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Abstract BACKGROUND: Neuromedin U (NMU) is a neuropeptide broadly expressed 
in the gastrointestinal (GI) tract and central nervous system (CNS), implicated 
in energy balance and glucose homeostasis. Recent studies have suggested that 
NMU may act as a “decretin” hormone by inhibiting glucose-stimulated insulin 
secretion (GSIS); however, in vivo findings remain inconclusive. This study evalu-
ated plasma NMU responses during an oral glucose tolerance test (OGTT) and 
regional intestinal NMU expression in a monosodium glutamate (MSG)-induced 
hypothalamic obesity (MHO) model in rats.
METHODS: Thirty male Wistar rats were divided into control and MHO 
groups. MHO was induced by subcutaneous MSG injections during the 
neonatal period. After five months, metabolic parameters, oral glucose toler-
ance test (OGTT), plasma NMU levels, and NMU mRNA expression in the 
duodenum, jejunum, and ileum were analyzed using ELISA and RT-qPCR. 
RESULTS: The MHO group exhibited elevated fasting glucose, decreased basal 
insulin levels, and increased abdominal adiposity compared to controls, indicating 
a metabolically obese phenotype in this model. Basal plasma NMU levels were 
similar between groups. At 60 minutes post-glucose load, plasma NMU decreased 
significantly relative to baseline in both groups, with no difference between 
MHO and control rats. Intestinal NMU expression followed a proximal-to-distal 
declining pattern, consistent with previous reports, and did not differ between 
MHO and control rats. 
CONCLUSION: These findings suggest that NMU expression within the gastroin-
testinal tract remains regionally regulated and unaltered in experimental obesity. 
Furthermore, the significant decline in plasma NMU at 60 minutes is compat-
ible with modulation during hyperglycemia but does not establish a causal role 
in glucose regulation. This pattern appears to be preserved in the MHO model 
despite metabolic dysfunction. Future studies employing receptor inhibition or 
NMU administration are warranted to elucidate its physiological role in insulin 
regulation.
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INTRODUCTION
Obesity and metabolic syndrome (MetS) are global 
epidemics that significantly drive morbidity and 
mortality, with type 2 diabetes rising in both devel-
oped and developing nations (Hruby & Hu, 2015). 
About 537 million people currently live with diabetes, 
projected to reach 783 million by 2045 (Sun et al. 2022). 
While genetics contribute, lifestyle and environmental 
factors are the principal drivers. Gut and adipose tissues 
regulate metabolism via hormones that maintain energy 
balance (Wu et al. 2022), and adipose-derived media-
tors such as leptin, resistin, and TNF-α promote insulin 
resistance (Nieto-Vazquez et al. 2008). Gastrointestinal 
surgeries (e.g., gastric bypass, biliopancreatic diversion) 
are termed metabolic because they improve glucose 
control beyond weight loss (Fändriks, 2017), reducing 
body weight by ~60% and improving glucose tolerance 
by ~80% (Brolin, 2002), while lowering obesity-related 
risk and healthcare costs (Rubino & Gagner, 2002).

The foregut and hindgut hypotheses explain these 
benefits. The hindgut model proposes that rapid 
nutrient delivery to the distal intestine triggers signals 
improving glucose control (Campbell & Drucker, 2013), 
mediated by incretins such as GLP-1 and GIP (Nauck & 
Meier, 2016). The foregut model posits that excluding 
the duodenum/proximal jejunum suppresses signaling 
that impairs insulin action; thus, removing proximal 
intestine from nutrient flow may improve tolerance by 
inhibiting putative anti-incretins (“decretins”) (Rubino 
et al. 2006).

This led to the idea that a proximally secreted, 
fasting-stimulated enteroendocrine decretin suppresses 
insulin production/secretion. Although none has 
been definitively identified, Neuromedin U (NMU) 
— a  peptide expressed in gut and brain—has been 
proposed as a candidate (Alfa et al. 2015). Evidence is 
mixed: NMU suppressed glucose-stimulated insulin 
secretion in isolated perfused rat/human pancreas 
in vitro (Kaczmarek et al. 2006; Alfa et al. 2015), but 
several in vivo studies did not confirm this and instead 
suggested incretin-like actions (Peier et al. 2011; Ensho 
et al. 2019; Kuhre et al. 2019). The foregut-derived 
decretin concept predicts a proximally secreted factor 
suppressed by nutrient exposure that attenuates insulin 
release. Because oral glucose robustly engages enteroen-
docrine pathways, an OGTT is a physiological context 
in which to examine this hypothesis. Monitoring the 
time dependent dynamics of NMU throughout the 
OGTT allows us to determine whether circulating 
NMU is nutrient modulated in vivo and whether its 
pattern is compatible with a potential suppressive effect 
on the insulin response. The MSG-induced hypo-
thalamic obesity model provides a suitable platform 
to  assess whether these relationships are preserved 
under systemic metabolic dysfunction.

Therefore, we used a rat model of monosodium 
glutamate (MSG)-induced hypothalamic obesity 

(MHO). We hypothesized that obesity associated 
changes in β cell function and glycemia in MSG treated 
rats would be accompanied by changes in basal and 
glucose stimulated plasma NMU levels compared with 
controls. As a novel contribution, this study provides 
the first integrated characterization of both OGTT 
evoked NMU dynamics and regional intestinal NMU 
expression within the MSG induced hypothalamic 
obesity model. Our primary hypothesis was that MHO 
would alter circulating NMU responses to oral glucose, 
yielding a pattern compatible with a potential decretin 
like role, whereas our secondary hypothesis was that 
MHO would disrupt the canonical proximal to distal 
gradient of intestinal NMU expression. Accordingly, 
we descriptively assessed basal NMU concentrations, 
glucose induced NMU responses, and regional intestinal 
NMU mRNA expression, without manipulating NMU 
signaling directly. Specifically, because NMU is more 
highly expressed in proximal gut segments—stomach, 
duodenum, jejunum, proximal ileum (Mitchell et al. 
2009)—we examined whether these regional NMU 
mRNA levels differ between MHO and controls.

MATERIAL AND METHODS 
This in vivo experimental study is reported in accor-
dance with the ARRIVE 2.0 guidelines for animal 
research. All procedures were conducted in compliance 
with institutional and national regulations for the care 
and use of laboratory animals.

Animals, housing and ethical approval 
Thirty male Wistar albino rats, aged 3 months, were 
used in this study. Animals were provided by the 
Pamukkale University Animal Care Unit. All experi-
mental procedures were approved by the Ethical 
Committee of Pamukkale University (approval number 
PAUHADYEK-2021/11), and animal care followed the 
Guide for the Care and Use of Laboratory Animals. Rats 
were housed in groups of four to five per stainless-steel 
cage under standard laboratory conditions (ambient 
temperature 24 ± 2 °C, relative humidity 50 ± 5%) with 
a 12-h light/12-h dark cycle. Animals had ad libitum 
access to standard chow and tap water throughout the 
study.

Group allocation and inclusion/exclusion criteria
The animals were randomly assigned into two 
equal groups: the Control group (n = 15) and the 
MSG-induced hypothalamic obesity (MHO) group 
(n = 15), using simple randomisation. Inclusion criteria 
required that the animals were healthy during the 
neonatal period, free of visible physical deformities, and 
fully adapted to laboratory conditions (12-hour light/
dark cycle, 22 ± 2 °C). Pre-defined exclusion criteria 
were established to ensure data integrity and animal 
welfare. These included: (i) severe deterioration in 
general health or weight loss exceeding 20% of baseline 
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body weight (humane endpoints); (ii) technical compli-
cations during experimental procedures or sample 
collection (e.g., hemolysis of blood samples); and (iii) 
failure to develop the targeted obesity phenotype in 
the MSG/MHO group (non-responders), defined as 
a  Lee index below the predefined threshold and/or 
lack of significant weight gain compared with controls. 
However, all animals in the present study successfully 
met the inclusion criteria and fulfilled the require-
ments of the targeted obesity model. No animals were 
excluded due to health issues, technical complications, 
or failure to develop obesity. Consequently, statistical 
analyses were performed on the entire cohort of 30 rats 
(Control group: n = 15; MHO group: n = 15).

Sample size and power calculation
An a priori power analysis was performed using 
G*Power software (version 3.1.9) to determine the 
minimum sample size required to detect statisti-
cally significant differences between the Control and 
MSG-treated (MHO) groups. Based on effect sizes 
reported in previous studies investigating MSG-induced 
obesity and gastrointestinal gene expression, the anal-
ysis was conducted with a two-sided α level of 0.05 and 
a target power (1−β) of 80%. The calculation indicated 
that a sample size of n = 15 rats per group (total N = 30) 
would provide adequate statistical power for the 
planned between-group comparisons, while accounting 
for potential biological variability.

Induction of MSG-induced hypothalamic obesity and 
experimental design
Animals were allocated into two experimental groups: 
control (C; n = 15) and monosodium glutamate–
induced hypothalamic obesity (MHO; n = 15). MHO 
was induced during the neonatal period by subcuta-
neous injections of monosodium glutamate (MSG; 
4 mg/g body weight, Sigma) on postnatal days 0, 2, 
4, 6, 8, and 10. Control rats received an equivalent 
volume of isotonic saline (0.9% NaCl, 0.1 ml/g body 
weight) on the same postnatal days. Following neonatal 
treatment, animals were maintained under standard 
housing conditions for five months. Body weight was 
measured weekly from week 4 to week 16, and values 
were recorded to monitor growth and to  support the 
characterization of the MHO phenotype. At the end 
of five months, metabolic characterization included 
oral glucose tolerance testing (OGTT), fasting plasma 
insulin, abdominal obesity indices, triglyceride (TG), 
total cholesterol (TC), high-density lipoprotein 
(HDL), low-density lipoprotein (LDL), Lee index, and 
Homeostasis Model Assessment of Insulin Resistance 
(HOMA-IR). A summary of the experimental design is 
presented in Figure 1.

Oral glucose tolerance test (OGTT) and insulin 
measurements
At the end of the fifth month, rats were fasted over-
night for 12 h with free access to water. After the fasting 
period, a glucose solution (2 mg/g body weight) was 
administered by oral gavage. Tail vein blood samples 
were collected at 0 (baseline), 30, and 60 min to deter-
mine blood glucose and plasma insulin concentrations.

Blood glucose levels were measured immedi-
ately using a handheld glucometer (ACCU-CHEK 
Performa Nano). Plasma was separated by centrifu-
gation, aliquoted, and stored until analysis. Plasma 
insulin concentrations at each time point (0, 30, and 
60 min) were quantified using a commercial ELISA kit 
according to the manufacturer’s instructions (E-EL-
R2466; Elabscience). The OGTT procedure followed 
previously published protocols with minor adaptations 
(Nagy and Einwallner, 2018).

Plasma biochemical parameters and obesity indices
For biochemical analyses, rats were fasted for 12 h prior 
to blood sampling. Tail blood was collected, and plasma 
was obtained by centrifugation. Fasting plasma TG, TC, 
HDL, and LDL were measured using commercial enzy-
matic colorimetric kits (Elabscience, E-BC-K238,109; 
YL Biont, YLA0495RA, YLA0444RA), following the 
manufacturers’ protocols. Basal and glucose-induced 
plasma neuromedin U (NMU) concentrations were 
determined at 0, 30, and 60 min of the OGTT using 
a specific ELISA kit (BTLab, E0719Ra).

At the end of the experimental period, abdominal 
adiposity was evaluated by dissecting and removing 
retroperitoneal and perigonadal fat pads. Each fat 
depot was carefully excised, blotted, and weighed; total 
abdominal fat was calculated as the sum of retroperito-
neal and perigonadal fat masses and expressed relative 
to body weight (per 100 g). The Lee index, an anthro-
pometric indicator of obesity in rodents, was calcu-
lated as body weight 1/3 (g) / naso-anal length (cm), as 
originally described by Bernardis and Patterson (1968) 
Insulin resistance was estimated using the HOMA-IR 
index, which was calculated as fasting plasma glucose 
(mmol/L) × fasting plasma insulin (mIU/L) / 22.5.

Real-time quantitative PCR (RT-qPCR) for intestinal 
NMU expression
To assess regional intestinal NMU expression, three 
gastrointestinal segments—duodenum, jejunum, and 
ileum—were collected from each experimental group 
at the end of the study. Approximately 100 mg of tissue 
from each segment was rapidly excised, rinsed in ice-
cold saline, snap-frozen, and stored at −80 °C until 
RNA extraction. Total RNA was isolated using the 
Hibrizol Total RNA Mini Kit (HibriGen) according 
to the manufacturer’s instructions. RNA concentration 
and purity were assessed spectrophotometrically using 
a NanoDrop™ 1000 (Thermo Scientific). Samples were 
stored at −80 °C until further processing. For cDNA 
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Fig. 2. Weekly body weight in 
control and MSG-induced 
hypothalamic obesity rats.

  Body weight (g) measured 
weekly from week 4 to week 
16 in control (C) and MSG-
induced hypothalamic obesity 
(MHO) groups. Values are 
mean ± SEM. *p < 0.001 vs C at 
corresponding time points.

Fig. 1. Experimental design and 
timeline of MSG-induced 
hypothalamic obesity model.
Schematic overview of neonatal 
treatment with monosodium 
glutamate (MSG) or saline, 
follow-up period, serial body-
weight measurements, and 
terminal assessments at 5 months, 
including oral glucose tolerance 
test (OGTT), fasting biochemical 
measurements, abdominal fat 
sampling, and intestinal tissue 
collection. C, control; MHO, MSG-
induced hypothalamic obesity.
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synthesis, 1 μg of total RNA from each sample was 
reverse-transcribed using the OneScript® Plus cDNA 
Synthesis Kit (ABM) following the manufacturer’s 
protocol. Quantitative real-time PCR (RT-qPCR) was 
performed using qPCR SybrMaster (Jena Bioscience) 
on a PikoReal Real-Time PCR System (Thermo 
Scientific). The thermal cycling protocol consisted 
of an initial enzyme activation step at 95 °C for 3 min, 
followed by 40 cycles of denaturation at 95 °C for 15 s 
and annealing/extension at 60 °C for 1 min, and a final 
melt-curve analysis for 20 min to verify amplicon spec-
ificity. All reactions were run in triplicate.

The expression of neuromedin U mRNA was 
normalized to the internal reference gene β-actin 
(actin beta). For each sample, the threshold cycle (Ct) 
of the target gene was first normalized to that of β-actin 
(ΔCt = Ct_target − Ct_actin). Relative expression levels 
were then calculated using the 2^−ΔΔCt method, 
where ΔΔCt = ΔCt_sample − ΔCt_control. Data are 
presented as fold change (relative quantification, RQ) 
compared with the control group. All biochemical, 
hormonal, and gene expression measurements were 
performed by investigators who were blinded to group 
allocation.

Statistical analysis
The experimental unit was the individual rat. Statistical 
analyses were performed using SPSS version 25.0 
(IBM, Armonk, NY, USA). Continuous variables are 
expressed as mean ± standard error of the mean (SEM). 
The Shapiro–Wilk test was used to assess whether data 
conformed to a normal distribution. When parametric 
assumptions were met, differences between two inde-
pendent groups were evaluated using the Student’s 
t-test. For non-normally distributed data, the Mann–
Whitney U test was applied. For comparisons involving 
more than two groups or multiple conditions, one-way 
analysis of variance (ANOVA) was used, followed by 
Tukey’s post hoc test when appropriate. A two-sided 
p  value < 0.05 was considered statistically significant 
for all analyses.

RESULTS
MSG-induced hypothalamic obesity (MHO) Results
Animals in groups C and MHO were weighed starting 
from week 4 until week 16 and weekly changes in body 
weight were monitored. It was found that the weights 
of animals in the MHO group were statistically signifi-
cantly (p = 0.001) lower than those in the C group from 
week 6 (Figure 2). The Lee index, used as an indicator 
of obesity in rodents, was higher in the MHO group 
than in the C group but did not reach statistical signifi-
cance (Figure 3). When fasting blood glucose levels 
were compared between the MHO and control (C) 
groups, the MHO group exhibited significantly higher 
fasting glucose concentrations than the control group 
(p = 0.0001) (Figure 4). The fasting blood insulin levels 
were significantly lower in the MHO group than in the 
C group (p = 0.01) (Figure 5). HOMA-IR, an index 
of insulin resistance, did not differ significantly between 
the MHO and control (C) groups (p = 0.3) (Figure 6). 
Lipid profiling showed higher LDL-C in the MHO 
group than in controls (p = 0.003 and p = 0.01, respec-
tively), whereas HDL-C, triglycerides (TG), and total 
cholesterol (TC) did not differ significantly between 
groups (Figure 7). Retroperitoneal (Figure 8), perigo-
nadal (Figure 9), and total abdominal fat (Figure  10) 
were all significantly higher in the MHO group than 
in controls (p = 0.0001), indicating greater abdominal 
adiposity despite lower overall body weight.

Glucose and insulin levels in response to OGTT
Following oral glucose administration (2 mg/g, gavage), 
blood glucose levels were higher in the MHO group 
than in controls at 0, 30, and 60 minutes (Figure 11a). 
In parallel, the insulin response to hyperglycemia 
was significantly blunted in the MHO group relative 
to controls at all time points (Figure 11b).

Neuromedin U response to OGTT
We evaluated the NMU response to the oral glucose 
tolerance test (OGTT) in MHO and control (C) rats. 

Fig. 4. Fasting blood glucose levels.
  Fasting blood glucose (mmol/L) in control (C) and MSG-

induced hypothalamic obesity (MHO) rats at 5 months. Values 
are mean ± SEM. *p < 0.001 vs C.

Fig. 3. Lee index as an indicator of obesity.
  Lee index in control (C) and MSG-induced hypothalamic 

obesity (MHO) rats at 5 months. Values are mean ± SEM. 
Higher values indicate greater adiposity; the between-group 
difference did not reach statistical significance.
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Fig. 8. Retroperitoneal fat mass.
  Retroperitoneal fat mass expressed relative to body weight 

(g/100 g) in control (C) and MSG-induced ypothalamic 
obesity (MHO) rats. Values are mean ± SEM. *p < 0.0001 vs C.

Fig. 9. Perigonadal fat mass.
  Perigonadal fat mass expressed relative to body weight (g/100 

g) in control (C) and MSG-induced hypothalamic obesity 
(MHO) rats. Values are mean ± SEM. *p < 0.0001 vs C.

Fig. 7. Fasting lipid profile in control and MSG-treated 
rats.

  Fasting plasma triglycerides (TG), total cholesterol 
(TC), high-density lipoprotein cholesterol (HDL-C), 
and low-density lipoprotein cholesterol (LDL-C) in 
control (C) and MSG-induced hypothalamic obesity 
(MHO) rats. Values are mean ± SEM. *p < 0.01 vs C 
for LDL-C; other parameters were not significantly 
different.

Fig. 5. Fasting plasma insulin levels.
  Fasting plasma insulin (mIU/L) in control (C) and MSG-

induced hypothalamic obesity (MHO) rats at 5 months. 
Values are mean ± SEM. *p < 0.01 vs C. 

Fig. 6. HOMA-IR index.
  Homeostasis model assessment of insulin resistance 

(HOMA-IR) in control (C) and MSG-induced hypothalamic 
obesity (MHO) rats. Values are mean ± SEM. No significant 
difference was observed between groups.

Between group comparisons showed no differences in 
plasma NMU at baseline, 30, or 60 minutes. Within 
group analyses showed no change at 30 minutes versus 
baseline, whereas at 60 minutes plasma NMU levels 
were significantly reduced in both C and MHO groups 
(Figure 12), indicating a similar late phase decline in 
circulating NMU during the OGTT.

NMU relative gene expression results in duodenum, 
jejunum and distal intestine
In both groups, NMU protein expression declined 
progressively from proximal to distal gastrointestinal 
segments. The MHO group showed a pattern similar 
to controls (Figure 13).
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DISCUSSION
The primary objective of this study was to evaluate 
the physiological response of Neuromedin U (NMU) 
to  hyperglycemia and its gastrointestinal distribution 
in a monosodium glutamate (MSG)-induced hypo-
thalamic obesity (MHO) model. We demonstrate that 
while the MHO model was successfully established 
with characteristic metabolic impairments—including 
abdominal adiposity and β-cell dysfunction—the 
physiological regulation of NMU remains preserved. 
Specifically, we observed a consistent suppression 
of  plasma NMU during late-phase hyperglycemia, 
alongside a preserved proximal-to-distal gradient 
of NMU mRNA expression within the gastrointestinal 

tract in obese rats, mirroring the patterns observed in 
healthy controls.

Consistent with numerous studies using this model, 
we observed a marked reduction in weight gain in 
the MHO group relative to controls (C), beginning at 
week 6 and persisting through the five-month period, 
as shown by weekly body-weight measurements 
(Castrogiovanni et al. 2015; França et al. 2019; Rosa 
et al. 2016). Adiposity was assessed with the Lee index 
(Bernardis and Patterson, 1968; Rogers and Webb, 
1980). Although MSG-treated rats showed a higher 
Lee index than controls, this difference was not statis-
tically significant. We hypothesize that a larger sample 
size might align this parameter with studies in which 
the Lee index reached significance (Gaspar et al. 2016; 
Leguisamo et al. 2012; Lehnen et al. 2013). Considering 
body weight and Lee index together, the data indicate 
that, despite an increased obesity index in MHO rats, 
growth performance declined—consistent with prior 
reports (Caponi et al. 2013; Gaspar et al. 2016; Tunc-Ata 
et al. 2021). This phenotype is attributable to neonatal 
MSG exposure. Because the blood–brain barrier is 
immature during this period, MSG can enter the brain 
and exert toxic effects in the hypothalamus, particularly 
in arcuate-nucleus neurons (Olney, 1969). Damage to 
this nucleus reduces secretion of growth hormone–
releasing hormone (GHRH) and impairs anterior 
pituitary growth hormone (GH) release (Maiter et al. 
1991). Consequently, MSG-treated animals are smaller 
and leaner than controls. A complementary mecha-
nism involves feeding regulation: the arcuate nucleus is 
central to appetite control, and MSG-treated animals are 
hypophagic with reduced hypothalamic neuropeptide 

Fig. 10. Total abdominal fat mass.
  Total abdominal fat mass (sum of retroperitoneal and 

perigonadal depots) expressed relative to body weight 
(g/100 g) in control (C) and MSG-induced hypothalamic 
obesity (MHO) rats. Values are mean ± SEM. *p < 0.0001 vs C.

Fig. 11. Glucose and insulin responses to oral glucose 
tolerance test.

  (a) Blood glucose (mmol/L) and (b) plasma insulin 
(mIU/L) at 0, 30, and 60 min during the OGTT 
in control (C) and MSG-induced hypothalamic 
obesity (MHO) rats. Values are mean ± SEM. 
*p < 0.05 vs C at corresponding time points.

Y (NPY) concentrations (Andreazzi et al. 2009; 
Husarova and Ostatnikova, 2013). Although 
MSG-based models are often described as 
hyperinsulinemic and normoglycemic—there-
fore suitable as prediabetic obese models 
(Hernández-Bautista et al. 2014; Pelantová 
et al. 2016)—our findings diverged: fasting 
glucose was significantly higher in MHO rats, 
whereas basal insulin was significantly lower 
than in controls. Notably, similar patterns have 
been reported: newborn male Wistar rats given 
MSG (4 g/kg/day, s.c.), versus saline controls, 
exhibited approximately two-fold higher 
fasting glucose after eight weeks (França et 
al. 2014; Nagata et al. 2006), and suppressed 
basal insulin has likewise been documented in 
MSG-treated groups (Yin et al. 2013).
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The HOMA-IR index was used to evaluate insulin 
resistance. Classically, insulin resistance is accompanied 
by elevated insulin levels owing to compensatory hyper-
insulinemia in response to hyperglycaemia. In contrast, 
the low insulin levels observed despite high blood 
glucose in our study more plausibly indicate impaired 
pancreatic β cell function or reduced β cell reserve 
rather than classical compensatory insulin resistance. 
Prior work with the same model has yielded mixed 
findings: some studies reported increased HOMA-IR 
(Sanches et al. 2016), whereas others—consistent 
with our data—found no significant change relative 
to healthy controls (Castrogiovanni et al. 2015). 

A reduction in β cell reserve following MSG expo-
sure may account for the absence of a significant 
HOMA IR difference between MSG treated and control 
groups. Indeed, multiple studies report that dietary 
MSG reduces pancreatic β cell mass in adult mice, 
mirroring the loss observed after neonatal MSG admin-
istration (Boonnate et al. 2015; Nakayama et al. 2003; 
Yin et al. 2013). Thus, a decline in β cell capacity in the 
face of rising glycaemia is a plausible explanation for 
the attenuated insulin response, although this remains 

inferential because β cell mass was not directly quan-
tified in our study. Although the mechanism of MSG 
induced β cell loss remains unresolved, oxidative stress 
within β cells has been proposed as a contributing 
pathway (Boonnate et al. 2015; Di Cairano et al. 2011).

In the OGTT, oral glucose (2 mg/g) increased blood 
glucose at 30 and 60 minutes in both groups; however, 
the rise reached statistical significance only in the 
MHO group. The insulin response was significantly 
suppressed in MHO rats at both time points. Although 
controls exhibited higher plasma insulin than MHO at 
all time points, they still failed to mount an adequate 
response to the glycemic load. The hyperglycemia 
observed in controls—likely reflecting an insufficient 
insulin response—may be attributable to anesthesia. 
Prior reports show that anesthetics disrupt glycemic 
regulation and elevate blood glucose in experimental 
animals (Windeløv et al. 2016). This aligns with the 
hyperglycemia and hypoinsulinemia observed here and 
is mechanistically consistent with anesthetic activation 
of ATP-sensitive K+ channels in β-cells, which inhibits 
insulin release (Zuurbier et al. 2008).

Fig. 12. Plasma neuromedin U levels 
during OGTT.

  Plasma neuromedin U (NMU) 
concentrations at 0, 30, and 60 min 
during the OGTT in control (C) and 
MSG-induced hypothalamic obesity 
(MHO) rats. Values are mean ± SEM. *p 
< 0.05 vs baseline (0 min) within the 
same group.

Fig. 13. Intestinal neuromedin U 
expression along the proximal–distal 
axis.

  Relative neuromedin U (NMU) mRNA 
expression in duodenum, jejunum, 
and ileum of control (C) and MSG-
induced hypothalamic obesity (MHO) 
rats, normalized to β-actin and 
expressed as fold change relative 
to the control duodenum. Values are 
mean ± SEM. NMU expression shows 
a proximal-to-distal decline in both 
groups, with no significant differences 
between C and MHO at corresponding 
segments.
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Literature regarding the lipid profile in the MHO 
model is heterogeneous, with some studies reporting 
broad dyslipidemia while others observe only specific 
alterations (Leguisamo et al. 2012; Sanches et al. 
2016). In our study, although Total Cholesterol (TC), 
Triglyceride (TG), and HDL levels remained unchanged, 
we observed a specific and significant elevation in LDL 
cholesterol in the MHO group compared to controls. 
This isolated increase in LDL is physiologically rele-
vant, as it indicates a shift toward an atherogenic lipid 
profile even in the absence of overt hypertriglyceri-
demia. While the variability in lipid outcomes across 
studies likely stems from differences in MSG dosage, 
administration protocols, or study duration, our data 
suggest that neonatal MSG exposure compromises lipid 
metabolism, specifically impairing LDL homeostasis.

Studies on rats administered MSG during the 
neonatal stage consistently revealed a pattern of abdom-
inal obesity despite the overall underweight status. This 
condition, known as metabolic obesity, is characterized 
by excessive fat accumulation in the abdominal area. 
In our investigation, we examined abdominal obesity 
by collecting perigonadal and retroperitoneal fats from 
the MHO group and comparing them to  those from 
the control group. Our findings, in line with existing 
research, demonstrate a significant increase in abdom-
inal fat in the MHO group (Castrogiovanni et al. 2015; 
Lehnen et al. 2013; Sanches et al. 2016). It is known 
that this phenomenon results from MSG injection-
induced damage to the arcuate nucleus, which disrupts 
the energy balance and lipid metabolism in animals 
(Brosnan et al. 2014). A previous research has shown 
that MSG administration leads to excessive fat accumu-
lation in adipose tissue due to an imbalance between 
lipogenesis and lipolysis (Dolnikoff et al. 2001). In our 
study, administration of MSG to neonatal rats increased 
intra-abdominal visceral adipose tissue as a  conse-
quence of neuroendocrine disruption, presenting a 
typical obesity model.

The role of NMU in glucose homeostasis has been 
investigated from multiple angles (Peier et al. 2011). 
For example, expression of NMU and NMUR1 has 
been demonstrated in rat pancreatic islets, in mouse 
β-cells, and in the β-cell–derived MIN6-K8 line; more-
over, NMU applied to these cells—as well as to isolated 
human islets—has been reported to suppress insulin 
secretion (Alfa et al. 2015; Teranishi and Hanada, 2021). 
In addition to these in vitro findings, in vivo studies 
have also reported that NMU suppresses insulin secre-
tion (Zhang et al. 2017). Overall, it has been proposed 
that NMU, acting via NMUR1 receptors, attenuates 
glucose-stimulated insulin secretion (GSIS) through 
autocrine or paracrine mechanisms and may therefore 
function as a “decretin” hormone (Peier et al. 2011). 
Conversely, opposing results have been published: 
subcutaneous NMU administration has been shown 
to increase insulin secretion—likely via GLP-1—and 

NMU knockout in mice had no effect on plasma glucose 
or insulin levels, with or without glucose administra-
tion (Ensho et al. 2019).

In our study, plasma NMU levels did not differ 
between the control (C) and MHO groups at baseline 
or 30 minutes after the OGTT. However, at 60 minutes, 
plasma NMU levels significantly decreased relative 
to baseline in both groups. We interpret this physiolog-
ical decline as a pattern that is compatible with, but does 
not prove, the decretin hypothesis. If NMU functions 
as a negative regulator of insulin secretion, circulating 
levels might be expected to fall during hyperglycemia; 
our findings are consistent with this possibility but 
remain purely correlative. Thus, the reduction in NMU 
at 60 minutes should be regarded as hypothesis gener-
ating for a potential decretin like role, rather than as 
definitive evidence. Notably, this dynamic response 
was preserved in the MHO group despite their meta-
bolic impairments, suggesting that while MSG-induced 
lesions compromise β-cell mass, the systemic signaling 
pathway responsible for downregulating NMU during 
glucose excursion remains intact.

NMU (neuromedin U) is a neuropeptide with 
a  broad tissue distribution in humans and rats. It is 
found predominantly in the gastrointestinal (GI) tract 
and the central nervous system (CNS), the two principal 
sites in which NMU expression is enriched (Teranishi 
and Hanada, 2021). In human studies, NMU immuno-
reactivity is detectable throughout the GI tract from the 
stomach to the rectum, with the highest levels in the 
jejunum (Austin et al. 1995). Taken together, these find-
ings indicate a general pattern in which NMU expres-
sion declines from proximal to distal intestinal segments 
(e.g., from duodenum/jejunum toward ileum).

Nevertheless, despite this well-characterized prox-
imal–distal distribution, direct and quantitative data 
on how this pattern changes in experimental obesity 
models (e.g., high-fat diet/diet-induced obesity [DIO], 
monosodium glutamate [MSG] models) remain 
limited. In a recent clinical study, duodenal NMU 
expression did not differ between individuals with 
obesity and/or type 2 diabetes (T2D) and healthy 
controls. Against this backdrop, another objective 
of our study was to compare the basal GI distribution 
pattern of NMU in a previously unexamined experi-
mental obesity model with that of a control group. Our 
results, consistent with the literature, demonstrated 
that NMU expression decreases from the proximal 
to the distal GI tract (duodenum to ileum). We further 
found that this declining pattern does not differ from 
controls in our experimental obesity model. To our 
knowledge, these findings provide the first quantitative 
evidence that the proximal-to-distal gradient of NMU 
expression reported in individuals with obesity and/or 
type 2 diabetes is also maintained in an MSG-induced 
experimental obesity model. This overall perspective 
suggests that NMU possesses a regionally organized 
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expression profile within the gastrointestinal (GI) tract 
and that, despite changes in metabolic status (at least in 
our model), this fundamental regional pattern remains 
preserved.

The limitations of our study can be listed as follows. 
Our primary aim was descriptive physiology, not mech-
anism discovery; accordingly, the constraints below 
reflect the scope of our design.
1)  The independence of NMU expression and plasma 

levels from insulin related measures constrains the 
ability of the study to draw conclusions regarding 
the role of NMU as a decretin. Without experiments 
specifically designed to assess the impact of NMU 
on insulin secretion—such as NMU administration 
in vitro or in vivo, or knockout studies—no defini-
tive conclusion can be derived from the current data 
concerning NMU’s role as a decretin; our findings 
are therefore limited to a descriptive characteriza-
tion of NMU behavior during OGTT and along the 
gastrointestinal tract.. Therefore, all interpretations 
regarding a decretin-like function of NMU in this 
study should be considered hypothesis-generating 
rather than confirmatory. Nonetheless, these negative 
results are still important for the decretin hypothesis.

2)  Another limitation is that plasma levels were 
measured from blood taken from the systemic circu-
lation. As studies have reported that NMU is rapidly 
degraded in the systemic circulation (Takayama et al. 
2016), our results on plasma NMU levels measured 
systemically make this finding difficult to interpret. 
Therefore, we think that measurement of NMU 
response to OGTT in blood obtained from the portal 
circulation will yield more accurate results.

3)  Third, the use of anesthesia may have contributed 
to hyperglycemia and hypoinsulinemia during the 
OGTT in both groups, potentially blunting between 
group differences in glucose–insulin dynamics.

In conclusion, this study provides the first quantitative 
evidence that the systemic NMU response to glucose 
load and its regional intestinal expression are resilient 
to the neuroendocrine disruptions characterizing the 
MHO model. Rather than exhibiting a distinct obesity-
associated defect, the NMU system in this model shows 
a similar late-phase decline during hyperglycemia and 
a preserved regional intestinal expression pattern, 
regardless of metabolic status. Future research should 
move beyond descriptive profiling to functional inter-
ventions, such as specific receptor blockade or direct 
NMU administration, to map its mechanistic contribu-
tion to insulin regulation and β-cell compensation in 
metabolic disorders.
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