266 H. Ando et al. / Atherosclerosis 178 (2005) 265-269

the balance between LXRa and FXR actions may lead to the
diverse effects of dietary cholesterol on CYP7A1 expression
between the species.

C57BL/6 mice have been identified as being susceptible
to the development of atherosclerosis under a diet containing
cholesterol, high fat, and cholic acid [12,13}. Without di-
etary cholic acid, however, the animals do not develop early
atherosclerosis. Although atherosclerosis in the model has
been widely studied, the effects of those dietary components
on LXRa and FXR activation are not fully understood. To
address this issue, we measured mRNA expression of LXRa
and FXR target genes, including CYP7AL1 gene, in the liv-
ers of C57BL/6 mice fed diets containing cholesterol, high
fat, and/or cholic acid. Surprisingly, unlike the observations
in rats [5,10,14], dietary cholesterol with or without high
fat did not affect CYP7A1 mRNA level whereas cholic acid
with or without cholesterol + high fat greatly reduced its tran-
script level. Our results suggest that FXR dominantly regu-
lates CYP7AT transcription in the atherogenic diet-fed mice.

2. Materials and methods
2.1. Animals and treatments

Male C57BL/6 mice were obtained from Japan SLC
(Hamamatsu, Japan) at 7 weeks of age and maintained under
a specific pathogen-free condition with controlled tempera-
ture and humidity and a 12-h light/12-h dark cycle. Mice were
given a standard laboratory diet (CE-2; CLEA Japan, Tokyo,
Japan) and water ad libitum. After a 7-day acclimation pe-
riod, animals were divided into the following five groups: (a)
controls fed CE-2 (control, n = 8), (b) mice fed CE-2 supple-
mented with 0.5% sodium cholate (CA, n=7), (c) mice fed
CE-2 supplemented with 2% cholesterol (Cholesterol, n=8),
(d) mice fed an atherogenic diet containing 1.25% choles-
terol, 7.5% cocoa butter, 7.5% casein, and 0.5% sodium
cholate (AT, n=>5) [15], and (e) mice fed the diet equiva-
lent to AT with the omission of sodium cholate (AT — CA,
n=5). The experimental diets were fed ad lib for 2 weeks
and thereafter, blood and liver samples were obtained from
the mice at 2 p.m. without artificial fast because it may affect
mRNA expression of various genes [16]. All animal proce-
dures were preformed in accordance with the Guideline for
Animal Research at Jichi Medical School.

2.2. Lipid measurements

Enzymatic assays for total cholesterol, triglycerides, and
total bile acids were performed using kits purchased from
‘Wako Pure Chemical Industries (Osaka, Japan). HDL choles-
terol was measured using the Choletest N HDL Kit (Daiichi
Pure Chemicals, Tokyo, Japan). The intra- and inter-assay co-
efficients of variation were all <1% for total cholesterol and
triglycerides, 4.8% and 10.8% for total bile acids, and 0.4%
and 1.6% for HDL cholesterol, respectively. LDL + VLDL

cholesterol concentrations were determined as the difference
between total and HDL cholesterol concentrations. For hep-
atic cholesterol and triglyceride determinations, lipids were
extracted using 100 mg of tissue as described [17].

2.3. RNA extraction and real-time quantitative PCR

The isolation of total RNA was achieved using the RNeasy
Mini Kit according to the manufacturer’s instructions (Qia-
gen, Valencia, CA). Reverse transcription was done by 1.2 g
of total RNA, random hexamer primer and RevertAid M-
MuLV reverse transcriptase (Fermentas, Hanover, MD). The
resulting cDNA equivalent to 60 ng of RNA was used for the
real-time quantitative PCR, performed with the ABI Prism
7700 Sequence Detection System (Applied Biosystems, Fos-
ter City, CA), as previously described [18]. All of specific sets
of primers and TagMan probes in the present study were ob-
tained from Applied Biosystems (Assays-on-Demand Gene
Expression Products and TagMan Rodent GAPDH Control
Reagents).

All primer sets except that of TagMan Rodent GAPDH
Control Reagents were designed to be located in two ex-
ons to avoid the amplification of potentially contaminating
genomic DNA. To control for the variation in the amount of
DNA available for PCR in the different samples, gene expres-
sions of the target sequence were normalized in relation to
the expression of an endogenous control, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Because the efficiency
of the target amplification was approximately equal to that of
the GAPDH amplification, data were analyzed using compai-
ative threshold cycle method [19]. The intra- and inter-assay
coefficients of variation of the relative expression values were
generally <20%, and we considered the mean relative values
of less than 0.8 or more than 1.2 to be significant in this study.

2.4. Statistics

Data were analyzed using the Mann—Whitney U test or
one-way analysis of variance with a post-test of Fisher’s pro-
tected least significant differences. Values are presented as
the mean &= S.E., and a P value of less than 0.05 was con-
sidered significant. All calculations were performed using
the computer program StatView, version 5.0 (SAS Institute,
Cary, NC).

3. Results

3.1. Effects of atherogenic diet components on serum
lipid and bile acid, and hepatic lipid concentrations

To investigate the effects of atherogenic diet components
on serum and hepatic lipid concentrations, C57BL/6 mice
were fed diets containing cholesterol, high fat, and/or cholic
acid for 2 weeks. As shown in Table 1, Cholesterol (choles-
terol alone) diet did not affect serum cholesterol concentra-
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Table 1
Effects of atherogenic diet components on serum lipid and bile acid, and hepatic lipid concentrations
Control CA Cholesterol AT —CA AT
Serum lipids and bile acids
n 8 7 _ & 5 ‘ 5 '
Total cholestero! (mg/dl) T4+2 110+ 97 8242 134 £ 67 188 + 107
LDL + VLDL cholesterol (mg/d1) 1442 71451 26+3" 48 +2f 125 + gt
HDL cholesterol (mg/dl) 60+ 1 39447 5642 86+ 51 63 :i:VB‘L
Triglyceride (mg/di) 5944 19+27 3946 61+ 11 941 ,
Total bile acids (wmol/) 6 84£177 5 4 65+17"
Hepatic lipids
n 8 5 5 . 5 5
Hepatic cholesterol (mg/g tissue) 2.5+0.1 45%03" 534037 ‘ 59+ 1.0 ' 10.6 4+ 0.47
Hepatic triglyceride (mg/g tissue) 7.74£09 69404 16.04 1.67 15920 89+0.8

Male C57BL/6 mice were fed each diet for 2 weeks, after which serum lipid and bile acid, and hepatic lipid concentrations were measured. Data are mean =+ S.E.
or maximum values. Control, a regular diet; CA, 0.5% sodium cholate; Cholesterol, 2% cholesterol; AT, an atherogenic diet; AT — CA, the diet equivalent to

AT with the omission of sodium cholate.
* P<0.05, " P<0.01, TP<0.001 vs. control.

tion while AT — CA (cholesterol + high fat) diet significantly
increased this variable. On the other hand, serum cholesterol
concentration increased 1.5-fold on CA (cholic acid alone)
diet, and adding cholic acid to AT — CA diet (i.e., AT diet)
induced further increase. These changes were not caused
by the changes of HDL cholesterol, but by the increases in
LDL + VLDL cholesterol both on CA and on AT diet. On
AT — CA diet, however, both LDL + VLDL and HDL choles-
terol significantly increased. Interestingly, feeding cholic acid
(i.e., CA or AT diet) greatly reduced serum triglyceride con-
centrations. Additionally, serum bile acid concentrations rose
only in mice fed cholic acid. These results suggest that both
. dietary components of cholic acid and cholesterol + high fat
are necessary for changing circulating lipid concentrations to
a large extent in mice.

Consistent with serum concentrations, hepatic cholesterol
concentrations were elevated about two-fold on CA, Choles-
terol, and AT — CA diets, and further increased to 4.3-fold on
AT diet. In regard to hepatic triglyceride, the concentrations
increased 2.1-fold both on Cholesterol and on AT — CA diet
while CA diet did not affect this variable. Addition of cholic
acid to AT — CA diet (i.e., AT diet) completely blunted the
increase of hepatic triglyceride by cholesterol and/or high
fat.

3.2. Effects of atherogenic diet components on mRNA
expression of the LXRo regulated target gene

‘We next measured hepatic mRNA expression levels of
ATP-binding cassette transporter (ABC) Al gene, one of
LXRa target genes [1,18,20], to evaluate the activation state
of LXRa. ABCAL! is thought to be involved in the re-
verse cholesterol transport pathway by transporting intra-
cellular cholesterol and phospholipids to cell surface-bound
apolipoproteins and forms nascent HDL [20]. In concordance
with circulating and hepatic cholesterol concentrations, CA,
AT — CA, and AT diets significantly increased the transcript
levels of murine ABCA1 gene Abcal (Fig. 1). However,

Abcal mRINA level in the Cholesterol group did not sig-
nificantly differ from that in the control group.

3.3. Effects of atherogenic diet components on mRNA
expression of the FXR target genes

We further determined hepatic mRNA expression levels
of FXR target genes Abcbl11, Abcc2, and short heterodimer
partner (SHP) [1,21], to evaluate the activation state of FXR.
Both ABCB11 and ABCC2 (also known as BSEP and MRP2,
respectively) are localized at the canalicular membrane of
hepatocytes and excrete bile salts [21]. The nuclear receptor
SHP is capable of repressing CYP7A1 expression by bind-
ing and repressing the transcriptional activity of liver receptor
homolog (LRH)-1 {22,23]. As shown in Fig. 2, cholic acid
with and without cholesterol +high fat (i.e., AT and CA di-
ets) significantly increased all of these mRNA levels while
cholesterol or AT — CA diet did not.

It has been shown that ABCC2 gene expression is pos-
itively regulated also by another nuclear receptor pregnane
X receptor (PXR, also known as SXR) [21]. Because litho-
cholic acid has been identified as a ligand of PXR [24], we
also determined the mRNA expression of another PXR tar-

Relative expression

Fig. 1. Effects of atherogenic diet components on hepatic mRNA expression
levels of Abcal in mice. Male C57BL/6 mice were fed each diet for 2 weeks
and thereafter, mRNA expression levels of Abcal in the whole-liver were
determined by the real-time quantitative RT-PCR. Data are mean+ S.E. of
4 mice in each group and expressed as relative values to control. * P <0.05,
™ P<0.01 vs. control.
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Fig. 2. Effects of atherogenic diet components on hepatic mRNA expression
levels of Abcbll, Abcc2, SHP, and Abcbla in mice. Data are mean + S.E.
of 4 mice in each group (same samples shown in Fig. 1) and expressed as
relative values to control. P <0.05, " P <0.01 vs. conirol.

get gene Abcblta/mdrla [1,21]. Consistent with the effects
on Abcc? transcript levels, CA or AT diet significantly in-
creased Abcbla levels (Fig. 2). These results suggest that
feeding cholic acid induces both FXR and PXR activation.

3.4. Effects of atherogenic diet components on mRNA
expression of CYP7A1

Fig. 3 shows hepatic mRNA levels of CYP7A1 on each
of five diets. AT —CA diet did not increase the CYP7A1
transcript level while the treatment induced the significant
increase of Abcal mRNA level (Fig. 1). Moreover, in CA
and AT groups, CYP7A1 mRNA expression was greatly sup-
pressed although LXRa might be activated. These results
suggest that CYP7A1 mRINA expression is not affected by
mild activation of LXRa and that FXR is the dominant reg-
ulator of CYP7A1 transcription in mice fed the atherogenic
diet.

Relative expression

Fig. 3. Effects of atherogenic diet components on hepatic mRNA expression
levels of CYP7A1 in mice. Data are mean +S.E. of 4 mice in each group
(same samples shown in Fig. 1) and expressed as relative values to control.
**P<0.01 vs. control.

4, Discussion

Recently, the roles of LXR« and FXR in the regulation of
CYP7A1 were evaluated in animals fed cholesterol with or
without cholic acid. In the cholesterol-fed New Zealand white
rabbits, both LXR« and FXR were activated, and the effect of
FXR on the CYP7A1 mRNA expression overrode the effect
of LXRa [11]. On the other hand, in the Sprague-Dawley
rats fed cholesterol and cholic acid the effects of LXRa over-
rode the effects of FXR, which resulted in the induction of
CYP7A1 mRNA levels [10]. However, Xu et al. [14] re-
ported that feeding cholesterol alone did not activate FXR in
Sprague—Dawley rats. In addition, they showed that feeding
cholesterol with cholic acid significantly decreased CYP7A1
mRNA levels. Thus, the results in rats remain controver-
sial, and the effect of dietary cholesterol on CYP7AT activity
seems to differ between the species.

In mice, whereas atherosclerosis and hepatic lipid
metabolism has been widely studied, little is known about
the effects of dietary cholesterol, high fat, or cholic acid on
LXRo and FXR activation. This study demonstrated for the
first time that feeding cholesterol with or without high fat to
C57BL/6 mice does not affect CYP7A1 transcript levels al-
though feeding cholesterol with high fat activates LXRq, but
not FXR. Moreover, it is indicated that the inhibitory effect
of FXR overrides the stimulatory effect of LXRa to suppress
CYP7A1 mRNA expression in the atherogenic diet-fed mice.
The effect of dietary cholesterol on CYP7A1 mRNA expres-
sion was different from those in rats and rabbits. Thus, it
appears that CYP7A1 transeription is not easily activated by
LXRa in the mice.

As shown in Fig. 2, feeding cholic acid to mice might in-
duce not only FXR but PXR activation. Although PXR might
play a role in the down-regulation of CYP7A1 [24], feeding
cholic acid did not reduce CYP7A1 mRNA levels in FXR
knock-out mice [25]. Therefore, at least in mice, CYP7A1
mRNA expression seems to be suppressed mainly via the
FXR-mediated pathway. While activated FXR is thought
to repress CYP7A1 through an FXR-SHP-LRH-1 cascade,
feeding cholic acid to SHP knock-out mice could still in-
hibit CYP7A]1 expression [26,27]. Additionally, in primary
cultures of human hepatocytes, LXRa activation had the op-
posite effect, repressing CYP7A1 expression, through the in-
duction of SHP [28]. Thus, molecular mechanisms to regulate
CYPT7ALI expression appear to differ between the species and
remains to be clarified.

Feeding cholic acid to mice significantly increased serum
LDL+ VLDL cholesterol and hepatic cholesterol, and de-
creased serum triglyceride concentrations (Table 1). The
treatment did not affect transcript levels of sterol regulatory
genes, 3-hydroxy-3-methylglutaryl coenzyme A synthase 1
and LDL receptor genes (data not shown), suggesting that
hepatic cholesterol synthesis was not activated in the mice fed
CA or AT diet. Because CYP7A1 activity generally changes
in parallel with its mRNA levels [3-5,7,8,11,14], it seems that
the increase in hepatic cholesterol was greatly affected by the
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suppression of CYP7A1 activity. In concordance with data
shown in this study, bile acids and FXR agonists reduce serum
triglyceride concentrations [1,29]. Kast et al. [29] reported
that both apolipoprotein C-1I and phospholipids transfer pro-
tein were induced by FXR activation and that the induction
of these genes by feeding cholic acid correlated with de-
creased circulating triglyceride concentrations in mice. FXR
agonists were also shown to induce mRNA levels of peroxi-
some proliferator-activated receptor & in human hepatic cells,
but not in murine liver {30].

In summary, our data suggest that in mice, cholic acid
component is needed for FXR activation and that both cholic
acid and cholesterol + high fat are necessary for activating
LXRa to a large extent. The difference of activation states
of LXRe and FXR between the species must be taken into
consideration when atherosclerosis in the animal models is
studied.
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Abstract

Background: Cyclosporine A (CsA) causes distal renal
tubular acidosis {RTA) and osteoporosis. We have re-
cently reported that the reduction of nitric oxide (NO)
exacerbates this condition. Distal RTA may deplete bone
mineral due to the chronic buffering of acid in the blood.
The interaction of CsA and NO in causing metabolic aci-
dosis and bone demineralization has not been studied
previously. Nor has the salubrious effect of citrate ther-
apy. Purpose: To examine the effect of systemic pH cor-
rection by citrate on renal electrolyte {Na, K, Ci, NHs,
HCOj3) excretion following acute water loading in CsA-
treated and NO-reduced rats. We further evaluated fem-
oral bone density and bone demineralization activity af-
ter the same treatments. Methods: Rats received CsA,
L-arginine (L-Arg), or nitro-L-arginine-methyl ester (L-
NAME), or a combination of CsA+L-NAME plus or minus
citrate. Urine and blood electrolytes were examined, as
well as the urine excretion of deoxypyridinoline and the

bone density of both femurs. Results: CsA and [-NAME
reduced urine pH and the serum HCQj3;™ concentration,
and increased serum K* and CI” concentrations. The
combination of CsA with L-NAME caused more severe
deficits in the serum HCO5™ concentration and elevations
in serum K" and ClI” concentrations than either drug
alone. Both CsA and L-NAME reduced urinary nitrate ex-
cretion, which was reversed by co-administration of L-
Arg. Co-administration of citrate or L-Arg improved the
CsA- and L-NAME-induced acidosis and hyperkalemia.
Bone resorption and density of the femurs were de-
creased by CsA and L-NAME and were additive for both
drugs. Co-administration of citrate or L-Arg restored
both bone resorption and density to normal levels. Con-
clusion: CsA induces a hyperchloremic metabolic acido-
sis with hyperkalemia and a reduction in NO. The ensu-
ing systemic acidosis causes bone resorption and
demineralization. These effects were corrected by co-
treatment with citrate. Citrate, at least in part, directly
reduces the protonation of bone in animals treated with
CsA and is recommended as a potential adjunct drug to
prevent bone demineralization in patients chronically re-
ceiving CsA.
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introduction

Cyclosporine A (CsA) is widely used as an immunosup-
pressive agent for the treatment of various diseases. It is
well recognized that CsA causes nephropathy, which is
mainly due to the vasoconstriction of the renal artery by a
reduction in nitric oxide (NO) production [1, 2]. It 1s also
reported that CsA causes distal renal tubular acidosis
(RTA) [3-6], and this is important because systemic aci-
dosis may limit skeletal and organ growth. We have re-
cently reported that the CsA-induced distal RTA 1is likely
mediated by a reduction in NO production [7].

In addition, CsA causes osteoporosis in both humans
[8] and rats [9]. Fiore et al. [9] reported that CsA-induced
osteoporosis was prevented by the addition of L-arginine
(L-Arg), a substrate of NO synthase, in rats. On the other
hand, proton secretion in osteoclasts is regulated by NO
[10], and this effect is believed to be independent of sys-
temic pH. From these data and because bone is one of the
major buffers of acid in the blood, we would suggest that
treatment of CsA-induced RTA by the NO donor L-Arg
would reduce bone resorption. We hypothesize that cor-
rection of systemic pH without restoring NO would allevi-
ate the bone demineralization due to CsA.

To test the above hypothesis and understand the mech-
anisms of the CsA-induced acid-base disturbance in more
detail, we examined the effect on bone of correcting acido-
sis by administering L-Arg or citrate to rats receiving CsA
and/or nitro-L-arginine-methyl ester (L-NAME), an inhib-
itor of NO synthase.

Methods

Animals and Treatments

Male Wistar rats (8 weeks old, n = 96) were used in this study.
They were maintained in a specific pathogen-free room with free
access to standard rat chow (CE-2, Japan Clea Co, Ltd., containing
Na0.3g/100g, X 1.06¢/100 g, Ca1.18 /100 g) and distilled water.
Temperature and humidity were automatically controlled in the
room. All the experiments were conducted in accordance with the
Jichi Medical School Guidelines for Laboratory Animals.

CsA (7.5 mg/kg) [7, 11] or vehicle (olive oil) was given to rats
by nasogastric tube once a day in the morning for 6 weeks. L-NAME
(12.5 mg/kg for low dose and 30 mg/ke for high dose), L-Arg
(8.5 mg/kg) [11}], calcium citrate monohydrate (5 mmol/kg for low
dose and 10 mmol/kg for high dose) [12], or vehicle (distilled water)
were also given to these anumals twice daily (every 12 h) for 6 weeks
by nasogastric tube. Each agent was diluted in distilled water.

The animals were randomly divided into 12 groups as follows:
vehicle (n = 10); CsA (n = 10); CsA+citrate (low, n = 7); CsA+citrate
(high, n = 10); CsA+L-Arg (n = 8); L-Arg (n = 9); L-NAME (low,
n = 8); L-NAME (high, n = 8); L-NAME (high)+citrate (high, n =
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10); CsA+L-NAME (low, n = 10); CsA+L-NAME (low)+citrate
(low, n = 8), and CsA+L-NAME (low)+citrate (high, n = §).

The dosages of L-NAME and L-Arg were determined empiri-
cally to be those that minimally inhibited weight gain. Because
preliminary studies showed that the body weight in the CsA+L-
NAME (high dose) group was significantly decreased, and the re-
duction itself might affect acid-base status in these animals, we
selected a lower dose of L-NAME for the combination treatment
of L-NAME+CsA or L-NAME+CsA+citrate [7].

Systolic arterial blood pressure was measured by a tail-cuff
method on a weekly basis. The dose of CsA (7.5 mg/kg) has previ-
ously been shown not to elevate blood pressure in rats [7, 11].

Water-Loaded Clearance Studies

Water-loaded clearances were performed 6 weeks after initia-
tion of the study [7]. On the day of each test, animals were weighed
and then received distilled water, 3% of body weight, by nasogastric
tube. Thereafter, each animal was placed in a metabolic cage for a
4-hour urine collection under water-saturated light mineral oil to
avoid evaporation [13, 14}, Urine volumes were measured. After
the end of the urine collection, the animals were placed in a small
cage to avoid movement during the blood sampling.

Approximately 3 ml of blood was obtained from the tail vein
by insertion of a 22-gauge needle. Part of the blood was mixed with
approximately 0.05 ml of heparin for measurement of the bicar-
bonate concentration, and the rest was allowed to clot and was
centrifuged to provide a serum sample. Urine pH was measured
immediately after the end of the collection. A portion of the col-
lected urine was added with a mixture of sulfonic acid/sodium
tungstate to remove protein and used for measurement of NHs.
The rest was kept frozen until the measurement of electrolytes and
NO.

Assay Methods

Urine pH, and concentrations of creatinine, Na, K, and Cl in
serum and urine were measured by an electrometer (HM-168S, Toa
electronics, Japan) and autoanalyzer (Hitachi 716S), respectively.
The bicarbonate concentration was determined by an enzymatic
method (Sigma diagnostic kit, 132-A). The ammonia concentration
was measured by the Berthelot reaction [15]. The urinary nitrate
and nitrite concentrations (NO,+NQOj3), stable metabolites of NO
in the urine, were determined by colorimetric assay (Nitrate/Nitrite
colorimetric assay kit, Cayman Chemicals, Ann Arbor, Mich.,
USA) [7]. Urine excretion of bicarbonate and ammonia were cal-
culated from urine concentration x urine flow rate and expressed
as micromoles per 4 h. Urine metabolites of NO (nitrate and nitrite)
were expressed as nanomoles per microgram creatinine.

Urine deoxypyridinoline (DPD), an index of bone resorption,
was measured by a reverse-phase HPLC [16] and its excretion was
expressed as a ratio to the creatinine concentration in picomoles
per micromole [14, 17, 18]. The bone density of both femurs was
determined by dual energy X-ray absorption (DCS-600A, Aloka,
Japan) [14, 18]. The scan was performed every 2 mm along the axis
of the bone from the proximal end. Usually 14-17 scans were done
in each bone and the data were averaged [19].

Statistics

All data are presented as the mean * SE. Statistical analysis
was performed by one-way analysis of variance (ANOVA) and the
Fisher’s Protected Least Significant Difference (PLSD) test was
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used to compare the groups as a post-hoc test. These analyses were
done using StatView 5 for Windows (SAS Institute Inc., Cary, N.C.,
USA). p < 0.05 was regarded as significant.

Results

Glomerular Filtration Rate and Systolic Blood Pressure

All animals completed the study without any signifi-
cant body weight loss.

In order to validate our 4-hour creatinine clearance
test following water challenge, we conducted simultane-
ous inulin clearances in 3 normal and 3 hemi-nephrecto-
mized rats [20]. The creatinine clearance was not statisti-
cally different from the inulin clearance in both normal
and hemi-nephrectomized rats (6.06 = 0.28 and 3.76 =
0.17 ml/min/kg body weight for creatinine clearance and
6.23 £ 0.25 and 3.67 % 0.35 mlI/min/kg for inulin clear-
ance in normal and hemi-nephrectomized rats, respec-
tively; p > 0.1 in both groups).

Creatinine clearance during the distilled water chal-
lenge test was not different among any treatments (ta-
ble 1). Systolic blood pressure 1 day prior to water loading
and body weight on the day of the clearance study were
not different among any treatments (table 1).

Urine pH, Serum Electrolytes and Urinary Excretion

Urine pH after water loading was reduced by CsA and
L-NAME, and was ameliorated by co-administration of
citrate or L-Arg (table 2). The CsA-induced reduction in
urine pH was further reduced by co-administration of
L-NAME, while it was ameliorated by co-administration
of L-Arg. The CsA- and L-NAME-induced reduction in
urine pH was also improved by co-administration of ci-
trate in a dose-dependent manner. L-Arg alone did not
affect the urine pH.

The serum bicarbonate concentration after water load-
ing was decreased by treatment with CsA and L-NAME
(table 3). This suppressive effect was additive for CsA and
L-NAME. Decreased serum bicarbonate was improved
by co-administration of L-Arg or citrate, the latter in a
dose-dependent manner.

Serum K and Cl after water loading were increased by
the treatment with CsA and/or L-NAME (table 3). They
were reduced by co-administration of L-Arg or citrate.
Urine bicarbonate excretion after challenge of distilled
water was almost negligible in all groups, but it was mark-
edly increased by co-administration of citrate to animals
treated with CsA and/or L-NAME (table 2). Urine NH;
excretion was not altered by these treatments and aver-
aged approximately 20-30 pug/4 h (data not shown).

Citrate Improves CsA-Induced Distal
RTA and Osteoporosis

Tabie 1. Creatinine clearance (Cer) and systolic blood pressure
(SBP)

Cer SBP Body

ml/min/kg mm Hg weight, g
Vehicle 6.0£0.3 112+4 3017
CsA 58x0.5 110£3  295%9
CsA+citrate (low) 59+0.5 {13+x4  298+10
CsA-+citrate (high) 55+0.4, 111x£4 299x9
CsA+L-Arg 5606 113+x5 297+10
L-Arg 5.7x0.6 I1x5 302%9
L-NAME (tow) 59+0.5 1125 29612
L-NAME (high) 5.8+0.5 11024 298+ 10
L-NAME (high)+citrate (high) 55+0.4 1095  296x11
CsA+L-NAME (low) 5.7+0.5 110+£5  295%12
CsA+L-NAME (low)+citrate (low) 5.9x0.5 1115 297+11
CsA+L-NAME (low)+citrate (high) 6.0+0.5 113£5  301+11

No significant differences in Cer, SBP or body weight were de-
tected among the groups using Fisher’s protected least significant
difference test. Body weight was measured just before Cer measure-
ment.

Table 2. Urine pH and bicarbonate excretion after acute loading
of distilled water to rats

Urine pH Urine HCO;
pmol/4 h

Vehicle 7.26+0.10%¢  97%35.1
CsA 6.89+0.112  12.7+4.8
CsA+citrate (low) 7.38+0.16%¢ 13.8+5.7
CsA+citrate (high) 7.48+0.13%¢  §7.2x20%C
CsA+L-Arg 7.24+0.14%¢ 135+7
L-Arg 7.29+0.16>¢ 152+7.9
L-NAME (low) 7.3140.145¢ 157+38
I-NAME (high) 6.854£0.15° 14.8+6.8
L-NAME (high)+citrate (high) 7.340.14%¢ 45+ ]9%<
CsA+L-NAME (low) 6.76+0.132  13.1+6.9
CsA+L-NAME (low)+citrate (low) 6.89£0.14% 14.9+7.9
CsA+L-NAME (low)+citrate (high) 7.35+0.16%¢ 28.8+9.8*°

Free voided urine was collected for 4 h in a metabolic cage just
after the water loading. Blood was obtained from the tail vein just
after the end of the collection of urine. Animals were treated for 6
weeks. Water loading was conducted 6 weeks after starting treat-
ment. n = 10 in each group except for CsA+L-Arg (n = 8), CsA+L-
NAME-+citrate (low, n = 8), CsA+L-NAME-+citrate (high, n = &),
and L-Arg (n = 9).

2p < 0.05 vs. vehicle.

b1 < 0.05 vs. CsA.

¢p < 0.05 vs. CsA+L-NAME (low).
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Table 3. Serum concentrations of

bicarbonate, potassium and chloride HCO;, mM K, mM Cl, mM

?ff;t";wte loading of distilled water Vehicle 2424025 3.62£0070¢  107.5%1.3%¢
CsA 21.8+1.0%¢ 4.51+0.16 112.5+1.2%¢
CsA+citrate (low) 22.7+0.9 3.62+£0.10%¢  107.8+1.7%¢
CsA+citrate (high) 24.7£1.0%¢ 3.62+0.09%¢  105.3x1.8>°
CsA+L-Arg 23.9+1.3b¢ 3.68+£0.16%¢  110.8+1.6°
L-Arg 24.4+0.90¢ 3.67£0.11%°  109.5%1.5%°¢
L-NAME (low) 24.2+0.8%°¢ 3.68+0.10%°  108.5+1.9%¢
L-NAME (high) 202+1.2° 4.42+0.17° 11424212
L-NAME (high)+citrate (high) 239+ 1.0%°¢ 3.88+£0.13%¢  109.5%1.7%°¢
CsA+L-NAME (low) 19.2+1.5%P 4.65+0,15° 117.9+1.5%°
CsA+L-NAME (low)+citrate (low) 21.1+1.3 4.38+0.13° 114.2£2.1°
CsA+L-NAME (low)+citrate (high) 25.9+1.1%¢ 3.75+0.14%°  107.4+1.4%¢

Free voided urine was collected for 4 h in a metabolic cage just after water loading.
Blood was obtained from the tail vein just after the end of the collection of urine. Animals
were treated for 6 weeks. Water loading was conducted 6 weeks after starting treatment.
n = 10 in each group except for CsA+L-Arg (n = §8), CsA+L-NAME-+citrate (low, n = §),
CsA+L-NAME-+citrate (high, n = 8), and L-Arg (n = 9).

2 p <0.05 vs. vehicle.

5p < 0.05 vs. CsA.

€ p <0.05 vs. CsA+L-NAME (low).

Bone Resorption and Density

To evaluate the contribution of buffering by bone dur-
ing the treatments, we measured the urinary excretion
of DPD, a marker of bone resorption following water
loading (table 4). DPD excretion was increased by CsA,
L-NAME, and their combination. This increase in DPD
excretion was partially attenuated by co-administration
of L-Arg or low-dose citrate and completely reversed by
high-dose citrate. We also measured the bone density of
the femur after water loading. It was decreased by CsA
and L-NAME and their combination, but the decrease
was attenuated by co-administration of L-Arg or citrate
(table 4). The effects were comparable in proximal, me-
dial, and distal femurs (data not shown).

Urinary Nitrate/Nitrite Excretion

The urinary nitrate concentration was decreased in
animals treated with CsA+L-NAME and L-NAME,
which is compatible with our recent report [7]. L-Arg with
or without CsA caused an increase in urinary nitrate/ni-
trite excretion compared to vehicle or CsA (fig. 1). As
expected, L-NAME, alone or in combination, reduced
urinary nitrate/nitrite excretion, and this reduction was
not reversed to normal levels by co-administration of ci-
trate.

Am ] Nephrot 2005;25:233-239

Table 4. Urine deoxypyridinoline (DPD) excretion and bone den-
sity of the femur at the end of the study

DPD Bone density

pmol/pmol Cr  mg/em?
Vehicle 57+ 4b:c 170£7%¢
CsA 117 £9%¢ 120+ 12%¢
CsA-+citrate (Iow) 110132 131x16%
CsA+citrate (high) 78+ 10>¢ 163+ 13bc
CsA+L-Arg 87+12%%  148x21
L-Arg 57465¢ 172+135¢
L-NAME (low) 58+ 6%¢ 168+ 14b¢
L-NAME (high) 102112 129+16%
L-NAME (high)+citrate (high) 66+120¢ 159+ 150
CsA+L-NAME (low) 154+13%%  90+13%¢
CsA+L-NAME (low)+citrate (fow) 1524780 1124148
CsA+L-NAME (low)+citrate (high) 80+ &b ¢ 154+ 11b¢

Animals were treated for 6 weeks. Free voided urine was col-
lected for 4 h in a metabolic cage just after water loading,

The bone density scan was performed every 2 mm along with the
axis of the bone from the proximal end. Overall averaging of the first
proximal 3 scans, middle 4 scans, and last 3 scans (regarded as ‘prox-
imal’, ‘medial’ and ‘distal’, respectively) provided the deiermination
of bone density in milligrams per square centimeter. ‘Medial’ is ex-
clusively cortical bone and ‘distal’ is rich in cancellous bone.

& p < 0.05 vs. vehicle,

b < 0.05 vs. CsA.

¢p < 0.05 vs. CsA+L-NAME (low).
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Vehicle 1 he
CsAl” " 1-ac
CsA+citrate (I} 1-a
CsA+citrate (h) 1
CsA + [-Arg —b,¢c
L-Arg b————a
LNAME (W[ ——
LNAME ([ J—a
L-NAME (h) +citrate (h)[_____}—a
Fig. 1. Urine excretion of nitric oxide mea-
sured as nitrate and nitrite metabolites CsA + LNAME () a, b
i et S o
treated for 6 weeks. Free voided urine was CsA + L-NAME (1) + citrate (h) | |—a
collected for 4 h in a metabolic cage just af- 0 ' 0]. ) | 04 1'2 ' 1"4

ter water loading. I = Low dose; h = high
dose. * p < 0.05 vs. vehicle; ® p < 0.05 vs.
CsA; “ p < 0.05 vs. CsA+L-NAME (low),

Discussion

We have recently reported that the administration of
CsA leads to hyperkalemic distal RTA, and a reduction
in NO possibly mediates the effect of CsA {7]. Because
bone tissue is one of the major buffers of acid in the body,
treatment of reduced NO production by L-Arg may indi-
rectly improve bone composition. In addition, correction
of systemic pH potentially attenuates the bone disorder
induced by CsA. To address the issue, we examined the
effect of citrate and found that the demineralization
caused by CsA and by NO inhibition (L-NAME) were
both corrected by citrate, as was the reduced serum bicar-
bonate level. Although we did not evaluate the effect of
acute acid loading in this study, every abnormal serum/
urine value was corrected by the co-administration of ci-
trate. To our knowledge, this is the first study to treat
CsA-induced osteoporosis by the augmentation of sys-
temic pH with citrate.

Our results, which showed the additive effects of CsA
and NO inhibition, are somewhat indirect, relying on
bone density measurements, urine excretion of NO me-
tabolites, and urine markers of bone resorption. Further
studies are required to dissect and understand the rela-
tionship between systemic and local effects on bone de-
mineralization; that is, on osteoclast function, NO ex-

Citrate Improves CsA-Induced Distal
RTA and Osteoporosis

Urine nitrate/creatinine (nmol/ig)

pression, and pH. Nevertheless, the additive effects of
CsA and NO inhibition were very intriguing, suggesting
the possibility of different pathways causing acidosis and
bone resorption.

Osteoclast activity was decreased by providing NO
through L-Arg (table 4), as well as by correcting acidosis
with citrate in this study. It is possible that osteoclast ac-
tivity is stimulated by a reduction in NO [21], although
citrate did not elevate urinary nitrate/nitrite (fig. 1), an
effect that would have been expected to reduce osteoclast
activity. Citrate as well as L-Arg improved the effect of
CsA and/or L-NAME on bone. Serum bicarbonate con-
centration during water loading was reduced in the
CsA+L-NAME group compared with the vehicle group.
Under these conditions urine bicarbonate excretion was
increased by co-administration of citrate, suggesting a
role for systemic alkalinization by citrate. Citrate, at least
in part, directly affects the protonation of bone buffers in
animals treated with CsA and, by being converted to bi-
carbonate thereby results in increased urinary bicarbon-
ate excretion. Thus, citrate corrects the acidosis by pro-
viding potential HCO; (from metabolism) and this HCO;
would reverse the bone buffering of acid. Whether or not
treatment with other bases, such as NaHCO;, can prevent
bone demineralization is worthy of further investiga-
fion.
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L-Arg has been used for the treatment of hyperammo-
nemia in patients with congenital disorders of the urea
cycle. L-Arg restored to normal the reduced levels of bi-
carbonate, in the serum of CsA- and L-NAME-treated
rats. However, it is known that L-Arg is not substantially
metabolized to bicarbonate. Whether or not L-Arg can
prevent bone demineralization in patients treated long-
term with CsA remains to be determined. The relation-
ship between CsA, bone demineralization, decreased NO,
and correction of pH by citrate should be further inves-
tigated using in vitro studies in osteoclasts and bone
slices.

It is known that a high-dose of L-NAME reduces the
glomerular filtration rate due to constriction of the affer-
ent arteriole [22] and this may indirectly affect the acid-
base status. However, as we showed in this and in previ-
ous studies, L-NAME at the dose used in this study did
not affect creatinine clearance, blood pressure, or body
weight. Therefore, we believe that the observed phenom-
ena in this study are not due to an alteration in glomeru-
lar filtration rate.

Recently, it has been shown that decreased serum po-
tassium directly stimulates osteoclast activity [23]. In our
study the serum potassium concentration was inversely
related to the urine pH and serum bicarbonate concentra-
tion. Therefore, the elevation in serum potassium by CsA
and by inhibiting NO synthesis would be expected to
cause decreased boneresorption. However, in association
with the higher serum potassium concentration, in the
CsA and L-NAME groups we found increased DPD ex-
cretion and decreased bone density. Thus, the major ef-
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Candesartan cilexetil (4 mg day™), valsartan (40 mg day™"), or vehicle was given to
subjects (n = 8) for 13 days in a randomized, placebo-controlled, three-way crossover
design with @ 14-days washout pesiod. Gustometry by filter-paper test and electro-
gustometry were performed before and at the end of each trial. Plasma renin activity
and zinc concentrations in serum and saliva were measured.

Results

Detection thresholds of four basic tastes (sweet, salty, sour and bitter) by paper-disc
test and electrogustometry were significantly worsened and plasma renin activity was
elevated after the test, while the effects of two drugs did not significantly differ. These
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drugs did not affect zinc concentrations.

Both candesartan and valsartan similarly alter taste sensitivity after the repeated

Introduction

Taste disturbance is caused by several endogenous and
exogenous factors, about 20% of which are drug-related
including antihypertensive drugs [1, 2]. Angiotensin
converting enzyme inhibitors are well known to
cause the taste disturbances by either serum zinc
conceniration-dependent or -independent mechanisms
[2-4]. However, information for angiotensin II receptor
blocker (ARB) is limited. There are three case reports
about ARB-induced taste disturbance (losartan [5, 6]
and valsartan [7]). We have recently showed that the

BrJ Clin Pharmacol | 60:2 | 204-207 | 204

taste sensitivity was subclinically disturbed by cande-
sartan, another ARB, in healthy subjects [8]. These find-
ings indicate that this effect might be a class effect of
ARB. However, this hypothesis is not proven, because
ARB-induced taste disturbance was prospectively
detected only for candesartan by our previous report, but
not for other ARBs, To prove this, we need to evaluate
the effect on taste of several other ARBs. In such a case,
comparison with candesartan as well as placebo is pref-
grable. In this study, we compared the effect of the
ré‘f)eated oral dosing of two different ARBs, candesartan

© 2005 Blackwell Publishing Ltd



and valsartan, on taste sensitivity by a randomized,
double-blind, placebo-controlled, crossover study in
healthy subjects.

Methods

Eight healthy nonsmoking men (29-47 years) were
enrolled in this study. All subjects gave written informed
consent. The study design was a randomized, double-
blind, placebo-controlled, three-way crossover design
with a 2-week washout period. On Day 1 (observation
period), the detection thresholds for tastes were deter-
mined and salivary fluid was obtained at 09.00 h,
12.00 h, 15.00 h and 21.00 bh. Subjects took candesartan
cilexetil (Blopress®, Takeda Pharmaceutical Co. Ltd,
Tokyo, Japan, 4 mg), valsartan (Diovan®, Novartis,
Pharma Co. Ltd, Tokyo, Japan, 40 mg) or placebo
(100 mg of lactose) at 09.00 h from Day 2 to Day 14.
On Day 14, the evaluation test and samplings of salivary
fluid and blood were performed at 09.00 h, 12.00 h,
15.00 h and 21.00 h. On the day of taste evaluation, a
stmilar light meal (sandwich with milk) was served for
lunch to all subjects at 15.00 h. Subjects were prohibited
from taking any other food or drink until the end of the
test. Blood pressure at 24 h before final dosing of the
drug was measured in each subject. After the washout
period for 2 weeks, an identical protocol was repeated
in a crossover fashion. The protocol was approved by
the Ethical Committee of Jichi Medical School.

Two types of gustometries were performed in each
subject [8]. (1) Semi-quantitative clinical gustometry
using filter-paper discs (the filter-paper disc method:
Taste disc®, Sanwa Chemical Laboratory, Nagoya,
Japan) which is routinely used for the evaluation of
dysgeusia in the clinical setting [9-11]. In brief, rec-
ognition thresholds for four basic tastes (sweet, salty,
sour and bitter) were evaluated using the chemical
solutions (sucrose, NaCl, tartaric acid and quinine,
respectively). The solutions were sequentially diluted
with distilled water into five grades (1 is the lowest).
A droplet of each solution was added to filter paper,
placed on the left side of the tongue 2 cm from the tip
(i.e. locus for left chorda tympani nerve). Subjects
selected a single answer from the following list:
sweet, salty, sour, bitter, unidentifiable taste, or no
taste. (2) Electrogustrometer, as routinely used for the
evaluation of hypogeusia in oto-rhino-laryngology
clinic, performed according to the method of Tomita
etal. [9, 10, 12] using commercially available equip-
ment (TR-06®, Rion Co., Ltd, Tokyo, Japan). In brief,
a single type stimulation rod was placed on the left
side of the tongue 2 cm from the tip. The smallest

stimulus that the subjects noticed was regarded as the
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detection threshold. Normal range was less than
+14 dB [9, 10, 12].

Spontaneously salivated salivary fluid was collected
into a special polyethylene tube after gargling with dis-
tilled water three times [8]. Blood samples were taken
from the cubital vein. Both salivary fluid and serum/
plasma were stored at —80°C until the assay. Total zinc
concentration was measured by atomic absorption spec-
trophotometry [13]. Plasma renin activity was measured
by radio-immunoassay [14].

All data are expressed as the mean & SE. Statistical
analysis was performed by ANOVA using StatView 5 for
Windows (SAS Institute Inc, NC). P<0.05 was
regarded as significant.

Results

All subjects completed the protocol without any com-
plaints of taste disturbance. Mean blood pressure just
before final dosing of the drug was not different
between the three trials (110.5 £2.3, 108.1£2.7 and
107.6 £ 2.5 mmHg, placebo, candesartan and valsartan,
respectively). Figure 1 shows the recognition thresholds
for sweetness using filter-paper disc at the end of the
repeated treatment. It was significantly (P < 0.05) wors-
ened after the repeated treatment of candesartan or val-
sartan, but not after placebo. The mean + SE (and 95%
CI) scores for the sweetness just before the 13th dosing

Sweetness (unit)

Time after dosing (h)

Figure 1

Detection thresholds for sweetness using filter-disc after the repeated
dosing of candesartan, valsartan and placebo. Four basic tastes (sweet,
salty, sour and bitter) were evaluated by using chemical solutions at the
end of each treatment (day 14 + day 42 + day 70). A similar test was
performed just before each protocol (day 1 + day 29 + day 57) and it was
confirmed that the disturbances were completely improved after the
washout period (data not shown). Mean + SE, n = 8, Candesartan (O),
Valsartan (00), Placebo (@)
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Table 1

Difference of area under the time-score curve of tests, and time-concentration curve of zinc and plasma renin activity between

drug and placebo

Candesartan Valsartan 959 Cl
Sweet (U h™) 1575271 10.69 £2.43 (-6.15 to 16.27)
Salty (U h™") 22.88+5.16 19.75 % 4.10 (-22.9% 10 31.39)
Sour (U h™ 11.06 £3.23 8.44 +2.69 (~11.74 t0 16.99)
Bitter (U h™") 12.94 + 3.41 9.56 £2.39 (~12.43 to 19.68)
Electrogustometer (dB h™") 4298 +10.25 22.82 1141 (~10.67 to 50.93)
Salivary Zinc {mgdi”' h™) ~14.7 £10.8 ~18.8+145 {-10.2 10 8.9)
Serum Zinc {mg di h™") ~18.9£20.2 ~373+33.5 (-24.2 to 15.5)
Plasma renin activity (ng mi=) 182.1%£25.7 228.9 £ 34.2

(~185 10 50.7)

was 3.75+0.25 (3.48-4.15), 3.53 £0.23 (3.19-3.94)
and 2.13 £0.30 (1.75-2.55), for candesartan, valsartan
and placebo, respectively. The detection thresholds of
other three tastes were also significantly (P < (.05)
worsened after the repeated treatment of candesartan or
valsartan, but not after placebo (data not shown). Dif-
ference of area under the time-score curve (determined
by trapezoidal method) between a drug and placebo was
shown in Table 1. The decrements of parameters were
not different between candesartan and valsartan. The
thresholds of the tastes just before each treatment were
not different between the three groups (data not shown).

Detection thresholds at the end of each repeated treat-
ment using an electrogustometer was also worsened by
candesartan or valsartan to the same extent, but not by
placebo (data not shown). Differences of area under the
time-score curve (determined by trapezoidal method)
between the drugs and placebo are shown in Table 1.
The thresholds before each trial were not significantly
different between the three groups (data not shown).

Salivary and serum zinc concentrations and plasma
renin activity at the end of the repeated treatment were
measured. Differences of area under the time—concen-
tration curve (determined by trapezoidal method)
between the drugs and placebo were shown in Table 1.
Serum zinc concentration at 12 h after final dosing was
significantly lower than other points in each trial.
Plasma renin activity at the end of the repeated treatment
was significantly higher in the trial with candesartan and
valsartan than with placebo. However, no significant
differences between the drug-treated groups were
observed in these parameters.

Discussion
We measured plasma renin activity just before the taste
test in this study because ARBs enhance plasma renin
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activity by the negative feedback after blocking angio-
tensin II receptor [15]. We found that both candesartan
and valsartan ai the doses used in this study (4 and
40 mg, respectively) increased this variable to a similar
extent, which indicated that the treatment with cande-
sartan and valsartan affected systemic renin-angiotensin-
aldosterone axis to a similar degree. It is reported that
8 mg of candesartan and 80 mg of valsartan were equiv-
alent to increment of plasma renin activity in healthy
subjects [15], which is comparable to our study.

We compared two different ARBs on taste sensitivity
in healthy subjects and found that the repeated oral
dosing of candesartan and valsartan blunted taste sensi-
tivity to a similar extent. To evaluate taste sensitivity, we
used the same tests as our recent report [8) with a longer
period of treatment from 7 to 13 days in this study. In
addition, we found that the changes of the taste after the
test were comparable for candesartan. Therefore, the
alteration of taste reached a plateau in the earlier period
of the treatment. In case reports of ARB-induced taste
disturbance, patients noticed the problem from 1 week
to 3 months after the initiation of the treatment with
losartan [5, 6] and valsartan [7]. Based on our data and
previous case reports, the taste disturbance might occur
within a week, but patients needed several weeks to
notice it.

We also measured serum zinc concentration because
captopril disturbed taste sensitivity by chelating zinc
in the body [3]. We found that both candesartan and
valsartan did not change zinc concentration in serum
and saliva, which is similar to our previous study using
candesartan.

The mechanism of ARB-induced taste disturbance is
not clear at the present time. Receptors for salt and sour
in taste cell are elicited by ion channels [17] and may
be affected by extra-cellular ion composition. Interest-



ingly, Lundy er al. proposed possible interaction of Na
ion with the receptors [18]. Although we did not mea-
sure this parameter in serum and saliva, serum Na con-
centration is reduced by ARBs during the treatment in
clinical situation [19]. It is uncertain that nerve conduc-
tion is disturbed. Further study is needed to solve this
issue.

In summary, this study shows that the repeated dos-
ing of candesartan and valsartan subclinically reduces
the sensitivity of basic tastes in healthy subjects. The
taste sensitivity was altered and plasma renin activity
was elevated to the similar extent by both drugs.
These results suggest that the taste disturbance-
induced by candesartan is potentially similar to that of
valsartan.

Competing interests: None declared.
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Abstract: A novel recombinant human hepatic cell line,
CYP3A4- and glutamine synthetase (GS, an enzyme which
converts ammonium ion and glutamate to glutamine)-
introduced HepG2 (HepG2-GS-CYP3A4), was established.
Its usefulness in a large-scale culture with a circulatory biore-
actor in vitro and in dog models of ischemic hepatic failure
with acute diazepam (DZP, a substrate of CYP3A4)
overdosage was further examined. HepG2-GS-CYP3A4
expressed about 9 times larger amounts of CYP3A4 protein
than a control. After incubation with HepG2-GS-3A4 cells
in a circulatory bioreactor for 24 h, ammonia and DZP con-
centrations in the culture medium significantly decreased by
about 40%. Furthermore, this system improved the survival
time and decreased serum concentrations of DZP, ammonia,
and transaminase in dogs with ischemic hepatic failure plus
acute DZP overdosage. The mean survival time with biore-
actor with HepG2-GS-3A4 was 42.7 + 3.6 h, which was sig-
nificantly longer than that without reactor, with reactor (no
cells), and with HepG2-GS (23.4+2.8, 22.1+£24, and
31+3.7 h, respectively). Therefore, it is concluded that this
bioartificial liver could be a good tool for the treatment of
dogs with hepatic failure and that it could potentially be a
bridging procedure to liver transplantation. Key Words:
Bioartificial liver—Diazepam intoxication—Hepatic failure—
CYP3A4— HepG2—Dog.
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Hepatic failure leads to the accumulation of mul-
tiple water-insoluble toxins, such as unconjugated
bilirubin and endogenous benzodiazepines (1). Espe-
cially, endogenous diazepam (DZP) and nordiaz-
epam (NDZP) are considered to have a pivotal role
in the pathogenesis of hepatic encephalopathy (2,3).
Elimination half-life of DZP is five times longer in
patients with liver cirrhosis than control subjects
because the activity of cytochrome P450 3A4, a
major metabolizing enzyme for this compound, is
impaired. Therefore, providing metabolizing ability
for DZP and other hepatic toxins is important for the
treatment of hepatic failure.

A Dbioartficial liver (BAL) support system is
expected to be a new tool for terminal-stage liver
failure and for bridge-to-transplantation use (4).
Enosawa et al. developed recombinant HepG2 cells
with the introduction of glutamine synthetase (GS),
an enzyme which converts ammonium ion and
glutamate to glutamine, and applied them to a novel
type of circulatory cell culture system (5,6). They
reported significant removal of ammonia by this sys-
tem in a hepatic failure model, but they could not
achieve improvement in survival time in this model.
These results indicate that some toxins other than
ammonia are involved in hepatic failure, and intrinsic
benzodiazepine might be a candidate.

The objectives of this study were: (i) to establish
HepG2-GS-3A4 cells with the introduction of both
GS and CYP3A4 genes; (ii) to assess the usefulness
of HepG2-GS-3A4 cells in a BAL device in vitro;and
(iii) to evaluate the system as a treatment modality
for a canine model of acute hepatic failure combined
with a DZP overdose.

METHODS

Cells and Western blot analysis for human
cytochrome P450 3A4

HepG?2 cells were obtained from the RIKEN cell
bank (Tsukuba, Japan). HepG2-GS-3A4, a cell trans-
fected with both the hamster GS gene and the human
cytochrome p450 3A4 gene was established by
lipofection of pBudCE4 (Invitrogen, Carlsbad, CA,
U.S.A.) after ligation of both genes. A positive clone
was selected by an index of resistant against zeocin.
HepG2-GS-3A4 cells were cultured in DMEM/F-12:
RPMI (1:1), with 10% FCS + zeocin. Twenty micro-
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grams of protein was resolved by 7% SDS-PAGE
electrophoresis, and immunoblotted with human
CYP3A4 antibody (WB human CYP3A4 kit,
BDGenetest, MA, US.AL).

Long-term culture in circulatory flow bioreactor for
bioartficial liver (BAL) and treatment of acute
hepatic failure with DZP overdosage

The circulatory flow bioreactor originally devel-
oped for culturing adhesive cells (US Patent no.
5270207) (5), was used as a bioartficial liver (6). Dur-
ing the culture, fresh culture medium, air, and CO,
were continuously supplied to the vessel and the tem-
perature was maintained at 37°C. Evaluation of the
metabolizing capacity was performed at 20 days after
inocculation of 1 x 10% cells. To evaluate metabolizing
activity of DZP and ammonia, these compounds
(2.5 mm and 30 pg/mL, respectively) were added to
the fresh medium and the old medium flowing out
from the reactor was sampled.

Beagle dogs (10-20 kg, n=23) were anesthetized
with pentobarbital (1 mg/kg, i.v.). The procedure
of Abouna (7) was partly modified to establish an
ischemic hepatic failure model with an end-to-side
portal-vena cava shunt and ligation of hepatic arter-
ies. One and half hours after operation, DZP was
intravenously infused to each dog at a dose of 3 mg/
kg. Blood samples were taken at scheduled times to
check the level of ammonia, DZP, its metabolites,
and aminotransferases. Dopamine (30 mg/kg/h at
maximum dose) was infused to maintain arterial
blood pressure. Termination of heartbeat was
regarded as the end of survival.

Treatment with the bioartificial liver was per-
formed just after the infusion of DZP. During the
operation, culture medium was completely replaced
with artificial solution for hemoperfusion and there-
after changed to 550 mL of dog plasma (6). A cathe-
ter was introduced into the femoral artery for
drawing blood at 30-50 mL/min. The blood flowed
into a plasma separator column (OP-02 W, Asahi
Medical, Tokyo, Japan) and the separated plasma
flowed into the BAL at a rate of 150-250 mL/h.

The concentrations of ammonia and transaminase
were measured by modified Berthelot reaction and

Reitman and Frankel’s method (8) with autoana-
lyzer, respectively. Concentrations of DZP were
measured by high-performance liquid chromatogra-
phy (9). Values were expressed as the mean + S.E.
ANOVA and r-test were used as appropriate for sta-
tistical comparison. Survival rate for each treatment
was compared by logrank analysis. P<0.05 was
regarded as significant.

RESULTS

Confirmaticn of human cytochrome P450 3A4 in
HepG2-GS-3A4 cells and metabolisin of ammonia
and DZP in BAL system

The HepG2-GS-3A4 cells had about nine times
higher amounts of CYP3A4 protein than HepG2 in
Western blot analysis. Densitometric values were
0.18 £0.02 and 0.02 £ 0.01 units for HepG2-GS-3A4
and HepG?2, respectively.

Concentrations of ammonia and DZP after incu-
bation with HepG2-GS-3A4 cells in the bioreactor
for 24 h are shown in Table 1. Ammonia and DZP
concentrations significantly decreased with HepG2-
GS-3A4 cells. HepG2-GS showed almost the same
ammonia metabolism capacity as HepG2-GS-3A4
and caused nearly no DZP reduction. The initial
removal rate of ammonia by the reactor with
HepG2-GS-3A4 cells was about 0.4 nmol/min/10°
cells. The amount of DZP metabolized by HepG2-
GS-3A4 in the reactor, which was calculated from
differences of the area under concentration-time
curves between inlet and outlet of the medium and
subtraction of the value obtained from the experi-
ments, was significantly higher in HepG2-GS-3A4
(Table 1).

Treatment of acute hepatic failure with DZP loading
by HepG2-GS-3A4 in the bioreactor

Treatment using the bioreactor with HepG2-GS-
3A4 significantly prolonged survival time to
42,7 £3.6 h (Fig. 1). Treatment with HepG2-GS also
prolonged mean survival time to 31 3.7 h, but it did
not reach statistical significance (P = 0.08). The time
course of GPT, ammonia, and DZP are shown in
Fig. 2. GPT and ammonia concentrations increased

TABLE 1. Metabolism of ammonia and DZP by HepG2-GS-3A4 in the bioreactor in vitro

Concentration 24 h after incubation

Ammonia (mM)

. Metabolized diazepam

Diazepam (ug/mL) amount for 24 h (pg/hL)

HepG2-GS-3A4 (n=4) 15402+
HepG2-GS (n=3) 2.0+ 0.2%
Without cells (n =3) 24+02

194 L% 74+ 9%
231 2010
242 —

*P < 0.05 vs. HepG2-GS, **P < 0.05 vs. without cell.
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FIG. 1. Cumulative survival period for hepatic failure with DZP
loading treated by a bioreactor with HepG2-GS-3A4. @ HepG2-
(GS-3A4 (n=8); © HepBG2-GS (n=15); [1 without cells (n=7); &
without bioreactor (hepatic failure alone, n=3).

with time in all groups, however, the increase at 24 h
was less in the HepG2-GS-3A4 group for GPT and
in both HepG2-GS-3A4 and HepG2-GS groups for
ammonia. The reduction of DZP concentration was
significantly more rapid in HepG2-GS-3A4 than
other groups.

DISCUSSION

In this study, we clearly demonstrated the ability
of HepG2-GS-3A4 cells in the bioreactor to metab-
olize DZP and ammonia. Thus, this is the first effec-
tive system that removes both DZP and ammonia,
which accumulate in hepatic failure. In addition, this
is the first report that shows the effectiveness of a
system for removal of these molecules from circulat-
ing blood in an animal model. Although the clear-
ance of ammonia and DZP was significant in our
report, it still remains lower than normal hepato-
cytes. However, porcine hepatocytes have many
disadvantages in a BAL system, such as xenoantige-
nicity, xenozoonosis, aborious handling, and difficul-
ties in storage, although they have high capacity and
multiple functions (6). As the HepG2-GS-3A4 cell
line does not have any of these disadvantages, it is
still a good candidate for the treatment of human
hepatic failure.

When the acute hepatic failure dogs with DZP
overdosage were treated using the bioreactor with
HepG2-GS-3A4, DZP and ammonia concentrations
were significantly reduced, and subsequently the sur-
vival period was significantly increased. This is the
most important observation in this study. Similarly to
the resuits of Enosawa, the reactor with HepG2-GS
could decrease the plasma concentration of ammo-
nia, but the survival period did not increase signifi-

cantly (6). Although GPT was obviously lower
during the treatment using the reactor with HepG2-
(GS-3A4, ammonia concentration with HepG2-GS-
CYP3A4 did not differ from that of HepG2-GS. This
observation suggests that toxins other than ammonia,
which are metabolized by CYP3A4 such as endoge-
nous benzodiazepins, are important for the mortality
rate in hepatic failure. Although we did not measure
intracranial pressure, the removal of intrinsic/extrin-
sic benzodiazepeins might reduce the pressure and
prolong the survival. Alternatively, this BAL might
not only help the dysfunctional liver to detoxify
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FIG. 2. Time course of GPT (upper panel), ammonia (middie
panel), and DZP (lower panel) during treatment. & HepG2-GS-
3A4 (n=8); O HepG2-GS (n=>5); O without cells (n=7), A
without bioreactor (hepatic failure alone, n=3); & healthy dog
(n=3).
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toxins, but it might also guard against destruction of
hepatocytes.

In conclusion, the present study suggests that this
system with HepG2-GS-3A4 can be potent for the
treatment of dogs with hepatic failure when ammo-
nia and endogenous benzodiazipines are high. This
system might be useful as a bridge to liver transplan-
tation, although more modification is needed to use
it in clinical practice.
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Various peripheral tissues show circadian rhythmicity, which
is generated at the cellular level by their own core oscillators
that are composed of transcriptional/translational feedback
loops involving a set of clock genes. Although the circulating
levels of some adipocytokines, i.e. bioactive substances se-
creted by adipocytes, are on a 24-h rhythmic cyecle, it remains
to be elucidated whether the clock gene system works in ad-
ipose tissue. To address this issue, we investigated the daily
mRNA expression profiles of the clock genes and adipocyto-
kinesin mouse perigonadal adipose tissues. In C57BL/6J mice,
all transcript levels of the clock genes (Bmall, Perl, Per2,
Cry1, Cry2, and Dbp) and adipocytokines (adiponectin, resis-
tin, and visfatin) clearly showed 24-h rhythms. On the other

hand, the rhythmic expression of these genes was mildly at-
tenuated in obese KK mice and greatly attenuated in more
obese, diabetic KK-AY mice. Obese diabetes also diminished
the rhythmic expression of the clock genes in the liver. Inter-
estingly, a 2-wk treatment of KK and KK-AY mice with piogli-
tazone impaired the 24-h rhythmicity of the mRNA expression
of the clock genes and adipocytokines despite the antidiabetic
effect of the drug. In contrast, pioglitazone improved the at-
tenuated rhythmicity in the liver. These findings suggest that
the intracellular clock gene system acts in visceral adipose
tissues as well as liver and is influenced by the conditions of
obesity/type 2 diabetes and pioglitazone treatment. (Endocri-
nology 146: 5631-5636, 2005)

ARIOUS PHYSIOLOGICAL and behavioral processes
exhibit circadian rhythmicity. Recent studies have re-
vealed that these endogenous rhythms are generated at the
cellular level by circadian core oscillators, which are com-
posed of transcriptional/translational feedback loops in-
volving a set of clock genes (1-3). In mammals, rhythmic
transcriptional enhancement by two basic helix-loop-helix
PER-ARNT-SIM domain-containing transcription factors,
CLOCK and brain and muscle ARNT-like protein (BMAL)1,
provides the basic drive to the system; the CLOCK-BMAL1
heterodimer directly or indirectly activates the transcription
of various clock-controlled genes (1-5). For example, the
albumin D-site binding protein (Dbp), which expression is
directly regulated by the CLOCK-BMALL, is involved in the
circadian transcriptional regulation of several metabolic en-
zymes (1-3). In parallel, the heterodimer activates the tran-
scription of several clock genes, including period (PER) and
cryptochrome (CRY) (6-8). The resultant PER and CRY pro-
teins translocate back into the nucleus and inhibit the activity
of CLOCK-BMALL, forming the negative feedback loop (1-3,
9). Thus, these clock genes control the circadian rhythm of
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physiological output by regulating the expression of multi-
ple clock-controlled genes.

The intracellular circadian clock system resides in not only
the hypothalamic suprachiasmatic nucleus, which is recog-
nized as being the mammalian central clock, but also various
peripheral tissues (10-12). The suprachiasmatic nucleus is
not essential for driving peripheral oscillations but rather
acts as a synchronizer of peripheral oscillators (12). There-
fore, the physiological thythmicity in peripheral tissues may
be controlled directly by their own clock genes.

Recent advances in the understanding of adipocyte biol-
ogy have indicated that adipose tissue not only serves as an
energy-storing tissue but also performs a secretory function
by producing a variety of bioactive substances, including
adiponectin, resistin, and leptin, thus acting as endocrine
tissue (13). Because some of these so-called adipocytokines
greatly influence insulin sensitivity, glucose metabolism, and
atherosclerosis, they may provide a molecular link between
the increased adiposity and development of type 2 diabetes
and/or metabolic syndrome (14). Among these adipocyto-
kines, the circulating level of leptin exhibits a clear diurnal
variation in animals (15-17) and humans (18-20). Moreover,
plasma adiponectin concentrations in nonobese subjects
show a 24-h rhythmic cycle, which is absent in obese subjects
(19, 20). In addition, altered expression of the clock genes
Per2 and Bmall has been reported in the livers of db/db
mice, which serve as a model of severe, obese diabetes (21).
Therefore, it is possible that clock genes in adipose tissue
regulate the expression and/or secretion of adipocytokines
and that obesity leading to insulin resistance and type 2
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