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Abstract

Glucocorticoids are important regulators of glucose metabolism and play a key role in maintaining
energy homeostasis during physiological stress and fasting. While the peripheral metabolic effects of
glucocorticoids have been extensively characterised, increasing evidence suggests that glucocorticoids
may also influence metabolic processes through central nervous system mechanisms. Intranasal
administration represents a potential route for delivering pharmacological agents to the brain while
limiting systemic exposure, thereby providing a useful experimental approach for investigating
centrally mediated metabolic effects. The present study examined the metabolic consequences of chronic
intranasal dexamethasone administration in mice, with particular emphasis on hepatic gluconeogenic
responses. Male mice were treated with intranasal dexamethasone (50 ug/kg) or vehicle once daily for
fourteen days. Body weight gain, fasting blood glucose levels, glucose tolerance, and insulin sensitivity
were evaluated during the treatment period. Circulating insulin and glucagon concentrations were
measured using enzyme-linked immunosorbent assays. In addition, hepatic gluconeogenic capacity was
assessed using glycerol and pyruvate tolerance tests. Intranasal dexamethasone treatment did not
significantly (P>0.05) alter body weight gain, fasting blood glucose concentrations, glucose tolerance,
or insulin sensitivity when compared with control animals. Circulating levels of insulin and glucagon
also remained unchanged (P>0.05). However, dexamethasone-treated mice exhibited significantly
(P<0.05) elevated glycaemic responses following administration of the gluconeogenic substrates
glycerol and pyruvate. These findings indicate an increased capacity for glucose production from
gluconeogenic precursors. Overall, the results suggest that intranasal dexamethasone selectively
enhances hepatic gluconeogenic responses without producing overt systemic metabolic disturbances.
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These findings support the hypothesis that centrally delivered glucocorticoids may influence hepatic
glucose metabolism independently of peripheral endocrine changes.

Keywords: Glucocorticoids; Pyruvate tolerance; Gluconeogenesis; Brain-liver axis; Glycerol
tolerance.

INTRODUCTION

The regulation of glucose metabolism is essential for maintaining energy homeostasis in
mammals. Blood glucose levels are tightly controlled through coordinated interactions
between hormonal signals, metabolic tissues, and neural regulatory pathways (Lam et al.,
2009; Quesada et al., 2008). Among the hormones involved in this regulatory network,
glucocorticoids play a particularly important role (Rafacho et al., 2014). These steroid
hormones are released in response to stress and fasting and contribute to the maintenance of
glucose availability by promoting hepatic glucose production and mobilisation of energy
substrates (Chang & Wang, 2026).

Glucocorticoids exert their metabolic effects primarily through activation of the glucocorticoid
receptor, which regulates the expression of numerous genes involved in glucose and lipid
metabolism (Chang & Wang, 2026; Peckett ef al., 2011). In the liver, glucocorticoids stimulate
gluconeogenesis by increasing the transcription of key gluconeogenic enzymes such as
phosphoenolpyruvate carboxykinase and glucose-6-phosphatase (Chang & Wang, 2026).
While these actions are physiologically important during short-term metabolic stress, chronic
glucocorticoid exposure is associated with adverse metabolic effects, including
hyperglycaemia, insulin resistance, and impaired glucose tolerance (Descours & Rigalleau,
2023).

Dexamethasone is a synthetic glucocorticoid widely used in experimental studies to
investigate the metabolic actions of glucocorticoids (Abdulbasit et al., 2018). Systemic
administration of dexamethasone has consistently been shown to induce metabolic
disturbances in rodents, including reduced insulin sensitivity and increased hepatic glucose
production. These effects are typically attributed to direct actions of glucocorticoids on
peripheral tissues such as the liver, skeletal muscle, and adipose tissue (Qi et al., 2004; Tounian
et al., 1997).

However, recent studies have highlighted the importance of the central nervous system in the
regulation of systemic glucose metabolism (Mirzadeh et al., 2022). We have previously shown
that short-term intranasal administration of dexamethasone can impact neurobehaviour in
mice (Amin et al., 2025). Several brain regions, particularly within the hypothalamus and
brainstem, are capable of sensing hormonal and nutrient signals and coordinating metabolic
responses through neural pathways that influence peripheral organs (Mirzadeh et al., 2022).
Glucocorticoid receptors are widely expressed within these brain regions, suggesting that
glucocorticoids may also regulate metabolism through central mechanisms (Koning et al.,
2019).

Intranasal drug delivery has emerged as an effective strategy for targeting compounds to the
central nervous system (Amin et al., 2025b; Qiu et al., 2025). Molecules administered through
the nasal cavity can reach the brain via olfactory and trigeminal nerve pathways, thereby
bypassing the blood-brain barrier (Qiu et al., 2025). This approach provides an opportunity to
investigate the central effects of pharmacological agents while minimising systemic exposure
and peripheral confounding effects.
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Despite growing interest in central glucocorticoid signalling, relatively little is known about
how glucocorticoids acting within the brain influence hepatic glucose metabolism. In
particular, it remains unclear whether centrally delivered glucocorticoids can selectively
modulate hepatic gluconeogenesis without causing systemic metabolic disturbances typically
associated with peripheral glucocorticoid exposure.

The present study was therefore designed to investigate the metabolic consequences of
chronic intranasal administration of dexamethasone in mice. We evaluated body weight
changes, fasting glucose levels, glucose tolerance, insulin sensitivity, circulating insulin and
glucagon concentrations, and glycaemic responses to gluconeogenic substrates. These
experiments were performed to determine whether intranasal dexamethasone selectively
alters hepatic glucose production while preserving normal systemic glucose regulation.

MATERIALS AND METHODS

Animals and Housing Conditions

Male BALB/c mice aged approximately eight to ten weeks were used in this study. Animals
were housed in standard laboratory cages under controlled environmental conditions and a
12-hour light-dark cycle. Mice had free access to standard laboratory chow and drinking
water throughout the experimental period.

Animals were allowed to acclimatise to the housing conditions for at least one week prior to
the start of the experiment. All experimental procedures were conducted in accordance with
established guidelines for the ethical use and care of laboratory animals and in accordance
with the guidelines and procedures of the Institutional Animal Care and Use Committee
(IACUC), University of Ilorin, Nigeria.

Experimental Design

Following the acclimatisation period, mice were randomly assigned to two experimental
groups consisting of seven animals per group: the control group receiving vehicle treatment
and the Dexamethasone-treated group.

Dexamethasone was administered intranasally at a dose of 50 ng/kg (Amin et al., 2025b) body
weight once daily for a period of fourteen days. Control animals received an equivalent
volume of vehicle solution via the same route.

For intranasal administration, mice were gently restrained, transiently anaesthesised in an
isoflurane chamber, and the treatment solution of approximately 5 uL was applied dropwise
to the external nares using a micropipette. The solution was inhaled spontaneously by the
animal, allowing the compound to enter the nasal cavity.

Body weight was measured at the beginning of the treatment period and again at the end of
the fourteen-day administration period.

Measurement of Blood Glucose

Blood glucose concentrations were determined using a handheld glucometer. Blood samples
were collected from the tail vein using a sterile lancet. For fasting measurements, mice were
fasted overnight for approximately twelve hours prior to sampling.

Glucose Tolerance Test

To assess systemic glucose handling, glucose tolerance tests were performed after an
overnight fast. Mice received an intraperitoneal injection of glucose at a dose of 2 g/kg body
weight. Glucose used in the experiment was obtained from Sigma-Aldrich (G8270-1KG).
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Blood glucose concentrations were measured at 0, 15, 30, 60, and 120 minutes following
glucose administration (Amin et al., 2023).

Insulin Tolerance Test

Peripheral insulin sensitivity was evaluated using an insulin tolerance test. Mice were fasted
for approximately four to six hours before the test. Insulin was administered intraperitoneally
at a dose of 0.5 U/kg body weight (Amin et al., 2023).

Blood glucose levels were measured at 0, 15, 30, 60, and 120 minutes following insulin
injection.

Glycerol Tolerance Test

To evaluate gluconeogenic capacity from glycerol, mice received an intraperitoneal injection
of glycerol at a dose of 2 g/kg body weight following an overnight fast. Glycerol used in the
study was obtained from Sigma-Aldrich (G5516).

Blood glucose concentrations were measured at 0, 15, 30, 60, 90, and 120 minutes following
glycerol administration (Horiuchi et al., 2025).

Pyruvate Tolerance Test

Hepatic gluconeogenic capacity was further assessed using a pyruvate tolerance test. Mice
were fasted overnight, then received an intraperitoneal injection of sodium pyruvate at a dose
of 2 g/kg body weight. Sodium pyruvate was obtained from Sigma-Aldrich (P5280).

Blood glucose levels were measured at 0, 15, 30, 60, 90, and 120 minutes following pyruvate
administration (Benedé-Ubieto et al., 2020).

Measurement of Serum Insulin and Glucagon

Serum insulin concentrations were measured using a commercially available ELISA kit (80-
INSMSU-E(1), while serum glucagon levels were determined using an ELISA kit (DY1249),
both according to the manufacturers’ instructions. The sensitivity of the insulin assay was <0.1
ng/mlL, with intra-assay and inter-assay coefficients of variation (CVs) of <10% and <12%,
respectively. The glucagon assay had a sensitivity of <5 pg/mL, with intra-assay and inter-
assay CVs of <8% and <10%, respectively.

All samples were analysed in duplicate, and standard curves were generated for each assay
using known concentrations of the respective hormones. Absorbance was measured using a
microplate reader, and concentrations were calculated by interpolation from the standard
curve.

Statistical Analysis

Data are presented as mean + standard error of the mean (SEM), with measures of variability
additionally reported as standard deviation (SD) and coefficient of variation (CV, %) where
appropriate. For comparisons between two independent groups, an unpaired (independent
samples) Student’s t-test was used for single measurements, including body weight gain and
circulating hormone concentrations.

Prior to parametric testing, data distribution was assessed for normality using the Shapiro-
Wilk test.

For time-course experiments, including glucose tolerance, insulin tolerance, glycerol
tolerance, and pyruvate tolerance tests, statistical analysis was performed using two-way
analysis of variance (ANOVA) with repeated measures to evaluate the effects of treatment
and time, followed by appropriate post hoc tests where necessary.
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Statistical significance was defined as p < 0.05. All analyses were performed using GraphPad
Prism (version 8; GraphPad Software, San Diego, CA, USA).

RESULTS

Intranasal Dexamethasone Does Not Alter Glucose Tolerance or Insulin Sensitivity

Body weight was monitored throughout the experimental period to determine whether
chronic intranasal dexamethasone administration affected overall growth or energy balance.
Both control and dexamethasone-treated mice exhibited modest increases in body weight over
the fourteen-day treatment period. The percentage body weight gain ranged within the
expected physiological range for mice maintained under standard laboratory conditions.
However, comparison between groups showed no statistically significant difference in body
weight progression, indicating that intranasal dexamethasone treatment did not alter body
weight gain during the experimental period (Figure 1A).

To further assess basal glucose homeostasis, fasting blood glucose concentrations were
measured following an overnight fast. Blood glucose levels were comparable between control
and dexamethasone-treated mice, suggesting that chronic intranasal dexamethasone
administration did not disrupt baseline glycaemic regulation. Statistical analysis confirmed
that there was no significant difference in fasting blood glucose concentrations between the
two groups (Figure 1B).

Whole-body glucose handling was evaluated using an intraperitoneal glucose tolerance test.
In both control and dexamethasone-treated mice, blood glucose levels increased rapidly
following glucose administration and reached peak values within the early time points before
gradually declining toward baseline levels. The overall glucose excursion curves were highly
similar between the two groups throughout the duration of the test. Statistical comparison of
glucose levels at each time point revealed no significant differences between control and
dexamethasone-treated animals, indicating that intranasal dexamethasone administration did
not impair glucose tolerance (Figure 1C).

Peripheral insulin sensitivity was subsequently assessed using an insulin tolerance test.
Administration of insulin resulted in a progressive reduction in blood glucose levels in both
control and dexamethasone-treated mice. The magnitude and temporal pattern of glucose
decline were comparable between the two groups, suggesting preserved insulin
responsiveness following dexamethasone treatment. Statistical analysis revealed no
significant differences in glucose reduction at any time point during the insulin tolerance test
(Figure 1D).

A. B. C. .
10+ 1104 300——— Control D 200- -~ Control
0 " g = Dex oy -= Dex
pa— 3 1004 ° 3 3
2 2 2 2 150
i £ 90 £ 2004 £
= 8- L4 [ [ @
S L 8 80- 3 8 100
- o 80 Q (2]
< 74 3 3 E
2 o 70 o 100+ C)
= 3 3 3 o
g S 60 3 3
m m m
5- 50- Ot—T—T— T U s e S
Control Dex Control Dex 0 30 60 90 120 0 30 60 90 120
Time (min) Time (min)

Figure 1: Effects of intranasal dexamethasone on body weight gain, fasting blood glucose, glucose tolerance, and
insulin sensitivity. (A) Percentage body weight gain over the 14-day treatment period in control and

dexamethasone-treated mice. (B) Fasting blood glucose levels are measured prior to metabolic testing.
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(©) Glucose tolerance test showing blood glucose concentrations following intraperitoneal
glucose administration (2 g/kg). (D) Insulin tolerance test showing blood glucose responses
following intraperitoneal insulin injection (0.5 U/kg).

Data are presented as mean + SEM (n = 7 per group). Statistical comparisons between groups
were performed using Student’s t-test or two-way ANOVA where appropriate.

Intranasal Dexamethasone Enhances Glycaemic Responses to pyruvate and glycerol

To further examine whether intranasal dexamethasone treatment altered endocrine regulators
of glucose metabolism, circulating concentrations of insulin and glucagon were measured at
the terminal time point. Serum insulin levels showed substantial biological variability within
both experimental groups but did not differ significantly between control and
dexamethasone-treated mice (Figure 2A). Similarly, circulating glucagon concentrations were
comparable between groups, indicating that chronic intranasal dexamethasone
administration did not significantly alter basal secretion of these pancreatic hormones (Figure
2B).

Although systemic glucose tolerance and insulin responsiveness were preserved, additional
experiments were conducted to evaluate hepatic gluconeogenic capacity using substrate
tolerance tests. During the glycerol tolerance test, administration of glycerol produced a
marked elevation in blood glucose levels in both groups, reflecting the conversion of glycerol
into glucose via hepatic gluconeogenesis. However, dexamethasone-treated mice displayed a
significantly greater glycaemic response compared with control animals at 15, 30, 60, 90, and
120 min. The overall glucose excursion following glycerol administration was therefore
significantly higher in the dexamethasone-treated group, indicating enhanced glucose
production from glycerol-derived substrates (Figure 2C).

A similar pattern was observed during the pyruvate tolerance test. Following administration
of sodium pyruvate, blood glucose levels increased in both groups and reached peak values
at approximately 30 minutes after injection. Thereafter, glucose concentrations gradually
declined toward baseline levels over the remainder of the experimental period. While both
groups exhibited the expected temporal pattern of glucose excursion, dexamethasone-treated
mice demonstrated a significantly greater increase in blood glucose following pyruvate
administration compared with control mice at 15, 30, 60, and 90 min. By the later time point
(120 mins), glucose levels in both groups returned toward baseline with substantial inter-
individual variability. These findings indicate that intranasal dexamethasone enhances
glycaemic responses to gluconeogenic substrates without significantly altering systemic
glucose tolerance or insulin sensitivity (Figure 2D).
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Figure 2: Effects of intranasal dexamethasone on circulating pancreatic hormones and gluconeogenic substrate
tolerance tests. (A) Serum insulin concentrations measured at the terminal time point using ELISA. Standard
deviation for control and dex groups is 0.2 ng/mL and 0.17 ng/mL, respectively. (B) Serum glucagon
concentrations measured using ELISA. Standard deviation for control and dex groups is 15.2 pg/mL and 14.4
pg/mL, respectively. (C) Glycerol tolerance test showing blood glucose responses following intraperitoneal
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glycerol administration (2 g/kg). (D) Pyruvate tolerance test showing blood glucose responses following
intraperitoneal sodium pyruvate administration (2 g/kg).

Data are presented as mean + SEM (n = 7 per group). Statistical significance was determined
using two-way ANOVA. *p < 0.05; *p < 0.0lcompared with the control group at the
corresponding time point.

DISCUSSION

Glucocorticoids are central regulators of glucose metabolism, classically promoting hepatic
gluconeogenesis while impairing insulin sensitivity and glucose tolerance (Rafacho et al.,
2014). Here, we show that chronic intranasal dexamethasone selectively enhances glycaemic
responses to gluconeogenic substrates without altering body weight, fasting glycaemia,
systemic glucose tolerance, insulin sensitivity, or circulating insulin and glucagon levels. This
dissociation reveals a previously underappreciated separation between gluconeogenic
capacity and whole-body glucose homeostasis. Recent studies have further emphasised that
glucocorticoid actions on metabolism are highly tissue- and context-dependent, with
emerging evidence indicating that central glucocorticoid signalling can modulate glucose
production independently of peripheral metabolic dysfunction (Li & Cummins, 2022).

Systemic glucocorticoid exposure is well established to drive hyperglycaemia through
transcriptional activation of gluconeogenic genes, including Pckl and Gépc, alongside
increased substrate provision via lipolysis and proteolysis (Cassuto et al., 2005; Xu et al., 2021).
Consistent with this, systemic dexamethasone models typically exhibit insulin resistance and
impaired glucose tolerance (Rafacho et al., 2014). In contrast, the absence of these features in
the present study suggests that intranasal delivery does not produce sufficient peripheral
glucocorticoid exposure to disrupt global metabolic control. In line with this, recent work has
highlighted that compartmentalised glucocorticoid receptor signalling can yield distinct
metabolic outcomes depending on whether activation occurs centrally or in peripheral tissues
(Piechota et al., 2025).

Despite preserved systemic homeostasis, dexamethasone-treated mice exhibited exaggerated
glycaemic responses to both glycerol and pyruvate, indicating enhanced hepatic glucose
production under substrate-driven conditions. Importantly, this phenotype emerged without
changes in circulating insulin or glucagon, arguing against altered pancreatic endocrine
regulation as a primary driver. Instead, these findings point to a more selective modulation
of gluconeogenic responsiveness. Recent metabolic studies have similarly demonstrated that
hepatic glucose output can be selectively amplified under substrate challenge without
detectable changes in basal glucose homeostasis, underscoring the importance of dynamic
metabolic testing in revealing latent phenotypes (Jenssen et al., 1990; Zhang et al., 2023).

A plausible explanation is that intranasal dexamethasone acts centrally to influence hepatic
glucose production. The hypothalamus integrates hormonal and nutrient signals and
regulates liver metabolism via autonomic outputs (Buettner & Camacho, 2008). Previous
studies have demonstrated that central glucocorticoid signalling can increase hepatic
gluconeogenesis and that hypothalamic glucocorticoid receptor activation is sufficient to
modulate systemic glucose metabolism (Cui et al., 2019). Given the ability of intranasal
delivery to access the brain via olfactory and trigeminal pathways, it is likely that
dexamethasone engages these central circuits to enhance gluconeogenic flux without inducing
peripheral glucocorticoid excess. Recent advances have further defined discrete hypothalamic
neuronal populations and brain-liver circuits that directly regulate hepatic glucose
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production, reinforcing the concept that the central nervous system actively governs
peripheral glucose metabolism (Pan et al., 2023).

An important alternative explanation that warrants consideration is the possibility that a
fraction of intranasally administered dexamethasone entered the systemic circulation and
exerted direct effects on peripheral tissues, including the liver. Although intranasal delivery
is widely used to target the central nervous system, it does not completely preclude systemic
absorption, particularly for small lipophilic molecules such as dexamethasone (Lofts et al.,
2022). Even low levels of circulating glucocorticoids may be sufficient to modulate hepatic
gluconeogenic pathways, given the high sensitivity of hepatocytes to glucocorticoid receptor
activation (Beaupere et al., 2021). Therefore, it remains possible that the enhanced glycaemic
responses observed in this study reflect, at least in part, direct peripheral actions of
dexamethasone. However, the absence of changes in fasting glycaemia, glucose tolerance,
insulin sensitivity, and circulating insulin and glucagon levels argues against a dominant
systemic glucocorticoid effect. Future studies incorporating pharmacokinetic measurements
and comparisons with matched systemic dosing will be required to definitively distinguish
central from peripheral contributions.

An alternative, non-mutually exclusive explanation is that dexamethasone increases hepatic
gluconeogenic capacity at the level of enzymatic flux, which becomes apparent only under
substrate challenge. The normal fasting glucose and GTT/ITT profiles suggest that basal
glucose production and insulin action remain intact, whereas the augmented responses to
glycerol and pyruvate indicate an increased capacity to convert precursors into glucose. This
distinction between basal regulation and maximal pathway capacity is increasingly
recognised in metabolic physiology.

The variability observed in substrate tolerance tests is consistent with known inter-animal
heterogeneity in metabolic responses; however, the consistent upward shift in glucose
excursions in dexamethasone-treated mice supports a robust effect on gluconeogenic
responsiveness. Notably, this phenotype resembles conditions in which hepatic glucose
production is sensitised without overt insulin resistance, further reinforcing the selective
nature of the effect.

This study, therefore, adds to growing evidence that central pathways can regulate hepatic
glucose production independently of classical endocrine mechanisms. The use of intranasal
delivery provides a useful experimental framework to interrogate brain-liver communication
while minimising systemic confounding effects. Recent developments in intranasal drug
delivery have demonstrated its effectiveness in targeting central pathways while minimising
systemic exposure, further supporting its utility for studying neuroendocrine regulation of
metabolism (Al-Hajaj et al., 2025).

Several limitations should be acknowledged. We did not directly assess hepatic gluconeogenic
gene expression or enzyme activity, nor did we determine the extent of central versus
peripheral dexamethasone exposure. Future studies combining tissue-specific analyses,
pharmacokinetics, and neural pathway interrogation will be required to define the precise
mechanisms involved. Comparison with systemic dexamethasone administration would help
delineate central and peripheral contributions more clearly. In addition, only male mice were
used in this experiment. It is known that the impact of glucocorticoids can be sex-dependent
(Heck et al., 2020).
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In summary, chronic intranasal dexamethasone enhances glycaemic responses to
gluconeogenic substrates without disrupting systemic glucose homeostasis. These findings
support a model in which central glucocorticoid signalling selectively potentiates hepatic
glucose production, highlighting a dissociation between gluconeogenic capacity and whole-
body glucose regulation and underscoring the importance of brain-liver axis in metabolic
control.

CONCLUSION

Chronic intranasal dexamethasone selectively enhances glycaemic responses to
gluconeogenic substrates without altering systemic glucose tolerance, insulin sensitivity, or
circulating insulin and glucagon levels. These findings demonstrate that hepatic
gluconeogenic capacity can be modulated independently of whole-body glucose homeostasis,
supporting a role for central glucocorticoid signalling in the regulation of hepatic glucose
production. This work highlights the brain-liver axis as a critical and potentially targetable
pathway in metabolic control.
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