e
RESEARCH PAPER oremoniene

Walter Raasch, Institute of
Experimental and Clinical

[ ]
Ph 1 d Toxicol ,
Chronic blockade of O
Allee 160, 23538 Liibeck,

angiotensin AT, receptors Gemnany. vt

walter.raasch@pharma.uni-luebeck.de

i m p roves ca rd i n al Sym pto m S Parts of the work presented in

the paper were presented at the

° ° 78th Annual Meeting of the
Of m eta bo I I C Syn d ro m e I n German Society of Experimental
and Clinical Pharmacology and
d ° t ° d d b ° t ° t Toxicology (DGPT) in Dresden
- 2012 (N -Schmiedeberg’
Iet-Inducea obesity In rats ot e oo e
(Suppl. 1): S71).

Helge Miiller-Fielitz!**, Nils Hiibel'*, Martin Mildner!, Florian M Vogt?,

.. *These two authors contributed
Jorg Barkhausen® and Walter Raasch'?

equally.

Unstitute of Experimental and Clinical Pharmacology and Toxicology, 2DZHK (German Centre
Keywords

’ obesity; AT;-receptor blockade;
3Department for Radiology and Nuclear Medicine, University of Liibeck, Liibeck, Germany telmisartan; weight loss; leptin
resistance; metabolic syndrome;
rat

for Cardiovascular Research), partner site Hamburg/Kiel/Liibeck, Liibeck, Germany, and

Received

17 July 2013
Revised

18 October 2013
Accepted

26 October 2013

BACKGROUND AND PURPOSE
AT, receptor antagonists decrease body weight gain in models of murine obesity. However, fewer data are available
concerning the anti-obesity effects of these antagonists, given as a treatment after obesity had been established.

EXPERIMENTAL APPROACH

In spontaneously hypertensive rats, obesity was established by cafeteria diet (CD) feeding for 19 weeks. Rats were then were
treated with telmisartan (8 mg-kg™'-d™") or amlodipine (10 mg-kg™'-d'; serving as blood pressure control) or telmisartan +
amlodipine (2 + 10 mg-kg™-d™"; to control for dose-dependency) for 17 weeks. Rats receiving only chow (Cchow) or CD-fed
rats treated with vehicle (Ccp) served as controls.

KEY RESULTS

The CD feeding induced obesity, hyperphagia, hyperlipidaemia, and leptin and insulin resistance. Telmisartan reduced the
CD-induced increase in body weight and abdominal fat mass. Whereas energy intake was higher rather than lower, the
respiratory ratio was lower. After telmisartan, leptin-induced energy intake was reduced and respiratory ratio was increased
compared with Ccp rats. Telmisartan also decreased plasma levels of triglycerides, free fatty acids and low-density lipoprotein.
Amlodipine alone or the combination telmisartan + amlodipine did not affect body weight and eating behaviour. Telmisartan,
but not amlodipine and telmisartan + amlodipine, improved glucose utilization. The decrease in BP reduction was almost the
same in all treatment groups.

CONCLUSIONS AND IMPLICATIONS
Telmisartan exerted anti-obesity effects and restored leptin sensitivity, given as a treatment to rats with obesity. Such effects
required high doses of telmisartan and were independent of the decrease in blood pressure.
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Abbreviations

Weight regulation by AT; blockade in obese rats

Angl, angiotensin [; Angll, angiotensin II; ARB, AT; receptor blocker;; BBB, blood-brain barrier; BMI, body mass index;
bw, body weight; Ccp, CD-fed controls; Ceow, chow-fed controls; CD, cafeteria diet; Cmax, maximal concentration; FFA,
free fatty acid; HDL, high-density lipoprotein; HOMA, homeostasis model assessment; HPA axis, hypothalamic-
pituitary-adrenal axis; ITT, insulin tolerance test; LDL, low-density lipoprotein; LRT, leptin resistance test; OGTT, oral
glucose tolerance test; RAAS, renin-angiotensin—aldosterone system; RER, respiratory exchange rate; SBP, systolic BP;
SHR, spontaneously hypertensive rats; TG, triglycerides; VO,, oxygen consumption

Introduction

The renin-angiotensin-aldosterone system (RAAS) is a well-
known regulator of cardiovascular function, but it also affects
the metabolic system. Blockade of RAAS beneficially influ-
ences glucose homeostasis in clinical settings (Scheen,
2004a,b) and, in particular, experimental findings indicate
its potency for weight regulation. White adipose tissue
expresses angiotensinogen, the relevant enzymes (renin,
ACE, chymase) to convert it to angiotensin II (AngII) as well
as the angiotensin AT, receptors Karlsson et al., 1998; Engeli
et al., 1999; receptor nomenclature follows Alexander et al.,
2013). Angll promotes the differentiation of preadipocytes
into adipocytes and it also affects the release of various adi-
pocytokines, including leptin, from adipocytes (Skurk et al.,
2005), which itself regulates food intake. As leptin is anorec-
tic, it is likely that chronic Angll administration induces
weight loss (Cabassi et al., 2005) by decreasing food intake
(Brink et al., 1996) and stimulating sympathetic nerve activ-
ity, lipolysis and thermogenesis (Cassis et al., 2004). Recently,
we found that Angll-induced weight loss only in lean, but
not in obese Zucker rats, which calls into question the
efficacy of Angll to induce weight loss in obese individuals
(Miiller-Fielitz et al., 2012b; Miiller-Fielitz and Raasch, 2013).
In obesity, however, plasma levels of angiotensinogen and
Angll correlate positively with body weight (Engeli et al.,
2005; Harte et al., 2005) and the RAAS is activated (Giacchetti
et al., 2002; Boustany et al., 2004; Engeli et al., 2005). Moreo-
ver, plasma concentrations of renin, angiotensinogen and
aldosterone and plasma ACE activity were normalized when
obese women lost ~5 kg (Engeli et al., 2005).

Chronic treatment with AT; receptor antagonists (AT,
receptor blockers; ARBs) reduced weight gain in rats (Kohya
etal., 1995; Benson et al., 2004; Zorad et al., 2006; Zanchi
et al.,, 2007; Miiller-Fielitz et al., 2011; 2012a; Miesel et al.,
2012) and mice (Schupp et al., 2005; Rong et al., 2010). In
view of the effects of AnglI, it was surprising that blockade of
AT, receptors also reduced weight. Although the mechanisms
underlying ARB-induced weight loss is still a matter of debate,
food intake was not (Benson et al., 2004; Schupp et al., 2006;
Sugimoto et al., 2006; Zanchi et al., 2007; He et al., 2010) or
only temporarily reduced (Zorad et al., 2006; Miesel et al.,
2012; Miiller-Fielitz et al., 2012a) in response to AT; receptor
blockade, but the energy expenditure was increased (Araki
et al., 2006; Sugimoto et al., 2006). Compatible with these
findings after AT, receptor blockade, there was also a reduc-
tion in the weights of mice lacking both AT;y, and AT
receptors, (double knock-out; Gembardt et al., 2008), which
strengthens the importance of the pharmacological insights
regarding ARBs.

The weight-lowering efficacy of ARBs has almost exclu-
sively been demonstrated when ARBs were co-administered
with high-calorie feeding in a preventive setting or in genetic
models of obesity, neither of which reflects the clinical situ-
ation of most patients suffering from the metabolic syn-
drome. In these patients, drug treatment is initiated in the
presence of clinical symptoms and not prophylactically.
Therefore, in this study we primarily investigated weight
regulation and food behaviour, but ARB treatment with tel-
misartan was not initiated until obesity was clearly devel-
oped, due to hyperphagia of a high calorie, good tasting
cafeteria diet (CD). We performed our experiments in rats
exhibiting not only obesity, but also all the other symptoms
of the metabolic syndrome (insulin resistance, hyperlipidae-
mia and hypertension), a model optimally reflecting the
human situation (Miesel efal., 2010). Assessment of the
effects of telmisartan on the other symptoms of the metabolic
syndrome were secondary aims of our work. We assessed the
correlation with blood pressure reduction by including a
group treated with amlodipine alone. Also, in earlier work,
the weight of lean, spontaneously hypertensive rats (SHR)
was reduced only when the ARB candesartan was
administered at supranormal doses (Miiller-Fielitz etal.,
2011). Therefore, in the present study, we gave telmisartan
at a high dose (8 mg-kg'-d™"), as described by Miesel et al.,
2012; Miiller-Fielitz et al., 2012a, and at a normal dose
(2 mg-kg™'-d™"). The normal dose of telmisartan was combined
with amlodipine to achieve an antihypertensive effect, equal
to that of the high dose of telmisartan.

Methods

Animals

All animal care and experimental procedures were in accord-
ance with the National Institutes of Health guidelines for the
care and use of laboratory animals and were approved by the
ethics committee of the local regulatory authority (Ministe-
rium fiir Energiewende, Landwirtschaft, Umwelt und ldndli-
che Raume des Bundeslandes Schleswig-Holstein). The results
of all studies involving animals are reported in accordance
with the ARRIVE guidelines (Kilkenny ef al., 2010; McGrath
et al., 2010). A total of 60 animals were used in the experi-
ments described here. Eight-week-old male, SHR (NCrl,
Charles River, Sulzfeld, Germany) were used. The animals
were kept in pairs at room temperature with a 12 h/12 h dark
(0200-1400 h)/light (1400-0200 h) cycle. Five days before
starting the study, rats were habituated to research assistants
and vice versa. After the habituation period, animals were
randomized to one of the five groups.
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Feeding and drug treatment

One group of SHR (1 = 12) was fed solely with standard chow
(consisting of 6% disaccharides, 30% polysaccharides and 4%
fat; calorific value: 11.7 kJ-g"'; Maintenance 1320, Altromin,
Lage, Germany) and served as chow-fed lean controls (Cchow)-
A second group of SHR (n = 12) had free access throughout
the entire duration of study to standard chow and CD (10
various commercial chocolate and cookie bars, consisting of
60.1 £ 3.0% carbohydrates; 24.9 £+ 2.2% fat 6.5 £ 0.7% protein
2.1 + 0.4% fibre; calorific content: 20.3 + 0.5 kJ-g™'). Rats
received only one kind of chocolate and cookie bar per day,
these being switched daily in a regular manner (Miesel
et al., 2010). This group is referred to in the following as
CD-fed controls (Ccp). Three further groups of SHR (n = 12
each group) could also freely choose between chow and
CD. After 19 weeks of CD feeding, rats were treated by
gavage with either telmisartan (8 mg-kg'-d™'), amlodipine
(10 mg-kg'-d™), or the combination telmisartan+amlodipine
(2 + 10 mg-kg*-d™") while maintaining CD feeding (Support-
ing information Figure S1). In a dose-finding pilot study,
doses of drugs to lower blood pressure equi-effectively were
determined (Supporting information Figure S2A;mean fall in
blood pressure; telmisartan: 76 + 7, amlodipine: 62 * 5; tel-
misartan + amlodipine: 71 £ 7 mmHg, P > 0.05). For drug
administration, drugs were suspended in distilled water using
gum arabic (10% w-v'") to achieve final concentrations of
8 mg-mL™" (telmisartan), 10 mg-mL™" (amlodipine) and 2 +
10 mg-mL™" (telmisartan + amlodipine), respectively, and
were then kept at 4°C for not more than 1 week. Ceow and
Ccp were given identical volumes of gum arabic suspension
(10% w-v'; 1 uL-g™"). All animals had free access to water.

Test protocols

The time schedule is outlined in Supporting Information
Figure S1. The weights of the rats as well as their food and
water intakes were monitored by daily weighing at 1400 h at
the beginning of the light cycle. At week 35, abdominal girth
and body length were determined in sedated animals,
without knowledge of the treatments. Body mass index (BMI)
was calculated from body weight and body length (not
including tail length). Blood samples were taken at week 18
(day 122 nonfasting, day 123 fasting for 18 h) and at week 25
(nonfasting) to determine endocrine and metabolic variables.

The systolic blood pressure (SBP) and heart rate were
determined at weeks 19 (before drug treatment), 22 and 34 by
tail plethysmography in conscious rats as described elsewhere
(Raasch et al., 2002). Randomized measurements were per-
formed only between 0900 and 1300 h to avoid circadian
variations.

After week 30, the respiratory exchange rate (RER) of each
rat was determined while in its home cage within 3 days
by using the PhenoMaster System™ (TSE, Bad Homburg,
Germany). The total activity was simultaneously monitored
by sensing the body-heat image via infrared radiation (Infra-
Mot System™, TSE). In parallel, drinking and feeding behav-
iours were determined with high-precision sensors (TSE).

At week 35, glucose, insulin and glucagon levels were
determined during an oral glucose tolerance test (OGTT; 1 g
glucose-kg™) in rats that had been deprived of food for 18 h.
EDTA-blood (80 pL) was withdrawn before and after glucose
administration (Miesel etal.,, 2012; Miller-Fielitz etal.,
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2012a). Two days later, the glucose levels were monitored
during an insulin tolerance test (ITT, 0.6 IU insulin-kg™, s.c.)
in SHR that had been deprived of food for 18 h. Glucose was
determined before and during a 360 min period in blood
samples (Miesel et al., 2012; Miiller-Fielitz et al., 2012a).

Fat distribution was determined at the end of the 35th
week in anaesthetized SHR (pentobarbitone 75 mg-kg”,
i.p.) by employing the magnetic resonance tomography
technique (Philips, Achieva, 1.5 Tesla with the use of an
8-channel knee coil, a transverse T1-weighted turbo spin-
echo sequence and an imaging matrix of 320 x 320 pixels).
Images were recorded from the anus to the diaphragm
(section thickness 2 mm; gap 0) and analysed with respect to
the amount of intraabdominal fat by semi-automated image
segmentation software that employs a contour-following
algorithm.

During the 36th week, a leptin resistance test (LRT) was
performed. We injected leptin (R&D Systems, Inc., Minne-
apolis, MN, USA, n = 10) at 0800, 1100, 1400 and 1700 h
(100 pg-kg's.c. each time) and at 1600 h (200 pg-kg's.c.).
The next day rats were treated with leptin again at
0800 h (100 pg-kg's.c.), 1100 h (100 pg-kg's.c.) and 1400 h
(200 pg-kg's.c.). Blood for leptin measurements was drawn
at 0800, 1100, 1400 and 1700 h, and again at 0800 on the
second day. Body weights and energy intake were also deter-
mined. The intake of food and the weights of rats were meas-
ured during the second day of LRT by using the PhenoMaster
System (TSE). Hypophagic potency of leptin was ascertained
in Sprague Dawley rats by injecting leptin or saline (see Sup-
porting Information).

One week after LRT tests, rats were killed at 1400 h; trunk
blood was taken and organs were removed for biochemical
and molecular analyses. To determine Angll, blood (2 mL)
was collected into an inhibitor solution containing 12.1 mM
EDTA and 20 uM bestatin (final concentration).

Biochemical analyses

Plasma concentrations of adiponectin, insulin, leptin, gluca-
gon (all from Linco, St. Charles, MO, USA), or Angll (IBL,
Hamburg, Germany) were determined by RIA using commer-
cial kits (Miesel et al., 2010; 2012; Miiller-Fielitz et al., 2012a).
Blood glucose was determined using glucose sensors (Ascen-
sia® ELITE XL, Bayer, Leverkusen, Germany). Free fatty acids
(FFA), high-density lipoprotein (HDL), low-density lipopro-
tein (LDL) and triglycerides (TG) were quantified in plasma of
fasting animals using a Roche/Hitachi Modular P Chemistry
Analyser (Mannheim, Germany). mRNA levels of (an-
)orexigenic peptides were determined in hypothalami as pre-
viously described (Miesel et al., 2010; see also Supporting
Information).

Data analysis
Data are expressed as means + SEM. As described eatrlier, rats
were fed either with chow or with chow + CD. Due to
the different calorie values of chow (11.7 kJ-g™') and CD
(20.3 KJ-g"), we individually calculated the energy intake (in
KJ) of each rat to correctly assess food intake on the basis of
the consumed amounts of chow and CD. Chow and CD were
regularly balanced out.

The amount of fat was semi-automatically quantified in
retroperitoneal fat pads and in subcutaneous fat on the basis



of the transverse T1l-weighted turbo spin-echo images by
using the freeware MRIcro Version 1.4 build 1 (http://
downloads.fyxm.net/MRIcro-117936.html) and the Vitom for
Windows software (Essen, Deutschland). Only intensity
signals of >80 gray scale were considered to ensure that fat
was being analysed.

The homeostasis model assessment (HOMA) index was
calculated from the plasma levels in fasting animals accord-
ing to the formula insulin (uU-mL™) x glucose (mg-dL™")/405.
In order to quantify the total effect over the observation
period in response to OGTT or ITT for changes in plasma
concentrations of glucose, the areas under the curves (AUC)
were calculated for each individual animal on the basis of the
change relative to the value at zero time (referred to as A
values). Accordingly, the maximal concentration increases
(Cmax) in glucose or insulin were also calculated from the A
values. Half-life of glucose decline after insulin exposure was
calculated after transformation (log.) of the glucose concen-
trations (between 6 and 42 min after insulin injections) and
by determining the slopes of linear regression lines.

Correlation coefficients (two-tailed P-values) were com-
puted according to Pearson, assuming a Gaussian distribu-
tion, by using GraphPad Prism, Version 4 (GraphPad
Software, Inc., La Jolla, CA, USA). A two-way ANOVA, followed
by Bonferroni’s post hoc test for multiple comparisons was
performed to examine the effects of two variables. Differences
were considered to be statistically significant at P < 0.0S.

Materials

Telmisartan and amlodipine were generous gifts from
Boehringer Ingelheim Pharmaceuticals, Inc. (Ridgefield, CT,
USA).

Results

Before drug treatment

At the end of the 19 week feeding period, all CD-fed rats
developed the metabolic syndrome, as they were hyper-
phagic, obese, hyperlipidemic, insulin resistant, and hyper-
tensive. irrespective of whether they belonged to the
Ccp-, telmisartan, amlodipine or telmisartan + amlodipine
groups. Although SBP did not differ between the groups at
week 19, the heart rate was lower in Cuow than in any Cep
group (Supporting information Figure S2B/C). Body weight
increased time-dependently over the first 19 week period of
CD feeding in the Ccp, telmisartan, amlodipine or telmisartan
+ amlodipine groups. As a result of CD feeding, the weight
gain (Figure 1A) and the total energy intake (Figure 2A) were
markedly higher in all these groups than in Ceew rats. Moreo-
ver, plasma levels of leptin, adiponectin, serum TGs, free fatty
acids and LDL were higher in Ccp, telmisartan, A, or telmisar-
tan + amlodipine groups than in Cuow rats (Supporting infor-
mation Table S1). Before drug treatment was initiated on day
133, it was obvious that energy intake was higher in Ccp,
telmisartan, amlodipine or telmisartan + amlodipine groups
than in the Cu,ow group although plasma leptin was increased
in these rats (Figure 2C). This implies that rats became leptin
resistant. Non-fasting levels of blood glucose and insulin were
higher in Ccp, telmisartan, A or telmisartan + amlodipine

Weight regulation by AT; blockade in obese rats

groups than in the Cg,,w group, indicating that long-term CD
feeding caused insulin resistance (Supporting Information
Table S1).

During drug treatment

Effects on haemodynamics. Blood pressure remained stable in
Ccp and Cepow groups during drug treatment (Supporting
Information Figure S2B). Treatment with telmisartan or
telmisartan + amlodipine reduced blood pressure in an
equieffective manner to normotensive values. Although
amlodipine reduced blood pressure after 2 weeks, comparable
with telmisartan and telmisartan + amlodipine, the antihy-
pertensive efficacy of amlodipine was slightly lower at the
end of the study (Supporting Information Figure S2B). Levels
of circulating Angll were similar between Ccp and Ceaow
groups but markedly increased in telmisartan and telmisartan
+ amlodipine-treated rats, which was attributed to the well-
known, renin-dependent feedback mechanism (Table 2).

Body weight, energy intake, and energy expenditure. During the
drug treatment period, the weights of Ccp rats increased
further. Amlodipine and telmisartan + amlodipine treatment
did not affect the weight gain. In contrast, telmisartan
reduced any gain in body weight by 7% and the magnitude of
this increase was similar to that observed in the Ceow group
(Figure 1A/B). The weight gain in Ccp rats can primarily be
attributed to an increase in fat mass because body length
(+3%) and femur length (+4%) were only marginally
increased, but BMI (+16%) and girth (+6%) markedly so
(Table 1). According to the body weight, only telmisartan
reduced BMI and girth, but amlodipine or telmisartan +
amlodipine did not (Table 1). The increase in body weight,
BMI and girth of Ccp rats was accompanied by an increased
amount of visceral and subcutaneous fat (Figure 1C/D). Tel-
misartan selectively decreased the visceral fat mass compared
with that in Ccp rats (Figure 1C/D).

At the end of the study, plasma leptin and adiponectin
had approximately doubled in all rats, compared with th e
levels in the Cuow group. Adiponectin, but not leptin levels
were lower in telmisartan —, amlodipine or telmisartan +
amlodipine-treated rats than in the Cqp group (Table 2). Com-
pared with Ccp rats, only telmisartan reduced TGs, FFA and
LDL whereas HDL was normalized (Table 2).

When rats were treated with amlodipine or telmisartan +
amlodipine, energy intake still remained at the same levels as
in Ccp rats for weeks. In telmisartan-treated rats, the energy
intake even exceeded the levels in the Ccp group at the end of
the study (Figure 2A/B). Comparable food behaviour was
detected in rats during calorimetry, except that energy
intake of telmisartan-treated rats and Ccp rats was similar
(Figures 2D, 3I-L). As mentioned earlier, CD feeding led to
leptin resistance within the initial feeding period. A right and
upwards shift of correlated leptin and energy intake values at
the end of the drug treatment period suggested that leptin
resistance was still pronounced (Figure 2C). This conclusion
is compatible with our findings that hypothalamic (an)orexi-
genic peptides were only minimally altered in drug-treated
rats (Supporting Information Figure S3).

We observed a circadian rhythm of RER and oxygen con-
sumption (VO,) in Cehow and Cep and in drug-treated animals,
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Figure 1

Body weight is reduced by telmisartan (T), but not by amlodipine (A) or the combination telmisartan + amlodipine (T + A). A: Time-dependent
increase in body weight. The dotted line indicates the beginning of drug treatment. B: gain in bw within the 17-week period of drug treatment.
C: Typical magnetic resonance tomography (MRT) images obtained by transverse T1-weighted turbo spin-echo MRT. D: The abundance of visceral
(open bars) and subcutaneous (closed bars) fat deposits was quantified by computer-assisted planimetry. Means + SEM, n = 11-12. *P < 0.05

versus Ccp.

levels being higher in the active period (Figure 3A-D, E-H).
RER and VO, were not different between the Ccp and Ceaow
groups (Figure 3A/E), which established that the Ccp rats had
become obese because energy intake and expenditure were
not balanced. RER, but not VO, was reduced during the dark
and light period in telmisartan-treated rats, suggesting that
fat oxidation was increased in these rats (Figure 3B/F). In
contrast, treatment with amlodipine or telmisartan + amlodi-
pine had no effects on RER and VO, (Figure 3C/D/G/H). A
similar pattern could be observed when RER was monitored
during the leptin-resistance tests (Figure 4E-H). The locomo-
tion was higher in C¢p than in Cenew groups but not affected
by telmisartan, amlodipine or telmisartan + amlodipine treat-
ment (Figure 3M-P).

Energy intake was decreased after leptin compared with
saline injections in chow-fed SD rats, demonstrating its
hypophagic potency (Supporting Information Figure SS5).
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For functional proof of leptin sensitivity after long-term
treatment with telmisartan in obese rats, we performed a
LRT. In response to exogenous leptin injections, the AUC of
the plasma leptin time curve was slightly higher in C¢p than
in Ceow rats (Supporting information Figure S6). Compared
with values in Ccp rats, AUC was doubled by telmisartan
but unaffected by amlodipine and telmisartan + amlodipine,
although rats received weight-adjusted leptin doses (Sup-
porting information Figure S6B). In response to exogenous
leptin, the cumulative energy intake over 48 h was higher
in Ccp than in the Ceow group, confirming the leptin resist-
ance in these rats (Figure 4A). When rats were treated with
telmisartan, energy intake was reduced after leptin com-
pared with Ccp rats, suggesting that leptin sensitivity is at
least partially restored (Figure 4B). This was not observed
in amlodipine — or telmisartan + amlodipine-treated rats
(Figure 4C/D).
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Table 1

Influence oftelmisartan (T), amlodipine (A) or a combination of the two (T + A) on growth parameters of rats that were continuously fed with CD

Cehow Coo T A T+A
BMI 7.21 £0.11* 8.36 £ 0.14 7.86 £0.11* 8.13+£0.12 8.05£0.11
Girth (cm) 17.6 £0.1* 18.7 £0.1 18.0 £ 0.2* 18.6 £0.2 18.4+£0.3
Length (cm) 21.7 £0.2* 22.3+0.2 22.0+0.1 22.2+0.1 22.2+0.1
Femur length (mm) 37.8 £0.4* 39.2+0.2 38.9+£0.3 39.1+£0.3 39.1+£0.2
Liver weight (g) 11.8+£0.3 12.3+£0.4 12.0+£0.3 11.7£0.3 12.3+£0.4
Kidney weight (g) 1.32+£0.02 1.32+£0.03 1.27 £0.01 1.28 £0.02 1.27 £0.02
Adrenal weight (mg) 24.3 +1.0* 28.2+0.7 29.5+0.8 27.1+0.6 29.0+0.5

Controls received vehicle and were also fed with CD (Ccp) or received only chow (Cchow). Means £ SEM (n = 10-12), *P < 0.05 versus Ccp.

Alterations in glucose utilization. The Ccp group developed
insulin resistance because fasting insulin levels were clearly
higher than in the Cuow group and the HOMA index was >3
(Table 2). However, it was noticeable that, on the one
hand, glucose and insulin levels of fasting or non-fasting
telmisartan-treated rats are higher than in Ccp, rats and, on
the other hand, that glucagon was normalized selectively by
telmisartan (Table 2). The insulin resistance of C¢p rats com-
pared with the Cuow group was confirmed as glucose and
insulin levels were enhanced in response to the glucose chal-
lenge (Figure 5), and the glucose-lowering potency of insulin

was diminished in such animals (Figure 6). The glucose
responses in OGTT after telmisartan and telmisartan +
amlodipine were almost the same as those of the Cyow group
as AUC, and in particular, C.x were almost normalized, but
not when rats were only treated with amlodipine (Figure 5B/
C). Compared with Ccp, peak insulin levels were diminished
by telmisartan, amlodipine and telmisartan + amlodipine,
whereas AUCs were reduced only by amlodipine and tel-
misartan + amlodipine (Figure SE/F). The insulin sensitivity
was normalized by telmisartan as well as by telmisartan +
amlodipine, but not by amlodipine alone, because both the
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Table 2

Influence of telmisartan (T), amlodipine (A) or a combination of the two (T + A) on various endocrine and metabolic parameter in plasma of rats

that that were continuously fed with CD

Cehow Cop
Leptin (ng-mL")¢ 6.0 £ 0.5* 16.6£1.5
Adiponectin (ug-mL™")¢ 3.8+0.2* 6.4+0.2
Triglycerides (mmol-L~")° 0.68 + 0.02* 0.88 +0.05
Free fatty acids (mmol-L™")° 1.15 +£0.06* 1.54 +0.06
HDL (mmol-L")° 0.62 + 0.02* 0.057 £ 0.01
LDL (mmol-L")° 0.14 £0.01* 0.19 £ 0.01
Total cholesterol (mmol-L™")? 2.31+0.15 2.28 +£0.02
Glucosenonfasting (mmol-L)? 498 +0.14* 5.97 £0.35
Glucoseqsing (mmol-L)P 2.84+0.09 3.21+0.15
Insulinnonfasting (NG-ML™)? 6.08+0.47 5.95+0.63
InsuliNfasting (ng~mL‘1)b 0.21 £0.06* 0.89+£0.13
HOMA index® 0.68 + 0.26* 3.16 £ 0.60
Glucagonnonfasting (pg-mL)? 239.6 £17.0* 122.2+9.4
Glucagonsing (Pg-mL")° 96.1 + 7.6* 67.0+6.3
Angll (pmol-L")¢ 15.6+1.2 18.9+2.38

T A T+A

15.7+£2.2 15.7+£2.2 15.2+£2.6
4.6 £0.3* 5.4+0.3* 4.7 £0.1*

0.73 £0.03* 0.80+0.03 0.78 +0.03
1.33£0.02* 1.55+0.06 1.54 £0.07
0.62 +0.02* 0.59 £0.01 0.57 £0.01
0.18 £0.01 0.17 +£0.01 0.17 +£0.01
2.30+0.09 2.45+0.06 2.24+0.05
6.66 +0.13 6.51£0.19 6.23+0.15
3.69 £ 0.29* 3.36 £0.15 3.82+£0.23*
7.25+0.62* 6.18 £0.62 7.18 £0.20*
1.75+0.35* 0.99+0.17 1.61 £0.25*
7.94 £ 2.36* 3.74+£0.75 711 £1.64*

176.1 +17.8* 117.8 +£10.7 154.4 + 24.6
82.3+6.9* 64.1£6.8 66.6 = 6.7

169.9 +10.1* 62.9 £9.3*% 137.6 +£13.5*

Controls received vehicle and were fed with CD (Ccp) or only chow (Cchow). Blood samples were taken on days 1712 238°, 249¢ or 255¢. Means

+ SEM (n =10-12), *P < 0.05 versus Ccp.

magnitude and the speed of glucose decline was similar to
that of the Cuow group (Figure 6B-D).

Discussion

The goal of this study was to elucidate the functional role of
chronic AT; receptor blockade in body weight regulation,
food behaviour and energy expenditure in rats that were
clearly showing all the symptoms of the metabolic syndrome.
The key findings are: (i) the ARB telmisartan induced weight
loss when given as a treatment to rats with obesity originat-
ing from long-term, high-calorie feeding with the CD; (ii) this
weight loss may be related more to increased energy expendi-
ture than to decreased energy intake; and (iii) leptin sen-
sitivity was at least partially restored, which may have
contributed to adjusting the imbalance between energy
intake and expenditure. All these effects occurred indepen-
dently of blood pressure reduction because amlodipine alone
had no effect and only after administering telmisartan at
supranormal, but not at normal, doses as used in the telmisar-
tan + amlodipine group, confirming previous findings
(Mtiller-Fielitz et al., 2011). Thus, it seems rather unlikely that
ARB in therapeutic doses would exhibit any anti-obesity
properties that could be beneficial for the treatment of obese
hypertensive patients.

Anti-obesity effects

In contrast to our previous reports showing anti-obesity
effects of ARBs when drugs were prophylactically adminis-
tered (Miesel et al., 2012; Miiller-Fielitz et al., 2012a), we spe-
cifically investigated in this study whether similar effects
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could also be observed when drug treatment was initiated
after CD feeding for a 19-week period. These animals had
developed all the signs of the metabolic syndrome, in par-
ticular, hyperleptinaemia, hyperlipidaemia, obesity, insulin
resistance and high blood pressure. Although body weight
and fat mass were not normalized to levels of the Ceow group
as seen in our previous study following a preventive drug
regimen (Miiller-Fielitz etal., 2012a), telmisartan clearly
decreased all parameters of obesity when given as a treat-
ment. Interestingly, gain in body weight during the drug
treatment period returned to levels of the Cepow group in both
the preventive and the treatment trials, thus strengthening
the notion that AT, receptor blockade effectively regulates
weight. Amlodipine and telmisartan + amlodipine had no
effects on body weight, confirming that the anti-obesity
effects of ARB are expressed independently of their ability to
reduce blood pressure (Zorad et al., 2006; Miiller-Fielitz et al.,
2011; Miesel etal., 2012), and only by using supranormal
doses (Kohya et al., 1995; Mukawa et al., 2003; Miiller-Fielitz
etal.,, 2011). We further questioned whether the balance
between energy intake and expenditure was affected. The
energy intake was not reduced at all by telmisartan, but rather
exceeded levels of Ccp rats during the last 5 weeks of treat-
ment. Hence, the expression of (an-)orexigenic peptides in
hypothalami of telmisartan-treated rats was similar to that for
Ccp rats. These findings support our previous observations
that telmisartan-treated rats remain hyperphagic despite their
loss in body weight (Miiller-Fielitz et al., 2012a) and also
confirm data from other groups showing that the cumulative
food intake was almost unchanged (Benson etal., 2004;
Schupp et al., 2005; Sugimoto et al., 2006; Zanchi et al., 2007;
He etal., 2010). To assess energy expenditure, RER was
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non-invasively determined by indirect calorimetry, which
reflects the partition of energy expenditure coverage between
carbohydrate (high RER) and fat oxidation (low RER; Schutz,
1995). RER did not differ between Ccp and Cenow groups Thus,
we can conclude that the Ccp rats became obese because
energy intake and expenditure were not balanced. In agree-
ment with the results of others (Araki et al., 2006), we found

that RER was reduced during the dark and light period in
telmisartan-treated rats, implying a higher fat oxidation.
Thus, it appears reasonable that fat mass was lowered at the
same time. Although we failed to clearly show that VO, was
increased by telmisartan, others have shown that thermogen-
esis was increased in normal animals treated with an ARB or
in the knock-out mice, lacking the AT, receptor (Kouyama
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Cep.

et al., 2005; Leite et al., 2006), indicating an enhanced energy
expenditure after AT, receptor blockade. The treatment with
amlodipine or telmisartan + amlodipine had no effect on
RER, which is line with our findings that weight gain and BMI
were affected just as little by these treatment regimens.
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Leptin and adiponectin have a crucial function in regu-
lating energy homeostasis (Kadowaki et al., 2008; Friedman,
2009). Surprisingly, plasma adiponectin levels were higher at
the end of the CD feeding period. This observation somehow
conflicts with others (Kadowaki et al., 2008), showing an
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inverse relationship between plasma adiponectin and body
weight and might be associated with findings showing that
adipocyte size enlarges during CD feeding (Miiller-Fielitz
etal.,, 2012a) and that large adipocytes secrete more adi-
pokines (Skurk et al., 2007). Reduction in blood pressure and
increase in plasma AngllI are probably involved in decreasing
adiponectin levels after telmisartan, amlodipine and telmisar-
tan + amlodipine (see also extended discussion in Supporting
Information). We clearly could assume that animals had
become leptin-resistant before starting drug treatment as
food intake was high despite increased leptin levels (Frederich
et al., 1995). Here, we observed that plasma leptin levels were
unaffected by any drug regimen. These results are in contrast
to our findings showing that plasma leptin remained normal-
ized when rats were prophylactically treated with ARBs in
parallel to CD feeding and this was further attributed to an
absence of adipocyte growth (Zorad et al., 2006; Miiller-Fielitz

et al., 2012a). We assume that, due to the long feeding period
(19 weeks), adipocytes are still enlarged despite telmisartan
treatment.

Next, we wanted to know whether leptin function is
altered in response to drug treatment because, on the one
hand, high leptin and high energy intake indicate leptin
resistance, but on the other, higher energy expenditure after
telmisartan suggests the opposite. We performed a LRT by
applying exogenous leptin at weight-adjusted doses. Due to
weight differences, AUC and Cy. of plasma leptin were
slightly lower in the Cgow group and were similar in
amlodipine- and telmisartan + amlodipine-treated rats when
compared with Cgp rats. In contrast to in vitro findings in
3T3-L1 cells and human adipocytes showing that leptin secre-
tion is stimulated by Angll in an AT, receptor-dependent
manner (Kim et al., 2002; Skurk et al., 2005), we demon-
strated clearly, here, that plasma leptin levels were increased
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in telmisartan-treated animals (for further discussion see Sup-
porting Information Discussion). In LRT, energy intake and
gain in body weight were higher in C¢p than in Ceow rats,
functionally confirming the leptin resistance, but were
reduced by telmisartan compared with Ccp, indicating an at
least partial recovery of leptin sensitivity. A major component
of the peripheral leptin resistance is likely to be impaired
transport of leptin across the blood-brain barrier (BBB) via a
saturable leptin transporter (Banks et al., 1999; Banks and
Farrell, 2003). Serum TGs impair the ability of the BBB to
transport leptin (Banks et al., 2004). In contrast, central leptin
resistance specifies an impaired ability of leptin to induce a
response, which might be due to reduced leptin receptors
and diminished leptin signalling via both the STAT3
phosphorylation and PI3 kinase pathways (Scarpace et al.,
2001; Sahu and Metlakunta, 2005). Here, we demonstrated
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that CD feeding increased serum TGs (Table 2) and rats
became leptin-insensitive, indicating a peripheral leptin
resistance and thus supporting Banks’s concept (Banks et al.,
2004) of peripheral leptin resistance. Plasma concentrations
of TGs were only reduced by telmisartan compared with Ccp,
but not by amlodipine or telmisartan + amlodipine, which,
again, agrees more closely with our findings that leptin sen-
sitivity was restored after telmisartan.

It is still entirely unclear how AT; receptor blockade
functionally induces improved leptin transport across the
BBB; this requires further investigation. Permeability of
BBB endothelial cell monolayers was decreased in the pres-
ence of Angll in an AT, receptor-dependent manner by influ-
encing the rearrangement of specific multiprotein tight
junction proteins to lipid rafts, a phenomenon necessary to
promote BBB integrity (Wosik et al., 2007). Moreover, leptin



specifically enters the CNS via leptin transporters located in
the choroid plexus (Chodobski and Szmydynger-Chodobska,
2001). Angll was shown to decrease blood flow in choroidal
blood vessels (Chodobski and Szmydynger-Chodobska, 2001)
and AT, receptors are located within the choroid plexus
(Johren and Saavedra, 1996). Hence, blocking AT, receptors
may improve choroidal blood flow, thus increasing the pen-
etration of leptin into the hypothalamus.

Improvement in insulin resistance

Obesity represents a major risk factor for the development of
both leptin and insulin resistance (Konner and Briining,
2012). Leptin has several direct effects on the pancreas and
pancreatic functions. It is usually accepted that leptin inhib-
its insulin secretion both in vitro and in vivo (Kieffer and
Habener, 2000; Konner and Briining, 2012). However, in our
study, fasting plasma insulin levels were higher in Ccp than in
Cnow rats, indicating insulin resistance, and this occurred
together with higher leptin levels after a feeding period of 19
weeks and after the additional drug treatment period. We also
demonstrated here that glucose utilization is improved by
telmisartan, but not by amlodipine, and that this was mainly
attributed to better insulin sensitivity. Compared with tel-
misartan alone, the combination of amlodipine + telmisartan
did not further improve insulin sensitivity, which Sueta et al.
also found, despite differences in the rat model of the meta-
bolic syndrome, ARB and methods of determining insulin
resistance (Sueta et al., 2012). In particular, telmisartan has
been implicated in the induction of PPARy activity in adipose
tissue (Benson et al., 2004; Schupp et al., 2004; 2005; 2006;
Clasen et al., 2005; Kintscher and Unger, 2005; Kintscher
et al., 2008), thus resulting in improved glucose homeostasis.
However, plasma adiponectin was not increased, but rather
decreased after telmisartan or telmisartan + amlodipine
treatment (Table 2), which does not support the PPARy-
stimulating effect in this study. In a recently published report,
we also concluded that improved insulin sensitivity after
long-term treatment with ARBs was not related to a PPARy-
dependent mechanism as the expression of PPARy target
genes was not affected by telmisartan (Miiller-Fielitz et al.,
2012a). Obviously, fasting and non-fasting insulin levels of
telmisartan-treated rats particularly exceeded levels in Ccp
rats. This insulinotropic effect may be attributed to reduced
activity of the hypothalamic-pituitary-adrenal (HPA) axis,
as glucocorticoids suppressed insulin secretion in vitro and
in vivo (Barseghian and Levine, 1980; Delaunay et al., 1997;
Lambillotte et al., 1997; Davani etal., 2004). Angll itself
increases HPA activity, thereby worsening glucose utilization
by hampering insulin function (Miiller et al., 2007; Miiller-
Fielitz and Raasch, 2013). Conversely, glucose utilization
could be improved in rats by increasing plasma insulin after
chronic AT; receptor blockade (Raasch et al., 2006; Miesel
et al., 2012). Saturated FFAs reduce insulin biosynthesis and
secretion and induce beta-cell apoptosis (Nolan et al., 2006).
We have shown here that telmisartan selectively reduced
plasma concentration of FFA, which may contribute to the
increased insulin levels. Moreover, anti-inflamatory proper-
ties of the ARB valsartan protect pancreatic islets and adipose
tissue, which was thought to improve glucose utilization after
AT, receptor blockade (Cole et al., 2010).

Weight regulation by AT; blockade in obese rats

In summary, using a rat model of the human metabolic
syndrome, we have demonstrated that AT, receptor blockade
promoted weight loss even in animals with fully developed
obesity when ARBs were applied as a treatment. This required
high doses of the ARB and occurred independently of the
reduction in blood pressure. Thus, treatment with AT; block-
ers promises not only antihypertensive efficacy and improve-
ment in glucose homeostasis, but also weight reduction in
individuals with the metabolic syndrome. However, the
mechanism underlying these anti-obesity effects still needs to
be elucidated.
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Figure S1 Time schedule of the test protocols.

Figure S2 Influence of drugs on cardiovascular parameters.
A: Dose-response curves for evaluating equieffective antihy-
pertensive doses of telmisartan (T) and amlodipine (A). Com-
bining telmisartan and amlodipine, the dose of telmisartan
was fixed at 2 mg and the appropriate dose of amlodipine was
titrated. Dose-response curves were performed in three
groups of rats (n = 6). Each dose of each drug was adminis-
tered for 7 days, and after blood pressure was determined by
plethysmography the doses were enhanced. B-D: Influence of
telmisartan (8 mg-kg'-d™), amlodipine (12 mg-kg*'-d™), and
telmisartan + amlodipine (2 + 10 mg-kg'-d™") on systolic
blood pressure (SBP), heart rat (HR), and left ventricular
index. Chow- (Cchow) or CD-fed (CCD) rats received water.
D: Correlation (Pearson r = 0.7469, P < 0.001) between the
systolic blood pressure (SBP) and the left ventricular weight
(LVW). Means + SEM, n = 11-12. *P < 0.05 versus CCD, {P <
0.05 versus A, £P < 0.0S versus telmisartan + A, #P < 0.05
versus week 19.

Figure $3 Panel A: Influence of telmisartan (T: mg-kg™'-d™"),
amlodipine (A: 12 mg-kg'-d"), and the combination tel-
misartan + amlodipine (2 + 10 mg-kg'-d™") on hypothalamic
mRNA levels of orexigenic and anorexigenic peptides. Chow-
(Cehow) or CD-fed (Ccp) rats received water. Means + SEM,
n = 11-12, *P < 0.05 versus CCD. AgRP, agouti-related
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protein; CART, cocaine- and amphetamine-regulated tran-
script; CRH, corticotropin-releasing hormone; MCH, melanin
concentrating hormone; NPY, neuropeptide Y; POMC, pro-
opiomelanocortin; PPO, prepro-orexin.

Figure S4 Water intake was markedly reduced in rats when
they were fed with CD. Water intake increased particularly
after telmisartan and amlodipine treatment, almost reaching
the levels of chow-fed controls: Panel A: Influence of telmisar-
tan (T: 8 mg-kg'-d™"), amlodipine (A:12 mg-kg'-d™"), and the
combination telmisartan + amlodipine (2 + 10 mg-kg'-d™)
on water intake. Chow-(Cgow) or CD-fed (Ccp) rats received
water. The dotted line indicates the beginning of the treat-
ment period with telmisartan, amlodipine, and telmisartan +
amlodipine. Panel B: cumulative water energy intake during
the feeding (filled bars) and treatment period (open bars).
Panel C: Water intake during calorimetry; Panel D: Total
water intake during calorimetry. Means £ SEM, n = 11-12,
*P < 0.05 versus Ccp, a) P < 0.05 versus Ccp during the
feeding period, b) P < 0.05 versus Ccp during the treatment
period.

Figure S5 Changes in energy intake in chow-fed Sprague
Dawley rats after injections of leptin or saline. The injection
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regimen for leptin is given in the Methods. Means + SEM, n =
10, *P < 0.05 Students t-test.

Figure S6 Plasma leptin levels in leptin resistance test.
Leptin was injected at time point O and at three further times
after 3, 6 and 9 hours (each time 100 pg-kg™'s.c.) and once
more after 12 hours (200 pg-kg™s.c.). Blood was withdrawn at
each time point and leptin was determined by RIA. The area
under the curve (panel B) and Cn. values (panel C) were
calculated, considering the delta values. Means + SEM, n =
9-12, *P < 0.0S5 versus CCD.

Figure S7 Correlations between plasma adiponectin and
total fat mass (A), blood pressure reduction (B) and plasma
Angll (C), respectively. Values of Cuow Were not included in
correlation analysis of (B) and (C). Means + SEM (n = 11-12)
are depicted as large symbols and single values as small
symbols.

Table S1 Leptin, adiponectin, glucose, insulin and lipids in
plasma of rats immediately before drug treatment. Controls
received only chow (Cuow); all other rats could freely choose
between cafeteria diet (CD) and chow. Blood samples were
withdrawn at day 122 or day 123 after fasting. Means +
SEM (n = 12), *P < 0.05 versus Ccp.



