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Abstract
Nephropathy is a major complication of diabetes mellitus, thus development of rational therapeutic
means is critical for improving public health. It was previously reported by us that human mesangial
cells locally produced aldosterone, a steroid hormone that plays an important role in the development
of diabetic nephropathy. The present experiments clarified the effect of glucose, LDL and angiotensin
II, the molecules frequently elevated in patients with diabetic nephropathy, on aldosterone production
in human primary mesangial cells. These cells expressed the CYP11B2 mRNA, a rate-limiting
enzyme in the aldosterone biosynthesis. LDL and angiotensin II stimulated CYP11B2 mRNA
expression in these cells, while a high concentration of glucose, angiotensin II and/or LDL increased
aldosterone production. Importantly, atorvastatin (the CAS number: 134523-03–8), an HMG-CoA
reductase inhibitor, strongly suppressed their effects on aldosterone production. Atorvastain also
suppressed positive effects of these compounds on the mRNA expression of the angiotensin II
receptor type 1, thus atorvastatin exerted its negative effect in part through changing expression of
this receptor. Since elevated levels of glucose and LDL, and increased action of the renin-angiotensin-
aldosterone system is known to participate in the progression of diabetic nephropathy, it is speculated
that the mesangial endocrine system that produces aldosterone locally is a promising therapeutic
target for diabetic nephropathy where HMG-CoA reductase inhibitors provide an beneficial effect.
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1. Introduction
Diabetes mellitus is one of the most popular diseases in western countries, and is frequently
accompanied by components of metabolic syndrome, such as central obesity, hypertension and
hyperlipidemia [1]. In patients with diabetes mellitus, elevated levels of plasma glucose and
subsequent damage of vasculatures causes dysfunction/destruction of several organs, such as
the ocular retina, peripheral nerves and the kidney, developing characteristic complications
called diabetic retinopathy, neuropathy and nephropathy [1]. Among them, diabetic
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nephropathy is characterized by reduction in the glomerular filtration rates and development
of proteinuria/nephritic syndrome that ultimately leads to complete loss of kidney function and
subsequent shift to hemodialysis [2]. Thus, development of rational means for treatment as
well as prevention of this complication has strong impact to public health and patients’ quality
of life. Patients with diabetic nephropathy frequently develop hypercholesterolemia, thus these
patients are sometimes treated with statins, the HMG-CoA reductase inhibitors, which are used
for reducing circulating levels of cholesterol [3]. Interestingly, a recent meta-analysis of various
clinical trials indicated that this class of chemical compounds reduces proteinuria and preserves
renal function in patients with diabetic nephropathy [4]. A clinical trial of GREASE, which
investigated the effect of atorvastatin on renal function in diabetic patients with dyslipidemia,
also demonstrated that statins prevented progressive reduction of the glomerular filtration rate
in these patients [5]. These clinical studies suggest that statins are beneficial for patients with
diabetic nephropathy, delaying progression of their renal deterioration. Although exact
mechanisms of this effect have not been elucidated as yet, previous reports suggest that statins
in part exert their renoprotective effects by directly targeting the kidney independently of their
lipid-lowering properties [6–8]. For example, statins in the kidney regulated the expression of
the transforming growth factor (TGF)-β that prevented accumulation of macrophages in this
organ [8]. Statins also reduced proliferation of mesangial cells and subsequent fibrosis of the
glomeruli [7]. Further, these compounds restored physiologic levels of nitric oxide and
subsequently prevented renal damage by oxidative stress [8].

Renal glomeruli contain mesangial cells, which play a critical role in the maintenance of renal
function, supporting the glomerular capillaries and regulating their blood flow [9]. These cells
are recently shown to produce locally aldosterone [10–13], which is one of the steroid hormones
classically known to be secreted from the adrenal cortex in response to angiotensin II and the
adrenocorticotropic hormone (ACTH) [14]. Systemic aldosterone is one of the causative
factors for diabetic nephropathy, by changing local hemodynamics inside the kidney to the
direction toward vascular damage and scarring, as well as by injuring the glomerular
endothelial cells [15–17]. Aldosterone locally produced from mesangial cells also has a
pathologic role in the development of renal diseases, accelerating deposition of the extracellular
matrix in the glomeruli in diabetic rats [10,11]. In addition to mesangial cells, aldosterone is
produced in other non-adrenal tissues, such as cardiac myocytes and vascular smooth muscle
cells, and underlies development of pathologic conditions in these tissues [18–21]. These pieces
of evidence suggest that dysregulation in the production of aldosterone in the kidney, or
particularly in mesangial cells, influences development as well as course of various renal
diseases, possibly by acting as an auto/paracrine hormone.

In this report, we investigated the effect of atorvastatin (the CAS number: 134523-03–8) on
aldosterone production in human primary mesangial cells in the presence of various
concentrations of glucose, low-density lipoprotein (LDL) and/or angiotensin II to represent
pathologic changes observed in patients with diabetic nephropathy. We found that atorvastatin
markedly suppressed aldosterone production stimulated by high glucose, LDL and/or
angiotensin II. We suggest that statins may be a promising compound for the treatment of
diabetic nephropathy by inhibiting the local aldosterone production stimulated with these
agents.

2. Materials and methods
2.1 Materials

All materials and reagents used in this study were purchased from Sigma Chemical Co. (St.
Louis, MO, USA) unless otherwise stated. Modified MCDB 131 and the fetal calf serum (FCS)
were purchased from Cambrex Co. (East Rutherford, NJ, USA) and San-Ko Pure Chemicals
Co. (Tokyo, Japan), respectively. Atorvastatin (the CAS number: 134523-03–8) was kindly
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provided by Pfizer Inc. (Groton, CT, USA). Human primary mesangial cells (product code:
cc-2559) were obtained from Lonza Groups Ltd. (Basel, Switzerland).

2.2 Cell culture
Human primary mesangial cells were cultured in MCDB131 medium containing 5.5 mM
glucose, 5% FCS, 50 μg/ml gentamicin sulfate and 50 ng/ml amphotericin-B in a humidified
5% CO2 incubator at 37°C, as previously reported [12]. They were harvested using 0.025%
trypsin and 0.01% ethylenediaminetetraacetic acid. Studies were performed using the cells in
between 4th and 7th passage.

2.3 Cell number determination
Cell numbers were determined by the CyQUANT cell proliferation assay kit (Molecular
Probes, Inc., Eugene, OR, USA).

2.4 Aldosterone production in human primary mesangial cells
Human primary mesangial cells maintained in the regular culture medium were harvested and
incubated with Krebs Ringer Buffer-HEPES (KRB-HEPES) in the absence of bovine serum
albumin, as previously reported [12]. They were pretreated with indicated concentrations of
atorvastatin for 15 min, and were subsequently incubated with various concentrations of LDL,
angiotensin II and/or glucose for 4 hrs. Appropriate amounts of mannitol were added for all
incubations to the media to keep the same osmolarity as incubating with 25.0 mM glucose.
After the incubation, media were collected and aldosterone concentrations were determined
by using a specific radioimmunoassay (RIA) (SPAC RIA kit, Daiichi Radio-isotope Co.,
Tokyo, Japan). Viability of the cells detected by trypan blue exclusion was always greater than
94% throughout the experiments. The lowest aldosterone detection limit of the RIA kit
employed was 6.9 fmol/tube, while its overall recovery of aldosterone was 88–94%. Intra-
assay and inter-assay variations were 6.5% and 8.2%, respectively.

2.5 Real-time (RT)-PCR for measuring CYP11B2 and AT1R mRNA
Total RNA was purified from human primary mesangial cells and reverse transcription
reactions were carried out as previously reported [12]. Quantitative RT-PCRs for determining
mRNA levels of the human cytochrome P450, family 11, subfamily B, polypeptide 2
(CYP11B2) and the human angiotensin II receptor type 1 (AT1R) were performed with the
FastStart SYBER Green Master reagent (Roche Applied Science, Indianapolis, IN, USA) in
the LightCycler 1.5 PCR apparatus (Roche Applied Science) by using specific primer pairs
(human CYP11B2: forward primer: 5′-GCTGGATCAGACCCAAGGT-3′, reverse primer: 5′-
GGTAGATTTTCTGGATACAGTTGTCA-3′, and human AT1R: forward primer: 5′-
CTGGCCCTTTGGCAATTA-3′, reverse primer: 5′-
AACACACTAGCGTACAGGTTGAAA-3′). The human GADPH mRNA was employed as
an internal control, and was measured by using the following primer pair: forward primer: 5′-
AGCCACATCGCTCAGACAC-3′ and reverse primer: 5′-
GCCCAATACGACCAAATCC-3′. The obtained Ct (threshold cycle) values of CYP11B2 and
AT1R were normalized for those of GAPDH and their relative mRNA expressions were
demonstrated as fold induction to the baseline. The dissociation curves of primer pairs used
showed a single peak and samples after PCR reactions had a single expected DNA band in an
agarose gel analysis (data not shown).

2.6 Statistical analysis
All results are shown as means ± S.D. obtained from at least three different experiments/
measurements. Unpaired Student t-test with two tailed values was used for statistical analysis.
Differences were considered significant if the p values were less than 0.05.
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3. Results
3.1 Human primary mesangial cells express CYP11B2 mRNA

To represent pathologic circumstance of the mesangial cells observed in patients with diabetic
nephropathy, we employed culture media containing normal (5.5 mM) or high (25 mM)
concentration of glucose (for normal and increased levels of plasma glucose, respectively), and
10 or 40 mg/dL cholesterol of LDL (for elevated levels of serum cholesterol). We also used
angiotensin II for stimulating human primary mesangial cells, because this peptide acts a strong
stimulator of aldosterone production in these cells [12], and is known to participate in the
development of diabetic nephropathy [22,23]. We first examined the effect of angiotensin II
and LDL on the mRNA expression of CYP11B2, the gene encoding a rate-limiting enzyme
for the aldosterone biosynthesis [24] (Fig. 1). 10−7 M of angiotensin II or 40 mg cholesterol/
dL of LDL increased CYP11B2 mRNA levels in the presence of 5.5 mM glucose (normal
glucose), while their simultaneous administration further increased its mRNA expression (Fig.
1A). Twenty-five mM of glucose (high glucose) increased CYP11B2 mRNA expression by
4.7-fold compared to 5.5 mM of glucose (normal glucose) in these cells (Fig. 1B).

3.2 Incubation with high glucose or angiotensin II increases aldosterone production in
human primary mesangial cells, while atorvastatin strongly suppresses it

We next examined the effect of glucose and LDL on the aldosterone production in human
primary mesangial cells (Fig. 2). These cells produced ~50 pg/104 cells/4hrs of aldosterone in
the presence of normal glucose (5.5 mM) and in the absence of 10 mg/dL cholesterol of LDL.
Incubation of these cells with high glucose (25 mM) increased aldosterone production by 2.5-
fold. Addition of 10 mg cholesterol/dL of LDL increased aldosterone production both at normal
and high concentrations of glucose. Atorvastatin strongly suppressed LDL-induced
aldosterone production in the presence of high glucose (25 mM) (Fig. 2). Angiotensin II
stimulated aldosterone production from human primary mesangial cells in the presence of 10
mg cholesterol/dL of LDL and 5.5 mM of glucose (normal glucose), while it further potentiated
the production when the cells were incubated with 25 mM of glucose (high glucose) and the
same concentration of LDL (Fig. 3A). Interestingly, pretreatment with 10−6 M of atorvastatin
abolished angiotensin II-induced aldosterone production regardless of the concentrations of
glucose employed (Fig. 3B).

3.3 Human primary mesangial cells express AT1R mRNA, while glucose, LDL and
atorvastatin modulate it

AT1R is the cell surface receptor that mediates the biologic actions of circulating angiotensin
II into its responsive organs and tissues [25]. Therefore, we examined mRNA expression of
AT1R in human primary mesangial cells. These cells cultured in the presence of 5.5 mM of
glucose (normal glucose) expressed AT1R mRNA, while its mRNA expression was
significantly elevated (2-fold) when the cells were incubated with 25 mM of glucose (high
glucose) (Fig. 4). Addition of 10 mg cholesterol/dL of LDL mildly increased AT1R mRNA
expression regardless of the glucose concentrations used. 10−6 M of atorvastatin suppressed
AT1R mRNA expression both in the cells incubated with 5.5 mM or 25 mM of glucose, and
strongly suppressed LDL-induced potentiation of the mRNA expression in these cells (Fig. 4).

4. Discussion
We demonstrated that human primary mesangial cells expressed CYP11B2 mRNA and
incubation with LDL and/or angiotensin II increased the expression. In agreement with these
results, incubation of the cells with high glucose (25 mM) significantly increased aldosterone
production compared to their incubation with normal glucose (5.5 mM) both in the absence
and presence of 10 mg cholesterol/dl of LDL, whereas angiotensin II significantly enhanced
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the aldosterone production regardless of the glucose concentrations used. Ten mg/dL
cholesterol of LDL had a weak stimulatory effect as well. The HMG-CoA reductase inhibitor
atorvastatin strongly suppressed the aldosterone production induced by high glucose or
angiotensin II regardless of LDL addition. Thus, human primary mesangial cells produce more
aldosterone in the presence of LDL, glucose and/or angiotensin II, and atorvastatin has a diverse
suppressive effect on local aldosterone production in the presence or absence of these
stimulators. It is likely that the stimulatory effect of LDL and angiotensin II on the aldosterone
production may be in some part mediated by their positive influence on CYP11B2 mRNA
expression.

Up-regulation of the systemic renin-angiotensin-aldosterone system is one of the most
important pathologic changes associated with progression of diabetic nephropathy [15]. Our
results suggest that elevated levels of circulating glucose and LDL observed in patients with
diabetic nephropathy potentiate angiotensin II-induced secretion of aldosterone from
mesangial cells, further worsening their renal disease. The potentiating effect of glucose and
LDL may be in part explained by their positive effect on the expression of AT1R mRNA,
consistent with previous studies that employed in vivo and in vitro systems [26–28]. The
intracellular mechanism(s) underlying the effect of glucose, LDL and angiotensin II on
aldosterone production from human primary mesangial cells is (are), however, not known as
yet.

We found that atorvastatin suppressed LDL-, high glucose- and/or angiotensin II-induced
aldosterone production in human primary mesangial cells. This statin also attenuated their
effects on the AT1R mRNA expression in these cells. A previous report indicated that
atorvastatin suppressed AT1R mRNA expression in rat aorta and reduced superoxide
production in these animals [27]. Further, atorvastatin is also known to prevent angiotensin II-
induced vascular remodeling and oxidative stress, and suppressed angiotensin II-mediated
activation of the extracellular signal-regulated kinase 1/2 in rat mesenteric arteries [28].
Hypercholesterolemia exacerbates left ventricular remodeling and causes dysfunction of the
hearts previously damaged by myocardial infarction through regulation of the AT1R
expression, while statins effectively suppressed these hypercholesterolemia-associated
changes in the heart [29]. In regard to the kidney, the TNT study demonstrated that 80 mg/day
of atorvastatin improved renal function in 10% of patients with chronic kidney diseases, while
10 mg/day of its use improved only in 6.6% [30]. These previous clinical studies suggested
that statins are beneficial in the treatment of the cardiac and renal disorders. In agreement with
these reports, our in vitro results suggest that statins cause their beneficial effects on the kidney
by suppressing local aldosterone production. Elevation of serum glucose levels is a central
pathologic change observed in patients with diabetic nephropathy, whereas increased levels of
serum cholesterol/LDL frequently accompany to these patients. Thus, these pathologic changes
together with angiotensin II, presumably stimulate local glomerular aldosterone production in
patients with diabetic nephropathy. As atorvastatin strongly suppressed their effects on local
aldosterone and mRNA expression of the AT1R gene, HMG-CoA reductase inhibitors appear
be promising therapeutic compounds for the treatment of diabetic nephropathy through
suppressing aldosterone production in mesangial cells. On the other hand, we need further
experiments, because the present data are too preliminary and demonstrated insufficient data
of mechanism(s) clarifying the real mode of action of atorvastatin, which possessed an
inhibitory effect on glucose, LDL or angiotensin II-induced aldosterone production in human
renal mesangial cells.

In conclusion, we propose that the mesangial endocrine system that produces aldosterone
locally is a promising therapeutic target for diabetic nephropathy where HMG-CoA reductase
inhibitors provide an beneficial effect.
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Figure 1. Angiotensin II and LDL stimulates mRNA expression of CYP11B2 in human primary
mesangial cells
A: Human primary mesangial cells were incubated for 4 hrs with 10−7 M of angiotensin II and/
or 40 mg/dL cholesterol of LDL in the presence of 5.5 mM of glucose with an appropriate
amounts of mannitol for adjusting the same osmolarity as 25.0 mM glucose, and mRNA levels
of CYP11B2 were determined with RT-PCR. B: Human primary mesangial cells were
incubated for 4 hrs with 5.5 mM or 25.0 mM of glucose with an appropriate amounts of
mannitol for adjusting the same osmolarity as 25.0 mM glucose, and mRNA levels of
CYP11B2 were determined with RT-PCR.
Bars represent mean ± SD values of relative mRNA expression of CYP11B2 shown as fold
induction to the baseline obtained in three different experiments. Each experiment was
performed as triplicate.
a: p < 0.05, b: p < 0.01, c: p < 0.001, compared to the conditions indicated.
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Figure 2. LDL and high glucose stimulate aldosterone production in human primary mesangial
cells, while pretreatment with atorvastatin suppressed their effects
Human primary mesangial cells were incubated with indicated concentrations of LDL, glucose
and/or atorvastatin in the presence of 10 mg/dL cholesterol LDL for 4 hours, and aldosterone
production was determined by its specific RIA. All incubations were performed for adjusting
the osmolarity by adding mannitol at the same level of 25.0 mM glucose, as described in the
legend of Fig. 1. Bars represent mean ± SD values of aldosterone production obtained in three
different experiments. Each experiment was performed as triplicate.
a: p < 0.05, b: p < 0.01, c: p < 0.001, n.s: not significant, compared to the conditions indicated.
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Figure 3. Angiotensin II and glucose stimulate aldosterone production in human primary mesangial
cells, while atorvastatin suppressed their effects
Human primary mesangial cells were incubated with indicated concentrations of angiotensin
II, glucose and/or atorvastatin in the abesnce (A) or presence (B) of 10−6 M of atorvastatin for
4 hours. 10 mg/dL cholesterol of LDL was used throughout the experiment. All incubations
were performed for adjusting the osmolarity by adding mannitol at the same level of 25.0 mM
glucose, as described in the legend of Fig. 1. Aldosterone production was determined by its
specific RIA. Bars represent mean ± SD values of aldosterone production obtained in three
different experiments. Each experiment was performed as triplicate.
*: p < 0.05, vs. without atorvastatin **: p < 0.01, vs. without atorvastatin ***: p < 0.001, vs.
without atorvastatin
a: p < 0.05, b: p < 0.01, c: p < 0.001, n.s: not significant, compared to the conditions indicated.
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Figure 4. High glucose and LDL stimulate AT1R mRNA expression in human primary mesangial
cells, while atorvastatin suppresses their effects
Human primary mesangial cells were incubated with indicated concentrations of glucose and/
or LDL in the presence or absence of 10−6 M of atorvastatin for 4 hours. All incubations were
performed for adjusting the osmolarity by adding mannitol at the same level of 25.0 mM
glucose, as described in the legend of Fig. 1. mRNA levels of AT1R were determined with
RT-PCR. Bars represent mean ± S.D. values of relative mRNA expression of AT1R shown as
fold induction to the baseline obtained in three different experiments. Each experiment was
performed as triplicate.
a: p < 0.05, b: p < 0.01, c: p < 0.001, n.s: not significant, compared to the conditions indicated.
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