bovine serum
albumin, 5% skim milk, and 0.05% Tween 20 in Tris-
buffered saline) to block the nonspecific binding.
Nitrocellulose membranes were incubated with the
primary antibody (1:100 dilution of monoclonal
mouse anti-ACE, 1:1,000 dilution of polyclonal rabbit
anti-ACE-2 or 1:10,000 dilution of monoclonal mouse
anti-β actin as an internal control) with shaking for
2 h followed by the secondary antibody (1:7,500
dilution of horseradish peroxidase-conjugated goat
IgG antibody) (Bio-Rad Laboratories, Hercules, CA)
for 1 h. The primary antibodies were purchased from
Abcam Inc., Cambridge, MA. The resultant interaction
was detected by chemiluminescence (ECL Western
Blotting Detection Reagents, Bio-Rad Laboratories,
Hercules, CA) and the band density was measured
using ImageJ software (National Institute of Health,
Bethesda, MD).

Data Analysis

Data are expressed as mean ±SD. Statistical
significance between the control and AA groups was
analyzed using the two-tailed Student’s t test at p<0.05.

RESULTS

Inflammation resulted in more than 80% reduction
of ACE-2 gene expression in the rat heart (Fig. 1). There
was a trend toward an increased expression of ACE gene
in AA animal hearts that did not reach statistical
significance. In the liver, kidney, and intestine numerical
differences in ACE and ACE-2 mRNA were observed
between the two animal groups, but none reached
statistical significance (Fig. 1). In the heart, the ACE-2
over ACE ratio was reduced by tenfold by AA (0.7±0.4
in Control vs 0.07±0.09 in AA, Fig. 2, p<0.05). ACE-2/
ACE gene expression ratio in rat liver was significantly
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reduced (p<0.05) from 0.7±0.1 (control) to 0.3±0.2
(AA) (Fig. 2). The kidney and intestine did not
demonstrate significant changes in the ratio as a result
of AA (Fig. 2).

The Western blot experiment revealed a strong
trend towards ACE-2 reduction (p=0.056) and no

change in ACE in AA rats as compared to control
(Fig. 3a, b). Western blot of ACE-2 protein revealed two
bands, an intense one at 100 kD and a weak one at
around 97; however, ACE-2/ACE protein expression
ratio was significantly reduced in AA animals (6.7±4.8
vs. 0.9±05 in control and AA, respectively) (Fig. 3c).

DISCUSSION

The present work adds to the pathophysiology of
inflammation, another mechanism that may be respon-
sible in inflammation-induced cardiovascular compli-
cations. ACE and the more recently discovered ACE-2
[5, 8] are important enzymes involved in the RAS.
RAS is an important system involved in the regulation
of blood pressure, electrolyte, and fluid balance. ACE
and ACE-2 catalyze different biological reactions [11].
ACE is a peptidyl dipeptidase that cleaves dipeptides
from the C-terminal of angiotensin I converting it to
the powerful vasoconstrictor angiotensin II (AGII).
Moreover, it breaks down the vasodilator bradykinin
adding to the vasoconstrictor response of AGII. On
the other hand, ACE-2 converts angiotensin I to

Fig. 1. Effect of adjuvant arthritis on ACE and ACE-2 gene expression in various rat organs as determined by real-time PCR (n=4/group). Gene
expression was normalized to 18s rRNA. Asterisk, p<0.05 vs. control rats.

Fig. 2. Effect of adjuvant arthritis on ACE-2/ACE constitutive gene
expression ratio in different rat organs (n=4/group). Asterisk, p<0.05
vs. control rats.
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angiotensin-[1–9] which is converted to angiotensin-
[1–7]. The latter is also produced from the action of
ACE-2 on AG II. Angiotensin-[1–9] produced by
ACE-2 has no biological activity; however, angiotensin-
[1–7] is a vasodilator and has the reverse biological actions
of AGII [11]. Hence, a balance between ACE and ACE-2

is needed to regulate blood pressure, fluid, and
electrolyte homeostasis. Both ACE and ACE-2 are
ubiquitously distributed in most tissues in humans,
rats, and mice in a tissue-selective fashion. ACE is
most abundant in the lungs, intestine, kidneys, brain,
aorta, and adrenal medulla. ACE-2 is most abundant
in the intestine, lungs, heart, kidneys, and placenta
[12, 13].

The present data suggest, for the first time, a more
than 80% reduction of ACE-2 gene in rat heart as a
result of AA. On the contrary, ACE demonstrated a trend
toward an increase that did not reach significance, due,
may be, to the observed large variability. Nevertheless, it
is important to notice that the ACE to ACE-2 ratio is
significantly and substantially reduced (Fig. 2). Similarly
in WB, the ratio of the ACE-2/ACE protein expression
is significantly reduced (Fig. 3). WB of ACE-2 in the rat
heart revealed two bands. The lower faint band detected
at around 97 kD may represent another less predominant
isoform of ACE-2 that is differentially glycosylated
leading to a difference in the electrophoretic mobility
[14]. Further investigation to determine the physiolog-
ical significance of this isoform is needed. Considering
the notion that an elevated expression of ACE appears to
be destructive toward the endothelial function [15] and
ACE-2 to posses cardioprotective properties [6, 16], the
reduced ratio of ACE-2 over ACE observed in AA rats
can, indeed, suggest, at least in part, an involvement of
such a mechanism in the well-acknowledged association
between inflammatory conditions and cardiac dysfunc-
tion. ACE-2 downregulation has been observed in other
diseases, for example, experimental diabetic nephrop-
athy and hypertension rat models [17].

Inflammation reduces response to calcium channel
antagonists through a downregulation of the target
proteins [18]. Interestingly, the downregulating effect is
restored by valsartan, an angiotensin II receptor blocker
[10]. Moreover, there appears to be a trend toward an
elevated response in the potency of valsartan in RA [19].
Those observations may be explained in the context of
the present data and suggest that an interruption of
angiotensin II may restore ACE-2/ACE imbalance
observed in inflammation.

Although we found only a trend towards reduction
of both ACE and ACE-2 expression in the livers and
intestine of AA rats, ACE-2/ACE was significantly
altered in rat livers. The pathophysiological consequen-
ces of this alteration are unknown. Despite being highly
expressed in the intestinal tissues, ACE and ACE-2
physiological roles in the intestine are still unknown. It

Fig. 3. Effect of AA on ACE (a) and ACE-2 (b) protein expression in
rat heart as determined by Western blot analysis. ACE-2/ACE con-
stitutive protein expression ratio in rat heart (n=4/group) (c). Asterisk,
p<0.05 vs. control (C) rats.
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has been reported that they help in peptide digestion
because of their localization at the brush border of the
intestinal epithelia [20]. In addition, it has been found
that ACE-2 expression is increased in gastritis and
inflammatory bowel diseases (IBDs) suggestive of the
potential benefit of ACE-2 blockers in ameliorating
IBDs [21].

The limitation of the present study is the small
number of animals per group that may have led to an
insufficient statistical power to detect any significant
difference of ACE expression in the AA rat heart and
ACE and ACE-2 in the liver and intestine. Despite that,
the ACE-2 gene was significantly downregulated and
ACE-2/ACE balance was altered in the AA rat heart, an
observation that can prompt efforts to further confirm the
findings of the present study.

In conclusion, inflammation alters the balance
between ACE and ACE-2 in rat heart, an observation
that needs further investigation to determine the patho-
physiological significance of inflammation-induced
ACE-2/ACE imbalance.
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