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INTRODUCTION

A
pelin is a peptide that plays a crucial role in 
regulating various physiological processes, in-
cluding energy balance, cardiovascular, gas-

trointestinal, neuroendocrine, and immune functions. 
It acts as an endogenous ligand for the G-protein-
coupled receptor APJ. Apelin is initially synthesized 
as a 77-amino acid pre-protein, which is processed 

into several active forms, including apelin-13, -17, 

and -36. Among these, [Pyr1]apelin-13, a pyrogluta-

mated form of apelin-13, is particularly resistant to 

degradation and serves as a key physiological ligand 

for APJ [1, 2]. Previous research has indicated that 

apelin is involved in the regulation of body temper-

ature and energy homeostasis. For example, intra-

cerebroventricular (ICV) administration of apelin-13 
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in rats has been shown to elevate body temperature 
[3]. Additionally, chronic administration of apelin-13 
into the third cerebral ventricle over a 10-day period 
increased food intake, body mass, locomotor activity, 
and body temperature in mice [4]. Recently, systemic 
intraperitoneal administration of [Pyr1]apelin-13 was 
found to signi cantly increase body temperature and 
body mass in fasted rats [5].

Nitric oxide (NO) is a gaseous signaling molecule pro-
duced from the amino acid L-arginine through three 
isoforms of nitric oxide synthase (NOS): neuronal NOS 
(nNOS), inducible NOS (iNOS), and endothelial NOS 
(eNOS) [6]. The NOS/NO pathway plays a crucial role 
in regulating body temperature [6]. For instance, de-
 ciencies in iNOS or nNOS have been shown to af-
fect lipopolysaccharide-induced fever [7]. Additionally, 
pharmacological inhibition of NOS using the nonselec-
tive NOS inhibitor N -Nitro-L-arginine methyl ester (L-
NAME) or the selective iNOS inhibitor aminoguanidine 
(AG) suppresses lipopolysaccharide-induced fever in 
rats [8, 9]. Systemic administration of AG signi cantly 
attenuates heatstroke-induced hyperthermia [10]. 
Furthermore, it has been demonstrated that inhibiting 
NOS with L-NAME, 7-nitroindazole, or AG e  ectively 
suppresses the leptin-induced febrile response in rats, 
highlighting the involvement of the NOS/NO pathway 
in mediating leptin-induced fever [11, 12].

Previous research has shown that ICV administra-
tion of L-NAME did not in uence the increase in body 
temperature induced by apelin [3]. This indicates that 
central NO signaling may not play a signi cant role in 
these temperature changes. However, ICV adminis-
tration primarily a  ects speci c neuronal circuits in-
volved in thermoregulation, such as those connected 
to the hypothalamus or brainstem, depending on the 
ventricle targeted [6]. To gain a more comprehensive 
understanding of NO�s role in apelin-induced increas-
es in body temperature, it is necessary to investigate 
systemic NO inhibition. Systemic administration of 
L-NAME or AG inhibits NO production both centrally 
and peripherally, o  ering a broader perspective on 
NO�s involvement in thermoregulation [6, 8-10]. This 
approach allows us to determine whether peripheral 
NO pathways, which remain una  ected by ICV ad-
ministration, contribute to the apelin-induced temper-
ature response.

In this study, we tested the hypothesis that systemic 
inhibition of NO synthesis with L-NAME or AG could 
modulate apelin�s e  ects on body temperature. Fur-
thermore, we examined how NO synthase inhibition 
impacts the e  ects of apelin on food intake and body 
mass, providing a more holistic understanding of the 
interaction between NO signaling and apelin�s physi-
ological actions. 

MATERIALS AND METHODS 

Drugs

[Pyr1]apelin-13 (SML2084), N -Nitro-L-arginine 
methyl ester (L-NAME, a non-selective NOS inhibi-
tor, N5751), and aminoguanidine (AG, a selective 
iNOS inhibitor, 396494) were obtained from Sigma-
Aldrich, Schnelldorf, Germany. L-NAME and AG 
were administered at a dosage of 50 mg/kg [11, 12], 
while [Pyr1]apelin-13 was administered at a dosage 
of 0.5 mg/kg [5]. The selected doses of L-NAME and 
AG were based on previous investigations, where 
no signi cant e  ects on core body temperature were 
observed following intraperitoneal administration in 
rats [11, 12]. All drugs were dissolved in physiologi-
cal saline (0.9% w/v NaCl) and administered intra-
peritoneally (IP) at a volume of 0.2 ml/100 g body 
mass. Control animals received only physiological 
saline (0.9% w/v NaCl).

Animals

Male Wistar rats (10-12 weeks old, 250±30 g) were 
obtained from the Laboratory Animal Breeding Cen-
ter of the Bulgarian Academy of Sciences, Slivnitsa, 
Bulgaria. The rats were housed in groups of six per 
cage in a temperature-controlled environment (20�
22 °C) under a 12-hour light/dark cycle (lights on from 
07:00 to 19:00). They had ad libitum access to stan-
dard chow and water throughout the study. All animal 
experiments were conducted in full compliance with 
Directive 2010/63/EU of the European Parliament 
and Council (22 September 2010) on the protection 
of animals used for scienti c purposes. The study 
protocols were approved by the Ethical Council of the 
Bulgarian Food Safety Agency.

Measurement of body temperature, food intake, 
and body mass gain 

The experimental protocol was based on procedures 
described in previous studies [5, 11, 12]. Prior to 
the experiment, all rats underwent a 24-hour period 
of food deprivation with free access to water. Body 
mass was measured both before the injections and 
24 hours afterward. To control for potential circadian 
e  ects, all experimental procedures were carried out 
between 10:30 AM and 11:30 AM. Rats were  rst IP 
injected with L-NAME, AG, or saline, followed 10 min-
utes later by an IP injection of [Pyr1]apelin-13. The 
animals were divided into four treatment groups (n 
= 6 per group): saline+saline, saline+[Pyr1]apelin-13, 
AG+[Pyr1]apelin-13, and L-NAME+[Pyr1]apelin-13. 
Each animal was used in only one experimental ses-
sion. Core body temperature was monitored using 
thermocouple probes connected to an Iso-Thermex 
multi-channel thermometer (Columbus Instruments, 
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Columbus, Ohio, U.S.A.), with the probes lubricated 
with petroleum jelly and inserted at least 6 cm into 
the rectum for precise readings. The rats were mildly 
restrained during the temperature measurements. 
Baseline body temperature was recorded just before 
the  rst injection, showing no signi cant di  erences 
between the treatment groups. Following the second 
injection, body temperature was recorded at 30-min-
ute intervals for 150 minutes. To assess the overall 
change in body temperature over time, the area un-
der the curve (AUC) from -10 to 150 minutes was 
calculated using the �Area Below Curves� macro in 
SigmaPlot 12.5 (Systat Software GmbH, Erkrath, 
Germany). Following body temperature measure-
ments, the rats were transferred to individual cages 
within 5 minutes. Pre-weighed chow pellets were 
provided, and food intake was measured 24 hours 
post-injection, with adjustments made for spillage. 
The experiment was conducted in a controlled room 
temperature environment (20-22 °C).

Statistical analysis

Statistical analysis was performed using SigmaPlot 
12.5 software (Systat Software GmbH, Erkrath, 
Germany). The normality of the data was assessed 
using the Shapiro-Wilk test, con rming that the data 
followed a normal distribution. For comparisons be-
tween two treatment groups, a two-tailed Student�s 
t-test was applied. For comparisons involving more 
than two groups, a one-way ANOVA was used, fol-
lowed by the Student-Newman-Keuls multiple com-
parison test. Statistical signi cance was de ned as 
a p-value less than 0.05. All results are expressed 
as mean ± standard error of the mean (SEM).

RESULTS

E  ects of combined administration of NOS inhib-
itors and apelin on body temperature

Systemic administration of the non-selective NOS 
inhibitor L-NAME signi cantly inhibited the apelin-in-
duced increase in body temperature at the 60th, 90th, 
and 120th minutes after injection (Fig. 1A). Throughout 
the 150-minute recording period, the combined admin-
istration of the selective iNOS inhibitor AG and [Pyr1]
apelin-13 signi cantly reduced the apelin-induced rise 
in body temperature at the 60th and 90th minutes (Fig. 
1B). As shown in Figure 2, there were no statistically 
signi cant di  erences in temperature responses be-
tween the L-NAME+[Pyr1]apelin-13, AG+[Pyr1]ape-
lin-13, and control (saline+saline) groups.  

Analysis of the AUC indicated that the di  erences in 
mean values among the treatment groups were great-
er than would be expected by chance (Fig. 3A, F

2,15
 = 

4.425, p = 0.031; Fig. 3B, F
2,15

 = 4.389, p = 0.032). A post 
hoc test of the mean AUC values revealed a signi cant 
di  erence in the L-NAME+[Pyr1]apelin-13 group (Fig. 
3A) and the AG+[Pyr1]apelin-13 group (Fig. 3B) com-
pared to the saline+[Pyr1]apelin-13 group. However, no 
signi cant di  erences were observed when comparing 
the L-NAME+[Pyr1]apelin-13 group and the AG+[Pyr1]
apelin-13 group to the control (saline+saline) group. 

E  ects of combined administration of NOS inhibi-
tors and apelin on food intake and body mass gain

The combined administration of L-NAME and [Pyr1]
apelin-13 signi cantly a  ected food intake (Fig. 4A, 
F

2,15
 = 3.815, p = 0.046) and body mass change 

Fig. 1. E  ects of systemic NOS inhibition on apelin-induced increase in body temperature in 24-hour-fasted rats. The  rst 
arrow indicates the time of the initial injection (saline, L-NAME, or AG), and the second arrow indicates the time of the 
subsequent injection (saline or [Pyr1]apelin-13). In panel (A), intraperitoneal (IP) injection of the non-selective NOS inhibitor 
L-NAME suppressed the apelin-induced increase in body temperature at the 60th, 90th, and 120th minutes post-injection. 
In panel (B), administration of the selective iNOS inhibitor AG signi cantly reduced the apelin-induced rise in body tem-
perature at the 60th and 90th minutes. Temperature represents the change in body temperature from baseline (time -10). 
Data are presented as mean ± SEM, n = 6 rats per group. *p < 0.05 vs. saline + [Pyr1]apelin-13 group.
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(Fig. 4B, F
2,15

 = 7.002, p = 0.007) in rats. 
Animals treated with L-NAME and [Pyr1]
apelin-13 consumed less food compared 
to those receiving [Pyr1]apelin-13 alone, 
but no signi cant di  erence in food intake 
was observed compared to control ani-
mals (Fig. 4A). Systemic administration 
of L-NAME also suppressed the apelin-
induced increase in body mass (Fig. 4B). 

The combined administration of AG and 
[Pyr1]apelin-13 did not signi cantly af-
fect food intake (Fig. 4C, F

2,15
 = 0.400, p 

= 0.677), but it did signi cantly in uence 
changes in body mass (Fig. 4D, F

2,15
 = 

3.867, p = 0.044). Post hoc analysis re-
vealed no signi cant di  erence in body 
mass gain between the control group and 
the AG+[Pyr1]apelin-13group, indicating 
that AG suppresses the apelin-induced in-
crease in body mass (Fig. 4D). 

Fig. 4. E  ects of combined 
administration of NOS 
inhibitors and [Pyr1]ape-
lin-13 on food intake (A, 
C) and body mass change 
(B, D) in 24-hour fasted 
rats. Results are present-
ed as mean ± SEM, with * 
p < 0.05 vs. saline+saline 
group; #p < 0.05, ##p < 
0.01 vs. saline+[Pyr1]ape-
lin-13 group. n = 6 rats per 
group

Fig. 2. Combined administration of NOS inhibitors and 
[Pyr1]apelin-13 shows temperature response similar to 
control group. Temperature indicates the change in 
body temperature from baseline (time -10). Data are 
presented as mean ± SEM; n = 6 rats per group

Fig. 3. Area under the curve (AUC) analysis 
of the overall change in body temperature 
from -10 to 150 minutes post-injection. Panel 
(A) compares the AUC values for the control 
group, the group treated with [Pyr1]apelin-13 
alone, and the group treated with L-NAME and 
[Pyr1]apelin-13. Panel (B) compares the AUC 
values for the control group, the group treated 
with [Pyr1]apelin-13 alone, and the group treat-
ed with AG and [Pyr1]apelin-13. Data are pre-
sented as mean ± SEM, n = 6 rats per group. 
*p < 0.05 vs. saline + saline group; #p < 0.05 
vs. saline + [Pyr1]apelin-13 group
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DISCUSSION

In our study, we demonstrated that systemic NOS in-
hibition with L-NAME or AG suppresses the apelin-in-
duced increase in body temperature, suggesting that 
NO plays a key role in mediating the apelin�s e  ects 
on thermoregulation. These  ndings align with previ-
ous studies that have highlighted NO�s involvement in 
apelin signaling. For instance, apelin has been shown 
to directly activate the vascular L-arginine/NOS/NO 
pathway, which plays a key role in regulating vascu-
lar function [13, 14]. Additionally, post-infarct treat-
ment with [Pyr1]apelin-13 reduces myocardial dam-
age by decreasing oxidative injury and enhancing 
NO levels in a rat model of myocardial infarction [15]. 
Another study demonstrated that apelin improves 
sensory-motor balance defects by reducing neuronal 
death and restoring serum NO levels [16]. Apelin-13 
also alleviates diabetic nephropathy by enhancing 
NO production and suppressing kidney tissue  brosis 
[17]. Further evidence supporting NO�s role comes 
from research showing that ICV injection of apelin in 
fed mice improves glucose control via NO-dependent 
mechanisms. These e  ects were con rmed using 
transgenic models (eNOS knockout mice), pharma-
cological interventions (L-NMMA-treated mice), and 
real-time NO release measurements via amperomet-
ric probes. Notably, high-fat diet-fed mice exhibited a 
blunted response to apelin, associated with a lack of 
NO response in the hypothalamus [18].

Previous research has emphasized the apelin�s cru-
cial role in thermogenesis, particularly in brown adi-
pose tissue (BAT). Apelin treatment has been shown 
to raise body temperature, increase oxygen con-
sumption, and lower the respiratory quotient, indicat-
ing enhanced metabolic activity. Additionally, apelin 
increased the expression of uncoupling protein 1, a 
key marker of energy expenditure, in BAT and un-
coupling protein 3, a regulator of fatty acid export, in 
skeletal muscle [19]. Moreover, apelin-APJ signaling 
promotes brown adipocyte di  erentiation by upregu-
lating thermogenic and adipogenic transcription fac-
tors. It also enhances the basal activity of brown adi-
pocytes by stimulating mitochondrial biogenesis and 
increasing oxygen consumption, further reinforcing 
its role in thermogenesis [20]. Previous studies sug-
gest that NO plays a pivotal role in enhancing BAT 
thermogenic functions. Sympathetic stimulation, both 
in vivo (e.g., cold exposure or 3-adrenergic agonist 
treatment) and in vitro (e.g., noradrenaline treatment 
of cultured cells), signi cantly increases the expres-
sion and activity of both cytosolic and nuclear eNOS 
and iNOS in rat brown adipocytes [21]. Additionally, 
NO has been shown to support thermogenesis-relat-
ed processes such as mitochondriogenesis, angio-

genesis, and tissue hyperplasia by in uencing their 
molecular basis. These  ndings indicate that NO is 
a key regulator of BAT thermogenic programming, 
a  ecting gene expression, protein levels, and tis-
sue structure [22]. Thus, we speculate that inhibiting 
NOS may suppress the apelin�s thermogenic e  ects 
on BAT.

In this study, we also demonstrated that systemic 
inhibition of NOS with L-NAME signi cantly sup-
pressed the apelin-induced e  ects on food intake and 
body mass gain in rats. The observed suppression 
of the apelin�s e  ects by L-NAME suggests a broad 
involvement of NO in the regulation of both energy 
intake and metabolic processes. In contrast, the se-
lective inhibition of iNOS with AG was less e  ective in 
modulating these apelin-induced responses, as indi-
cated by the lack of signi cant e  ects on food intake 
and only partial suppression of the apelin-induced in-
crease in body mass. The distinct outcomes between 
L-NAME and AG administration suggest that di  erent 
NOS isoforms may play unique roles in mediating the 
apelin�s e  ects on metabolism. L-NAME is a non-se-
lective NOS inhibitor, blocking both eNOS and nNOS 
in addition to iNOS, which may account for its broad-
er impact on apelin-induced changes. Interestingly, 
while previous studies have shown that the IP admin-
istration of L-NAME or AG at the same dosage (50 
mg/kg) suppressed food intake and body mass gain 
24 hours after injection [11, 12, 23, 24], these e  ects 
were not replicated when NOS inhibitors were co-ad-
ministered with apelin in our study. This discrepancy 
could be due to the complex interplay between apelin 
and NO pathways. Apelin�s known e  ects on thermo-
genesis and metabolic regulation could interact with 
NO in a manner that alters the usual impact of NOS 
inhibition on these variables. 

Further investigation is required to fully elucidate the 
mechanisms underlying these  ndings. The distinct 
roles of various NOS isoforms in apelin-mediated 
metabolic regulation remain unclear, making it es-
sential to explore their speci c contributions. Gaining 
a deeper understanding of these complex interac-
tions between NO and apelin could provide valuable 
insights into their roles in thermogenesis and metab-
olism, potentially leading to new therapeutic targets 
for metabolic disorders.

CONCLUSION

Our study demonstrates that systemic inhibition of 
NOS using L-NAME or AG suppresses the apelin-in-
duced increase in body temperature, highlighting the 
role of nitric oxide in mediating the apelin�s thermo-
regulatory e  ects. Additionally, L-NAME e  ectively 
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suppressed the apelin�s impact on food intake and 
body mass gain, while selective inhibition of inducible 
NOS with AG was less e  ective. These  ndings sug-
gest that di  erent NOS isoforms may have distinct 
roles in modulating the apelin�s e  ects on metabo-
lism. Further investigation into the speci c contribu-
tions of these isoforms may provide deeper insights 
into the mechanisms governing apelin�s in uence on 
thermogenesis and energy homeostasis, potentially 
leading to novel therapeutic targets for metabolic dis-
orders.
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