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Chronic exposure to milk odorant might
ameliorate the depressive-like behavior of
mice through gut-brain axis
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Mental disorders are one of the leading causes of global health burden, while food flavors play a
significant role in promoting the appetite and mood of people. This study aimed to investigate the
intervention effects of two kinds of pleasant food odorants on depressed mice induced by reserpine.
After 6-week exposure, beef odorant and milk odorant could effectively reduced pro-inflammatory
cytokines (IL-6, TNF-q), restored hippocampal structure, elevated neurotransmitters (5-HT, DA, NE),
and upregulated BDNF/GFAP expression. 16S rRNA sequencing analysis revealed that both odorants
could ameliorate the gut microbiota dysbiosis, increasing the relative abundance of Bacteroidetes and
reducing Firmicutes. Overall, milk and beef odorants showed reletively positive effect on depressed
mice through gut-brain axis, where milk odorant was more pronounced. GC-MS analysis identified
oleic acid in milk odorant as a potential active component. These findings highlighted food-derived
odors as promising nutritional interventions for depression through neuroinflammation modulation

and microbiota-gut-brain axis regulation.

Mental disorders are one of the leading causes of global health burden.
According to the 2019 Global Burden of Disease Study, depression and
anxiety are the two mental health disorders with the highest disability rates,
both ranking among the top 25 global causes of disease burden in 2019".
Altogether, major depressive disorder caused 49.4 million DALYs and
anxiety disorders caused 44.5 million DALYs globally in 2020°. Pharma-
cological and psychological interventions are commonly employed in the
treatment of depression. The most commonly used clinical antidepressants
are tricyclic antidepressants, selective serotonin reuptake inhibitors, and
monoamine oxidase inhibitors’. However, traditional orthodox anti-
depressant drugs generally have disadvantages, such as a narrow spectrum,
numerous side effects, and high cost, resulting in a non-ideal depression
treatment”.

Aromatherapy is a therapeutic modality in which odorants or essential
oils are absorbed into the body through inhalation, diffusion, bathing, or
massage, to enhance both physical and mental well-being’. Currently,
aromatherapy is extensively utilized in the treatment of various conditions,
including chronic pain, depression, anxiety, insomnia, cognitive enhance-
ment, stress relief, and other disorders associated with psychological and
physiological imbalances’. Moreover, inhalation therapy is regarded as one
of the safest methods of drug delivery. Small molecules can enter the blood
circulation through the absorption of the nasal respiratory mucosa into the
capillaries and the blood circulation through the lamina propria in the

olfactory region’. For the moment, aromatherapy is widely recognized and
used in clinical practice as an important alternative therapy™’. Picea mariana
Essential Oil with y-terpene and p-pinene as main components has been
shown to be effective in improving reserpine-induced anorexia and weight
loss in Kunming mice"’. Studies have shown that inhalation of navel orange
essential oil can significantly mitigate depressive behaviors induced by
chronic unpredictable mild stress''. At present, the majority of research on
aromatherapy for depression focuses on essential oils, with relatively limited
studies exploring the effects of food odors.

Food flavor is one of the important indexes of food sensory quality and
consumption. Recent studies have shown that consumers are increasingly
concerned about the potential health impacts of food odorants’. Many
countries recommend reducing sodium intake according to the population
and improving food flavor with herbs and flavor is a sodium reduction
strategy recommended in many national dietary guidelines’. Food and
beverages with milk flavor are very popular with consumers, and products
with milk flavor can be found everywhere in the market'*, Furthermore,
milk flavor represents one of the largest categories of food odorants and
flavoring agents. Beef flavor is one of the fastest-growing odorants in the 21st
century, primarily used to enhance the taste and odorants of meat products,
snacks, and baked goods, meeting the demand for richer color, taste and
odorants in food". At present, there are few studies on the health effects of
beef and milk odorants. Therefore, this study focuses on two highly accepted
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food odorants with substantial development potential, investigating their
effects on emotional health.

Besides, depression is closely related to intestinal microbiota home-
ostasis, which mainly refers to the changes in microbial diversity caused by the
imbalance of microbiota and corresponding functional changes™. In recent
years, with the in-depth study of the regulation of gut microbiota, it has been
found that there is a network relationship of bidirectional information reg-
ulation pathways between the brain, gastrointestinal tract and microbiota
related to depression, namely the “brain-gut-microbe” axis of gut
microbiota'”. The bidirectional regulation of the “brain-gut-microbiome” axis
means that the physiological activities of the intestine can not only be regu-
lated by the intestinal self-nerve based on physiological functions, but also
receive mandatory signals from the central nervous system and make various
physiological responses'®. As well as, various physiological responses gener-
ated by changes in the structure of intestinal flora can also be transmitted to
the brain. Stimulation to it leads to the occurrence of various physiological and
pathological phenomena'. Food flavor may degrade the bacterial cell wall and
destroy the protein structure of the cell membrane and then exert antibacterial
effect by acting on the cell membrane and entering the cell interior”. Once the
permeability of the cell membrane changes, its function will also change.

Therefore, this study aimed to investigate the effects of milk and beef
odorants on the reserpine-induced depression model through sniffing. The
composition of of milk and beef odorants were detected firstly and the
depressive-like behavior, neurotransmitters, pro-inflammatory cytokine
levels, tissue morphology, neurotrophic factors, and gut microbiota of mice
sniffing to food odorants were determined. This study will give reference and
broaden the application of food odorants in food research and human health.

Results

Composition analysis of beef and milk odorants

The volatile compounds in beef and milk odorants were analyzed by GC/MS
and the results were shown in Table 1. Seventeen volatile compounds were
identified in the beef odorant, with alkanes constituting the predominant
class (77.46% of total relative peak area). The key flavor compound was
identified as ethyl 1,3-dithiolane-2-carboxylate, representing 21.56% of the
relative peak area. Meanwhile, the milk odorant contained ten volatile
compounds, with cis-11-eicosenoic acid (50.70%) and oleic acid (39.31%)
being the predominant flavor components.

Effects of beef and milk odorants on the bodyweight and food
intake of mice

The mice was exposed to different food odors and treated as shown in Fig. 1.
The changes on bodyweight and food intake of mice in each group were
presented in Fig. 2. During the initial 4 weeks, all groups exhibited continuous
weight gain. Subsequent to reserpine injection, significant weight reduction
was observed in all groups except the BC group. Notably, the odorant-exposed
groups (B: beef odorant; E: milk odorant) demonstrated slower rates of weight
loss compared to the MC group, suggesting both odorants might alleviate the
weight loss of depressed mice. Concomitant with bodyweight changes,
reserpine injection induced significant appetite suppression in the groups,
with the exception of BC group (Fig. 2B). The MC group exhibited the most
rapid decline in food intake, whereas odorant-exposed groups maintained
relatively higher feeding rates. It showed that reserpine successfully induced
anorexia as a depression-associated phenotype, while chronic exposure to beef
and milk odorants might significantly attenuate this hypophagic response.

Table 1 | Composition analysis of beef and milk odorants

No. Identification CAS Retention time (min) Relative content (%)
Beef odorant 1 Ethyl-1,3-Dithiolane-2-carboxylat 20461-99-8 12.81 21.56
2 5-Ethyl-2-methyloctane 62016-18-6 9.65 15.25
3 Hexadecane 544-76-3 16.39 11.66
4 N-Eicosane 112-95-8 22.41 7.36
5 4-Methyldecane 2847-72-5 8.64 7.18
6 m-Xylene 108-38-3 5.06 5.43
7 5-Methyltetradecane 25117-32-2 16.02 4.78
8 3,7-Dimethyldecane 17312-54-8 9.82 4.73
9 8-methyl-heptadecane 13287-23-5 29.54 4.69
10 2,6,11-Trimethyldodecane 31295-56-4 11.06 3.47
11 5-Methyldecane 13151-35-4 8.36 2.95
12 3,8-Dimethyl-Undecane 17301-30-3 15.75 2.91
13 2,4-Dimethylheptane 2213-23-2 3.53 29
14 4-Methyloctane 2216-34-4 4.35 1.88
15 2,5-Dimethylnonane 17302-27-1 7.23 1.41
16 Decane,2,5,6-trimethyl 62108-23-0 8.53 0.98
17 N-Octane 111-65-9 3.19 0.86
Milk odorant 1 CIS-13-Eicosenoic Acid 17735-94-3 36.009 50.70
2 Oleic acid 112-80-1 38.913 39.31
3 Stearic acid 57-11-4 33.905 2.81
4 2-Octyl-1-decanol 45235-48-1 35.579 1.61
5 Dodecane 112-40-3 11.077 1.29
6 Decane 124-18-5 7.974 1.08
7 N-Heneicosane 629-94-7 34.415 0.97
8 N-Hexadecane-D34 544-76-3 31.539 0.83
9 Decahydronaphthalene 91-17-8 9.810 0.75
10 N-Heptadecane 629-78-7 29.579 0.65
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Fig. 1 | Experimental schedule of animal treatments.
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Fig. 2 | Effects of beef and milk odorants on the body weight and food intake of
mice in different groups. A Body weight. B Food intake. Data are presented as
means = SEM (n = 8). The different letters represent significant differences between
different groups, p < 0.05.

Effect of beef and milk odorants exposure on the depression-like
behavior of mice

As illustrated in Fig. 3A and B, the open field test (OFT) revealed the
movement distance of mice in MC group was significantly reduced and their
activity duration was slightly shorter, compared with those in BC group
(p <0.05). It’s confirmed that reserpine successfully induced depression-
associated motor retardation. Notably, odorant intervention might partially

reverse these effects. Compared to MC group, milk odorant-exposed mice
(E group) demonstrated a significant prolongation of activity duration
(p <0.05), while beef odorant-exposed mice (B group) showed a slightly
increase. Both odorant-treated groups exhibited significant recovery in
locomotion distance (p < 0.05). These data suggested chronic exposure to
milk odorant could significantly ameliorate the depression-associated
motor retardation induced by reserpine, with beef odorant showing a non-
significant trend toward improvement.

As shown in Fig. 3C, the tail suspension test TST results revealed that
the duration of immobility in MC group induced by reserpine was sig-
nificantly prolonged compared to BC group (p < 0.05). After exposed to beef
and milk odorants, this effect was significantly attenuated (p <0.05).
Notably, the E group (milk odorant) achieved immobility levels statistically
indistinguishable from BC group, indicating that milk odorant could restore
the survival desire of mice to near-complete normalization.

Meanwhile, the FST results were shown in Fig 3D. There was a sig-
nificant increase of floating immobility time in the mice of MC group
compared with BC group (p < 0.05). It suggested that reserpine significantly
reduced the desire for survival of mice under severe conditions. Compared
with the MC group, the floating immobility durations of mice in two sniffing
groups were significantly reduced (p < 0.05).

In addition, the sucrose preference index of mice in MC group was
significantly lower than that in BC group (p < 0.05), indicating that reserpine
caused the decrease of mice’s desire to explore sugar water (Fig. 3E). The
sucrose preference in the E group was significantly higher than that in model
group (p <0.05). It suggested that exposure to milk odorant could sig-
nificantly restore the level of sucrose preference in depressed mice, while
there was no significant effect by beef odorant. These results showed that a
depression model of mice was successfully induced by reserpine. Both milk
and beef odorant may improve the depression-like behavior of mice, where
milk odorant may work more significantly.

Exposure to beef and milk odorants reduced the levels of
inflammatory cytokines in serum

The concentration of serum pro-inflammatory factors were determined
and shown in Fig. 4. Compared with the BC group, the levels of IL-6 and
TNF-a in MC group mice were significantly increased (p < 0.05), indi-
cating that reserpine could increase the level of proinflammatory factors
in depressed mice and then produce inflammatory reaction. By sniffing
at two food odorants, the levels of pro-inflammatory factors were
decreased in different degrees compared with the MC group. Compared
with the model group, the level of IL-6 and TNF-a in the E group was
significantly reduced (p < 0.05), which was not significant to that in BC
group. These results further indicated that both milk odorant and beef
odorant could suppress inflammation in depressed mice, where milk
odorant may have a reletively strong effect.
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Fig. 3 | Effects of beef and milk odorants on the depressive-like behaviors of mice.
A Movement time of OFT. B Movement distance of OFT. C Immobility time of TST.
D Immobility time of FST. E Sucrose preperence index. Data are presented as

means + SEM (n = 8). The different letters represent significant differences between
different groups, p < 0.05.

Exposure to beef and milk odorants enhanced the concentra-
tions of key neurotransmitters in the hippocampus of mice

The neurotransmitter levels including 5-hydroxytryptamine (5-HT), nor-
epinephrine (NE) and dopamine (DA) in hippocampus tissue of mice were

shown in Fig. 5. Compared with the BC group, the 5-HT and DA levels in
MC group were significantly decreased (p < 0.05). When exposure to both
odorants (B and E group), the levels of 5-HT and DA in the hippocampus of
mice were significantly restored compared with those in the MC group
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Fig. 4 | Effects of beef and milk odorants on the serum inflammatory factors
of mice. A IL-6. B TNF-a. Data are presented as means + SEM (n = 8). The different
letters represent significant differences between different groups, p < 0.05.

(p <0.05). However, there’s no significant difference of NE level were
observed statistically among BC group, MC group and E group (p > 0.05),
while it was significantly increased in the B group. The results further
indicated that the milk and beef odorants could effectively restore the
decrease of 5-HT and DA content in depressed mice.

Exposure to beef and milk odorants ameliorated the structural
alterations of hippocampus tissue

According to the hematoxylin-eosin (HE) staining results (Fig. 6), the
hippocampal cells in the BC group mice were abundant, dense, orderly and
compactly arranged with multiple cell layers. In the MC group induced by
reserpine, the hippocampus tissue were observed pronounced damage with
decreased number of nerve cells, larger intercellular space, smaller nuclei
became, darker color, irregular arrangement, increased vacuoles. Compared
with the MC group, the number and volume of nerve cells in the odorant
groups were reduced, and nuclear shrinkage was alleviated. The number of
sparse and disordered arrangements and incomplete structures was
reduced. Among them, milk odorant has a better effect on the improvement
of hippocampus structure in depressed mice.

Exposure to beef and milk odorants regulated the expression
level of BDNF and GFAP in the hippocampus of mice

The effects of two odorants on brain neurotrophic factor brain-derived
neurotrophic factor (BDNF) in mice were shown in Fig. 7A and B. The
immunofluorescence intensity of BDNF in the MC group was significantly
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Fig. 5 | Effects of beef and milk odorants on the key neurotransmitters in the
hippocampus of mice. A 5-HT. B DA. C NE. Data are presented as means + SEM
(n = 8). The different letters represent significant differences between different
groups, p < 0.05.

lower than in other groups (p < 0.05). It suggested that reserpine induction
can reduce the expression of BDNF to hinder the plasticity of nerve cells,
promote neuronal atrophy and reduce the number of synapses. When
exposure to the two odorants, the expression levels of BDNF were upre-
gulated significantly than the MC group (p < 0.05). There was no significant
difference between the two odorants. It further demonstrated that both beef
odorant and milk odorant could ameliorate the decline of BDNF expression
in depressed mice.

In addition, the immunofluorescence analysis on glialcellline-derived
neurotrophic factor (GDNF) of astrocytes in the hippocampus of mice were
also determined (Fig. 7C, D). The astrocytes in MC group were observed to
be enlarged and polysynapse with the expression of GFAP increased
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Fig. 6 | Effects of beef and milk odorants on hip- a
pocampal tissue structure in reserpine

model mice. a BC group, b MC group, cE group,d B

group (200x). Data are presented as means + SEM

(n=5). The different letters represent significant

differences between different groups, p < 0.05.

compared with the BC group (p < 0.05). It indicated that the astrocytes in
depressed model mice were reactive hyperplasia by reserpine. Compared
with the model group, the immunofluorescence intensity of GFAP in the B
and E groups were decreased significantly (p < 0.05). There’s no significant
difference beween the two food odorants. Theses results indicated that beef
odorant and milk odorant were effective in restoring the GAFP in depressed
mice induced by reserpine.

Exposure to beef and milk odorants ameliorate the gut micro-
biota of depressed mice

To analyze the effect of two food odorants on the gut microbiota of
depressed mice, the V3-V4 hypervariable region of 16S rRNA of micro-
biota in colon was sequenced and shown in Fig. 8. The rarefaction curve
showed that the amount of sequencing data was progressive and reason-
able, and the bacterial species of the microbiome reached the saturation
stage. It reflect the vast majority of microbial diversity information in the
samples. Then the specie numbers of OTUs in each group were shown in
Fig. 8B. The common OUTs number of the four groups was 334. The
unique OTUs numbers were found remarkably different in each group,
including 77 unique OTUs in BC group, 224 in MC group, 64 in E group
and 130 in B group, respectively. Among them, the number of OTUs in the
MC group was extremely higher than that in BC group, indicating that
reserpine induction could change the diversity or composition of gut
microbiota. When exposure to milk and beef odorants, the increase of
OTUs caused by reserpine was alleviated. Moreover, the LEfSe analysis in
Fig. 8C showed that 14 species were significantly different in the four
groups under the effect size LAD >3 threshold which could be potential
biomarkers. There were two species significant in B group and E groups,
while only one species were significant in MC group. Overall, milk odorant
and beef odorant significantly modulated the composition of intestinal
microbiota in depressed mice.

Furthermore, the distribution of microbial communities in the four
groups of mice was shown in Fig. 8D, E. At the phylum level, Bacteroidetes,
Firmicutes and Proteobacteria bacteroidetes took the highest proportion
over 90% of the microbial compositions in all samples. The rate of Firmi-
cutes/Bacteroidetes were 0.55 in BC group, which was increased to 1.01 in
MC group and then decreased to 0.65 in E group. It indicated that reserpine
could decrease the relative abundance of Bacteroidetes and increase the
relative abundance of Firmicutes, leading to the imbalance of bacterial

community in depressed mice. When exposure to milk odorant, this trend
can be changed and restored to normal direction as control group.

In addition, the microbial composition of the colon contents was
analyzed at the genus level. Three genera were observed to be different
significantly between the BC group and the MC group. The relative
abundance of Akkermansia and Alloprevotella in MC group was higher
than that in BC group, while the relative abundance of Lachnospir-
aceae_NK4A136_group in the MC group was reduced. It revealed that
reserpine could upregulate the relative abundance of Akkermansia and
Alloprevotella and downregulated the Lachnospiraceae_NK4A136_group.
And these changes could be reversed by exposure of milk odorant
(E group). Besides, the beef odorant exposure (B group) significantly
increased the relative abundance of Ligilactobacillus and decreased the
relative abundance of Akkermansia. In a word, these results suggest that
exposure to beef odorant and milk odorant was capable of modulating
the dysregulation of the bacterial ecosystem in colon contents caused by
reserpine.

Discussion

A total of 17 compounds were identified by GC-MS analysis from beef
odorant and 10 compounds were identified from milk odorant. The two
odorants have simple flavor components and strong flavor. The ratio of
Ethyl 1,3-Dithiolane-2-carboxylate in beef odorant was the highest, and the
threshold value of sulfur-containing compounds was small, which con-
tributed the most to beef odorant”. Homolysis of alkoxy groups of fatty
acids, the main source of hydrocarbon compounds in beef essence. Long
chain alkanes mainly come from the degradation of fatty acids or the fat
deposited in the animal’s body by the animal’s feed. Normal alkanes may be
derived from the oxidation of fatty acids, and short-chain alkanes are sec-
ondary products of the automatic oxidation of fats. Various alkanes
(C5-C17) substances, because of their generally high aroma threshold, weak
aroma or no odor, do not contribute much directly to the overall flavor®.
However, they are important intermediates in the formation of heterocyclic
compounds that contribute to the flavor of beef flavor. It can be inferred that
these substances have a fundamental role in the formation of beef flavor.
Oleic acid in milk odorant has the odor of animal oil or vegetable oil, oleic
acid can regulate blood lipid levels™, reduce cholesterol™, effectively reduce
the occurrence of hypercholesterolemia and cardiovascular diseases, and
reduce the chance of coronary heart disease™. Stearic acid microstrip smell
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Fig. 7 | Effects of beef and milk odorants on the BDNF and GFAP expression in
the hippocampus of mice. A immunofluorescence image of BDNF (red) (400x).
B BDNF immunofluorescence intensity. C Immunofluorescence image of GFAP
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of butter. Fatty acids mainly come from the oxidative degradation of fats,
mainly long-chain fatty acids, such as palmitic acid, oleic acid, etc. These
esters have a milky smell.

The cause of depression is still unknown, but modern medicine has
proposed various hypotheses. Among them, the monoamine neuro-
transmitter hypothesis, hypothalamic-pituitary-adrenal axis hypothesis,
cytokine hypothesis and brain-derived neurotrophic factor hypothesis have
been widely recognized™. Animal models on depression include drug and
chronic stress models. The drug-induced model is easy to administer, has a
short duration, and effectively replicates the onset of depression in humans.
It is currently widely used”.

Reserpine is a substance widely used in depression drug models.
Reserpine interferes with the reuptake of neurotransmitters into pre-
synaptic vesicles, leading to their degradation by monoamine oxidase,
which results in the depletion of neurotransmitters and the onset of

depressive symptoms™. Currently, there is no unified standard dose of
reserpine”. The dose of reserpine for inducing chronic and acute
depression in rats is between 0.1-0.5 mg/kg and 1-5 mg/kg, respectively™.
Shehata A. et al.”' developed a depression model by injecting 1.0 mg/kg
reserpine solution into rats intraperitoneally daily. Antkiewicz-Michaluk
L. et al.” developed a depression model by injecting 0.2 mg/kg reserpine
solution into the abdominal cavity of rats for 14 consecutive days. All of
these injections can induce depression, but long-term injections at low
doses are more closely related to chronic depression in clinical practice.
Thus, in this study, 0.4 mg/kg reserpine solution was injected intraper-
itoneally for 14 days to induce depression in mice.

In the research of depression, behavioral experiments can be used as
basic evaluation indicators, mainly including OFT, TST, FST and SPT. OFT
is widely used to assess anxiety-like behaviors in rodents, where animals are
allowed to explore an open arena surrounded by walls. Typically, rodents
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Fig. 8 | Effects of beef and milk odorants on gut microbiota. A Rarefaction curves.
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tend to avoid the center of the arena and remain in the periphery, a behavior
known as thigmotaxis. An increase in central activity suggests an anxiolytic
effect, while a decrease indicates anxiety-like behavior”. TST and FST are
well-established methods for evaluating antidepressant effects and have

been extensively used in neuropharmacological research and the pre-
liminary screening of antidepressants™. SPT is the best way to detect reward
activity in rodents and can be used as an important indicator to evaluate
animal models of depression™. In this study, reserpine-treated mice

npj Science of Food | (2025)9:108


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00455-2

Article

exhibited prominent depression-like behaviors, such as increased immo-
bility during the forced swimming test, reduced sucrose preference, and
prolonged tail suspension time, confirming the successful establishment of
the depression model. Preliminary results showed that milk odorant and
beef odorant can improve depression behavior. Based on this, we further
explored several potential mechanisms underlying the antidepressant effects
of odorants in reserpine-treated depressed mice.

Monoamine neurotransmitters, such as 5-HT, DA, and NE, play an
important regulatory role in the development of mood disorders. Brain-
derived neurotrophic factor (BDNF) is essential for promoting neuronal
survival, growth, differentiation, and development, and is involved in the
structural and functional plasticity of neurons. The synaptic plasticity of
BDNF can affect the release and transmission of DA, 5-HT and adrenergic
neurons, thus affecting depression™. Increased BDNF levels indicate the
repair of nerve function and reflect the degree of nerve damage and prog-
nosis. Clinical study found that patients with cerebrovascular accident of
neural function damage can use BDNF levels to reflect and relate to the
prognosis”. Loss of BDNF in the hippocampus can induce neuronal
apoptosis, eventually leading to depression. In this study, the contents of 5-
HT, DA and NE in the hippocampus and the expression of BDNF in the
hippocampus increased after sniffing the two food odorants, indicating that
the two food odorants can further improve depressive symptoms by reg-
ulating the expression of neurotrophic factors and the level of monoamine
neurotransmitters.

Neuroinflammation is considered one of the key contributors to the
onset and progression of depression. Excessive secretion of pro-
inflammatory cytokines, especially IL-1f, IL-6 and TNF-a, may lead to
neuroinflammation and brain damage, leading to depressed mood, anxiety,
and impaired memory and attention, which can lead to depression®. A
study showed that anti-inflammatory cytokines may exert antidepressant
effects through various mechanisms”. For example, Apelin-13 can mod-
ulate the shift of microglia from pro-inflammatory to anti-inflammatory
cytokine production, inhibit the release of pro-inflammatory cytokines, and
promote the synthesis of anti-inflammatory cytokines, thereby alleviating
depression-like behavior in mice. Depression has recently been considered a
neuroinflammatory disease, with inflammatory changes in the cerebral
cortex and hippocampus, in which inflammatory cytokines released by the
activation of microglial cells play a key role in its pathogenesis®. Proin-
flammatory cytokines such as IL-1p, IL-6, and TNF-a promote inflam-
mation by activating multiple types of immune cells, and overactive
proinflammatory cytokines in the brain can interfere with many neuronal
functions, thereby affecting emotional expression*’. Microglia are immune
cells in the central nervous system and mediators of inflammation. GFAP,
one of the main components of astrocytes, is often used to specifically label
astrocytes. Under pathological conditions, astrocytes can be rapidly acti-
vated, resulting in a dense distribution, enlargement of cell bodies, and
numerous thick processes””. Overactivated astrocytes secrete various
inflammatory mediators that can induce depression-like behavior. The
results in present study indicated that the both milk odorant and beef
odorant could ameliorate reserpine-induced depression of mice by inhi-
biting GFAP expression and reducing proinflammatory factor levels of IL-6
and TNF-a.

As the largest and most complex microecology in human body,
intestinal microecology plays an important role in the occurrence and
development of many diseases”’. The diversity of gut microbiome in
depressed patients is different from that in normal people®. In the
process of human evolution, intestinal flora is interdependent and
mutually restricted with the body to form a stable overall internal
environment. Changes in homeostasis can lead to the overrelease of
bacterial substrates, fermentation products, and gut hormones, which
affect hormones, immunity, and the vagus nerve in the gut-brain
pathway®. This bidirectional regulatory process between the brain and
gut involves a number of single mechanisms proposed before. Using 16S
rRNA gene sequencing, the community diversity and abundance of the
gut microbiome were analyzed in this study.

GC/MS analysis identified two bioactive components in the milk
odorant, oleic acid and cis-13-eicosenoic acid, both demonstrating gut
microbiota-modulating potential. Previous research has shown that oleic
acid-derived compounds reduced the Firmicutes/Bacteroidetes ratio, a
microbial signature associated with metabolic dysregulation*. Mechan-
istically, long-chain monounsaturated fatty acids (carbon chain lengths
>18) altered bile acid metabolism and improved cardiovascular risks of
mice, by inhibiting Firmicutes proliferation while promoting Bacteroidetes
growth”. As a polyunsaturated fatty acid (PUFA), cis-13-eicosenoic acid
shared structural homology with immunomodulatory PUFAs that reverse
gut dysbiosis in respiratory disease models, which could reverse gut
microbial imbalance in asthmatic mice and reduce the relative abundance of
Akkermansia®®. In this study, chronic exposure to milk odorant significantly
reduced the Firmicutes/Bacteroidetes ratio and the relative abundance of
Akkermansia. It was suggested that milk odorant might modulate gut
microbiota to alleviate depressive symptoms (Fig. 3), potentially mediated
by its high oleic acid content and cis-13-eicosenoic acid.

To further underly the mechanism of the two food odorants on
depressed mice, Spearman’s analysis for the above results were performed
(Fig. 9). The relatively abundance of Bacteroides is positively correlated with
immobility time in TST, floating immobility time in SFT and the expression
of GAFP, which indicating that the increase of Bacteroides may contribute to
the development of depressive symptoms. Besides, the concentrations of DA
and 5-HT were positively correlated with Candidatus_Saccharimonas,
Lachnospiraceae_NK4A136_group and Roseburia. BDNF expression levels
were significantly positively correlated with Muribaculum, suggesting that a
reduction in these bacteria may contribute to the development of depressive
symptoms. Mucispirillum, a member of the phylum Deferribacteres, can
cross the mucosal barrier, disrupt intestinal wall integrity, and induce
inflammation, leading to colitis"**’. The results of these studies further
suggest that Lachnospiraceae and Muribaculum play an important role in
the development of depression through a mechanism involving damage to
the intestinal barrier. The composition of the two odorants is mostly small
molecule substances, which might be absorbed through the skin, meridian
or blood and then spread to the whole body through the circulation of blood.
It was inferred that both beef oaorant and milk odorant might regulate the
brain function and behavior by regulating the gut microbiome through gut-
brain axis to ameliorate reserpine-induced depression mice. However, the
specific mechanism of food odorant on gut microbiota were needed to be
claried in future research.

This study provided preliminary evidences supporting the neuropro-
tective potential of beef and milk odorants in a reserpine-induced depres-
sion model. The observed behavioral improvements appear mediated
through multi-level modulation of the gut-brain axis, including neuro-
chemical regulation (partial restoration of monoamine neurotransmitters),
neuroplasticity enhancement (upregulation of BDNF expression and
astrocyte activation of GFAP in hippocampal regions), downregulating of
pro-inflammatory cytokines and microbial remodeling by correction of
dysbiosis indices of Firmicutes/Bacteroidetes ratio and Akkermansia. The
coordinated effects on neurotransmitter, neurotrophic, inflammatory, and
microbial domains suggested a systems-level intervention mechanism.
Notably, milk odorant exhibited superior efficacy than beef odorant,
potentially attributable to its higher PUFAs content. However, several
limitations were needed to be considered, such as model specificity, expsure
dose and olfactory absorption mechanisms and so on. Future studies should
validate these effects in transgenic models and explore clinical applications
through controlled inhalation trials. This work established a foundational
framework for developing odorant-based neuromodulatory strategies in
nutritional psychiatry.

Methods

Materials and reagents

Injectable reserpine (1 mg/1 mL) was purchsed from Tianjin Jinyao Phar-
maceutical Co., Ltd (Tianjin, China). Jojoba oil was purchased from Xinsen
Natural Vegetable Oil Co. Ltd (Jiangxi province, China). Milk essence and
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Fig. 9 | Spearman’s analysis results of beef and
milk odorants. Red indicates a positive correlation,
blue indicates a negative correlation, and the depth
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beef essence were purchased from Qingdao Food Banquet Big Kitchen Food
Co., Ltd. (Shandong province, China). All the essences were of food grade.
The ELISA kits for 5-hydroxytryptamine (5-HT), norepinephrine (NE),
dopamine (DA), Interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a)
were phurchaed from Shanghai ELISA Biotechnology Co., Ltd. (Shanghai,
China). Brain-derived neurotrophic factor (BDNF) antibody and glial
fibrillary acidic protein (GFAP) antibody were purchased from Wuhan
Elabscience Biotechnology Co., Ltd.(Hubei, China).

GC-MS analysis

The volatile compounds in beef odorant and milk odorant were analyzed
by gas chromatography-mass spectrometry (GC-MS), employing with
solid-phase microextraction (SPME) for the extraction of volatile flavor
components’". Specifically, 6 mL sample was placed in a 20 mL headspace
bottle and 10 uL of 2-methyl-3-heptanone was added as an internal
standard. The mixture was thoroughly homogenized and thermally
equilibrated at 60 °C for 25 min using a magnetic stirrer. Then a 75 um
carboxen/polydimethylsiloxane (CAR/PDMS)-coated SPME fiber was
inserted and exposed to the headspace phase for analyte adsorption at
60 °C. After adsorption for 45 min, the fiber was immediately inserted
into the GC-MS injection port for thermal desorption at 250°C for
15min to ensure complete release. The GC-MS instrument (Thermo
Scientific ISQ 7000 GC/MS, USA) was equiped with an Rtx-5MS column
(30 m x 0.25 mm x 0.25 um). Helium (purity >99.999%) was used as
carrier gas at a flow rate of 2mL/min. GC oven temperature was
maintained at 5 °C for 1 min, increased to 180 °C at 3 °C/ min for 1 min,
and then increased to 250 °C at 8 °C/min for 3 min. For MS detection, the
ion source temperature was maintained at 200 °C, the injector tem-
perature at 220 °C, and the desorption unit at 250 °C. Mass spectra were
acquired in full-scan mode across a mass-to-charge (m/z) range of
30.0-500.0 at a scan speed of 1000 amu/s. The volatile compounds were

identified based on linear retention Index (LRI), genuine criteria, and
mass spectrometry matching the National Institute of Standards and
Technology (NIST) library. Only the compounds with a matching degree
over 85% were selected. Besides, the compounds were quantified based
on the peak area and normalized by the concentration of internal
standard.

Animals and experimental design

Thirty-two 6-week-old SPF ICR mice (weighing 18-22 g) were purchased
from Beijing Spafu Laboratory Animal Technology Co., Ltd. (Beijing,
China) (License No. SCXK 2015-0015). The mice were placed in a
10cm x 10 cm x 20 cm EVC cage using wood shavings as bedding and
maintained under standard experimental conditions (temperature,
22-25°C; humidity 55+5%, 12h lighting /12h darkness and
noiselessness).

After adaptation for one week, the mice were randomly divided into 4
groups (8 mice of each group) with exposure to different odorants and
treatment: blank control group (BC), model group (MC), beef-odorant
group (B) and milk-odorant group (E). The animal experiment was
designed as previous study with modifications™. Briefly, the milk essence
and beef essence were respectively dilluted by jojoba oil with a dilution of 10°
and dropped onto a sterilized cotton wool. Then these cotton wools were
respectively filled in a sealed hollow stainless box and placed into the EVC
cages of B group and E group. Meanwhile, jojoba oil was used as control
odorant exposed to the mice of BC and MC group. The mice were allowed to
sniff the odorants for 8 h per day for a continuous period of 6 weeks. To
ensure the continuous odor and less microbial contamination, the cotton
wool absorbed with essence were replaced every day. In the last 2 weeks, the
mice in MC group, B group and E group were injected intraperitoneally with
reserpine solution to establish a depression model at the dose of 0.4 mL/kg
mice bodyweight every day, while the mice of BC group were injected with
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an equal dose of normal saline (Fig. 1). During the experimental period, all
mice were free to drink and eat with regular food. The bodyweight and food
intake of mice were recorded weekly. After behavioral evaluation, one mice
was humanely euthanized by neck broken with no pain in 5 s and the other
mouse was euthanized in turn. None of the mice were allowed to observe the
euthanize process. Blood samples were collected by orbital puncture and
centrifuged at 3000 r/min for 15 min at 4 °C. The serum was collected and
stored at —80 °C for further analysis.

In addition, the brain tissue, hippocampus tissue and colonic contents
of mice were collected, where part of them was fixed in 4% paraformalde-
hyde and the others were imediately frozen by liquid nitrogen and stored at
—80°C. All animal procedures were carried out in accordance with the
Guidelines for the Care and Use of Laboratory Animals of Tianjin Uni-
versity of Science and Technology and the Institute of Radiation Medicine.
The animal study was approved by the Animal Ethics Committee of
Institute of Radiation Medicine [IRM-DWLL-201228].

Open field behavioral test (OFT)

The depressed-like behaviors and locomotor activities were
assessed using a standardized open field experimental instrument
(625 mm x 740 mm x 510 mm) constructed with matte-white polyvinyl
chloride. During testing, individual mice were gently placed in the central
quadrant of sanitized arena (disinfected with 70% ethanol between trials)
under uniform illumination (300 lux at arena center). The movement
time and distance of mice were recorded for 5 min using a camera in a
quiet and light-free environment™.

Tail suspension test (TST)

Depressive-like behaviors of mice were quantified using an automated tail
suspension system under standardized laboratory conditions. The mouse
tail (2cm away from tip) was wrapped with medical adhesive tape
(approximately 2 cm width x 8 cm length) and hung upside down to a
horizontal metal hook with controlled tension of head away from the
ground. After a 2-min habituation period to eliminate acute stress artifacts,
the behavior of mice was recorded by a digital video tracking for 4 min. The
total duration of mice immobility was automatically calculated. An
immobile state means that the animal gives up active struggle and its body is
in a state of overhanging and not twisting™.

Forced swimming test (FST)

Forced swimming test were conducted as described by Khan Muhammad
Imran et al.* with slight modifications. The mice were placed in a cylindrical
glass container (20 cm height, 10 cm diameter) filled with water at 20-25 °C.
Before the day of formal test, the mice were acclimated for 15 min to induce
behavioral adaptation. During the test, first 2 min was excluded for habi-
tuation. Then the total immobile swimming time of mice during the next
4 min was recorded. Mice were considered immobile when they floated on
the water surface or moved only minimally to maintain breathing.

Sucrose preference test (SPT)

sucrose preference test test were performed by the literature with some
improvementsss. Before the formal test, the mice were acclimated two
bottles of 1% sucrose solution. After drinking for 24 h, one bottle of
sucrose solution was replaced with pure water and the mice continued to
drink for another 24 h. After fasting and water restriction for 24 h, the
mice were subjected to a sucrose preference test. Briefly, 200 mL of 1%
sucrose water and 200 mL of pure water were weighed in two bottles and
placed in mice cage. In the test, the positions of the bottles were changed
at intervals during the test. After free water and food intake for 12 h, the
bottles were removed and weighed. The sucrose preference index were
caculated as equation (1).

Sucrose intake

X1 1
Total intake 00% ()

Sucrose preference index (%) =

Determination of neurotransmitters in the hippocampus of mice
The hippocampus of mice was homogenated with saline at a ratio of 1:10
(w/v) at 4 °C for 10 min and centrifugation at 3500 r/min for 20 min. The
supernatant were collected for determination. The concentrations of
5-hydroxytryptamine (5-HT), norepinephrine (NE) and dopamine (DA)
in the hippocampus tissue of mice were quantitatively measured by
enzyme-linked immunosorbent assay (ELISA) kit strictly in accordance
with the manufacturer’s instructions (Shanghai ELISA Biotechnol-
ogy Co., Ltd).

Determination of inflammatory cytokines in the serum of mice
The levels of interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) in
mice serum were detected by ELISA kits (Shanghai ELISA Biotechnology
Co., Ltd). According to the manufacture’s protocols, the serum samples and
standards were placed in the 96-well microtiter plates. After four-step
incubations with antibodies and substrates and washing procedures, the
reaction was terminated with termination solution. Then the absorbance
values were determined to evaluate the concentration of cytokines by
Multiskan FC (Thermo scientific).

Histopathological analysis on the hippocampus tissue of mice
The hippocampus tissue of mice was observed by hematoxylin-eosin (HE)
staining. After cut into 5 mm thickness, the tissues were immediately fixed
in 10% formalin neutral fixative for 30 min and incubated overnight with
0.1 M PBS at 4 °C. Then the tissues were dehydrated with gradient con-
centration ethanol: 95% ethanol twice each for 5 min — 80% ethanol for
5min — 70% ethanol for 5min — 100% xylene twice each for 5min.
Afterwards the hippocampus tissues were stained with hematoxylin and
eosin, and gradient eluted by anhydrous ethanol again, followed by 100%
xylene twice for 5 min. Finally, the specimen was sealed by neutral resin and
the histology of thymus and spleen was observed under light microscope
(Axio Lab. Al pol, Germany).

Immunofluorescence analysis on the neurotrophic factor

The levels of brain-derived neurotrophic factor (BDNF) and
glialcellline-derived neurotrophic factor (GDNF) secreted by hippo-
campal neurons were determined by immunofluorescence analysis.
The brain tissue was fixed in 4% paraformaldehyde solution for 24 h,
and the sample was dehydrated by routine continuous treatment with
graded alcohol and xylene. The slices were dried and incubated over-
night at 4 °C with rabbit anti-mouse antibody of GDNF and BDNF
(Elabscience Biotechnology Co., Ltd.). Goat anti-rabbit antibody
(1:300, dilution) was used as a secondary antibody and then dropped
on theslice at4 °C for 1 h. The tissue sections were then washed 3 times
with phosphate-buffered saline (PBS). 4° 6-diamino-2-phenylindole
(DAPI) was added into the section and observed under a fluorescence
microscope after 1 h.

Gut microbiota analysis

The gut microbiota from colonic contents was analyzed by 16S rDNA high-
throughput sequencing based on 16S rDNAV3-V4 region sequence. Briefly,
the total bacterial genomic DNA was extracted using the Fast DNA Stool Kit
(Novogene, Beijing, China). Then the hypervariable regions (V3-V4) of the
bacterial 16S rRNA gene were amplified based on universal primers (338F:
ACTCCTACGGGAGGCAGCAG; 806R: GGACTACHVGGGTWTC-
TAAT). The thermal cycling conditions was: initial denaturation at 95 °C
for 3 min, followed by 25-30 cycles of denaturation at 95°C for 30s,
annealing at 55 °C for 30, and extension at 72 °C for 45 s, with a final
extension at 72 °C for 10 min. After purified by magnetic beads and gel
electrophoresis, the PCR amplicons were sequenced on an Illumina MiSeq
platform (Illumina, San Diego, California, USA) to generate 2 x 300 bp
paired-end reads. Afterwards, bioinformatics analysis was performed,
where raw reads were demultiplexed and quality-filtered using Trimmo-
matic. The filtered reads were clustered into operational taxonomic units
(OTUs) at 97% similarity using QIIME. Taxonomic classification was
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conducted against reference databases and the alpha/beta diversity metrics,
along with statistical analyses, were computed using R packages such as
phyloseq and vegan. Finally, LEfSe analysis of inter group biomarkers was
performed with the screening value of linear discriminant analysis (LDA)
score setting at 2.

Statistical analysis

All experimental data were repeated at least three times and expressed as
mean + standard error of means (SEM). The statistical analysis was
conducted with SPSS statistical software 23 (SPSS Inc., Chicago, IL,
USA), while Origin 2019 (OriginLab Corporation, Northampton, MA,
USA) were used for data plotting. The data were firstly analyzed through
normality and lognormality test. If it fitted the normal distribution,
odinary one-way ANOVA test was carried out and Tukey test was
performed for multiple comparison. If not, Kruskal-Wallis test was
performed. p <0.05 represented the difference between groups were
significant at level of 0.05.

Data availability

The authors declare that the data supporting the findings of this study are
available within the paper. Any raw data files in another format are available
from the corresponding author upon reasonable request.
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