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High-fat diet triggers transcriptomic changes in the olfactory bulb
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A B S T R A C T

Metabolic imbalance contributes to cognitive impairment, anxiety, depressive behavior, and 
impaired olfactory perception. Recent studies have focused on olfactory dysfunction in patients 
with obesity and diabetes accompanied by cognitive dysfunction, considering that the synaptic 
signal from the olfactory bulb is directly transmitted to memory consolidation–related brain re
gions. This study investigated transcriptomic changes in the olfactory bulb in high-fat diet (HFD)- 
fed mice compared to that in normal-diet–fed mice. We sampled olfactory bulbs from HFD-fed 
mice, performed RNA sequencing, and measured mRNA levels in olfactory bulb tissue. Addi
tionally, we assessed plasma cytokine levels in HFD-fed mice. We found differences in the 
expression of protein-coding and non-coding RNAs involved in insulin, lipid metabolism, neu
rogenesis, serotonin, dopamine, and gamma-aminobutyric acid–related signaling in the olfactory 
bulb of HFD-fed mice compared to control mice. Thus, our findings suggest potential therapeutic 
targets for treating olfactory dysfunction and related neural disorders in individuals with meta
bolic syndrome.

1. Introduction

Olfactory information influences eating behavior and neuronal circuit mechanisms associated with fear response, memory for
mation, depressive tendency, and social behavior in the central nervous system (CNS) [1,2]. Olfactory receptor neurons establish 
synaptic connections with the dendrites of mitral and tufted cells, serving as primary efferent projection neurons in the olfactory bulb, 
forming a synaptic relay structure (glomerulus) at the initial stage of smell perception [3]. In the olfactory bulb, the inhibitory synapses 
of mitral and tufted cells, alongside interneurons, undergo neuromodulation and play a crucial role in olfactory processing [4,5].

The olfactory bulb receives projection fibers from cholinergic, noradrenergic, serotonergic, and dopaminergic neurons [6–8]. 
Sensory olfactory information is conveyed from the olfactory epithelium to the olfactory bulbs through action potentials in olfactory 
receptor axons [9], subsequently projecting to various brain regions, including the piriform cortex, olfactory tubercle, anterior ol
factory nucleus, entorhinal cortex, and amygdaloid body [10–12]. Then, neurons in these brain regions innervate the insular cortex, 
orbitofrontal cortex, and hippocampus [13].

Metabolic disorders disrupt neuronal synaptic function, compromising glucose metabolism and inducing insulin resistance in the 
olfactory bulb [14,15]. Obesity is characterized by alterations in hormone signaling and insulin receptor expression, contributing to 
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olfactory dysfunction [16–18]. A recent study has reported that short-term consumption of high-fat macronutrient food impairs odor 
behavior, brain metabolism, and brain synaptic connectivity [19–22].

Dysregulation of insulin-like growth factor 1 (IGF-1) diminishes olfactory sensitivity in individuals with obesity [23] and mice fed a 
high-fat diet (HFD) [24]. Additionally, an altered lipid profile is implicated in olfactory dysfunction among individuals with obesity 
[25,26]. Recent studies have indicated decreased olfactory function in individuals with obesity and diabetes, linking it to excessive 
adiposity and cognitive impairment [27–29]. Notably, patients with obesity commonly exhibit lower olfactory capacity [30], while 
HFD-fed mice demonstrate reduced olfactory discrimination and impaired odor-reversal learning due to the loss of olfactory sensory 
neurons [31].

RNA therapy has recently been investigated as a treatment for various diseases, being studied for its fast production speed and long- 
lasting effects. Particularly, non-coding RNAs are difficult to target with existing small molecule–based drugs but can be easily 
controlled using RNA-based molecules [32]. Recent studies have demonstrated the efficiency of intranasal RNA delivery in neuro
degenerative diseases, such as age-related memory dysfunction and Alzheimer’s disease, and neuropsychiatric diseases, including 
chronic anxiety [33,34]. Intranasal drug delivery targeting the olfactory bulb is a promising approach because the nose-to-brain 
pathway directly innervates various brain regions, including the hippocampus (which is related to cognition), the amygdala (which 
is related to mood behavior), and the hypothalamus (which is related to the autonomic nervous system), and is sensitive to changes in 
blood-brain barrier permeability [35–37]. Thus, RNA therapy holds promise as the treatment for neural diseases associated with ol
factory dysfunction due to metabolic imbalance. Therefore, obtaining the expression profiles of non-coding RNAs and disease-related 
protein-coding RNAs, which expression is altered in certain diseases, and developing RNA therapeutics that target them are necessary.

This study aims to investigate the effects of the HFD on gene expression in the olfactory bulbs. We selected several protein-coding 
RNAs and non-coding RNAs, including long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs), that are associated with ol
factory dysfunction, neurotransmitter secretion, and metabolic imbalance in the olfactory bulb of HFD-fed mice. Additionally, this 
study assessed which cytokines are significantly altered in the blood plasma of HFD-treated mice. Here, we present the diverse effects 
of HFD on the expression of various genes in the olfactory bulb.

2. Materials and methods

2.1. Preparation of the mouse samples

Two-month-old male C57BL/6J mice were housed in the Laboratory Animal Research Center of Chonnam National University 
(CNU) under a 16-h light/8-h dark cycle at 23 ◦C with 60 % humidity. We used only male mice in this experiment because feeding an 
HFD to male mice induces more fat mass and metabolic disorder; thus, male mice are more susceptible to obesity and hyperinsulinism 
[38,39]. The normal-fat diet (NFD; 22 kcal% fat, 22 kcal% carbohydrate, and 56 kcal% protein, purchased from DBL, Korea, RodFeed) 
and high-fat diet (HFD; 45 kcal% fat, 35 kcal% carbohydrate, and 20 kcal% protein, purchased from Research Diets, USA, D12451) 
mice were given ad libitum access to food and water during the experiment. Two-month-old mice were fed a diet for 4 months, with 3 
mice per group. After 4 months of HFD, 3 mice per group (NFD and HFD groups) were anesthetized and sacrificed by cervical 
dislocation in the morning. Afterward, their brains were isolated for total RNA sequencing (RNA-seq), semi-quantitative polymerase 
chain reaction (PCR), and real-time PCR.

Mice plasma samples were used for cytokine array, whereas brain tissue samples were used for total RNA-seq analysis, semi- 
quantitative PCR, and real-time PCR. Due to the limited number of animals used in this study, randomization was not performed 
during group allocation. The experimenters who conducted the experiments also performed data analysis without blinding, following 
standardized protocols to ensure objective and reliable evaluation. The experiments were performed following the recommendations 
of the 96 guidelines for animal experiments established by the Animal Ethics Committee at the CNU (CNU IACUC-H-2022-8). The 
Animal Ethics Committee at the CNU approved the respective protocol.

2.2. RNA sequencing analysis

RNA samples from each NFD- or HFD-fed mouse’s olfactory bulb were prepared for RNA-seq analysis. Total RNA was extracted 
using an RNAiso Plus (Takara, Japan), with integrity identified using a 2100 bioanalyzer system (Agilent). RNA-seq libraries were 
prepared using the TruSeq Stranded Total RNA kit (Illumina) and the NovaSeq 6000 system (Illumina).

Following sequencing, the reads with low quality were removed or trimmed using Trimmomatic [40]. The remaining sequences 
were aligned to the mouse genome (mm10) using the spliced transcripts alignment to a reference (STAR) [41]. The normalized values 
of the fragments per kilobase of transcript per million mapped reads (FPKMs) were calculated using Cuffnorm based on the GENCODE 
annotation (Release M23, GRCm38.p6) [42]. The genes with an average FPKM of <1 or those not detected in any samples were 
excluded from further analysis. Genes showing significant differences between NFD and HFD groups were selected by t-test analysis 
based on FPKM values.

Then, we analyzed RNA-seq results again with a different kind of algorithm to further increase the reliability of our results [43]. 
Using the FASTQ reads after filtering out low-quality reads with Trimmomatic, the transcript level of each gene was counted using the 
Salmon algorithm based on the GENCODE annotation used before [44]. The fold ratio, p-value, and false discovery rate of each gene 
were calculated using the edgeR [45]. Supplementary Table S1 presents the analysis results.

We selected the gene class of “lncRNA” as annotated in the GENCODE to analyze long non-coding RNA (lncRNA) expression. The 
DCC algorithm was used to measure the reads from the back-splicing junction to analyze the expression of circular RNAs (circRNAs) 
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[46]. We only used the circRNA loci with average expression counts of >5 after normalization for further analysis.

2.3. Genes with altered expression

We selected a list of genes with significantly changed expression with a p-value <0.05 across both algorithms (STAR-Cuffnorm and 
Salmon-edgeR) to select genes with significant expression changes in the olfactory bulb from HFD-fed mice compared to NFD-fed mice. 
This list included 211 genes with decreased expression and 89 genes with increased expression, which were used for functional 
analysis. Based on this group of genes, Gene Ontology (GO) analysis was performed using the Molecular Signatures Database [47]. 
Afterward, the 15 most important detected GO terms were selected based on the FDR q-value.

2.4. Measurement of RNA expression

Total RNA was isolated from mouse olfactory bulbs using RNAiso Plus (Takara) according to the manufacturer’s instructions. Two 
μg of extracted total RNA was reverse transcribed to complementary DNA (cDNA) using a random hexamer (Thermo Fisher Scientific, 
USA) and RevertAid reverse transcriptase (Thermo Fisher Scientific). Quantitative real-time PCR (qRT-PCR) based on the comparative 
Ct method was performed using the Power SYBR Green PCR master mix (Applied Biosystems, USA) and the Step One Plus real-time 
PCR system (Applied Biosystems). qRT-PCR reactions were conducted at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s and 
60 ◦C for 1 min. Finally, the reaction was completed after cycles for 15 s at 95 ◦C, 1 min at 60 ◦C, and 15 s at 95 ◦C.

Semi-quantitative PCR was conducted using nTaq DNA polymerase (Enzynomics, Korea) and Phusion DNA polymerase (Thermo 
Fisher Scientific) in the Master cycler Nexus X2 (Eppendorf, Germany), before confirming by 2 % agarose gel electrophoresis and 
quantifying with Image J software (ver. 1.52), to measure circRNA expression. The semi-quantitative PCR reactions of circAPP, 
circTRPC6, and GAPDH were performed with 20 ng of cDNA. circAPP was performed using phusion DNA polymerase at 98 ◦C for 30 s, 
followed by 30 cycles of 98 ◦C for 10 s, 63 ◦C for 30 s, 72 ◦C for 1 min, and 72 ◦C for 5 min circTRPC6 was performed at 95 ◦C for 2 min, 
followed by 30 cycles of 95 ◦C for 30 s, 61 ◦C for 30 s, 72 ◦C for 30 s, and 72 ◦C for 5 min using nTaq DNA polymerase. GAPDH was 
performed at 95 ◦C for 2 min, followed by 23 cycles of 95 ◦C for 30 s, 61 ◦C for 30 s, 72 ◦C for 30 s, and 72 ◦C for 5 min using nTaq DNA 
polymerase. First-strand cDNA was synthesized using the miRCURY LNA RT Kit (QIAGEN, Germany) in the Master cycler Nexus X2 
according to the manufacturer’s instructions to identify microRNA (miRNA) expression. miRNA was detected using the miRCURY LNA 
SYBR Green PCR Kit (QIAGEN) according to the manufacturer’s instruction in the Step One Plus real-time PCR system. The expression 
level of miRNAs was normalized to U6 snRNA (v2). The PCR primers for miR-124-3p, miR-325-3p, and U6 snRNA were purchased from 
QIAGEN. The expression of circRNA or mRNA was normalized to the expression of GAPDH. qRT-PCR reactions were conducted at 
95 ◦C for 2 min, followed by 40 cycles of 95 ◦C for 10 s and 56 ◦C for 1 min. Finally, the reaction was completed after cycles for 15 s at 
95 ◦C, 1 min at 60 ◦C, and 15 s at 95 ◦C. Table 2 provides the list of all primer sequences.

2.5. Cytokine array

The cytokine array (R&D system, ARY022B, USA) was performed according to the manufacturer’s instructions. Mice’s plasma was 
isolated by centrifuging at 4 ◦C and 10,000 rpm for 10 min. The membrane for the cytokine array was incubated in a blocking solution 
for 1 h at room temperature, followed by incubation with mouse plasma samples for 16 h at 4 ◦C. Subsequently, the membranes were 
washed three times and incubated with a detection antibody cocktail for 1 h at room temperature. Then, the membranes were 
incubated with 1X Streptavidin-HRP at room temperature for 30 min. The membranes were visualized using Chemi Reagent Mix and 
Fusion Solo software (16.0.8.0).

The plasma mixture from 3 NFD-fed mice was collected into one tube, while that from 3 HFD-fed mice was collected into another 
tube to prepare samples for this experiment. The same plasma mixtures were measured twice with two membranes, respectively. Each 
membrane contained 2 dots for each protein, making 4 data points for each protein. Cytokines and chemokines with statistically 
significant changes between NFD and HFD groups were represented in the graph (n = 3). Each point was normalized to the reference 
point. Furthermore, data were presented as the mean ± standard error of the mean (SEM).

2.6. Statistical analysis

All data were analyzed using unpaired two-tailed t-tests with Welch’s correction between groups. Statistical analysis was conducted 
using GraphPad Prism (8.0). Data are represented as the mean ± standard error of the mean (SEM). For expression confirmation 
experiments (n = 3 per group), a one-sided Mann-Whitney U test was used to detect directional differences between groups. For the 
cytokine array experiment (n = 4 per group), a two-sided Mann-Whitney U test was applied to assess differences in either direction. 
Data were considered significant at *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001.

3. Results

3.1. Transcriptome analysis in the olfactory bulbs of HFD-fed mice

HFD-fed mice were used in our investigation of olfactory dysfunction influenced by a metabolic imbalance. After feeding two-week- 
old mice a high-fat diet (HFD) for 4 months, all mice were sacrificed, and brain cortex was collected for transcriptome analysis. When 
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mice were sacrificed, serum was collected and cytokine array was performed. Brain cortex and serum from three mice in the normal fat 
diet (NFD) group and three mice in the HFD group were collected for experiments, respectively (Fig. 1A). Plasma samples were 
collected to assess the expressions of cytokines and adipokines in all mice. A comprehensive comparison of the transcriptome profiles 
in the olfactory bulbs of HFD- and NFD-fed mice was conducted through RNA-seq analysis (see Method 2.2; Supplementary Table S1). 
The resulting volcano plot represents a variety of differentially expressed genes in the olfactory bulb following HFD (Fig. 1B). Several 
genes involved in metabolic diseases and neural signaling, including FGF10, ECM1, and NMNAT2, showed significant expression 
changes in the olfactory bulbs of HFD-fed mice.

Subsequently, gene ontology (GO) analysis was performed on significantly down- and upregulated genes, and the 15 most sig
nificant detected GO terms were selected for each group (Fig. 1C and D). The GO analysis of downregulated genes revealed an 
abundance of GO terms related to neurogenesis, neuronal function, neuronal development, and synapse-related processes (Fig. 1C). 
Conversely, the GO analysis of upregulated genes demonstrated significant enrichment in GO terms linked to RNA biogenesis and 
function, such as RNA binding and RNA processing (Fig. 1D).

3.2. Analysis of expression changes in metabolic and neural signaling-related genes and cytokine in HFD-fed mice

The HFD-induced metabolic changes may influence signaling pathways associated with metabolic and neurosignaling-related 
genes in olfactory neurons. This possibility was further suggested by the GO term analysis. Thus, we examined the expression 
changes of genes implicated in these signaling pathways using RNA-seq results. Specifically, we verified changes in the mRNA level of 
genes associated with fatty acid (FFAR1, FFAR4, and PDK4), insulin (IRS2, SLC2A1, SLC2A4, and SLC2A5), neurogenesis (NTRK2 and 
SCN1B), and dopamine receptors (DRD1 and DRD2) in the olfactory bulb of HFD-fed mice (Fig. 2A).

We found that reduced mRNA level of fatty acid related genes such as Ffar1, Ffar4 and Pdk4 in the olfactory bulbs of HFD mice 
compared to those of normal mice (Fig. 2A). We observed that decreased mRNA level of insulin-related genes including Irs2, Slc2a1, 
Slc2a4 and Slc2a5 in the olfactory bulb of HFD mice compared to those of normal mice (Fig. 2A). Also, we found the reduced mRNA 
levels of neurogenesis related genes such as Ntk2 and Scn1b in the olfactory bulb of HFD mice compared to those of normal mice 
(Fig. 2A). Conversely, we found the increased mRNA levels of dopamine receptor Drd1 and Drd2 in the olfactory bulb of HFD mice 
compared to those of normal mice (Fig. 2A). In olfactory bulb neurons, the HFD reduced the expression of genes related to Ffar1 
signaling involved in insulin secretion by enhancing mitochondrial respiration [48], Ffar4 signaling involved in polyunsaturated fatty 
acid metabolism [49], insulin signaling, and neurogenesis while concurrently increasing the expression of dopamine receptor genes. 
Furthermore, the expression of several members of gene families, including those related to insulin, serotonin, glucose, and GABA 
receptors, was changed in the olfactory bulb of HFD fed mice (Supplementary Fig. S1).

We examined different levels of cytokines between NFD mice plasma and HFD mice plasma to explore the relationship between 
HFD-induced transcriptomic changes in the olfactory bulb and cytokine levels in plasma. Using cytokine array experiments, we 
determined that several cytokines involved in the immune response, metabolism, and cell growth, including cluster of differentiation 
14 (CD14), chemerin, epidermal growth factor (EGF), insulin-like growth factor-binding protein 1 (IGFBP-1), and matrix 
metalloproteinase-2 (MMP2), were reduced in the plasma of HFD-fed mice (Fig. 2B). In contrast, endoglin (CD105), as angiogenesis- 
related membrane glycoprotein, and pro-inflammatory hormones, including leptin, were increased in the plasma of HFD-fed mice 
(Fig. 2B). Therefore, an HFD reduces cellular signaling related to the suppression of cell growth, immune response, and metabolism 
while concurrently increasing cellular signaling associated with inflammation, indicating a potential impact on diverse signaling 
pathways.

3.3. Analysis of the expression and possible regulatory mechanism of differentially expressed long non-coding RNAs (lncRNAs) in the 
olfactory bulb of mice fed a high-fat diet

After the GO analysis of the upregulated genes, we observed a significant enriched GO terms related to RNA binding and RNA 
processing (Fig. 1D). Subsequently, our focus shifted to identifying changes in non-coding RNA expressions. Specifically, we inves
tigated changes in lncRNAs and circRNAs, which have been extensively investigated in recent years. Fig. 3A shows the lncRNAs with 
significant changes in the olfactory bulb of HFD-fed mice compared to NFD-fed mice (Fig. 3A). We found the significantly changed 

Fig. 1. Transcriptome analysis in the olfactory bulbs of mice fed a high-fat diet. (A) Experimental scheme of this study. After feeding two-week-old 
mice a high-fat diet (HFD) for 4 months, all mice were sacrificed, and brain cortex was collected for transcriptome analysis. When mice were 
sacrificed, serum was collected and cytokine array was performed. Brain cortex and serum from three mice in the normal fat diet (NFD) group and 
three mice in the HFD group were collected for experiments, respectively. The image was created by using Biorender. (B) Volcano plot. The volcano 
plot was drawn based on the gene expression change data obtained from the transcriptome analysis results. The blue vertical and horizontal lines 
represent points with a log2(fold change) of 2 and a p-value of 0.05, respectively. The names of the genes with the most significant expression 
changes are indicated based on p-value. Red colored genes indicate upregulated genes (log2(HFD/NFD) > 0), whereas green colored genes indicate 
downregulated genes (log2(HFD/NFD) < 0). The genes marked with yellow and purple dots were used for the gene ontology (GO) analysis below. 
(C) GO analysis for decreased genes. For the 211 downregulated genes with p-values <0.05 in both algorithms (see Method 2.2), GO term analysis 
was performed. The 15 most significant GO terms, determined based on the false discovery rate (q-value), are presented. (D) GO analysis for 
increased genes. For the 89 upregulated genes with p-values <0.05 in both algorithms, GO term analysis was performed and shown in the same way 
as in (C). In (C) and (D), the bars with blue, green, and red colors indicate the GO term domains with cellular component, biological process, and 
molecular function, respectively. NFD: normal fat diet, HFD: high fat diet.
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Fig. 2. Analysis of expression changes in metabolic and neural signaling-related genes and cytokines in mice fed a high-fat diet. (A) 
quantitative real-time polymerase chain reaction (qRT-PCR) measurement of fatty acid, insulin, neurogenesis, and dopamine receptor–related genes 
in the olfactory bulb of normal-fat diet (NFD) and high-fat diet (HFD)-fed mice. mRNA expression was normalized to GAPDH. Data are represented 
as the mean ± standard error of the mean (SEM; n = 3). Statistical analyses were performed using a one-sided Mann-Whitney U test (Ffar1: p = 0.05; 
Ffar4: p = 0.05; Pdk4: p = 0.05; Irs2: p = 0.2; Slc2a1: p = 0.1; Slc2a4: p = 0.1; Slc2a5: p = 0.2; Ntrk2: p = 0.1; Scn1b: p = 0.1; Drd1: p = 0.05; Drd2: 
p = 0.2; *p < 0.05). (B) A cytokine array was performed to measure cytokine levels in the plasma of mice. For each group (NFD and HFD), plasma 
was collected from three mice and pooled into a single sample. This pooled plasma was then used to assess cytokine and chemokine expression using 
the cytokine array kit. To ensure reliability, the same pooled plasma sample was analyzed twice using two separate membranes. Each membrane 
contained duplicate spots for each protein, resulting in a total of four data points per protein (two spots per membrane × two membranes). The 
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lncRNAs including Gm19744, Gm29521, Gm44763, Gm27032, Airn, Ftx, A830036E02Rik, 9530059O14Rik, E130307a14Rik, 
A330076H08Rik,5330434G04Rik, and Dlx6os1 (Fig. 3A). Next, we examined the genomic loci of these differentially expressed 
lncRNAs, showing that the loci of many lncRNAs overlapped with the position of mature miRNA sequences on the genome (Fig. 3B). 
Fig. 3B reveals genomic locus of miRNA-hosting lncRNAs such as A330076H08Rik, 9530059O14Rik, Gm27032, 5330434G04Rik and 
Ftx (Fig. 3B).

Given that miRNAs are generated from longer primary transcripts containing stem-loop structures (primary miRNAs; pri-miRNAs), 
with many lncRNAs producing pri-miRNAs, a potential correlation between miRNAs and lncRNAs they originate from was hypoth
esized [50]. Therefore, we selected miR-124 and miR-325, derived from Gm27032 and 5330434G04Rik, respectively, measuring their 
expression in the tested samples. Contrary to our expectations, miR-124-3p and miR-325-3p were significantly downregulated in the 
olfactory bulb of HFD-fed mice (Fig. 3C). The observed increase in primary miRNAs and decrease in mature miRNA products suggests a 
potential impact on miRNA processing enzymes during the miRNA biogenesis pathway. Upon examining the expression levels of 
biogenesis factors from the RNA-seq data, we noted a slight increase in Dgcr8 and Tarbp2, which are RNA binding proteins in the 
miRNA biogenesis pathway, in the olfactory bulb of HFD-fed mice (Supplementary Fig. S2). However, it remains uncertain whether 
changes in the expression of these genes translate to changes in protein levels, subsequently impacting miRNA production. Therefore, 
further investigations are warranted to address this question since the miRNA expression changes we observed might not relate to the 
control of factors involved in miRNA production.

3.4. Analysis of the expression changes in selected circRNAs and their relationship with their host genes

Recent investigations have highlighted variations in the expression of circRNAs across diverse diseases [51,52]. We systematically 
computed the expression of circRNAs from the RNA-seq data since changes in RNA binding or RNA processing in the olfactory bulb of 
HFD-fed mice, as indicated by the GO analysis (Fig. 1D), may influence circRNA expression. Then, we conducted a comparative 
analysis of circRNA expression differences in the olfactory bulb of NFD-versus HFD-fed mice (Table 1 and Fig. 4A).

Among circRNAs displaying significant expression changes in RNA-seq, we specifically assessed the expression of circApp and 
circTrpc6, based on whether the host gene of circRNA is involved in neural function. Previous reports implicated App and Trpc6, the 
host mRNAs of circApp and circTrpc6, respectively, in neuron-related functions, including memory formation and synaptic plasticity 
[53,54]. Our findings confirmed reduced circApp expression and increased circTrpc6 expression in the olfactory bulb of HFD-fed mice 
(Fig. 4B). We investigated the correlation between the expression of these circRNAs and their corresponding host mRNAs (Fig. 4C). Our 
results demonstrated a clear positive correlation in the expression of both App mRNA-circApp and Trpc6 mRNA-circTrpb6 pairs, 
suggesting that as the expression of the host genes increases, so does the production of circRNAs from them (Fig. 4D). A previous report 
found that human APP mRNA (circ3323)-derived circRNA promotes the expression of the host gene by suppressing miR-186-5p [55]. 
However, no study has yet suggested any mechanistic insight into the correlation between circTrpc6 and its host gene. Thus, a more 
comprehensive investigation is imperative to identify a functional link between these proteins and circRNA pairs to substantiate our 
claim.

4. Discussion

Since obesity is accompanied by olfactory dysfunction, we investigated the transcriptomic changes in the olfactory bulb of HFD-fed 
mice compared to the olfactory bulb of NFD-fed mice and searched for significantly changed genes involved in olfactory dysfunction. 
We identified various protein-coding, lncRNAs, and circRNAs, which expression was changed in the olfactory bulb of HFD-fed mice. 
Furthermore, we found that several cytokines related to immune response, metabolism, and cell growth were changed in the plasma of 
HFD-fed mice. Our investigation centered on assessing olfactory dysfunction and identifying significantly related coding- and non- 
coding RNAs in the olfactory bulb of HFD-fed mice.

Fig. 1B illustrates distinct genes identified in the olfactory bulbs of HFD-fed mice, showcasing notably increased genes, such as 
FGF10. FGF10, expressed in neurogenic niches, is linked to the negative control of neurogenesis, suggesting that HFD may decrease 
neurogenesis in the olfactory bulb [56,57]. Conversely, ECM1 and NMNAT2 expression was significantly decreased in the olfactory 
bulbs of HFD-fed mice. Reduced ECM expression may be linked to diminished neuroblast migration into the olfactory bulb [58,59]. 
Moreover, reduced NMNAT2 expression suggests that HFD could influence axonal trafficking and neurite outgrowth in the olfactory 
bulb [60,61]. Moreover, the roles of GM43517, DPF3, COPS9, BCCIP, and PTOV1 genes need to be investigated in the olfactory bulb in 
obesity.

Cell projection organization and neurogenesis, representing enriched terms from GO analysis (Fig. 1C), are pivotal in the olfactory 
bulb under stress [62]. Previous studies reported that HFD induces olfactory sensory neuronal loss, impairs axonal projection, and 
affects adult neurogenesis [14,20,31,63]. Our data suggested that HFD impairs neurogenesis, synapse, and axonal projection and 
triggers olfactory sensory neuronal cell loss in the olfactory bulb.

cytokines with significant differences between NFD- and HFD-fed mice groups are labeled with Arabic numerals, with blue boxes indicating 
decreased cytokine levels and red boxes indicating increased cytokine levels in HFD-fed mice compared to NFD-fed mice. Data are presented as the 
mean ± SEM (n = 4). Statistical analyses were performed using a two-sided Mann-Whitney U test (CD14: p = 0.0286; chemerin: p = 0.0286; EGF: p 
= 0.0286; CD105: p = 0.0286; IGFBP-1: p = 0.0286; leptin: p = 0.0286; MMP2: p = 0.0286; OSF-2: p = 0.0286; resistin: p = 0.0286; PEDF: p =
0.0286; thrombopoietin: p = 0.0286; *p < 0.05). NFD: normal fat diet, HFD: high fat diet.
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Upon measuring the mRNA levels of neurotransmitter receptors by RT-PCR, we observed decreased Ntrk2b expression and 
increased Drd1 and Drd2 expression in the olfactory bulbs of HFD-fed mice (Fig. 2A). The neurotrophin receptor Ntrk2b plays a pivotal 
role in sustaining dopamine and serotonin neuronal function [64]. Additionally, BDNF/NTRK2 signaling is involved in the patho
physiology of depression [65,66] and the reward system through the dopaminergic circuit [66,67]. Our data indicates that HFD 
suppresses BDNF/NTRK2 signal activation in the olfactory bulb, impairing serotonin neuronal function. The dopamine receptor DRD2 
is predominantly expressed in the somata of mature olfactory sensory neurons [68]. The binding of dopamine to DRD2 suppresses 
cAMP signaling, influencing cell excitability in olfactory receptor neurons [69,70]. Our findings reveal that HFD upregulates the 
expression of Drd1 and Drd2 in the olfactory bulb, affecting dopaminergic neuronal function.

The reduction in CD14 expression in HFD-fed mice may potentiate the inflammatory response through the p38-MAPK pathway 
(Fig. 2B) [71]. Furthermore, CD105, identified as an endoglin, is associated with endothelial permeability [72], increased immune cell 
response [73], and increased microglial activation [74]. Our data illustrates that HFD intensifies the inflammatory response, immune 
response, and blood vessel endothelial permeability by elevating CD105 expression [75].

Moreover, the IGF family includes IGF-1, IGF-1 receptors, and IGF-binding proteins (IGFBPs), such as IGFBP-1 [76]. Insulin re
ceptors [77,78] and IGFBPs [79] are abundant in the olfactory bulb among all brain regions. Insulin receptors are differently expressed 
in olfactory brain regions, such as the olfactory tubercule, piriform cortex, and olfactory nucleus [80]. The mitral cell layer shows the 
highest density of insulin receptors compared to granular cell and glomerular cell layers [81]. IGF-1 is found in olfactory endothelial 
cells and olfactory bulb [82] and promotes olfactory bulb maturation, cell proliferation of the olfactory endothelial cells [76,83,84], 

Fig. 3. Analysis of the expression and possible regulatory mechanism of differentially expressed long non-coding RNAs (lncRNAs) in the 
olfactory bulb of mice fed a high-fat diet. (A) Expression change of lncRNAs. The expression of lncRNAs (p < 0.05) in the olfactory bulb of mice 
on a high-fat diet that was most significantly changed compared to mice on a normal diet is presented in log2fold order (*p < 0.05, **p < 0.01). (B) 
Genomic locus of miRNA-hosting lncRNAs. Among the lncRNAs presented in (A), in cases when miRNAs were present at a position in the genome 
that overlapped with the sequence of the lncRNA, the relative position of the miRNA on the genome was indicated with the lncRNA. The location 
information on the genome was obtained from the UCSC Genome Browser (https://genome.ucsc.edu/). (C) Expression confirmation of selected 
miRNAs. The expressions of miR-124-3p and miR-325-3p were measured using quantitative real-time polymerase chain reaction (qRT-PCR). miRNA 
expression was normalized to U6 snRNA. Data are presented as the mean ± standard error of the mean (SEM; n = 3). Statistical analyses were 
performed using a one-sided Mann-Whitney U test (miR-124-3p: p = 0.05; miR-325-3p: p = 0.05; *p < 0.05). NFD: normal fat diet, HFD: high fat 
diet, r: Pearson correlation coefficient.

Table 1 
List of differentially expressed circRNAs in the olfactory bulb of mice fed normal and high-fat diet.

Locus Host gene Strand Average (NFD) Average (HFD) Log2Fold p-value Exon counts

chr16:85013627–85030365 APP – 7.4 3.4 − 1.127 0.031 5
chr1:52708164-52709755 MFSD6 – 9.5 4.5 − 1.093 0.010 1
chr17:86488160–86496111 PRKCE + 16.2 8.2 − 0.980 0.042 4
chr6:31418931-31433131 MKLN1 + 9.2 5.0 − 0.872 0.007 5
chr2:158035996-158058827 RPRD1B + 10.8 6.0 − 0.843 0.013 5
chr2:140042094-140057499 TASP1 – 13.2 8.3 − 0.662 0.034 3
chr16:97038898–97056765 DSCAM – 13.6 9.3 − 0.547 0.020 2
chr13:45852328–45956575 ATXN1 – 15.5 12.3 − 0.338 0.045 2
chr18:79086551–79087180 SETBP1 – 18.3 24.9 0.449 0.031 1
chr16:94383912–94393174 TTC3 + 5.0 7.0 0.492 0.003 9
chr9:8634047-8658377 TRPC6 + 5.9 12.4 1.058 0.019 7
chr5:107788199-107799260 EVI5 – 3.7 8.0 1.108 0.036 5
chr6:84989325-85005036 EXOC6B – 3.0 9.7 1.696 0.024 4

Table 2 
List of PCR primer sequences used in this study.

Primer Forward sequence Reverse sequence

circAPP TTGGCTTTCTGGAAATGGGC GTTATGACACACCTCCGTGTG
circTrpc6 GAACTTCACTGCCATGGTCTG CAGGAAGTCACGAAGACCTTTC
Ffar1 GTTTCATAAACCCGGACCTAGG CATATTGTTCCCCGTCCAGG
Ffar4 TTTTGTGACTTTGAACTTCCTGG GTTGGGACACTCGGATCTG
Pdk4 CCCGTTACCAATCAAAATCTTCAG ACAGTTTGGGTCGATACTTCC
Irs2 ACTACCACAGTCCTACCTCAG TCTTCAAGTCCAATCCCACG
Slc2a1 GATTGGTTCCTTCTCTGTCGG CCCAGGATCAGCATCTCAAAG
Slc2a4 ACCCTCACTACGCTCTGG CAACACGGCCAAGACATTG
Slc2a5 ATCACTGTCGGCATCCTTG GCTCTCGGGAAAGAACGG
Ntrk2 GCCAACTATCACGTTTCTCGAG CCATGGTACTCCGTGTGATTG
Scn1b AGGAAGATGAGCGCTTTGAG GAAGAGGAGACGGTAGACGT
Drd1 CTTCTGTGGCTCTGAGGAGAC GGCATTATTCGTTGTAGGGCAG
Drd1 CTTCACCATCTCTTGCCCAC GAGTGGTGTCTTCAGGTTGG
Gapdh AATGTGTCCGTCGTGGATCT AGACAACCTGGTCCTCAGTG
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Fig. 4. Analysis of the expression changes of selected circular RNAs (circRNAs) and their relationship with their host genes. (A) Expression 
change of circRNAs. The expression differences in the olfactory bulb of normal-fat diet (NFD)-fed versus high-fat diet (HFD)-fed mice are presented 
(*p < 0.05, **p < 0.01) for the most significantly changed circRNAs (p < 0.05). (B) Expression confirmation of circRNAs. Confirmation of the 
expression of circApp and circTrpc6 in the olfactory bulb of NFD- and HFD-fed mice using real-time polymerase chain reaction (RT-PCR). circRNA 
expressions were normalized to GAPDH. Data are presented as the mean ± standard error of the mean (SEM; n = 3). Statistical analyses were 
performed using a one-sided Mann-Whitney U test (circApp: p = 0.05; circTrpc6: p = 0.05; *p < 0.05). (C) Genomic locus of selected circRNAs. The 
genomic positions of circApp and circTrpb6 are shown based on the information obtained from the UCSC Genome Browser (https://genome.ucsc. 
edu/). The exons used to produce circRNAs were highlighted with blue shadow. (D) Expression correlation of circRNA with host gene. These graphs 
show expression correlation between circAPP, circTrpb6 and its corresponding host mRNA. Green dots indicate the samples collected from NFD-fed 
mice, and red dots indicate those from HFD-fed mice. NFD: normal fat diet, HFD: high fat diet.
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and neuronal differentiation and migration from the subventricular zone to the rostral migratory stream [85]. Based on previous 
findings, our findings indicate that HFD diminishes insulin sensitivity, olfactory bulb maturation, neurogenesis, and neuronal dif
ferentiation by reducing IGFBP-1. Furthermore, HFD induces leptin resistance and elevates plasma leptin levels, culminating in 
lipogenesis and inflammation [86,87]. Our data underscores that HFD amplifies leptin secretion, ultimately fostering inflammation 
and vascular dysfunction.

Given the GO analysis results related to increased genes (Fig. 1D), we anticipated that the biogenesis of diverse non-coding RNA 
types might be influenced, considering the enrichment of terms such as RNA binding and mRNA metabolic processing in the olfactory 
bulb of HFD-fed mice. Notably, miRNAs, as a non-coding RNA, contribute to pathological processes in the CNS [88,89]. Among the 
miRNAs produced from lncRNA loci, which were increased in the olfactory bulb of HFD-fed mice, miR-124 and miR-325 expression 
was changed in the olfactory bulb neurons due to HFD (Fig. 3C). miR-124 is the most enriched miRNA in the brain [90] that promotes 
neural stem cell proliferation, synapse plasticity, neurogenesis, and spine density of newborn olfactory bulb neurons [91,92]. 
Moreover, miR-325 is exclusively expressed in the brain of mice, suggesting its possible role in neuronal function [93].

Although App function has been extensively studied in the context of Alzheimer’s disease and neural plasticity, its role in the 
normal function or development of the olfactory bulb is unknown. Our analysis showed that both App and circApp, an App-derived 
circRNA (Fig. 4D), were reduced in the olfactory bulb of HFD-fed mice. Because App is involved in synaptic function and neuronal 
growth and development, reduced App expression in the olfactory bulb of HFD-fed mice could influence neuronal function, as expected 
from the GO analysis results (Fig. 1C).

TRPC6, the host gene of circTrpb6 (Fig. 4D), was related to neurite outgrowth and BDNF-related signaling. In diet-induced obesity 
rats, TRPC6 expression was upregulated in the hippocampus [94]. TRPC6 is essential for BDNF-mediated nerve growth cone guidance, 
with TRPC6 activation promoting neuronal migration [95]. Some studies reported that TRPC6 boosts neuronal dendrite outgrowth 
through the CaMKIV-CREB-dependent pathway [96,97]. Another study reported that TRPC6 is found both in the presynaptic and 
postsynaptic sites and contributes to excitatory synapse formation [98]. Our results showed that TRPC6 and circTrpc6 expression was 
increased in the olfactory bulb of HFD-fed mice (Fig. 4D).

Our investigation revealed significant changes in the expression of both coding and non-coding RNAs, along with mRNAs, within 
the olfactory bulb of HFD-fed mice. Concurrently, multiple cytokine modifications were observed in the plasma of these mice. 
Therefore, altered cytokine patterns due to metabolic changes have a significant impact on the function of olfactory neurons, raising 
the possibility that metabolic disease may contribute to neurological impairment.

Compared to the previous study by Makhlouf et al. [19], which investigated the changes in highly expressed molecular signaling in 
the olfactory bulb and food choice following HFD, our research focuses on the specific changes in non-coding and protein-coding RNAs 
in the olfactory bulb after HFD. Makhlouf et al. found that two-month HFD feeding changed odor-guided behavior, mitochondrial 
biogenesis, and brain glucose metabolism. We examined genes directly related to olfactory function, including those involved in 
neurogenesis, synapse formation, and neuron projection, in mice fed a four-month HFD. Additionally, we identified candidate plasma 
inflammatory cytokines in these mice.

Although we identified the differential expression of diverse RNAs, we did not confirm whether the modulation of selected lncRNAs 
or circRNAs can improve odor behavior and odor-related cognitive performance in animals. Nevertheless, we suggest that the iden
tification of diverse gene changes in this study underscores the potential value of future research endeavors focused on elucidating the 
intricate relationship between metabolic diseases and changes in the nervous system.

5. Conclusions

In conclusion, our findings demonstrate that the HFD alters the expression of several genes involved in neurogenesis, synaptic 
formation, free fatty acid metabolism, insulin signaling, and neurotransmitter regulation in the olfactory bulb. Additionally, HFD 
affects cytokine secretion patterns and alters the expression of specific lncRNAs, miRNAs, and circRNAs in the olfactory bulb. While 
our study provides novel insights into the genetic changes occurring in the olfactory bulbs of HFD-induced obese mice, there are 
certain limitations. Further functional studies are required to elucidate the roles and cellular mechanisms of the selected non-coding 
RNAs across different olfactory bulb cell types in the context of obesity. Moreover, animal behavioral studies are necessary to assess 
whether these genetic alterations influence olfactory function and olfactory-related memory. Consequently, our study establishes a 
foundational framework for the development of RNA-based therapies targeting olfactory dysfunction in obese individuals.
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Gene abbreviations

IGF1 Insulin like growth factor 1
Fgf10 Fibroblast growth factor 10
Ecm1 Extracellular matrix protein 1
Nmnat2 Nicotinamide nucleotide adenylyltransferase 2
Ffar1 Free fatty acid receptor 1
Ffar4 Free fatty acid receptor 4
Pdk4 Pyruvate dehydrogenase kinase 4
Irs2 Insulin receptor substrate 2
Slc2a1 Solute carrier family 2 member 1
Slc2a4 Solute carrier family 2 member 4
Slc2a5 Solute carrier family 2 member 5
Ntrk2 Neurotrophic receptor tyrosine kinase 2
Scn1b Sodium voltage-gated channel beta subunit 1
Drd1 Dopamine receptor D1
Drd2 Dopamine receptor D2
GABA gamma-aminobutyric acid
CD14 Cluster of differentiation 14
EGF Epidermal growth factor
IGFBP-1 Insulin-like growth factor-binding protein 1
MMP2 Matrix metalloproteinase-2
CD105 Endoglin
Dgcr8 DiGeorge syndrome critical region 8
Tarbp2 TARBP2 subunit of RISC loading complex
Trpc6 Transient receptor potential cation channel subfamily c member 6
App Amyloid beta precursor protein
Dpf3 Double PHD fingers 3
Cops9 COP9 signalosome subunit 9
Bccip BRCA2 and CDKN1A interacting protein
Ptov1 prostate tumor overexpressed gene 1
BDNF Brain-derived neurotrophic factor
CD14 Cluster of differentiation 14
p38-MAPK p38 mitogen-activated protein kinase
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