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Abstract—Obesity is associated with premature mortality, impaired quality of life, and large healthcare costs. However, treat-
ment options remain quite limited. Here we studied potential anti-obesity effects of a novel cationic mitochondrial uncou-
pler, C,R1 (derivative of rhodamine 19) in C57BI1/6 mice. Obesity was induced by long-term (eight weeks) high fat diet feed-
ing at thermoneutrality. The treated group of mice received consecutively two doses of C,R1 in drinking water (30 and 12-
14 pmol/kg daily) during 30 days. Effects of C,R1 were dose-dependent. After six days of C4R1 treatment at dose 30 pmol/kg
daily, food intake was reduced by 68%, body weight by 19%, and fat mass by 21%. Body weight decrease was explained part-
ly by reduced food intake and partly by increased metabolism, likely resulting from uncoupling. Body fat reduction upon
C,R1 treatment was associated with improved lipid utilization estimated from decrease in respiratory quotient to the mini-
mal level (0.7). Interestingly, the classical uncoupler 2,4-dinitrophenol at similar dose (27 pmol/kg daily) did not have any
effect. Our results are relevant to the search for substances causing mild uncoupling of mitochondria that could be a prom-

ising therapeutic strategy to treat obesity.
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The number of obese people has been increasing over
recent decades, and now more than one billion adults and
children are overweight. Obesity has a crucial role in
developing many diseases such as diabetes mellitus,
hyperlipidemia, cardiovascular diseases, and cancer [I,
2]. Obesity can be overcome by increase in energy expen-
diture in the form of increased physical activity or heat
production (thermogenesis) or by reduction of energy
intake from diet. Weight loss induced by dieting has been
shown to be successful in reducing body weight and the
health consequences of obesity, but unfortunately >90%
of individuals who lose weight through dietary control
eventually return to their original weight [2, 3].
Pharmacological treatment may therefore be desirable for
those patients with associated comorbid conditions who
have been unable to control their obesity through diet and
exercise.

Abbreviations: C,R1, a short-chain alkyl derivative of rhod-
amine 19; DNP, 2,4-dinitrophenol; MRI, magnetic resonance
imaging; RMR, resting metabolic rate; RQ, respiratory quo-
tient; UCP1, uncoupling protein 1.

* To whom correspondence should be addressed.

Mitochondrial uncoupling agents were proposed to
be a potential treatment for obesity [1, 4, 5]. The artificial
uncoupler 2,4-dinitrophenol (DNP) was used for this
purpose for many years in the 1930s [6, 7], but then was
discontinued due to high toxicity. DNP is a weak acid,
which acts as a protonophore: it crosses the inner mito-
chondrial membrane in neutral protonated state, loses its
proton, and returns as the anion driven by membrane
potential. In this way, it increases the proton conductance
of mitochondria and energy expenditure of the whole
organism [8-10].

DNP is now extensively studied in mice as a model
compound to elucidate the effects of mitochondrial
uncoupling on animal energy homeostasis, mitochondrial
adaptations, mechanisms of oxidative stress, and aging [9-
13]. Long-term treatment with a very low dose of DNP
reduced body weight, improved serological glucose,
triglyceride, and insulin levels, as well as extended the life
span of mice [11]. Another study confirmed the positive
effects of DNP on body weight and metabolic parameters
of mice but reported a negative effect on exercise capacity
[9]. In experiments with isolated heart, a low concentra-
tion of DNP caused profound QT shortening on the elec-
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trocardiogram and triggered ventricular fibrillation [14].
Such inappropriate activities in critical tissues in combi-
nation with a narrow therapeutic range (small difference
between the effective and the fatal doses) of DNP [6, 15]
excluded its therapeutic application against obesity [16].

Alternative cationic uncoupling agents [17, 18],
including derivatives of rhodamine 19 [19, 20], have been
recently designed. A positive charge on these compounds
moves them into mitochondria. Moreover, their uncou-
pling activity linearly depends on membrane potential,
thus, to be self-regulating [21]. Due to the self-regulation
as well as an ability to accumulate specifically in mito-
chondria and probable low toxicity, novel cationic uncou-
plers could be considered as promising anti-obesity
agents.

A long-chain alkyl derivative of rhodamine, C,,R1,
increases proton conductance of artificial bilayer lipid
membranes as well as possessing uncoupling activity in
mitochondria and intact cells [19, 20]. A short-chain
alkyl derivative of rhodamine 19, C,R1, exhibits low
protonophoric activity in artificial bilayer lipid mem-
branes; however, it uncouples mitochondria even more
effectively than C,R1 did [20].

The aim of the present investigation was to study
effects of the novel cationic uncoupler C,R1 in vivo in
mice. To humanize our research, it was performed in
C57BI1/6 mice prone to obesity, the animals being kept on
high fat diet and at thermoneutrality (30°C). It is well
known that mice living at low ambient temperatures pro-
duce a lot of heat to maintain their body temperature [22,
23], and this facultative thermogenesis masks uncoupling
effect of studied compounds [10, 24]. Quite often anti-
obesity drugs decrease food intake. Ignoring this fact
leads to overestimation of the role of increased energy
expenditure in loss of weight [25, 26]. To distinguish food
intake-dependent and independent effects of C,R1, a
pair-fed group of mice was included in the study. Another
task of our study was to compare effects of C,R1 with
effects of the classical uncoupler DNP. DNP is known to
uncouple mitochondria at 10 times higher concentration
than C,R1 ([20] and [27] for comparison). However, data
about DNP doses effective in vivo are quite contradictory
(effective doses differ 1000 times in [11] and [9]). In our
work, we studied effects of DNP at a dose similar to the
C,R1 dose.

MATERIALS AND METHODS

Animals housing. Thirty male C57Bl/6J mice, 7-8-
week-old in the beginning of the experiment, were used.
The mice were kept at thermoneutrality (30°C) and on
high fat diet (45% fat content; D12451; Research Diets
Inc., USA) eight weeks prior to the experiment to induce
obesity and during the experiment. The mice were housed
under 12 h light/12 h dark regime. The light period start-
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ed at 8 a.m., and the dark period started at 8§ p.m. The
mice were single caged. Cages were enriched with tissue
paper, tissue tube as a shelter, and sawdust for welfare.
The entire experiment was approved by the ethical com-
mittee of North Stockholm.

C,R1 and DNP treatments and monitoring of physio-
logical parameters. Prior to treatment, the mice were
divided into three groups according to their body weight
and fat mass: 5 control, 5 pair-fed, and 5 treated mice.
Treated mice received food ad libitum and C,R1 in drink-
ing water. C,R1 was initially dissolved in 95% ethanol to
concentration 0.25 M and then added in estimated
amount (according to body weight of mice) to 30 ml tap
water in small drinking bottles. The concentration of the
drug in the drinking water varied during the experiment:
0.39-0.41 mM (depending on body weight) for the first six
days, 0.19-0.21 mM for the next 16 days. On the 22nd day,
the experiment was discontinued for six days and then
started again with 0.19-0.21 mM C,R1 for 8 days. The
control group received food ad libitum and drinking water
with corresponding concentration of sodium bromide
and ethanol (0.08-0.16%), since C,R1 was a bromide ini-
tially dissolved in ethanol. Pair-fed mice received drink-
ing water with the same supplementations as the control
group and the same amount of food as treated mice ate in
the previous 1-2 days.

The water was changed every 4-5 days. Water and
food intakes were measured every 1-2 days. Actual dose of
C,R1 (in umol/kg daily) was calculated based on water
intake. The pair-fed group received a daily meal every day
at 8 p.m., when active night period starts, to avoid dis-
turbing circadian rhythms of the animals. For this reason,
water and food intakes as well as body weight were meas-
ured also at 8 p.m. Body composition (fat and lean mass-
es) was measured twice before the treatment as well as
directly prior to the treatment (day 0) and on the 2nd,
6th, and 15th days of the treatment using in vivo magnet-
ic resonance imaging (MRI) with an EchoMRI-100 TM
instrument (EchoMRI, USA). Note that fat mass meas-
ured by MRI is a much broader concept than mass of adi-
pose tissues. It is sum of all lipids in all tissues of the body.
Similar to this, lean mass is a broader concept than mass
of muscles and includes proteins and carbohydrates of all
tissues in the body, cytoplasm of all cells and extracellular
fluid, blood plasma (except for lipids of plasma), etc. In
other words, lean mass is the body mass with the excep-
tion of all lipids.

The experiment with DNP was performed separate-
ly during eight days. Groups of mice were formed similar-
ly to the C,R1 experiment. DNP was initially dissolved in
95% ethanol to concentration 0.5 M and then diluted in
30 ml tap water to concentration 0.39-0.41 mM (accord-
ing to body weight of the mice). Bottles with water con-
taining DNP were protected from light. Control and pair-
fed mice received ethanol (0.07-0.1%) in tap water. Other
conditions were like in the C,R1 experiment.
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Indirect calorimetry. In the C,R1 experiment during
the first two days and on the 7th and the 16th days of
treatment, the mice were placed in metabolic chambers
(Somedic INCA, Sweden) for measurement of gas
exchange by means of indirect calorimetry. Mice from the
DNP experiment were placed in metabolic chambers on
the 7th day of the treatment. Before measurements, an
oxygen analyzer (zirconium oxide detector) was calibrat-
ed using two reference gases containing 18 and 25% oxy-
gen in nitrogen. Carbon dioxide was measured using a
sensor based on the dual-channel infrared absorption
principle (model 0633-1240; Testo, Germany) connected
to a reference instrument (model 650; Testo). The carbon
dioxide detector was calibrated using two reference gases
containing carbon dioxide 0.02 and 0.2% in nitrogen. The
metabolic chamber (volume 4 liters) was supplied with air
at a flow rate of 1 liter/min. The air leaving the chamber
was dried with silica gel (2 mm molecular sieves with
pores size 0.3 nm; Merck, Germany). The oxygen and
carbon dioxide contents were measured every 2 min in the
air supplying the chamber and in the air leaving it.
Oxygen consumption and carbon dioxide production
were calculated continuously as the difference in the con-
centrations of the gases in these two samples. Resting
metabolic rate (RMR) was estimated as the lowest oxygen
consumption rate for a stable 10-15 min period during the
day. The respiratory quotient (RQ) value was calculated
as ratio of rate of CO, production to the rate of O, con-
sumption. Energy expenditure was calculated using the
Weir equation and normalized to lean mass:

Energy expenditure (mW/g lean) =
= (16.3 x Vo, +4.57 x V¢0,) x 1000/(60 x lean),

where Vy, is rate of oxygen consumption, ml/min; Vo, is
rate of carbon dioxide production, ml/min.

Statistics. All data are presented as means * stan-
dard errors of means. The results were analyzed in the
KaleidaGraph program (version 4.5.2). Unpaired
Student’s 7-test with unequal variances was applied to cal-
culate significance with p < 0.05 or p < 0.01.

RESULTS

Time course of food intake and body weight. C,R1-
treated mice drank somewhat less water during the treat-
ment than control and pair-fed mice (Fig. 1a). Reduction
of water intake under C,R1 treatment cannot be
explained by the influence of C,R1 on food intake as
water intake of pair-fed mice was not different from the
control mice. The possibility that C,R1 has an adverse
effect on the mice’s sense of taste should be checked by
means of preference test. Actual dose of C,R1 received by
the mice was estimated from water intake (Fig. 1b).
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Fig. 1. Water intake (a) and actual C,R1 dose obtained by mice
(b). a) Water intake was measured every 2-3 days. Every data point
on the graph represents a water intake (ml/day) during the previ-
ous period of measurement; b) actual dose of C,R1 obtained by
mice (umol/kg daily) was estimated based on water intake (see
Fig. 1a). Three groups of mice are designated as control, pair-fed,
and freated. The x-axis is time relative to start of the first treat-
ment. Periods in metabolic chambers are indicated by black rec-
tangles above the x-axis, # = 5 in each group. Data points are

means + S.E.; *, ** indicate statistically significant differences

between treated and pair-fed groups with p < 0.05 and p < 0.01,
respectively. For convenience, statistical differences only between
treated and pair-fed groups are presented.

Food intake and body weight are shown in Fig. 2. It
should be noted that study of the C,R1 effect on appetite
was not a task of the present work. During the first six
days, average actual dose of C,R1 was 30 umol/kg daily
(Fig. 1b). Treatment started at 8 p.m. of the first day (time
0 on the figures), when mice started receiving drinking
water supplemented with C,R1 or sodium bromide and
ethanol. At the same time, mice were placed in metabol-
ic chambers for two days. The new environment caused
stress for mice and led to a small reduction in food intake
and body weight in all groups. Food intake was not signif-
icantly different between the groups; however, treated
mice lost significantly more body weight than pair-fed
and control mice.

On days 2-6, mice were removed from the metabolic
chambers. Food intake and body weight of control mice
were restored. Food intake of treated mice (and corre-
spondingly pair-fed mice) continued decreasing, as well
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as body weight. During the four days, treated mice lost
twice more weight than pair-fed mice (2.54 and 1.24 g,
respectively).

On day 6, food intake of most of the treated mice
went down to 0.5-0.8 g/day (which is 20-30% of initial
food intake) and was not stabilized. According to the
ethical committee, this food intake reduction was con-
sidered to be critical, and to prevent excessive impact on
the well-being of the mice, the concentration of the drug
in their drinking water was decreased twice. On days 7-
22, average actual dose of C,R1 was 12 umol/kg daily. At
8 p.m. of the 7th day simultaneously with reduction of
C,R1 concentration, mice were placed in metabolic
chambers for 24 h.

Again, similarly to the first two days in metabolic
chambers, food intake and body weight of control mice
were slightly reduced. The treated mice continued to
reduce food intake and body weight without visible accel-
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eration caused by the metabolic chambers. Pair-fed mice
lost a little body weight due to influence of the metabolic
chamber environment, similarly to control mice.

On days 6-9 of C,R1 treatment, food intake of treat-
ed mice was stabilized at the minimal level. Body weight
of pair-fed mice was stabilized in parallel to food intake
stabilization. In contrast to pair-fed mice, treated mice
continued loosing body weight during these three days.

On days 9-15, food intake of treated mice started to
spontaneously restore in spite of continuous treatment.
Parallel to food intake, body weight of treated and pair-
fed mice was first stabilized at minimal levels and then
started to increase. At this point of the experiment, pair-
fed mice lost 11% of body weight, whereas treated mice
lost 24% of their body weight.

On day 15 of C,R1 treatment, when food intake of
treated mice was fully restored, mice were placed in the
metabolic chambers for 24 h.
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Fig. 2. Effects of C,R1 on food intake (a) and body weight of mice (b). a) Food intake was measured every 2-3 days, as in Fig. 1a; b) body

weight. Conditions are as in Fig. 1. *, ** indicate statistically significant differences with control group;
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with pair-fed group with p < 0.05 (one symbol) and p < 0.01 (two symbols).
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On days 15-22 of C,R1 treatment, food intake of
treated mice was stabilized at the level of control mice.
However, body weight of treated mice was still signifi-
cantly lower than body weight of control and pair-fed
mice.

On day 22, C,R1 treatment was discontinued for six
days and mice received regular drinking water.
Immediately after the treatment cancellation, food intake
of treated mice increased and was 35% higher in compar-
ison to control mice eating ad libitum. After four days,
food intake of treated mice was back to normal values.
During these days body weight of treated mice increased
by 14%. Such a quick recovery of appetite and body
weight gain of treated mice points to an absence of irre-
versible toxic effects of C,R1 on the digestive tract and
other organs. Interestingly, pair-fed mice, that continued
to receive the same amount of food as treated mice ate,
did not increase food intake and ate the same amount of
food as control mice.
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Fig. 3. Effect of C,R1 on body composition: body fat mass (a) and
body lean mass (b). Body composition was measured by means of
MRI. Mice were in metabolic chambers during the 1st-2nd and
the 7th day of treatment as indicated by black rectangles above the
x-axes, n = 5 in each group. Data points are means = S.E.; *, **
indicate statistically significant differences with control group;
¥ statistically significant differences with pair-fed group with p <
0.05.
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On the 28th day of the experiment, after 6 days of the
“recovery” period, the new round of treatment started
(average actual dose of C,R1 was 14 umol/kg daily). The
second treatment was performed to check whether the
same effect of the drug could be achieved repeatedly after
recover. As shown in Fig. 2, food intake and body weight
were repeatedly decreased and then spontaneously
restored. However, effects were twice smaller than
before — the first six days of the first treatment (average
actual dose 30 pmol/kg daily) resulted in 68% decrease of
food intake and 19% (6.8 g) of body weight loss, whereas
the first six days of the second treatment (average actual
dose 14 umol/kg daily) resulted in 38% decrease of food
intake and 11% (3.8 g) decrease in body weight. Thus,
first, C4,R1 influences appetite and body weight repeated-
ly even after spontaneous recovery of both parameters
and, second, it acts in dose-dependent manner.

Time course of body composition. Body composition
was measured before treatment and during treatment
(Fig. 3). Body weight loss by treated and pair-fed mice
was accompanied by fat loss (Fig. 3a). During 15 days of
the treatment, pair-fed mice lost three times less body fat
than treated mice.

C,4R1 caused loss of lean mass as well (Fig. 3b), more
pronounced in comparison to the pair-fed group. Note
that the difference might result from higher loss of body
water, which accompanied higher loss of body weight,
and not necessarily from actual loss of proteins and car-
bohydrates. At day 15, lean mass of treated mice was
restored.

Time course of metabolic parameters. Oxygen con-
sumption is a main metabolic parameter reflecting rate of
metabolism and energy expenditure. During nighttime,
mice are active with the maximal oxygen consumption
rate. During daytime, mice mostly sleep and consume
much less oxygen. Resting metabolic rate (RMR) was
calculated as the minimal stable (during 10-15 min) oxy-
gen consumption rate during the daytime. RMR was the
same in three groups of mice during the first two days of
the treatment (not shown).

Respiratory quotient (RQ) is another important
metabolic parameter, which reflects the source of fuel uti-
lized (proteins, lipids, or carbohydrates). RQ is calculat-
ed as a ratio of carbon dioxide production rate to oxygen
consumption rate. By definition, RQ could vary between
1 (utilization of pure carbohydrates) and 0.7 (utilization
of pure lipids). Mean values of RQ during the first two
days of the treatment (separately for night and day peri-
ods) are shown in Fig. 4. The RQ of the control mice was
typical for high fat diet (around 0.80-0.85 independently
on time of day). RQ of pair-fed mice did not differ from
RQ of control group during the first day of the treatment.
Only in the end of the second day, when food intake of
pair-fed mice was somewhat decreased, RQ values
dropped. Interestingly, RQ values of treated mice started
to decrease already after a few hours of the treatment. The
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difference was significant already at the first day of the
treatment, when food intake did not differ between
groups. These data are consistent with larger body weight
loss by treated mice during this period of time (Fig. 2b)
and are probably important for understanding of food-
independent effects of C,R1.

On the 7th day of the treatment, when food intake of
treated mice was stabilized at the minimal level and body
weight continued decreasing, mice were again placed in
the metabolic chambers for 24 h. Oxygen consumption
rate of treated mice was almost all the time higher than
oxygen consumption rate of pair-fed mice (not shown).
RMR was significantly lower in pair-fed group than in
control group (Fig. 5a), which is probably associated with
low food intake. However, RMR was higher by 23% in
treated group than in pair-fed group in spite of the same
food intake, and did not differ from RMR of the control
group.

Energy expenditure can be estimated from respirato-
ry exchanges. Energy expenditure is proportional to vol-
ume of oxygen consumed. But since the amount of oxy-
gen needed to burn different fuels — fat, proteins, carbo-
hydrates — is not strictly proportional to energy released
from this burn, or in other words, since energy equivalent
of oxygen depends on the substrate oxidized, oxygen con-
sumption should be corrected by respiratory quotient or
carbon dioxide produced. In our study, we used the Weir
equation to calculate energy expenditure and normalized
it to lean mass (metabolically more active). Energy
expenditure was higher in the treated group than in pair-
fed group (Fig. 5b).

On the 15th day of the treatment, when food intake
of treated and pair-fed mice was fully restored and body
weight started to increase, the mice were placed in the
metabolic chambers for 24 h. At this stage, RMR was the
same in all groups of mice (not shown). RQ of pair-fed
and treated mice was back to normal values (not shown).
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Fig. 4. Respiratory quotient (RQ) during two first days of the
treatment. Mean RQ values are presented (n = 5 for each group of
mice); * indicates statistically significant difference with control
group with p < 0.05; * statistically significant difference with pair-
fed group with p < 0.05.
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Fig. 5. Resting metabolic rate (a) and energy expenditure (b) dur-
ing the 7th day of the treatment. a) Resting metabolic rate calcu-
lated for each mouse as minimal stable for 10-15 min oxygen
consumption rate. The values are means = S.E. (n = 5 for each
group). b) Energy expenditure calculated by means of Weir equa-
tion and normalized to lean mass. The values are means *+ S.E.
during day and night period (n = 5 for each group); *, ** indicate
statistically significant differences with control group; *, ** statis-
tically significant differences with pair-fed group with p < 0.05
(one symbol) and p < 0.01 (two symbols).

Effects of DNP on metabolic parameters of mice. The
second aim of the present study was to compare anti-obe-
sity effects of C4,R1 with the effect of the classical uncou-
pler DNP. DNP was administrated in drinking water as
for C,R1. The actual dose of DNP calculated based on
water intake was 27 umol/kg daily. DNP in this dose did
not affect water intake, food intake, body weight (not
shown), or resting metabolic rate (Fig. 6).

DISCUSSION

In the present study, we found that the novel cation-
ic mitochondrial uncoupling agent C,R1 effectively
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Fig. 6. Effect of DNP on resting metabolic rate. RMR was calcu-
lated on the 7th day of treatment, as in Fig. 5a. The values are
means = S.E. (» = 5 for each group). Dose of DNP was
27 umol/kg daily.

reduced body weight of obese mice. An attempt to extra-
polate results of the study from mice to humans is imped-
ed by substantial differences in thermoregulation and
metabolism between these two mammals. The major
problem of diet studies performed with mice is a signifi-
cant elevation of thermogenesis in response to relatively
small decrease in environmental temperature. Such extra
heat production may mask the stimulating effects of
potential anti-obesity drugs on metabolism [22, 23]. The
problem has been clearly demonstrated in studies [8, 10,
24] where effects of DNP and uncoupling protein 1
(UCP1) were investigated in mice living at thermoneu-
trality (30°C) or at standard animal house temperature
(22°C). Anti-obesity effects of DNP and UCP1 were evi-
dent only at thermoneutrality [8, 10, 24]. Thus, environ-
mental temperature should be taken into account when
assessing an anti-obesity drug in mice, particularly agents
acting on energy expenditure. Our C,R1 study was per-
formed under humanized conditions, when human
metabolism is maximally reproduced in mice, namely at
thermoneutrality (30°C) and with high fat and high sugar
diet resembling the human obesogenic western diet. It
suggests that anti-obesity effects of C,R1 observed here in
mice could be developed in humans as well.

Two anti-obesity effects of C,R1 were observed.
First, it reduced food intake, and second, increased rest-
ing metabolic rate. Such combination of two modes of
action appears to be a desirable feature of C,R1 as an
anti-obesity agent. It is known that poly-therapeutic
strategies against obesity (targeting different pathways)
often yield better results than strategies that modify one
pathway alone [2]. Similarly to C,R1, two anti-obesity
mechanisms (decreasing energy intake and increasing
energy expenditure) were attributed to the anti-obesity
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agent that has been most popular in last decade, sibu-
tramine, a dual monoamine (noradrenaline and sero-
tonin)-reuptake inhibitor [28, 29].

A 25-50% loss of body weight and body fat mass at
different stages of C,R1 treatment was explained by
reduced food intake (as calculated from comparison with
pair-fed group). The possible mechanism of food intake
reduction could be either direct action at satiety centers in
the central nervous system or influence on production (or
functioning) of hormone-like peptides affecting appetite.
Basic research (for review, see [30]) has identified a wide
range of signal molecules produced in the gut (ghrelin,
glucagon-like peptide-1, glucose-dependent insulinotrop-
ic polypeptide, oxyntomodulin, peptide YY), pancreas
(insulin, amylin) and adipose tissue (leptin, adiponectin)
and acting on satiety centers in the hypothalamus.

C,R1 increased RMR as compared to the pair-fed
group. The mechanism behind elevated RMR is probably
attributable to increased mitochondrial uncoupling. The
studies of in vitro effects of C,R1 on isolated mitochon-
dria revealed its uncoupling activity [20]. It has been sug-
gested that C,R1 uncouples via an interaction with carri-
er protein(s) of the mitochondrial inner membrane [20].
Many carrier proteins have uncoupling activity under
certain conditions [31-33]. Carrier protein UCP1 in
brown adipose tissue mitochondria possesses the maximal
uncoupling activity [34]. Previously, we showed that
uncoupling by UCP1 is three times higher than uncou-
pling mediated by all carrier proteins together [35, 36].
An attractive idea is to explore whether C,R1 could inter-
act with UCP1 in brown fat mitochondria. Brown adi-
pose tissue as well as recently discovered “brite”
adipocytes within white adipose tissue are the most pow-
erful thermogenic and metabolically active (due to
UCP1) systems [37-39]. The fact that C,R1 quickly start-
ed to stimulate lipid oxidation independently of food
intake (decreased RQ already a few hours after the start of
the treatment, Fig. 4) indicates the possible selective acti-
vation of UCP1 by C,R1. It is well known that brown adi-
pose tissue was evolutionarily developed as the most
effective system for burning lipids.

Remarkably, the classical anionic uncoupler DNP in
dose 27 umol/kg daily did not elevate the metabolism of
mice. Our results are consistent with the study of dose-
dependent effects of DNP [10]: only a dose 19 times
higher than the dose used here decreased body weight,
body fat mass, and increased energy expenditure [10].
The difference between in vivo effective doses of C,R1
and DNP is consistent with the difference between effec-
tive concentrations of the uncouplers in isolated mito-
chondria [20, 27].

Interestingly, in a study of Caldeira da Silva et al.
[11] extremely low doses of DNP (50-170 times lower
than dose used by us and 1000 times lower than dose used
in [9, 10]) effectively decreased body weight and
improved symptoms of metabolic syndrome. Caldeira da
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Silva et al. explained their results by uncoupling of oxida-
tive phosphorylation [11], but did not prove it persuasive-
ly: neither RMR nor mitochondrial uncoupling
(oligomycin insensitive respiration normalized to mg of
mitochondrial protein) were measured. As an alternative
explanation, effects of long-term treatment with DNP on
gut microbiota could be proposed.

Our several step treatment with C,R1 (30 days in
total) did not induce visible toxic effects in the mice. The
behavior of mice was normal even with initial high dose,
which substantially reduced food intake. Intriguingly, in
nine days after the start of the treatment, food intake and
body weight spontaneously started to restore during the
treatment. This indicates the absence of toxic effects of
C,R1 on the digestive tract. The fact that all in vivo effects
of C,R1 observed by us (on body weight, food intake,
RMR, and RQ) were temporal and started to sponta-
neously restore on 9-15th day of the treatment appears to
be extremely interesting and needs to be studied further.
Repeated treatment with C,R1 in six days after treatment
cancellation had similar effects (reduced body weight and
food intake). This opens the possibility to use the drug not
constantly, but with short (few days) courses.

Thus, the novel cationic uncoupler C,R1 may be a
stepping-stone to creation of an effective and safe anti-
obesity drug.
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