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BACKGROUND AND PURPOSE
AT, receptor blockers (ARBs) represent an approach for treating metabolic syndrome due to their potency in reducing
hypertension, body weight and onset of type 2 diabetes. The mechanism underlying ARB-induced weight loss is still unclear.

EXPERIMENTAL APPROACH

Leptin resistance tests (LRTs) in diet-induced obese or lean rats were conducted to determine whether telmisartan

(8 mg-kg'-day™', 14 days) enhances leptin sensitivity. Phosphorylation of signal transducer and activator of transcription 3
(pSTAT3) staining was performed in hypothalami to determine leptin transport across the blood-brain barrier.

KEY RESULTS

Telmisartin reduced weight gain, food intake and plasma leptin but blood pressure remained unchanged. The 24 h profiles of
plasma leptin after saline injections were similar in controls and telmisartan-treated rats, but after leptin injections were higher
in controls and slightly lower in telmisartan-treated animals. After telmisartan, energy intake during LRT was lower in leptin-
than in saline-pretreated rats, but remained unchanged in controls, irrespectively of whether rats received saline or leptin.
Leptin minimized the gain in body weight during LRT in telmisartan-treated rats as compared with saline-treated animals.
pSTAT3 staining was reduced in cafeteria diet-fed rats as compared with chow-fed rats but this was normalized by telmisartan.
Telmisartin reduced hypothalamic mRNA levels of the orexigenic peptides melanin-concentrating hormone and prepro-orexin.

CONCLUSIONS AND IMPLICATIONS
Rats fed a cafeteria diet develop leptin resistance after 2 weeks. Leptin sensitivity was preserved by telmisartan treatment even
in rats fed a cafeteria diet. This pleiotropic effect is not related to the hypotensive action of telmisartan.

Abbreviations

AC, arcuate nucleus; AgRP, agouti-related protein; Angll, angiotensin II; ARB, AT; receptor blocker; AT, receptor,
angiotensin II type 1 receptor; BBB, blood-brain barrier; CART, cocaine- and amphetamine-regulated transcript; CD,
cafeteria diet; Cnax, maximal concentration; LHA, lateral hypothalamus; LRT, leptin resistance test; MCH,
melanin-concentrating hormone; NPY, neuropeptide Y; OB-Rb receptor, the long form of the leptin receptor; PFA,
perifornical area; POMC, pro-opiomelanocortin; PPO, prepro-orexin; pSTAT3, phosphorylation of signal transducer and
activator of transcription 3; SD rat, Sprague Dawley rat; TG, triglycerides; UCP-1, uncoupling protein 1
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Angiotensin II type 1 (AT;) receptor blockers (ARBs) are well
established in the therapy of high blood pressure and con-
gestive heart failure. Moreover, ARBs have been demonstrated
to reduce the incidence of type 2 diabetes (Scheen, 2004). In
the past few years, evidence has accumulated that ARBs
might also help reduce obesity. Prevention of weight gain was
demonstrated in numerous experimental studies when ARB
treatment was concurrently initiated with high-calorie
feeding (Benson et al., 2004; Schupp et al., 2005; Sugimoto
et al., 2006; Zorad et al., 2006; Zanchi et al., 2007; He et al.,
2010; Miiller-Fielitz et al., 2011; 2012; Miesel et al., 2012).
Moreover, AT; blockade even promoted weight loss in
animals with fully diet-induced obesity when ARBs were
administered in a treatment setting (Souza-Mello et al., 2010;
Miiller-Fielitz et al., 2014). Such observations suggest that the
treatment may be clinically relevant. Although many clinical
trials have been performed on ARBs, only few have addressed
their potencies in reducing obesity. Moreover, these trials
were rather small and heterogeneous and differed in outcome
(no effect or a decrease or increase in body weight) as well as
in the type of ARB and dosage used (Lau and Raasch, 2012).
However, in one prospective study including 14 200 patients,
waist circumference was found to be reduced by the ARB
irbesartan (Kintscher et al., 2007).

We recently demonstrated that loss of body weight is not
a general feature of AT, blockers as it was not observed after
normal or moderately supranormal doses, but only after
treatment with the highest doses (Miiller-Fielitz et al., 2011).
The need for high drug doses to induce anti-obese effects may
indicate that the underlying mechanism is CNS driven as the
lipophilicity of ARBs is low, which limits blood-brain barrier
(BBB) penetration (Michel etal., 2013). Considering this
aspect, we could claim that anti-obese effects have been
observed in particular in studies in which telmisartan has
been used (Benson et al., 2004; Schupp et al., 2005; Sugimoto
et al., 2006; Zorad et al., 2006; Zanchi et al., 2007; He et al.,
2010; Miiller-Fielitz et al., 2011; 2012; Miesel et al., 2012) as
telmisartan is more lipophilic than other ARBs (Michel et al.,
2013).

Results are also conflicting whether the ARB-induced loss
in body weight is paralleled by a reduction in food intake
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(Zorad et al., 2006; Miiller-Fielitz et al., 2011; 2012; Miesel
et al., 2012) or not (Benson et al., 2004; Schupp et al., 2005;
Sugimoto et al., 2006; Zanchi et al., 2007; He et al., 2010).
Reports showing no effects are mainly based on findings
merely demonstrating cumulative food intake over the entire
observation time or final food intake at the end of the treat-
ment period. In contrast, when food intake of rats was deter-
mined in detail, it was obvious that the energy intake fell
below that of controls during the first weeks of ARB treat-
ment, but gained or even exceeded control levels thereafter
until the end of the study (Zorad et al., 2006; Miiller-Fielitz
et al., 2011; 2012; Miesel et al., 2012). This time dependency
of ARB treatment on food intake raises questions regarding
the underlying mechanism. Because anti-obese effects of
ARBs occur mainly after high dosing, an extensive drop in
blood pressure may cause hypophagia. However, we and
others have demonstrated that an ARB-induced loss of body
weight is independent of the hypotensive potencies of the
drugs (Zorad et al., 2006; Miiller-Fielitz et al., 2012; 2014).
Thus, we performed the current study using normotensive
Sprague Dawley (SD) rats to avoid taking into account the
possible effect of blood pressure-dependent mechanisms on
outcome.

We also demonstrated that ARB-induced hypophagia is
leptin dependent as a reduction in both food intake and in
body weight was only observed in lean but not in obese
Zucker rats with the long form of the leptin receptor (OB-Rb)
deficiency (Miiller-Fielitz et al., 2011). Leptin is produced by
white adipose tissue and has a key function in regulating
energy intake and energy expenditure (Schwartz et al., 2000).
Circulating leptin enters the CNS in proportion to its plasma
levels before it stimulates appropriate receptors that are
expressed in those brain neurons involved in the complex
network controlling energy intake. The arcuate nucleus (AC)
secretes orexigenic substances such as neuropeptide Y (NPY)
and agouti-related peptide (AgRP) as well as anorexigenic
peptides such as pro-opiomelanocortin (POMC) and cocaine-
and amphetamine-regulated transcript (CART). Downstream
of the AC, the anorexigenic peptide corticotropin-releasing
hormone is produced in the paraventricular nucleus (PVN)
and the orexigenic substances orexins and melanin-
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concentrating hormone (MCH) are released from the lateral
hypothalamus (LHA) and perifornical area (PFA) (Schwartz
et al., 2000). In this context, we have demonstrated that MCH
and prepro-orexin (PPO) expression was suppressed after AT,
receptor blockade (Zorad etal., 2006; Miiller-Fielitz et al.,
2011). In line with these results, telmisartan has also been
found to suppress food intake in mice via the melanocortin
pathway (Noma et al., 2011). Because food intake was sup-
pressed by ARBs in particular during the first 3 weeks of drug
treatment (Miesel ef al., 2012; Miiller-Fielitz et al., 2012), in
the present study we aimed to investigate whether leptin
sensitivity is improved in animals after a short-term treat-
ment using a high dose of telmisartan. This assumption is
based on our observation that both plasma leptin and energy
intake are high in rats after a 2 week feeding period with
cafeteria diet (CD), which indicates leptin resistance. In
contrast, plasma leptin and energy intake were low in
telmisartan-pretreated rats (Miiller-Fielitz ef al., 2012) (Sup-
porting Information Fig. S1). Here, we mainly investigated
leptin sensitivity, taking a functional approach by measuring
food intake and body weight after leptin exposure. Following
binding to the OB-Rb receptor, leptin’s anorexigenic action is
mediated by different pathways involving activation of the
so-called JAK2/STAT3 pathway (Morris and Rui, 2009). Thus,
we additionally performed immunohistochemical staining
experiments against phosphorylation of signal transducer
and activator of transcription 3 (pSTAT3) to attribute func-
tion to signalling.

Methods

Animals

SD rats were obtained from Charles River (Sulzfeld, Germany).
The total number of rats used in this study was 109. The study
was conducted according to the National Institutes of Health
guidelines for the care and use of laboratory animals. All
animal care and experimental procedures were carried out
with the ethical approval of the local regulatory authority
(Ministerium fiir Energiewende, Landwirtschat, Umwelt und
landliche Rdume des Bundeslandes Schleswig-Holstein). The
animals were housed individually in cages (height x width x
length: 200 x 220 x 250 mm) kept at room temperature with
a 12/12 h dark (1400-0200 h)/light (0200-1400 h) cycle and
received water ad libitum. All animal care and experimental
procedures were in accordance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath et al., 2010).

In protocols 2-5, rats could choose freely between stand-
ard chow and a CD, which were both abundantly offered. The
CD comprised six various commercial chocolate and cookie
bars with calorific content of 20.3 £ 0.5 kJ-g™' and consisting
of 60.1 + 3.0% carbohydrates, 24.9.1 + 2.2% fat, 6.5 £ 0.7%
protein and 2.1 £ 0.4% fibre. Rats received only one kind of
chocolate or cookie bar per day, these being switched daily in
a regular manner (Miesel et al., 2010). This kind of feeding is
termed CD feeding in our study. The standard diet was the
maintenance diet 1320 (Altromin, Lage, Germany) with a
calorific value of 11.7 kJ-g™!, consisting of crude protein 19%,
crude fat 4%, crude fibre 6%, crude ash 7.5% and nitrogen-
free extracts 53%. The metabolic energy from the standard
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chow is 65% carbohydrates, 24% protein and 11% fat. The
intake of chow and chocolate/cookie bars was monitored
daily. Rats were habituated to research assistants and vice versa
2 weeks before drug treatment was initiated.

Study protocols

Protocol 1: Rats (approximately 150 g) only received standard
chow. After 2 weeks, a leptin resistance test (LRT) was per-
formed. Because others have demonstrated that, on suppress-
ing food intake, leptin has a greater potency when
administered by osmotic minipumps or by repeated s.c. infu-
sions (Pelleymounter etal.,, 1995; Halaas etal., 1997;
Nishiyama et al.,, 1999; McAlister and Van Vugt, 2004;
Wetzler et al., 2004), we injected leptin (R&D Systems, Inc.,
Minneapolis, MN, USA, n = 10) at 0800, 1100, 1400 and
1700 h (each time 100 pug-kg's.c.) and at 2000h
(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 ug-kg™'s.c.)
and 1400 h (200 pg-kg™ s.c.). Controls received saline (n =
10). Blood for leptin measurements was drawn from a tail
nick at 0800, 1100, 1400, 1700 and 2000 h, as well as at
0800 h on the second day. Body weight and food intake were
determined.

Protocol 2: From day O until the end of the study, rats were
allowed to choose freely between a CD and a standard diet,
both were abundantly offered. In parallel with the CD, rats (n
= 20) were treated once daily for 19 days by gavage with
telmisartan (8 mg-kg'body wt-day'; Boehringer Ingelheim
Pharmaceuticals, Inc., Ingelheim, Germany). Controls (n =
20) were given an identical volume of water (1 uL-g' body
wt) (Miesel etal., 2012; Miiller-Fielitz et al., 2012). Blood
samples (200 uL) were taken to measure leptin levels before
treatment and after 4 and 14 days. To determine leptin sen-
sitivity, telmisartan-treated rats and controls received either
leptin or saline (n = 10 each group) according to protocol 1 at
days 17 and 18. At day 19, rats were additionally treated with
leptin or saline at 0800h (100 pgkg's.c), 1100h
(100 pg-kg's.c.) and 1400 h (200 pg-kg's.c.). Within the
first day of the leptin sensitivity test, blood samples were
taken for measuring leptin plasma levels. Energy intake and
body weight were determined in the animals and periodically
monitored. Rats were Kkilled at 1500 h and brown adipose
tissue was removed to detect uncoupling protein 1 (UCP-1).
To determine angiotensin II (Angll) levels, blood (1 mL) was
collected in an inhibitor solution containing 12.1 mM EDTA
and 20 uM bestatin (final concentration).

Protocol 3: According to protocol 2, CD-fed rats (n = 10 each
group) were treated either once day with telmisartan
(8 mg-kg'sw-day ') or water (1 puL-g 'sw) and received leptin at
days 17-19. In contrast to protocol 2, neither leptin levels,
energy intake nor body weight were monitored during leptin
exposure. At day 19 rats were killed at 1500 h, and hypotha-
lami were removed to determine (an-orexigenic peptide
levels.

Protocol 4: According to protocol 2, CD-fed rats (n = 5) were
treated once daily for 19 days by gavage with telmisartan
(8 mg-kg 'sw-day ). Blood pressure and heart rate were deter-
mined by plethysmography before telmisartan treatment and
at day 14 (Raasch et al., 2002).

Protocol 5: CD-fed rats were treated with telmisartan
(8 mg-kg'sw-day’) or with vehicle (n = 8 each group). An
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additional group only received chow and was administered
vehicle by gavage (n = 8). Blood samples were taken at day 15
from animals that had been deprived of food for 16 h. Then,
all rats received one s.c. leptin injection (100 mg-kg'; R&D
Systems, Inc.). Animals were killed 25 min later and transcar-
dially perfused with PBS and 4% paraformaldehyde (PFA).
Brains were removed for immunohistochemical analysis of
pSTAT3.

Histology

For pSTATS3 staining, brains were immediately incubated after
preparation in 4% PFA for 24 h and then in 30% sucrose
solution for 7 days. For immunohistochemistry, serial coronal
cryosections of the brain (20 um in thickness) were fixed on
Polysin slides (Thermo Scientific, Braunschweig, Germany).
After being washed (PBS, three times) and incubated (twice)
in methanol (-20°C), slides were permeabilized (i) by 0.3%
glycerine (Roth, Karlsruhe, Germany) in PBS for 10 min and
(ii) with 0.03% SDS (Roth). Both permeabilization steps were
followed by the three times washing step with PBS. After the
sections had been blocked with 3% BSA [in PBS Tween 20
(0.4%); Sigma, St. Louis, MO, USA] for 2 h at room tempera-
ture, the rabbit anti-pSTAT3 (signal transducer and activator
of transcription) (Tyr’®®) (D3A7)XP® antibody (1:500; A-9145,
Lot 17, Cell Signaling, Danvers, MA, USA) was added for 48 h.
The sections were washed (three times, 5 min) with PBS and
incubated in darkness for 2 h at room temperature in anti-
rabbit Alexa 488 (1/2000, A-11034, Lot 464519, Invitrogen,
Carlsbad, Germany) to label pSTAT3 antibodies. Slides were
co-labelled with DAPI (1/2000, Invitrogen). Sections were
mounted with Mowiol (Roth) after they had been washed
(three times) with PBS. Fluorescence signals were detected
using the fluorescence microscope Leica DMI 6000B (ex.
488 nm, em. 519 nm). Representative pictures were taken
with a digital colour camera. Pictures were analysed using Fiji
(ImageJ 1.47q, Wayne Rasband National Institutes of Health,
Bethesda, MD, USA). We counted the cells on 29-30 sections
from animals on which the AC was seen. The investigator was
blinded to the experimental group (Plum et al., 2006).

Biochemical and molecular analysis

Plasma concentrations of AnglIl (IBL, Hamburg, Germany),
leptin (Linco, Seaford, DE, USA) and corticosterone (MP Bio-
medicals, Eschwege, Germany) were determined by RIAs
using commercial kits (Miesel et al., 2010; 2012; Miiller-Fielitz
et al., 2011; 2012). Hypothalamic mRNA levels of (an)orexi-
genic peptides and mRNA levels were measured as previously
described (Miesel et al., 2010). Triglycerides (TGs) were quan-
tified in plasma using a Roche/Hitachi Modular P Chemistry
Analyzer (Mannheim, Germany). UCP-1 protein levels were
quantified in brown adipose tissue by immunoblot analysis
using a specific antibody for UCP-1 (Santa Cruz Biotechnol-
ogy, Heidelberg, Germany) (Miesel et al., 2010).

Statistics

In order to quantify the total effect of changes in plasma
concentrations of leptin in response to the leptin injections
over the observation period, the AUCs were calculated for
each individual animal. Data shown are expressed as means +
SEM. Statistical analysis was performed by one- or two-way
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ANOVA, followed by appropriate post hoc tests (Bonferroni’s
multiple comparison test). Correlation coefficients (two-tailed
P-values) were computed according to Pearson, assuming a
Gaussian distribution, using GraphPad Prism version 4
(GraphPad Software, Inc., La Jolla, CA, USA). Differences were
considered to be statistically significant at an error level of P <
0.05. If Gaussian distribution was missed, the Wilcoxon
signed-rank test was performed. When only two groups were
being compared, a Student’s t-test was conducted (protocol 4).

Results

Haemodynamics

SD rats were normotensive and neither systolic blood pres-
sure nor heart rate was altered by treating rats with
8 mg-kg'-day' telmisartan for 14 days (protocol 4; Figure 1A
and B). Others have also demonstrated that blood pressure of
normotensive rats remained unchanged even after adminis-
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Figure 1

Influence of telmisartan treatment (8 mg-kg™'-day™") on blood pres-
sure (A) and heart rate (B) of normotensive CD-fed SD rats. Blood
pressure and heart rate were determined before and at day 14 of
treatment (means = SEM, n = 5). Panel C depicts plasma Angll of
CD-fed SD rats that were treated with telmisartan (TEL) or with
vehicle. Means + SEM, n = 26, *P < 0.05 versus vehicle.



tering 8 mg-kg'-day ! (Villa etal., 2011). Plasma Angll
increased after AT; receptor blockade (protocol 2), confirming
the efficacy of the telmisartan treatment (Figure 1C).

Body weight and energy intake

When rats of protocol 2 were fed with CD, body weight
increased in controls by more than 100 g within 14 days. The
gain in body weight was diminished by telmisartan, becom-
ing significant after 10 days of treatment (Figure 2A). Imme-
diately after starting CD feeding, the energy intake increased
in controls and telmisartan-treated rats, declining within the
course of 2 weeks. From day 4 until the end of the study,
telmisartan diminished the energy intake (Figure 2B). Thus,
the total energy intake of telmisartan-treated animals was
lower than that of controls, which can mainly be attributed
to a reduced intake of CD. The intake of chow was even
enhanced after telmisartan (Figure 2C). We observed a strong
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correlation between the gain in body weight and energy
intake. The regression curve of the telmisartan-treated rats
shifted leftwards compared with that representing the con-
trols (Figure 2D). Because of CD feeding, plasma leptin
increased time dependently by a factor of 4, but was attenu-
ated by telmisartan (Figure 2E). A positive correlation
between body weight and plasma leptin was observed in
controls but not in telmisartan-treated rats (Figure 2F).
Accordingly, plasma leptin was markedly increased by CD
feeding but normalized to lean control levels by telmisartan
in protocol 5 (Figure 3F). UCP-1 expression in brown adipose
tissue, a surrogate parameter for energy expenditure, was
similar in all groups (Supporting Information Fig. S2). In pro-
tocols 3 and 5, we were able to corroborate the potency of
telmisartan to diminish food intake and body weight within
a time period of 2 weeks (Table 1; Figure 3D and E). Further-
more, in protocol 4 we demonstrated reduced plasma levels
of TG and corticosterone in telmisartan-treated rats (Table 1).
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Influence of telmisartan (8 mg-kg™'-day™") on body weight (A), energy intake (B) and plasma leptin (E). Controls were treated with water. Panel
C depicts the total energy intake of telmisartan (TEL)- or vehicle-treated animals. The hatched bars indicate the intake of chow and the open bars
the CD intake. Panel D shows the total energy intake positively correlated with gain in body weight in telmisartan- (r = 0.769, P < 0.0001) and
vehicle-treated rats (r = 0.742, P = 0.0002). Panel F illustrates that body weight positively correlates with plasma leptin in CD-fed controls
(r=0.847, P <0.0001, slope 0.146 + 0.021) but not in telmisartan-treated rats (r= 0.356, P = 0.134, slope 0.025 £ 0.016). Means + or + SEM,
n=19-20, *P < 0.05 versus vehicle; TP < 0.05 intake of CD of telmisartan versus that of CON; %P < 0.05 intake of chow of telmisartan versus that

of CON; #P < 0.05 versus before treatment.
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Figure 3

Hypothalamic pSTAT3 staining in CD-fed rats that were treated with telmisartan (8 mg-kg™'-day™") and of CD- or chow-fed controls receiving
vehicle (A; AC, arcuate nucleus; EM, eminentia mediana; V3, third ventricle); scale bar: 100 um. Numbers of pSTAT3-positive cells were counted
in 29-30 slices of each animal (B). Correlation between cell numbers and energy intake (C). Gain in body weight (D), energy intake (E) and plasma
leptin (F) were reduced by telmisartan to levels of lean controls. Means + or + SEM, n = 6-8. Statistical analysis was performed by Wilcoxon
signed-rank test due to missing Gaussian distribution.

Table 1

Body weight, energy intake and plasma levels of TG and corticosterone of rats (protocol 3) after treatment with telmisartan (8 mg-kg™'-day™") and

simultaneous CD feeding compared with CD-fed rats only receiving vehicle

Body weight (g)
Energy intake (M))
Plasma triglycerides (mmol-L™")

Plasma corticosterone (mg-L™")

341.3+4.0
9.20+0.14
0.61 +£0.07
94.4 +20.8

326.1+£5.9
8.31+0.28
0.41 £0.05
49.4+9.6

0.050
0.012
0.048
0.037

Means + SEM, n = 8-10.
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Leptin sensitivity

To evaluate leptin’s functional efficacy, energy intake and
body weight upon exogenous leptin were first monitored in
chow-fed SD rats. In response to repeated leptin injections,
plasma concentrations of leptin clearly increased and
remained beyond control levels for almost 24 h (Supporting
Information Fig. S3A). Accordingly, food intake for the 48 h
period (Supporting Information Fig. S3B) was diminished and
gain in body weight lessened (Supporting Information
Fig. S3C).

Secondly, to determine the influence of telmisartan on
leptin sensitivity, telmisartan-treated rats and vehicle-treated
controls (which both were fed with CD) received either leptin
or saline. After saline injections, plasma leptin varied in
telmisartan-treated rats between 6.2 £ 1.0 and 9.2 £
1.2 ng-mL™" and tended to be slightly lower than the corre-
sponding minimal concentration (7.8 + 0.9 ng-mL™) and
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maximal concentration (Cmag 12.3 £ 1.3 ng-mL™") values of
the controls. Minimal values were found at approximately
0800 h and maximal values at approximately 2000 h, with no
differences between controls and telmisartan-treated animals
(Figure 4A). Cumax (43.8 £ 3.4 vs. 36.7 + 2.4 ng-mL™) were
observed 5.7 £ 0.8 and 6.0 £ 0.7 h, respectively, after injecting
leptin in controls and in telmisartan-treated rats and differed
between the two groups (Figure 4B). Considering the AUCs of
plasma leptin after leptin injections, leptin was tripled com-
pared with controls receiving saline. AUC after telmisartan
was decreased compared with controls (Figure 4C). Rats
became leptin resistant as a result of CD feeding as the energy
intake was similar between controls that received either
leptin or saline. The energy intake of telmisartan-treated rats
tended to be reduced during LRT even though they received
only saline. However, after injecting leptin the energy
intake was significantly lower than in controls receiving no
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Telmisartan improves leptin sensitivity. CD-fed rats were treated with telmisartan (8 mg-kg™'-day™") or water, and leptin sensitivity was functionally
determined by injecting (s.c.) leptin or saline. Plasma concentrations of leptin were determined within the first 24 h period of the LRT. Leptin
varied, time- dependently, in rats only receiving saline, irrespectively of whether rats were pretreated with telmisartan or vehicle (A). This circadian
rhythm was overruled when rats received leptin (B). Two-way anova indicates higher plasma leptin levels after leptin injections (C). The cumulative
energy intake (D) and the gain in body weight (E) were determined during the 48 h duration of the LRT. AUC of plasma leptin positively correlated
with energy intake (F), independently of whether rats received leptin (r = 0.8697, P = 0.001) or saline (r = 0.7541, P = 0.011). When rats were
treated with telmisartan, correlation tended to be negative both after leptin (r=-0.4415, P > 0.05) and saline injections (r=-0.4915, P > 0.05).

Means + or + SEM, n =10, *P < 0.05.
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(CRH) and POMC in the hypothalami of rats that were treated either with telmisartan (8 mg-kg™'-day™") or vehicle (= controls) during LRT. RNA

levels were similar between the two groups. Hypothalami were prepared 1
protocol 3), means + SEM, n= 10, *P < 0.05 versus CON.

telmisartan and in rats that had been treated with telmisartan
but received saline instead of leptin (Figure 4D). The reduc-
tion in energy intake was mainly attributed to a decrease in
CD consumption (867 + 56 vs. 579 = 43 K] per 2 days, P <
0.05), while the intake of chow was similar (155 + 11 vs. 163
+ 16 KJ). The gain in body weight in the LRT of telmisartan/
leptin-treated rats was <3 g and markedly less than in the
other groups (Figure 4E). The AUC of plasma leptin levels
correlated positively with the energy intake in controls, inde-
pendently of whether rats received leptin or saline, which
strongly supports leptin resistance in these rats (Figure 3F). In
contrast, this correlation was negative in telmisartan-treated
rats, irrespectively of whether saline or leptin was adminis-
tered, indicating that leptin sensitivity is retained (Figure 4F).
Steady-state mRNA levels of the (an-)orexigenic peptides
were determined in rats immediately after LRT was com-
pleted. MCH and PPO were lower in the hypothalami of
telmisartan-treated rats than in controls, but all the other
values remained unchanged (Figure 5).

To thirdly verify telmisartan’s influence on leptin sensi-
tivity, immunohistochemical analyses were performed in
chow- and CD-fed animals as well as in CD-fed and
telmisartan-treated rats by immunostaining of pSTAT3 in the
hypothalami of the animals. pSTAT3-positive cells in the AC
were higher after injecting leptin than after saline (Support-
ing Information Fig. S4). When rats were fed with CD, cell
numbers of pSTAT3 were reduced in AC compared with
chow-fed controls. telmisartan treatment tended (P = 0.054)
to normalize pSTAT3-positive cell numbers despite CD
feeding (Figure 3B). No correlation was observed between
pSTAT3 cell number and energy intake, which might be due
to the low number of animals involved in this part of the
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h after the last leptin injection (for detailed information, see ‘Methods,

study (Figure 3C). Although these levels did not reach statis-
tical significance, it may be speculated that the positive
Pearson r of CD-fed rats supports leptin resistance of these
rats whereas negative Pearson r might hint at leptin sensitiv-
ity in chow-fed controls and telmisartan-treated rats.

Discussion

We have demonstrated here that untreated controls became
obese and hyperphagic and developed leptin resistance. In
contrast, telmisartan preserved leptin sensitivity in rats
despite CD feeding. Because of the sensitization towards
leptin, telmisartan decreased food intake and body weight in
parallel with reduced pSTAT3 staining and lower mRNA levels
of MCH and PPO.

Telmisartan attenuated the increase in body weight and
decreased food intake in rats over the course of treatment
(Figures 2 and 3; Table 1). A temporary reduction in food
intake was also observed in chow-fed Wistar Kyoto rats that
were treated with candesartan and in CD-fed spontaneously
hypertensive rats after telmisartan treatment (Zorad et al.,
2006; Miesel etal., 2012; Miiller-Fielitz et al., 2012). We
addressed the question of whether telmisartan-induced
hypophagia might be caused by preventing peripheral leptin
resistance from developing. According to our previous find-
ings (Miesel et al., 2012; Miiller-Fielitz et al., 2012), SD rats
were thought to develop leptin resistance within 2 weeks as
energy intake was increased despite enhanced leptin levels
(Figure 4). A major component of this peripheral resistance is
likely an impaired transport of leptin across the BBB via a
permeable leptin transporter (Banks et al., 1999; Banks and



Farrell, 2003). The short form of the leptin receptor was
found to be highly expressed at the BBB and to act as a
unidirectional and saturable transporter (Banks et al., 1996;
Boado et al., 1998; Burguera et al., 2000). Saturation of leptin
transport across the BBB is thought to be relevant in obesity
(Banks et al., 1996; Banks and Farrell, 2003; Burguera et al.,
2000) because obese humans exhibit increased leptin serum
levels, but similar levels of leptin in the CSF in comparison
with those in non-obese subjects (Caro et al., 1996). 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 fewer leptin receptors and diminished leptin sig-
nalling (Scarpace et al., 2001; Sahu and Metlakunta, 2005). In
line with these results, we have demonstrated here (Table 1)
and elsewhere that (i) CD feeding caused not only leptin
resistance but also increased serum TG (Miesel et al., 2010;
Miiller-Fielitz et al., 2014) and (ii) that telmisartan normal-
ized body weight and TG to lean control levels (Figure 3;
Miiller-Fielitz et al., 2014). Thus, the question arises whether
telmisartan’s potency to reduce body weight gain, leptin and
TG is only coincidental or whether these effects may be
causally related. Hence, it seemed justified to administer
exogenous leptin peripherally, not intracerebroventricularly,
to investigate whether telmisartan prevents peripheral leptin
resistance. LRT revealed that leptin sensitivity is still pre-
served after 2 weeks of telmisartan although rats had the
freedom to consume the palatable and high-calorie CD. This
became particularly apparent as the energy intake in response
to leptin was lower in telmisartan-treated rats. Indeed, leptin
levels were slightly lower after leptin injections in these
animals than in the controls (which might be due to the body
weight-related leptin dosage), and thus we have more likely
underestimated than overestimated the observed effects. In
addition, the positive correlation between leptin and energy
intake that was observed in controls corroborates leptin
resistance and this was inverted towards a negative correla-
tion in telmisartan-treated rats (Figure 4F). This correlation
analysis strongly reconfirms at the functional level the ability
of telmisartan to maintain leptin sensitivity. We further con-
clude that leptin still crosses the BBB as we and others have
demonstrated that telmisartan reduced TG in humans and
animals (Kamari et al., 2008; Fogari et al., 2009; Miiller-Fielitz
et al., 2014). Although we did not directly examine BBB trans-
port of leptin, for example, by measuring radioactivity in the
brain after applying radioactively labelled leptin (Banks et al.,
2004), we still have evidence that this assumption is true.
In accordance with others (Perello et al., 2010; de Lartigue
et al., 2011), we have shown here that pSTAT3 staining upon
exogenous leptin was lower in diet-induced obese rats than in
lean rats, strongly indicating the onset of leptin resistance in
these animals. In contrast, pSTAT3 staining tended to be
normalized after telmisartan. This may fit to previous obser-
vations of others who demonstrated that anti-obese strategies
such as exercise (Patterson efal.,, 2009) or drug treatment
(Roth et al., 2008) diminished the number of pSTAT3-positive
cells. After leptin stimulates OB-Rb receptors and the JAK2/
STAT3-dependent pathway, the anorexigenic peptides POMC
and CART are expected to be up-regulated whereas the orexi-
genic peptides AgRP and NPY should be down-regulated
(Schwartz et al., 2000). Thus, we aimed to determine mRNA
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expression of these (an)orexigenic peptides immediately after
LRT. None of these peptides were found to be altered in our
study, which is in contrast to the data of others who found
that food intake of mice was reduced via the melanocortin
pathway (Noma et al., 2011). However, the orexigenic pep-
tides MCH and PPO encoding for the orexins were down-
regulated in hypothalami of telmisartan-treated rats. It is not
yet clear why we have not found any regulation of first-order
neuronal signalling in the AC (NPY and POMC neurons),
whereas second-order neuronal signalling was diminished in
LHA (MCH) and PVN (PPO). We previously observed that
MCH expression was reduced in the hypothalami of
candesartan-treated rats whereas other first-order peptides
were not altered (Miiller-Fielitz et al., 2011). Both MCH and
the orexins were assumed to reduce food intake by affecting
reward, thereby alleviating obesity (Cason et al., 2010; Chung
etal., 2011). Thus, it may be speculated that reward also
contributes to the anti-obese potency of telmisartan in our
experiments as the proportion of palatable high-calorie food
was decreased by telmisartan (Figure 2C); furthermore, others
have found that alcohol consumption was diminished in
mice lacking AT, receptor and in transgenic rats with reduced
Angll levels exclusively in the CNS, which was suggested to
be mediated via dopamine (Maul et al., 2005). The ARB losar-
tan inhibited nicotine-evoked dopamine and norepinephrine
release from striatal and hypothalamic slices, which addition-
ally confirms that the central RAS is involved in regulating
reward via the dopaminergic system (Narayanaswami et al.,
2013). Moreover, serotonin (5-HT) may also be involved in
Angll-regulated reward as the expression of the 5-HT(2C)
receptor and S-HT transporter was higher in hypothalami of
transgenic rats with a brain-specific angiotensinogen defi-
ciency; in addition, the anorectic 5-HT reuptake inhibitor,
5-HT releaser and 5-HT(2C) receptor agonist fenfluramine
reduced food intake more potently in transgenic rats than in
wild-type controls (Voigt et al., 2008).

We have clearly shown that telmisartan improved leptin
sensitivity and we speculated that leptin transport across the
BBB is improved; however, the underlying mechanism for
this still remains a matter of debate. Inconsistent findings
have been published on the ability of AngllI to influence BBB
function. On the one hand, Angll infusion increased BBB
permeability via AT; receptors and the ARB olmesartan mark-
edly reduced BBB microvessel permeability in an experimen-
tal model, showing substantial leakage from BBB microvessels
(Vital etal., 2010; Pelisch etal., 2011). In agreement with
these results, epinephrine increased microvascular Evans
blue-albumin efflux to brain in diabetic hypertensive rats
whereas candesartan attenuated permeability to brain tissue
(Awad, 2006). Only considering these findings, it seems
unlikely that ARBs increase BBB leakage, thus increasing
availability of central leptin. On the other hand, permeability
of BBB endothelial cell monolayers was decreased in the
presence of Angll in an AT, receptor-dependent manner by
influencing 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 central tissue via leptin transporters located
in the choroid plexus (Chodobski and Szmydynger-
Chodobska, 2001). AngIl was shown to decrease blood flow
in choroidal blood vessels through interactions with the sym-
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pathetic nervous system and the NO synthetic pathways
(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 penetration of
leptin into the hypothalamus. Moreover, we can also specu-
late that the inhibitory action of glucocorticoids on leptin
may contribute to the observed increase in leptin
sensitivity after telmisartan. In rodents, obesity is often
accompanied by hypercorticism, overresponsiveness of the
HPA axis or increased 24 h urinary corticosterone output
(Cunningham et al., 1986; Guillaume-Gentil et al., 1990). Cir-
culating leptin is under adrenal glucocorticoid control as
adrenalectomy decreases circulating leptin concentrations,
and corticosterone replacement restores it to levels observed
in sham-operated controls (Spinedi and Gaillard, 1998). Con-
sidering the facts that AT, receptors are located in hypothala-
mus, pituitary gland and adrenals and the reactivity of the
HPA axis was increased after Angll but decreased after AT,
receptor blockade (Raasch et al., 2006; Miiller et al., 2007;
Miesel et al., 2012; Miiller-Fielitz and Raasch, 2013), inhibit-
ing HPA axis reactivity by blocking AT; receptors may con-
tribute to the increase in leptin sensitivity observed after
administering telmisartan. The reduced corticosterone levels
demonstrated in this study seem to support this hypothesis.

In summary, we have demonstrated that telmisartan pre-
serves leptin sensitivity despite CD feeding, whereas CD
feeding promotes leptin resistance and obesity in controls.
This effect occurs independently of its efficacy in lowering
blood pressure using high doses of telmisartan. Thus, tel-
misartan may be very valuable for treating patients present-
ing with all the cardinal symptoms of metabolic syndrome.
The limitation of this therapeutic approach is that dosages
>80 mg telmisartan in humans represent an off-label use and
systematic studies addressing safety aspects by considering
such high doses of 160-320 mg have not been published yet.
Thus, the relevance of our experiments for humans needs to
be investigated in future trials.
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Figure S1 Correlation analysis between plasma leptin levels
and energy intake of rats before and 14 days after drug treat-
ment (A). A clear upward shift was observed in CONobese in
contrast to the downward shift of CONlean or telmisartan
(TEL)-treated rats. The data in this figure originate from a
study that was recently published by Miiller-Fielitz et al.
(2012). However, only mean values of plasma leptin and
energy intake and no detail analysis reflecting their interde-
pendency have been presented in this paper. In analogy to
the feeding regime of the presented study, spontaneous
hypertensive rats could freely choose between chow and a
high-calorie and palatable cafeteria diet (CD) consisting of
various cookies and chocolate bars (CONobese). Lean con-
trols received only chow (CONlean). One group of CD-fed
rats was treated with telmisartan (TEL, 8 mg-kg'-day™).
Before any CD feeding and drug treatment, plasma leptin
values of all rats negatively correlated with energy intake,
which confirms leptin sensitivity of rats at this time (B).
Already after 2 weeks CD-fed animals seem to develop leptin
resistance as energy intake is high despite of high plasma
leptin (D). Values particularly correlate in CD-fed controls
after 2 weeks. This positive correlation was not observed in
telmisartan-treated rats despite their CD feeding (E) and cer-
tainly not in CONlean (C), thus indicating that leptin sensi-
tivity is still retained. Means + SEM, n = 12-14.

Figure S2 Expression of UCP-1 in brown adipose tissue. Rats
were treated with telmisartan (8 mg-kg'-day') or vehicle.
Representative immunoblots and densitometric analyses
demonstrate that UCP-1 is not influenced by leptin and tel-
misartan. Means = SEM, n = 10.

Figure $3 Changes in plasma leptin (A), energy intake (B)
and body weight (C) in chow-fed Sprague Dawley rats after
injections of leptin or saline. The injection regime for leptin
is given in the methods (protocol 1). Means + SEM, n = 10, *P
< 0.05 versus saline.

Figure $4 Hypothalamic pSTAT3 staining in a male chow-
fed Sprague Dawley rat after injections of (A) saline or (B)
leptin (100 mg-kg™). AC, arcuate nucleus; EM, eminentia
mediana; V3, third ventricle; scale bar: 100 pm.
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