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Quantitative reverse transcriptase-
polymerase chain reaction-based gene
expression

Quantitative reverse transcriptase—polymerase chain  reaction

(RT-PCR) was performed as previously described"? (see Supplemen-
tary material online for details).

Statistical analysis

All data are expressed as means + SD. All statistical analyses were per-
formed with Ekuseru-Toukei 2006 and 2010 statistical software (Social
Survey Research Information Co., Ltd., Tokyo, Japan). Normality was
tested with the Kolmogorov—Smirnov test. When data were normally
distributed, the statistical significance of differences was assessed with
the unpaired t test. The Mann—Whitney U test was applied when data
were not normally distributed. In all analyses, values of P < 0.05 were
accepted as statistically significant, and all tests were two-sided.

Results

Hepatic peroxisome
proliferator-activated receptor-y
overexpression raises blood pressure
via the neuronal relay

First, to examine whether hepatic PPARYy2 expression raises BP,
we over-expressed PPARY2 selectively in the livers of C57BL/6
mice fed a normal chow diet (PPARy2-mice) by systemically infus-
ing a recombinant adenovirus. Recombinant adenovirus infusion
through the tail vein resulted in selective transgene expression in
the liver (see Supplementary material online, Figure STA) without
increased expression in other peripheral tissues, as reported pre-
viously.”"* Mice given the lacZ adenovirus were used as controls.
Hepatic expression of PPARY2 in normal chow-fed lean mice
caused hepatomegaly (Figure TA) due to marked hepatic steatosis
(Figure 1B), while reducing adipose tissue with suppression of
weight gain (see Supplementary material online, Figure S1B). In
addition, hepatic PPARy2 expression decreased fasting blood
glucose (FBG) (see Supplementary material online, Figure S1C),
insulin and leptin levels (Table 1A). These findings are compatible
with the observations in mice with diet-induced obesity."> Under
these conditions, SBP was significantly elevated in PPARY2 mice
(Figure 1C). Thus, PPARY2 overexpression in the liver raises BP
via mechanisms independent of hyperinsulinaemia and hyperlepti-
naemia. In addition, hepatic PPARY2 expression increased renal
renin and adipose angiotensinogen expressions (see Supplemen-
tary material online, Figure STD—E). Since these genes are known
to be upregulated by sympathetic stimulation,>**** these results
suggest that hepatic PPARy2 expression increases sympathetic
tonus to the kidney as well as adipose tissue, possibly contributing
to BP elevation.

Next, to examine whether vagal afferent signals originating in the
liver are the mechanism whereby hepatic PPARy2 expression
raises BP, we surgically dissected the hepatic vagus. Seven days
after selective hepatic vagotomy or sham-operation, we adminis-
tered recombinant adenovirus encoding LacZ or PPARy2. Liver
weights were similarly increased by PPARy2 overexpression in
sham-operated and hepatically vagotomized mice (Figure 1D).
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In" contrast, while hepatic PPARY2 significantly raised SBP in
sham-operated mice, selective hepatic vagotomy completely
blocked SBP elevation (Figure T1E). We next administered
PPARY2 adenovirus to B-less mice.”® Although adenoviral
expression of hepatic PPARy2 also increased liver weight in
B-less mice to an extent similar to that in wild-type controls
(Figure 1F), SBP was unaffected in B-less mice (Figure 1G). Thus,
the hepatic PPARy-modulated neuronal pathway, consisting of
afferent vagal and efferent sympathetic nerves, mediates BP
elevation.

Knockdown of peroxisome
proliferator-activated receptor-y
expression in the liver lowers blood
pressure in murine obesity models

Does this system physiologically contribute to obesity-related
hypertension? To answer this question, we knocked down
hepatic PPAR+y expression in murine obesity models. At 8 weeks
of age, hepatic PPARy expression was markedly enhanced in
genetically obese KK-Ay mice when compared with lean control
KK mice (Figure 2A). Administration of recombinant adenovirus
expressing shRNA for PPARy substantially decreased endogenous
PPARY expression in the livers of KK-Ay mice (Figure 2A). On Day
3 after adenoviral administration, the knockdown of hepatic PPARy
expression in KK-Ay mice significantly lowered BP, while exerting
no effects on BP in KK mice (Figure 2B). Note that, at this time
point, neither liver weights (Figure 2C) nor hepatic triglyceride con-
tents (Figure 2D) had yet decreased significantly. Nor were body
weights (see Supplementary material online, Figure S2), plasma
insulin, or leptin levels (Table 7B) significantly affected by
PPARy—shRNA administration. Findings were similar in another
murine obesity model mice with diet-induced obesity. High fat
loading of C57BL/6 mice enhanced endogenous PPARYy expression
in the liver (Figure 2E) and raised BP (Figure 2F). Without significant
decreases in liver weights (Figure 2G) and hepatic triglyceride con-
tents (Figure 2H), hepatic PPARy knock-down (Figure 2E) signifi-
cantly lowered BP in DIO mice, but not in normal chow-fed lean
controls (Figure 2F). Thus, upregulation of endogenous PPARYy in
the liver during obesity development, rather than hepatic lipid
accumulation per se, contributes to the development of
obesity-related hypertension.

Blockade of hepatic vagal afferents
inhibits blood pressure elevation during
obesity development

Next, to investigate whether signals mediated by the hepatic vagus
are involved in the development of obesity-related hypertension,
we performed selective hepatic vagotomy in KK-Ay mice at 8
weeks of age, followed by BP monitoring. Selective hepatic vagot-
omy did not affect endogenous PPARy expression in the liver in
either KK or KK-Ay mice (Figure 3A). Systolic BP rose steadily in
sham-operated KK-Ay mice, but hepatic vagotomy blocked this
BP elevation (Figure 3B), with no changes in plasma insulin or
leptin levels (Table 1C). In contrast, in KK mice, SBP was unaffected
by hepatic vagotomy (Figure 3B). Thus, selective hepatic vagotomy

210T ‘81 [Hdy uo AJIsIoAIUN) NYoyoJ, Je /510°s[eumolpioyxo: fieayinay/:dny Woly papeofumo(]



Page 4 of 11

K. Uno et al.

A o B
C)
> 5 o 300
= £
= =
o Ll
G $ 200
2 T c
g ! 8
> P 100
- -
0 0-
D s P

Liver weight (g)
o -t o w
3 1 i 1

Sham HV
F 3 sk
1
54
G
= 4
£
o
D 3
3
g 2
2
1 4
0-
WT KO

o C ek
~1004
(=]
T
E
E
% 50
17}
0
E % NS
__ 1004 ¢ t
=]
T
£
E
& 50"
7}
0
Sham HV
G . NS
— 100 4
=)
T
E
E
% 50 -
n
0
WwWT KO

Figure | Hepatic peroxisome proliferator-activated receptor (PPAR)-y2 expression raises systolic blood pressure (SBP), and this elevation is
inhibited by hepatic vagotomy. (A—E) PPARy2 (black bars) or LacZ (white bars) adenovirus was administered to C57BL/6 mice. Liver weights
(A), hepatic triglyceride contents (B), and SBP (C} of LacZ and PPARy2 mice were measured on Day 7 after adenovirus administration
(n=5=7). (D and E) Mice were subjected to sham operation (sham) or hepatic vagotomy (HV) 7 days prior to adenoviral administration.
Liver weight (D) and SBP (E) were measured in these mice 7 days after adenovirus administration (n = 5-8). (F and G) LacZ (white bars)
or PPARy2 (black bars) adenovirus was administered to 8-week-old B-less (KO) and wild-type control (WT) mice. Liver weight (F) and
SBP (G) were measured 7 days after adenovirus administration (n = 4-5). Data are presented as means =+ SD. **P < 0.01 and *P < 0.05, com-

pared with LacZ mice. NS, not significant.

protected KK-Ay mice from the progression of hypertension
associated with obesity.

Hepatic vagotomy involves dissection of both afferent and effer-
ent vagal branches innervating the liver. Therefore, to confirm the
involvement of afferent vagal signals originating in the liver, we
applied a specific afferent neurotoxin, capsaicin, to the hepatic
branch of the vagus in 8-week-old KK and KK-Ay mice. As
reported previously,13 expression of calcitonin gene-related
peptide, a sensory neuropeptide, was markedly decreased in the
capsaicin-treated vagal nerve, while immunoreactivity for S100
proteins was similar in vehicle- and capsaicin- treated nerves (see
Supplementary material online, Figure S$3), indicating selective
deafferentation of the vagal nerve by capsaicin treatment.

Perivagal capsaicin treatment did not affect endogenous PPARy
expression in the livers of either KK or KK-Ay mice (Figure 3C).
Under these conditions, blockade of afferent vagal signals from
the liver prevented SBP elevation during obesity development in
KK-Ay mice, but had no effect on BP in KK mice (Figure 3D).
Thus, hepatic PPARy upregulation associated with obesity is
involved in the development of hypertension via the afferent
vagal pathway from the liver.

To examine whether this neuronal pathway involves leptin sig-
nalling, capsaicin was applied perivagally in a leptin receptor-
mutant animal obesity model, ZDF rats, which develop a syndrome
with obesity and hypertension.” In ZDF rats, endogenous PPARy
expression in the liver is enhanced when compared with that in
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Table | Fasting plasma insulin and leptin concentrations in the experimental models used in this study
)
Adenovirus LacZ PPAR~y2 Pwvalue T
Insulin (ng/mL) 0.60 + 0.20 0.38 + 0.15 0.049
Leptin (ng/mL) 298 + 0.94 0.61 + 0.36 <0.001
(8)
KK KK-Ay
Adenovirus H1-scramble H1-PPARYy P-value H1-scramble H1-PPARy P-value
Insulin (ng/mL) 0.77 + 0.24 0.80 + 0.64 NS 290 + 0.79 192 + 079 NS
Leptin (ng/mL) 164 + 075 1.64 + 032 NS 23.52 + 3.08 20.26 + 6.57 NS
©
KK KK-Ay
Operation Sham HV P-value Sham HV P-value
Insulin (ng/mL) 0.89 + 0.24 0.79 + 037 NS 525 + 1.58 591 + 2.14 NS
Leptin (ng/mL) 499 + 193 369 + 123 NS 42.00 + 533 3741 £+ 879 NS
D)
ZDF
Treatment veh cap P-value
Insulin (ng/mL) 431 + 1.11 3.62 + 029 NS
Leptin (ng/mL) 7374 + 812 7476 + 1046 NS

control Zucker lean rats (Figure 3E). Again, as obesity progressed,
BP rose in ZDF rats, but this elevation was blocked (Figure 3F) by
capsaicin-mediated selective deafferentation of the hepatic vagus
(see Supplementary material online, Figure S4), with no changes
in plasma insulin or leptin levels (Table 1D). These findings indicate
that afferent signals of the hepatic vagus contribute to the develop-
ment of obesity-related hypertension in a fashion independent of
leptin signalling.

Blood pressure is not elevated

in murine models of hepatic steatosis
without hepatic peroxisome
proliferator-activated receptor-y
upregulation

Taking the aforementioned results together, hepatic upregulation
of PPARty, which induces hepatic steatosis, is likely to contribute
to the development of obesity-related hypertension via afferent
vagal signals. This prompted us to question whether hepatic trigly-
ceride accumulation or hepatic PPARy upregulation causes hyper-
tension. To answer this question, we examined other models of
hepatic steatosis without hepatic upregulation of PPARy. Acyl-
CoAudiacylglycerol acyltransferase (DGAT) is a membrane-bound
enzyme that catalyses the last step in the synthesis of triglycerides.
DGAT1 and DGAT2 are unrelated proteins that exhibit DGAT
activity. Adenoviral expressions of these enzymes, particularly
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DGAT2, in the liver reportedly result in hepatic steatosis.'’
Indeed, adenoviral DGAT1 or DGAT2 expression in the liver
induced hepatomegaly (Figure 4A) with hepatic triglyceride
accumulation (Figure 4B). In particular, hepatic triglyceride contents
in DGAT2 mice were similar to those in PPARYy2 mice (Figure 1B).
However, hepatic PPARY2 expression was not affected by hepatic
expressions of these DGAT enzymes (Figure 4C). In contrast to
PPARY2 overexpression, neither DGAT1 nor DGAT2 overexpres-
sion in the liver significantly raised BP (Figure 4D). White adipose
tissue (WAT) weights were not reduced in DGAT1 or DGAT2
mice (see Supplementary material online, Figure S5). These findings
collectively suggest that DGAT-induced hepatic steatosis has
minimal effects on sympathetic tonus.

Fat-specific protein 27 upregulation in the
liver contributes to obesity-related
hypertension downstream from
peroxisome proliferator-activated
receptor-y

What molecules function downstream from PPARYy in the liver? It
was recently reported that Fsp27 functions as a direct target gene
of PPARY in the liver and plays a major role in obesity-related
hepatic steatosis.”” In fact, adenovirus-mediated expression of
PPARY2 in the liver markedly enhanced hepatic Fsp27 expression
(see Supplementary material online, Figure S6A). Therefore, we
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Figure 2 Knockdown of peroxisome proliferator-activated receptor (PPAR)-y expression in the liver lowers blood pressure (BP) in murine
obesity models. Recombinant adenovirus expressing shRNA for PPARy (H1-PPARy: black bars)-or control scramble (H1-scramble: white bars)
was administered to 8-week-old KK or KK-Ay mice (n = 5—6) (A=D) and C57BL/6 mice fed normal chow (NC) or with high fat diet-induced
obesity (DIO) (n = 4-5) (E—H), followed by measurement of systolic blood pressures (SBPs) (B and F), liver weights (C and G), and hepatic
triglyceride contents (D and H) on Day 3 after adenoviral administration. Liver extracts were subjected to immunoblotting with anti-PPAR~y
antibody (A and E). Data are presented as means + SD. **P < 0.01; NS, not significant.
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Figure 3 Surgical dissection or pharmacological deafferentation of the hepatic vagus blocks blood pressure (BP) elevation during obesity
development. (A and B) KK and KK-Ay mice at 8 weeks of age were subjected to hepatic vagotomy (HV) or'sham operation‘(shém). (B) Systolic’
BP (SBP) was monitored for 28 days after these operations. Open circles and squares and closed circles and squares indicate sham operated and
KK and KK-Ay mice and hepatically vagotomized-KK and KK-Ay mice (n = 5-6), respectively. **P < 0.01 and #P < 0.05 indicate KK-Ay (sham):
vs. KK-Ay (HV) mice. (C and D) Vehicle (veh) or capsaicin (cap) was applied to the hepatic vagus of 8-week-old KK and KK-Ay mice. (D) SBP
was.measured on.Days 14 and 28 after these operations. Open circles and 'squares indicate vehicle-treated KK and-KK-Ay mice and closed
circles and squares indicate capsaicin-treated KK and KK-Ay mice (n= 4-6), respectively. *#P < 0.01 and #P < 0.05 indicate vehicle- vs.
capsaicin-treated KK-Ay mice. (E-and F) Vehicle (veh) or capsaicin (cap) was applied to the hepatic vagus in .6-week-old Zucker fatty diabetic
(ZDF) rats. (F) SBP was measured on Days 14 and 28 after these operations: Open and closed circles indicate vehicle- and capsaicin-treated
ZDF rats (n = 4), respectively. *P < 0.05 indicate vehicle- vs. capsaicin-treated ZDF rats. Liver extracts were subjected to immunoblotting with
anti-PPARy antibody (A, C, E). Data are presented as means + SD.

examined the role of Fsp27 in obesity-related hypertension. First, . (see Supplementary material online, Figure S6B) and fatty acid
Fsp27 was overexpressed in the liver by recombinant adenovirus :  synthase (see Supplementary material online, Figure S6C) were
infusion. Similar to the case of hepatic PPARy2 expression, . enhanced in Fsp27-mice. In contrast, WAT weights were reduced
hepatic Fsp27 expression increased liver weights (Figure 5A) with | (see Supplementary material online, Figure S6D) and uncoupling
marked steatosis (Figure 5B). Consistent with this, hepatic protein-1 expression in brown adipose tissue was significantly
expressions of sterol regulatory element binding protein-ic upregulated (see Supplementary material online, Figure S6E).
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Figure 4 Hepatic steatosis itself does not raise blood pressure (BP) in murine models of hepatic steatosis without hepatic peroxisome
proliferator-activated receptor (PPAR)-y upregulation. DGAT1 (gray bars), DGAT2 (black bars), or LacZ (white bars) adenovirus was adminis-
tered to C57BL/6 mice. Liver weights (A), hepatic triglyceride contents (B), hepatic expressions of PPARy2 mRNA (C), and SBPs (D) of LacZ-,
DGAT1- and DGAT2-mice were measured on Day 7 after adenovirus administration (n = 4—6). Data are presented as means + SD.

*P < 0,01 and *P < 0.05, compared to LacZ mice. NS, not significant.

In addition, hepatic Fsp27 expression increased renal renin
expression (see Supplementary material online, Figure S6F).
These findings, taken together, suggest enhanced sympathetic
tonus in Fsp27 mice. Furthermore, hepatic Fsp27 expression sig-
nificantly lowered FBG (see Supplementary material online, Figure
S6G). In addition to these metabolic phenotypes, SBP was signifi-
cantly elevated in Fsp27 mice (Figure 5C). Hepatic vagotomy
prior to adenoviral administration did not affect liver weights
(Figure 5D) but did block the BP elevation induced by hepatic
Fsp27 expression (Figure 5E). These phenotypic features observed
in Fsp27 mice, including not only local (in the liver) but also remote
effects, are very similar to those induced by hepatic PPARYy2
expression. Therefore, Fsp27 upregulation is likely to mediate
the metabolic effects induced by hepatic PPARy2 expression.
Next, we examined the involvement of hepatic Fsp27 in the
development of obesity-related hypertension. In both KK-Ay and
DIO mice, hepatic expression of Fsp27 was upregulated when
compared with their respective lean controls (Figure 5F). Adminis-
tration of recombinant adenovirus expressing shRNA for Fsp27
decreased endogenous Fsp27 expression in the liver, especially
in the murine obesity models (see Supplementary material
online, Figure S7). Under these conditions, Fsp27 knockdown in
the liver significantly lowered SBP in both KK-Ay and DIO mice,
but not in their lean counterparts (Figure 5G). These findings
were similar to the observations in mice with hepatic knockdown
of PPARy (Figure 2B and F). Thus, hepatic upregulation of Fsp27, a

downstream target of PPARY, is involved in the development of
obesity-related hypertension.

Discussion

The first important finding in this study is that hepatic PPAR~y upre-
gulation, which is associated with obesity development,”"17 con-
tributes to obesity-related hypertension via the neuronal relay
originating in the liver. This neuronal relay system was shown to
enhance systemic energy expenditure and decrease peripheral adi-
posity and thus appears to function as an anti-obesity mechanism
counteracting excess energy accumulation.™ This, in turn, leads
to hypertension development under conditions of chronic excess
energy intake. Thus, the endogenous anti-obesity mechanism
appears, ironically, to cause pathological states associated with
obesity.

This concept might be somewhat contradictory to the effects of
thiazolidinediones on obese subjects. Thiazolidindione treatment
of mice as well as human subjects with obesity reportedly
increases adiposity as well as lowering BP5? while hepatic
PPARY2 expression in the present study decreased adiposity and
raised BP. These inconsistencies raise the possibility that unba-
lanced overexpression of PPARY2 is characterized by a relative
lack of its coactivators, leading to non-physiological effects.
However, this possibility is quite unlikely for the following
reasons. First, hepatic PPARY2 expression increased hepatic lipid
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Figure 5 Hepatic fat-specific protein 27 (Fsp27) expression is involved in obesity-related hypertension. (A—C) Fsp27 (black bars) or LacZ
(white bars) adenovirus was administered to C57BL/6 mice. Liver weights (A), hepatic triglyceride contents (B), and systolic blood pressures
(SBPs) (C) of LacZ and Fsp27 mice were measured on Day 7 after adenovirus administration (n = 5-~7). (D and E) Mice were subjected to sham
operation (sham) or hepatic vagotomy.(HV) 7 days prior to adenoviral administration. Liver weights (D) and SBPs (E) of LacZ and Fsp27 mice
were measured on Day 7 after adenovirus administration (n= 4-6). (F) Expression of Fsp27 mRNA was measured by quantitative reverse
transcriptase—polymerase chain reaction (RT-PCR) in 8-week-old KK or KK-Ay mice and C57BL/6 mice fed normal chow (NC) or with
high fat diet-induced obesity (DIO) (n = 5-6). (G) Recombinant adenovirus expressing shRNA for Fsp27 (black bars) or control scramble
(white bars) was administered to KK or KK-Ay mice (n = 5) and NC or DIO mice (n = 4). SBP was measured on Day 3 after adenoviral admin-
istration. Data are presented as means + SD. **P < 0.01 and *P < 0.05, compared with LacZ mice. NS, not significant.

accumulation, suggesting activation of physiological pathways
downstream from PPARy2. In addition, loss of function of
PPARy reversed these phenotypes: i.e. liver-specific knockout of
PPARy reportedly increased peripheral adiposity in murine
models of obesity26 and liver-selective knockdown reversed
obesity-related hypertension (Figure 2B and F). Furthermore, and
most importantly, hepatic expression and knockdown of Fsp27, a
physiological target of PPARY,”® exerted effects similar to those
of PPARYy2. Therefore, activation of the PPARy—Fsp27 pathway
in the liver is likely to induce sympathetic activation, leading to
reduced peripheral adiposity and elevated BP. Systemic adminis-
tration of thiazolidinediones activates PPARy not only in the
liver but also other organs/tissues throughout the body, especially

adipose tissue, where PPARy expression is markedly higher than
that in the liver. In contrast, liver-selective expression and knock-
down, as performed in this study, enabled us to examine the
specific role of hepatic PPARy and revealed its importance in
the development of obesity-related hypertension.

In mammals, visceral innervation is generally recognized as being
based on a dual nerve branch structure, involving both parasympa-
thetic (vagal) and sympathetic nerves. Furthermore, each nerve
branch consists of both afferent and efferent neurons. The sym-
pathetic afferents from the aorta®” or abdominal viscera® report-
edly play important roles in BP regulation. Splanchnic (sympathetic)
afferents from the liver are also involved in insulin hypersecretion
during obesity development.'® In this study, selective
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pharmacological deafferentation of the hepatic vagus blocked BP
elevation during obesity development in both KK-Ay mice and
ZDF rats. In addition to the sympathetic afferent signals, therefore,
vagal afferents from the liver modulate BP, contributing to the
development of obesity-related hypertension. Infusion of fatty
acids into the portal vein reportedly activates hepatic vagal func-
tion? and the efferent sympathetic nervous system,30 as well as
raising BP*' Intraperitoneal dexamethasone administration has
also been shown to raise BP via a mechanism involving PPARa
and vagal afferents.*’ Thus, neuronal signals, mediated by the affer-
ent vagal nerve from the liver, are involved in determining BP in
various settings.

There are numerous reports on the relationship between obesity
and sympathetic activation. Several pathological states combining to
produce the metabolic syndrome have been shown to be associated
with increased adrenergic drive.** Humoral factors, including insulin
and leptin, have been proposed to be involved in the development
of obesity-related disorders. Insulin resistance and the resultant
hyperinsulinaemia  reportedly — contribute to  pathological
phenotypes of the metabolic syndrome.* Hyperleptinaemia is also
associated with hypertension®’ and renal sympathetic activation®
in human subjects. Despite resistance to leptin’s anorexigenic
effect in obese states, the sympathoexcitatory effect of leptin is
reportedly preserved,34 a state termed selective leptin resistance.
Thus, sympathetic activation in response to hyperleptinaemia may
contribute to hypertension development in patients afflicted with
the metabolic syndrome. However, in the present study, adenoviral
overexpression of PPARy in the liver raised BP despite marked
decrements in both plasma insulin and leptin levels. Furthermore,
dissection or deafferentation of the hepatic vagus did not decrease
fasting plasma insulin or leptin levels but did block hypertension
development in obesity models. In particular, in leptin receptor
mutant ZDF rats, deafferentation of the hepatic vagus blocked BP
elevation during obesity development, confirming that this effect
is independent of leptin signalling. Thus, in addition to these
humoral factors, the present study revealed the importance of the
neuronal mechanism underlying obesity-related hypertension; an
afferent nerve pathway from the liver which mediates pressor
Vsignals from the periphery to the brain.

As we reported previously,’”® hepatic PPARy2 expression
enhances systemic metabolic rates and lipolysis in adipose tissue.
These effects were blocked by administration of a pan-[3 adrenergic
blocker, bupranorol, suggesting involvement of sympathetic acti-
vation. The results obtained using B-less mice in this study further
support the hypothesis that hepatic PPARy2 expression enhances
sympathetic tonus, leading to BP elevation. Since sympathetic activi-
ties were not measured directly, however, we cannot rule out the
possibility that other, including renal and vascular, potential mechan-
isms are also involved in BP elevation induced by hepatic PPARy2
expression. As described above, various mechanisms have been
proposed to underlie obesity-induced hypertension, including,
hyperinsulinaemia, hyperleptinaemia, and activation of the renin—
angiotensin system. Oxidative and inflammatory stress, endothelial
dysfunction, and decreased sensitivity to natriuretic peptides are
also reportedly involved in hypertension development associated
with obesity.>* Therefore, it was quite unexpected that BP elevation
was almost completely blocked by either hepatic PPARYy2

knockdown or hepatic vagotomy. These findings suggest the contri-
butions of various mechanisms to differ among stages of obesity. We
used young rodents and measured BP during obesity development
rather than after the establishment of obesity, indicating that the
neuronal mechanism originating in hepatic PPARYy2 expression is
likely to play important roles in BP elevation, at least, during the
course of obesity development. All results presented herein were
obtained from animal obesity models, such as KK-Ay and DIO
mice as well as ZDF rats. Animal studies have limitations and
further examinations are, of course, required to conclude
whether this neuronal mechanism is also relevant to human obese
subjects.

Hepatic PPARYy expression induced both hepatic lipid accumu-
lation and BP elevation. In search of the target downstream from
PPARY in the liver, therefore, we first examined the possibility
that hepatic lipid accumulation per se raises BP. However, BP was
not elevated in other models of hepatic steatosis, DGAT1 and
DGAT?2 overexpressions, in which PPARy is not upregulated in
the liver. In addition, hepatic knockdown of PPARy in KK-Ay and
DIO mice lowered BP prior to hepatic triglyceride reduction.
These findings together suggest that hepatic PPARy upregulation,
rather than hepatic lipid accumulation, contributes to the develop-
ment of obesity-related hypertension. Then we examined the role
of Fsp27, a direct target of PPARy.?® Fsp27 is a member of the
Cide family of proteins, also known as Cidec in humans.> Fat-
specific protein 27 is expressed mainly in WAT but high fat
feeding increases hepatic Fsp27 expression.® Fat-specific protein
27 deficiency inhibited lipid accumulation in the liver during high
fat feeding,®” indicating that Fsp27 mediates hepatic lipid accumu-
lation downstream from PPARy.” In the present study, overex-
pression of Fsp27 in the liver also resulted in remote metabolic
phenotypes, including adipose tissue reduction, blood glucose low-
ering, and BP elevation, all of which were blocked by hepatic vagot-
omy. In addition, hepatic Fsp27 is upregulated in murine obesity
models and its knockdown reversed the BP elevation associated
with obesity development. These findings indicate that the
hepatic PPARy—Fsp27 pathway contributes to the development
of obesity-related hypertension.

In conclusion, afferent vagal signals triggered by the hepatic
PPARy—Fsp27 pathway are likely to play an important role in
the development of obesity-related hypertension. Thus, the liver
may sense metabolic states and transmit neuronal signals modulat-
ing energy and glucose metabolism to maintain metabolic homeo-
stasis. However, these signals may also have adverse impacts
due to sympathetic overflow™ and hyperinsulinaemia'® during
obesity development. Therefore, neuronal signals from the liver
may contribute to the development of various pathological pheno-
types characteristic of the metabolic syndrome.

Supplementary material

Supplementary material is available at European Heart Journal
online.
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Recurrent hypoglycemia during pregnancies in a woman
with multiple autoantibodies including anti-insulin receptor
antibody and anti-platelet antibody, whose serum lowered
murine blood glucose levels and phosphorylated insulin
receptor of CHO-IR cells
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Abstract. We report a rare case of recurrent hypoglycemia in a pregnant woman during the period of pregnancies. She
suffered from severe hypoglycemia and intrauterine fetal death during the first pregnancy. Thereafter, there was no
hypoglycemia, and no obvious cause of hypoglycemia was found by close examinations. Two years later, at eight weeks
into the second pregnancy, hypoglycemia recurred. The patient had multiple auto-antibodies including anti-insulin receptor
antibody and anti-platelet antibody associated with decreased platelet count. She completed the pregnancy with continuous
intravenous administration of glucose that prevented hypoglycemia and finally delivered a healthy baby by Caesarian
section. Both the hypoglycemia and thrombocytopenia, and the auto-antibodies disappeared after the delivery. We analyzed
the patient’s serum as a possible cause of hypoglycemia. Administration of the serum lowered blood glucose levels of mice
more strongly than control serum. In addition, the serum phosphorylated tyrosine of insulin receptor of Chinese hamster
ovary cells overexpressing human insulin receptors (CHO-IR cells) in vitro. These results suggest that multiple auto-
antibodies might have been induced by a trigger of pregnancy, although the precise mechanism was unclear, and the anti-
insulin receptor antibody and anti-platelet antibody might have induced hypoglycemia and thrombocytopenia, respectively,
during the pregnancy.

Key words: Hypoglycemia, Pregnancy, Anti-insulin receptor antibody, Anti-platelet antibody, Phosphorylation of insulin
receptor

HYPOGLYCEMIA is induced by various causes [1].
We experienced a case of recurrent hypoglycemia in a
pregnant woman during the period of pregnancy on two
separate occasions. The patient had multiple autoanti-
bodies including anti insulin receptor (JR) antibody
and anti-platelet antibody associated with thrombocy-
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topenia. After the delivery, the titers of autoantibodies
were decreased, the hypoglycemia disappeared, and
thrombocytopenia improved. We analyzed the patient’s
serum as a possible cause of hypoglycemia. Here we
report the results that the serum lowered murine blood
glucose levels and phosphorylated tyrosine of insulin
receptor of CHO-IR cells.

Case Report

The patient (a 32-year-old woman) has no particular
family history and past history except acute pneumonia
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Table 1 Laboratory data on admission

TSH (0.5-5.0 pIU/mL) 1.72
FT3 (2.3-4.3 pg/mL) 2.58
FT4 (0.9-1.7 pg/mL) 0.98
ACTH (7.2-63.3 pg/mL) 42.6
Cortisol (4.0-18.3 ug/dL) 19.7
Glucagon (50-150 pg/mL) 120

LH (1.1-14.2 mIU/mL) 0.20
FSH (1.5-8.5 mIU/mL) <0.05
PRL (4.9-29.3 ng/mL) 1572

ADH (0.3-3.5 pg/mL) 0.7

GH (0.66-3.68 ng/mL) 0.46
IGF-1 (73-311 ng/mL) 180
IGF-2 (=) O]

Urine-cortisol (11.2-80.3 pg/day) 117

Urine-17-OHCS (2.6-7.8 mg/day) 3.1
Urine-17-KS (1.0-10.9 mg/day) 7.7

FPG (70-109 mg/dL) 50
F-IRI (3.1-16.9 pU/mL) 0.5
Proinsulin (5-10 pmol/mL) 6.7
Serum-CPR (0.6-2.1 ng/mL) 0.11
Urine-CPR (29.2-167 pg/day) 51.5
Insulin antibody (<0.4%) )
Insulin receptor antibody (<24.2%) 39.6%
PA IgG (9-25 ng/107 platelets) 149.6
GAD antibody (<1.5 U/mL) ©)
ICA antibody (<1.25 JDF U) -
Pituitary antibody (-) -)
Anti-thyroglobulin antibody (-) +)
Ant-microsome antibody (-) +)
Anti-DNA antibody (-) )
Anti-nuclear antibody (-) )
CEA (<5.0 ng/mL) 0.6
CA19-9 (<37.0 U/mL) 6.5
CA125 (<35.0 U/mL) 25.6

(Normal range)

Abbreviations: S, serum; U, urine; TSH, thyroid stimulating hormone; FT3, free triiodothyronine;
FT4, free thyroxine; ACTH, adrenocorticotropic hormone; LH, luteinizing hormone; FSH, follicle-
stimulating hormone; PRL, prolactin; ADH, antidiuretic hormone; GH, growth hormeone; IGF,
insulin-like growth factor; OHCS, hydroxycorticosteroid; KS, ketosteroid; FPG, fasting plasma
glucose; IRI, immunoreactive insulin; CPR, connecting peptide immunoreactivity; PA IgG, plate-
let-associated IgG; GAD, glutamic acid decarboxylase; ICA, islet cell antibody; CEA, carcinoma

embryonic antigen

at 15 years of age. She was brought into the advanced
emergency center of Iwate Medical University Hospital
due to a sudden loss of consciousness at 9 weeks of the
first pregnancy in December 2001. Her blood glucose
level was as low as 26 mg/dl and she was immediately
treated for hypoglycemia, and then hospitalized in
Morioka City Hospital on the same day for close exami-
nation. An intrauterine fetal death was found during the
examination. The hypoglycemia did not occur there-
after. The glucose tolerance test and various hormone
measurements conducted thereafter showed that all
results were within the normal ranges. Also, no abnor-
mal findings suggesting insulinoma were observed in
the imaging tests, including abdominal ultrasonogra-
phy, computed tomography (CT) and angiography.
Two years later, her hypoglycemia had recurred
at 8 weeks into the second pregnancy in September
2003, and she was re-hospitalized in the Morioka City
Hospital for treatment of hypoglycemia. In order to
prevent night-time hypoglycemia, glucose solution was
intravenously infused every day. However, due to the

persistence of the low blood glucose level, at 15 weeks
of pregnancy (October 2003) the patient was trans-
ferred to the Department of Obstetrics and Gynecology
of the Iwate Medical University Hospital for whole-
body care and close examination, and was referred to
the Department of Diabetes and Metabolism on the
same day.

On admission, physical examination revealed that
she had a low grade fever (37.2°C), but no particular
abnormalities relating to acanthosis nigricans, hirsut-
ism, and Sjogren syndrome. Laboratory data showed
that there were no abnormalities in peripheral blood
and biochemical examinations except a mild anemia
(RBC: 367 x 10*/ul; Hb: 11.3 g/dl), thrombocytopenia
(11.3 x 10%/l) and an increase in serum v-globulin frac-
tion (27%). Fasting plasma glucose (FPG) level was
50 mg/dl, and fasting serum insulin (IRI) and serum
C-peptide levels were lower than normal, whereas the
pro-insulin level was within the normal range (Table 1).
The growth hormone (GH) level was lower than nor-
mal, whereas the insulin-like growth factor-1 (IGF-1)
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Fig. 1 Circadian variations of plasma hormone levels in the patient.

Abbreviations: PG, plasma glucose (mg/dL); IRI, immunoreactive insulin (uU/mL); GH, growth hormone (x10"" ng/mL); IRG,
immunoreactive glucagon (pg/mL); ACTH, adrenocorticotropic hormone (pg/mL); CPR, connecting peptide immunoreactivity

(x10? ng/mL); IGF, insulin-like growth factor (ng/mL).

level was within the normal range and IGF-2 was not
detected (measured by Prof. Naomi Hizuka, Tokyo
Women’s Hospital). The thyroid hormone levels (free
T; [FT3] and free T4 [FT4]) were normal. The luteiniz-
ing hormone (LH) and follicle-stimulating hormone
(FSH) levels were lower and the prolactin level was
higher than normal. As for autoantibodies, insulin anti-
body was negative, whereas anti-insulin receptor anti-
body was positive; the inhibition rate of insulin binding
was 39.6% (measured by BML, Inc., Tokyo, Japan).
Anti-thyroglobulin antibody and anti-microsome anti-
body were positive, whereas anti-DNA and anti-nu-
clear antibodies were negative. No abnormality was
observed in the abdominal ultrasonography and mag-
netic resonance imaging of the brain. CT was not per-
formed because of the pregnancy.

After admission, since hypoglycemia (50-60 mg/dl
at 4:00 a.m.) persisted even with supplementary meals
at 3 p.m. and 9 p.m. and a 5% glucose drip-infusion
from midnight to 6 a.m., 5% glucose was changed to
10% glucose. But the mean glucose level at 4 a.m.

remained as low as 50-60 mg/dl. At one time, she lost
consciousness because of hypoglycemia when she was
out of the hospital in the daytime without the glucose
infusion, and was brought back to the hospital by an
ambulance.

In January 2004, since the platelet count fell to as
low as 7.0 x 10*/ul and anti-platelet antibody (PA IgG;
149.6 fg/platelet) was positive, a bone marrow punc-
ture was performed at the Hematology Department
of our hospital and she was diagnosed as having idio-
pathic thrombocytopenic purpura (ITP).

Since the blood and urinary cortisol levels were
lower than those during usual pregnancy, although
the serum aldosterone level was as high as that dur-
ing usual pregnancy, secondary adrenocortical insuf-
ficiency was suspected. Although the baseline levels
of serum ACTH and cortisol were within the normal
range, the circadian rhythm of these hormones showed
low levels as a whole (Fig. 1). Therefore, we consid-
ered hypocortisolemia as a part of the possible causes
of her hypoglycemia, and administered orally a small
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Delivery
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Fig. 2 Time course of FPG and platelet counts according to pregnancy week of the patient.

Abbreviations: FPG, fasting plasma glucose; Plt, platelet

dose of hydrocortisone (15 mg/day) to the patient from
March 2004 (at 33 weeks of pregnancy) (Fig. 2).

Because the platelet count further decreased to as
low as 6.0 x 10*ul, we decided to carry out a planned
delivery by Caesarian section. To increase the platelet
count, human immunoglobulin was administered to the
patient at a dose of 27.5 g/day for three days from April
3, 2004 (39 weeks of pregnancy), and the platelet count
increased to 15.2 x 104/u1. Also, on April 6, 2004, to
avoid any adrenal crisis which could be induced by
stress at delivery, hydrocortisone sodium succinate was
administered to the patient at a dose of 300 mg/day,
and on the same day a healthy baby was delivered by
Caesarian section (Fig. 2).

After the delivery, her blood glucose level rose grad-
ually to the point at which the patient did not develop
hypoglycemia even with regular meals and without
glucose infusion. Since a starvation test conducted one
month after the delivery showed that the patient did not

develop hypoglycemia during 7 hours of fasting, she
was discharged from the hospital.

An examination conducted in July 2004 (3 months
after the delivery) showed that anti-platelet antibody
was negative (<25 ng/107 platelets) and the platelet
count had returned to normal. Furthermore, an exami-
nation in October 2004 (6 months after the delivery)
showed that anti-insulin receptor antibody was also neg-
ative (19.8%). Thereafter, we did not follow her labora-
tory data because of her moving to a city far from our
hospital. However, according to the recent telephone
information from her on June, 2011, the patient had not
become pregnant and not developed hypoglycemia and
her boy grew satisfactorily since the delivery on 2004.

Materials and Methods

Measurement of anti-insulin receptor antibody
Anti-insulin receptor antibody in serum was mea-
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Fig.3 Percent decrease of plasma glucose levels after injection with serum from the patient or a healthy subject.

sured in the BML, Inc. (Tokyo, Japan) by a radiorecep-
tor assay as previously reported [2]. Binding activity
of insulin receptor antibody with insulin receptor from
human B lymphoblastic IM-9 cells [3] was expressed
as % inhibition by insulin receptor antibody of '2°I-in-
sulin binding with human insulin receptor. Cutoff value
of this assay was 24.2% (mean + 3SD).

Treatment of mice with human serum

Sera were taken from the patient during the preg-
nancy and a person with normal glucose tolerance
(control), and one ml of each serum was intraperito-
neally administered to 5 mice in each group, and the
blood glucose level of the mice was measured by a glu-
cometer. The mice were fasted after the administration
of the serum (water was fed freely), and the changes
in their blood glucose level were shown as % decrease
in comparison with the level before the serum admin-
istration. The protocol of the animal experiment was
approved by the Animal Care and Use Committee of
the Iwate Medical University.

Phosphorylation of IR of CHO-IR cells

The patient’s serum and the healthy subject’s (con-
trol) serum were dialyzed in with Ham’ sF12 buf-
fer. After incubation of CHO-IR cells for 5 hours in
a serum-free culture medium (serum starvation), the
medium was replaced with the sera from the patient or
control subjects after dialysis and incubated for 5-30
minutes. After incubation, the cells were solubilized,
subjected to immunoprecipitation using anti-IR B chain

antibody, subjected to electrophoresis in 7.5% acryl-
amide gel and blotted using an anti-phosphotyrosine
antibody (4G10) as reported previously [4].

Results

The patient’s serum lowered mouse blood glucose levels

To determine whether the serum of the patient had
any hypoglycemic effect. One ml of each serum was
intraperitoneally administered to 5 mice in each group.
As shown in Fig. 3, the % decrease in the blood glucose
level of the mice administered with the patient’s serum
was significantly greater than that of the control. This
result suggested the presence of a factor lowering the
blood glucose level in the serum of the patient.

The effect of the patient’s serum on phosphorylation
of insulin receptors of CHO-IR cells.

To determine whether the patient’s serum, which was
positive for the IR antibody and had the hypoglycemic
effect in mice (Fig. 3), phosphorylates IR, CHO-IR
cells were incubated with the serum. As shown in Fig.
4, the patient’s serum (lane 3 and 5) showed a posi-
tive blot band in the 90-kDa region just like insulin as
the positive control (lane 1), and the serum with longer
incubation (30 min. with lane 5 vs. 5 min. with lane
3) showed a more distinct positive band. On the other
hand, for negative control (lane 4 for 5 min. and lane
6 for 30 min.), the blot band was negative. This sug-
gested that the patient’s serum stimulated the IR and
induced the tyrosine phosphorylation of IR 8 chain.
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Discussion

Hypoglycemia is induced by a variety of endoge-
nous and exogenous causes [5]. Endogenous causes
are classified as insulin-mediated (insulinoma, nesido-
blastosis, non-insulinoma pancreatogenous hypoglyce-
mia syndrome [NIPHS], insulin antibody and reactive
hypoglycemia) and insulin-independent causes (criti-
cal organ failure, sepsis, hormone deficiency such as
cortisol, growth hormone and hypopituitarism, insu-
lin receptor antibodies, and non-islet cell tumor).
Exogenous causes include therapeutic drugs such as
oral hypoglycemic agents and others, factitious cause,
and alcohol or toxins.

In this case, exogenous causes could be neglected,
because she was not administered any medicines.
Among endogenous causes, insulin-mediated causes
such as insulinoma, nesidoblastosis and NIPHS are
unlikely, because serum insulin and c-peptide levels
were not high at the time of hypoglycemia and anti-
insulin antibody was negative. As insulin-independent
causes, she had no critical organ failure, sepsis and hor-
mone deficiencies. Although serum cortisol levels were
relatively low as a pregnant woman, serum ACTH lev-
els were within normal limits and she had no signs
and symptoms of Addison’s disease, nor autoimmune
polyglandular syndrome type 1 and type 2. A relation-
ship between hypocortisolemia and autoantibodies
such as anti-insulin receptor antibody and anti-platelet
antibody is unknown. The relative hypocorticosolemia
may not be a major cause of hypoglycemia, rather it
might be a factor exacerbating hypoglycemia.

It is most likely in this case that anti-IR antibody may
have induced hypoglycemia, because of several lines of
evidence. First, the patient’s serum positive for anti-IR
antibody lowered plasma glucose levels of mice as com-
pared with control serum from a healthy subject (Fig.
3). Second, the patient’s serum phosphorylated tyrosin-
eof IR of CHO-IR cells as did insulin (Fig. 4). Finally,
the improvement of hypoglycemia was associated with
decreased titer of anti-IR antibody. Eventually she can
be diagnosed as having type B insulin resistance syn-
drome associated with hypoglycemia [6].

There remain some questions, e.g., why hypoglyce-
mia was induced and why multiple autoantibodies such
as anti-IR antibody and PA IgG were produced only
during the period of pregnancy, although anti-IR anti-
body and PA-IgG was not measured at time of the first
pregnancy, when she had no thrombocytopenia. There
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Fig.4 Tyrosine phosphorylation of the insulin receptor of CHO
cells by the treatment with the patient’s serum.
M: Markers Lane 1: Insulin (positive control) Lane 2:
Blank Lane 3 and 5: Patients serum incubated 5 min.
(lane 3) and 30 min. (lane 5). Lane 4 and 6: Control
serum incubated 5 min. (lane 4) and 30 min. (lane 6).

has been implications that the immune system becomes
aberrant and some autoimmune diseases such as sys-
temic lupus erythematosus (SLE) are exacerbated dur-
ing pregnancy [7]. SLE is associated with various mul-
tiple autoantibodies and there are some reports on
cases with SLE associated anti-insulin receptor anti-
body [8-10]. Our case did not show symptoms of SLE
and did not fulfill the criteria of SLE by the American
Rheumatoid Association [9].

It has been reported that approximately 7-8% of
pregnant woman have thrombocytopenia, the cause
of which includes gestational thrombocytopenia and
ITP {12]. Pregnancy does not increase the risk of ITP,
but it exacerbates preexisting ITP [12]. Therefore, this
case is not rare in terms of pregnancy associated with
ITP. However, there has not been reported a pregnant
woman associated with both anti-IR antibody and anti-
platelet antibody. Recently, a very rare case of type B
insulin resistance syndrome and ITP has been reported
[13]. In this case, helicobacter pylori (HP) infection
was indicated as a cause of ITP, and eradication ther-
apy of HP resulted in an increase of platelet number and
decrease of anti-IR antibody. In our case, low titer of
anti-HP antibody (14 U/mL) (normal < 10 U/ml, SRL
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Co. Ltd, Tokyo, Japan) was detected in the serum dur-
ing the pregnancy, which was measured years later in
the stored serum. However, a role of anti-HP antibody
in the pathogenesis of this case was unclear, because
platelet number and anti-IR antibody improved without
eradication therapy of HP.

After the successful delivery, hypoglycemia was
improved and the anti-IR antibody anti-platelet anti-
body became negative. The completion of the pregnancy
may have resulted in decrease of these autoantibodies.
However, a possibility is not denied that administration
of a low dose (15 mg/day for 6 weeks) and a high dose
(300 mg once) of hydrocortisone, which was given to
compensate relative hypocortisolemia and to prevent
adrenal crisis during the Caesarian section, respec-
tively, might have reduced autoanitbodies including
anti-IR antibody and anti-platelet antibody.

In summary, we report here an interesting rare case
of a pregnant woman who suffered from severe hypo-
glycemia only during two occasions of her pregnancies.
She had anti-IR antibody and anti-platelet antibody.

Administration of the serum lowered blood glucose lev-
els in mice, and the serum phosphorylated tyrosine of
insulin receptor of CHO-IR cells. These autoantibod-
ies and both the hypoglycemia and thrombocytopenia
disappeared after the delivery. From these findings, we
concluded that anti-insulin receptor antibody and anti-
platelet antibody during pregnancies might have lead to
hypoglycemia and thrombocytopenia, respectively.
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Reduction of circulating superoxide dismutase activity
in type 2 diabetic patients with microalbuminuria
and its modulation by telmisartan therapy

Hiroki Fujita', Takuya Sakamoto?, Koga Komatsu?, Hiromi Fujishima!, Tsukasa Morii!, Takuma Narital,

Takamune Takahashi® and Yuichire Yamada!

Growing evidence indicates that oxidative stress induced by excessive superoxide has a central role in the pathogenesis of
diabetic nephropathy (DN). Telmisartan, one of the currently available angiotensin Il type 1 receptor blockers (ARBs), has

been shown to exert a more powerful proteinuria (albuminuria) reduction in patients with DN, but whether the prominent
renoprotective effect of telmisartan is mediated through enhancing antioxidant defense capacity and reducing oxidative stress
has not been fully elucidated. The present study first revealed that the serum activity of superoxide dismutase (SOD) responsible
for superoxide removal is reduced in the DN stage of microalbuminuria, but not in normoalbuminuria in type 2 diabetic patients.
We next examined the alteration of SOD and oxidative stress following an 8-week treatment with telmisartan (40 mg per day)

in 12 type 2 diabetic patients with microalbuminuria. Interestingly, the telmisartan treatment not only reduced the circulating
levels of two oxidative stress markers, 8-hydroxy-2’-deoxyguanosine (8-OHdG) and nitrotyrosine (NT), but also enhanced serum
SOD activity. Notably, a significant correlation was observed between the increase in serum SOD activity and the reduction in
albuminuria. We further compared the anti-oxidative effect of telmisartan with that of losartan, another member of the ARB
class, by implementing an 8-week interval crossover treatment with these ARBs in another 12 micrealbuminuric type 2 diabetic
patients. The patients showed higher serum SOD activity, and lower circulating levels of 8-OHdG and NT, during treatment with
telmisartan than with losartan. These results suggest that telmisartan has a more potent antioxidative effect through its ability
to enhance SOD activity in type 2 diabetic patients with microalbuminuria.

Hypertension Research (2011} 34, 1302-1308; doi:10.1038/hr.2011.127; published online 4 August 2011

Keywords: angiotensin Il type 1 receptor blocker; diabetic nephropathy; oxidative stress; superoxide dismutase: telmisartan

INTRODUCTION

Oxidative stress induced by superoxide anion {O,*~) overproduction
is considered a major cause of diabetic vascular injury, including
diabetic nephropathy (DN). An excess of the superoxide anion causes
vascular cell injury through the formation of cytotoxic secondary
reactive oxygen species, such as peroxynitrite (ONOO™} and hydroxyl
radicals (*OH).! The superoxide is produced by multiple pathogenic
pathways, including increased nicotinamide adenine dinucleotide
phosphate (NAD(P)H) oxidase activity, uncoupled endothelial nitric
oxide (NO) synthase and enhanced angiotensin II signaling?
In contrast to the superoxide-producing enzymes such as NAD(P)H
oxidase and endothelial NO synthase, superoxide dismutase (SOD)
serves as an antioxidant enzyme responsible for superoxide removal.
The SOD converts superoxide anion into hydrogen peroxide (H,0,)
and molecular oxygen.>* The hydrogen peroxide is further detoxi-
fied into water (H,O) by catalase in peroxisomes or glutathione
peroxidase in mitochondria”® Growing evidence indicates that

chronic hyperglycemia causes superoxide overproduction by activating
NAD(P)H oxidase5? and uncoupling endothelial NO synthase.?
Therefore, the SOD antioxidant defense system has a key role
in protecting vascular cells from increased oxidative stress in the
diabetic state.

Telmisartan is a unique angiotensin II type 1 (AT1) receptor blocker
(ARB) that functions as a partial agonist of the peroxisome prolif-
erator-activated receptor-y.1%12 A recent clinical study showed that
telmisartan is superior to another ARB, losartan, in reducing protei-
nuria effect in patients with DN, despite a comparable blood pressure
reduction.’® Given this compelling evidence, it was expected that
telmisartan, among various ARBs, may exert a more powerful
protective effect against oxidative stress in the diabetic state. In the
present study, we first determined the stage of DN that alters the SOD
antioxidant defense capacity and enhances oxidative stress. Qur data
demonstrate that reduced SOD antioxidant defense capacity and
markedly increased oxidative stress are observed in the DN stage of
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Figure 1 Oxidative stress markers in non-diabetic healthy subjects {control, n=18) and type 2 diabetic patients with normoalbuminuna (normo, n=19)
and microalbuminura (micro, n=186). (a) serum SOD activity; (b) serum 8-OHdG; (c) urinary 8-OHdG; (d) serum NT; (e) serum NOx. Data are presented as
the means £s.d. *P<0.001 vs, control; ¥P<0.08 vs. normo; #¥P<0,001 vs. normo. NT, nitrotyrosine.

Not surprisingly, the telmisartan treatment lowered systolic and
diastolic blood pressure and reduced albuminuria. Figure 2 shows
the changes in the oxidative stress markers after 8 weeks of telmisartan
treatment in the diabetic patients with microalbuminuria, Notably,
an increase in serum SOD activity was observed after 8 weeks of
telmisartan treatment (Figure 2a). Interestingly, there was a significant
correlation between the increase in serum SOD activity and the
reduction in albuminuria (Figure 2b). In agreement with the improve-
ment in antioxidant defense capacity, serum and urinary 8-OHdG
levels and serum NT levels were significantly reduced after 8 weeks
of telmisartan treatment (Figures 2c-¢). The serum NOx levels
were significantly increased after 8 weeks of telmisartan treatment
(Figure 2f). Thus, we found that the telmisartan treatment can
improve systemically increased oxidative stress and reduce SOD

antioxidant defense capacity in microalbuminuric type 2 diabetic
patients.

Changes in oxidative stress markers by crossover treatment

with telmisartan and losartan in type 2 diabetic patients

with microalbuminuria

To compare the antioxidative effects of telmisartan with those of other
ARBs, we performed a crossover treatment with telmisartan and
losartan in type 2 diabetic patients with microalbuminuria, and
investigated changes in oxidative stress markers. Table 3 shows clinical
and biochemical parameters at the end of each 8-week treatment

Hypertension Research

Table 2 Changes in clinical parameters after 8 weeks of telmisartan
treatment in type 2 diabetic patients with microalbuminuria

Baseline Teimisartan 8W
n 12
Age (years) 64+7
Gender (maleffemale) 6/6
Body mass index (kgm=2) 24.8+26 24.8+2.6
Systolic blood pressure (mm Hg) 138%5 127 £10*
Diastolic blood pressure (mmHg) 737 69+ 71
Fasting plasma glucose (mgdi~1) 116+12 11513
HbAlc {%) 7.2+0.7 7.2%0.7
LDL-cholesterol {mgdI~1} 97.1+24.2 92.7+£26.3
HDL-cholesterol {mgdi~!} 54.7+£8.8 56.5+7.9
Triglyceride (mgdIi~1) 130.8£66.7 121.4+61.5
Serum creatinine (mgdi~1) 0.7130.16 0.70+0.14
Urinary albumin (mgg™! creatinine) 110.5%£72.5 66.8+59.7*

Abbreviations: HbAlc, hemoglobin Alc; HDL, high-density lipoprotein; LDL, low-density
lipoprotein.
Data were presented as means %s.d. *P<0.001, tP<0.01 vs. baseline.

period: telmisartan 40 mg per day (first period), losartan 50mg per
day (second period) and telmisartan 40mg per day (third period).
There were no significant differences in body mass index, blood
pressure, plasma glucose or sernm lipid levels between the three
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Table 3 Changes in clinical parameters by crossover treatment
with telmisartan and losartan in type 2 diabetic patients with
microalbuminuria

First Second Third
period period period
telmisartan  losarian telmisartan
=174 8w 8w
n 12
Age (years) 68+6
Gender {male/female) 517
Body mass index (kgm~=2) 23.9+37 23.7+3.8 23.8%38
Systolic blood pressure (mm Hg) 12612 132+13 128+11
Diastolic blood pressure {mm Hg) 69+8 75+8 7117
Fasting plasma glucose (mgdi~1) 11313 118+17 115+17
HbAlc (%) 6.50.8 6.6+0.9 66109
LDL-cholesterol (mgdi—1) 107.9124.7 107.9+24.5 110.0£24.5
HDL-cholesterol {mgdi~1) 59.8+14.7 5861146 582+13.5
Triglyceride {mgdi~1) 86.3+384 7241252 7971227
Serum creatinine (mgdi-1) 0.65+0.19 061+£0.15 0.62£0.15
Urinary albumin (mgg~! creatinine) 68.4+385 86.0+53,1* 73.5+49.3

Abbreviations: HbAlc, hemoglobin Alc; HDL, high~density lipoprotein; LDL, low-density
lipaprotein,
Data were presenied as meanss.d. *P<0.05 vs. first period; *P<0.05 vs. second period.

stood. Recent experimental studies have shown that telmisartan
attenuates oxidative stress by downregulating NAD(P)H oxidase, a
major superoxide-producing enzyme?*** By contrast, the effect of
telmisartan on a superoxide-scavenging enzyme, SOD, has not been
clarified. Therefore, we next tested whether telmisartan treatment
ameliorates the reduced SOD antioxidant defense capacity in the
DN stage of microalbuminuria. Our data clearly demonstrate that
telmisartan treatment enhances serum SOD activity and systemically
reduces oxidative and nitrosative stress in patients with microalbumi-
nuric DN. Importantly, the increase in serum SOD activity by
telmisartan treatment showed a correlation with the reduction of
albuminuria in these patients with microalbuminuric DN. This
finding indicates that the mechanism by which telmisartan provides
renoprotective effects may involve improvement of the SOD antiox-
idant defense capacity. Considering the present results along with
recent compelling evidence, it is likely that telmisartan exerts anti-
oxidative effects by modulating both superoxide-producing and super-
oxide-scavenging enzymes.

Angiotensin II has been shown to promote superoxide generation
through NAD(P)H oxidase activation, independently of its systemic
vasoconstriction ability.2%> Therefore, blockade of the angiotensin II
signaling pathway via AT1 receptors is expected to reduce the super-
oxide-induced oxidative stress. Although all ARBs may share the
antioxidative effects to some extent, there seems to be a difference
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Figure 3 Changes in oxidative stress markers by crossover treatment with teimisartan and losartan in type 2 diabetic patients with microalbuminuria.
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