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Abstract

Chronic stress induces mood disturbances, disrupts gut barrier function, and promotes
low-grade systemic inflammation. This study assessed the therapeutic effects of atomoxe-
tine (ATX), escitalopram (ESC), cannabidiol (CBD), and CBD-loaded lipid nanoparticles
(CBD/LNP) in male rats exposed to repeated restraint stress. Stressed rats exhibited a
2.03-fold increase in interleukin-6 and a 1.89-fold increase in TNF-«, a 1.20-fold decrease
in brain-derived neurotrophic factor, a 1.36-fold decrease in osteocalcin, accompanied by
alterations in gut metabolites, particularly short-chain fatty acids (SCFAs; from 155.3 to
94.83 umol/L), polyamines (from 273.6 to 192.4 umol/L), and bile acids (BAs; from 21.19 to
14.53 umol /L), compared with the control group. Protein analysis revealed gut barrier
disruption and microglial/macrophage activation, accompanied by reduced synaptic plas-
ticity. ATX improved gut permeability and reduced glial activation but did not restore
osteocalcin. ESC provided neuroimmune benefits with limited and BA gut restoration and
modulated the gut-brain axis and improved anxiety-like behaviors, partly by altering gut
microbiota and metabolites. CBD and CBD/LNP treatment restored intestinal barrier func-
tion, as indicated by intestinal permeability in the range of 1.15-1.61-fold. These treatments
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also normalized bile acids (1.0-1.38-fold) and osteocalcin (1.0-1.28-fold) and significantly
reduced glial activation (0.63-1.12-fold) as opposed to the non-treated stressed group. All
treatments were found to be effective in correcting SCFA and polyamine levels. Histological
analysis confirmed that CBD/LNP, ATX, and ESC ameliorated tissue alterations. These find-
ings highlight CBD/LNP as a promising intervention for stress-induced gut-brain—-bone
axis disruption, supporting its potential as a therapeutic alternative through modulation of
microbiota-driven gut-brain communication in stress-associated disorders.

Keywords: bone; cannabidiol lipid nanoparticles; gut metabolites; neuroinflammation;
neuroplasticity; stressed rats

1. Introduction

Chronic physical and psychological stress exerts widespread effects on health, extend-
ing beyond neuropsychiatric manifestations to involve multiple physiological systems [1].
Prolonged hypothalamic—pituitary—adrenal (HPA) axis activation elevates glucocorticoids,
impairing immunity, metabolism, neuroplasticity, gut barrier integrity, and bone remodel-
ing [1-4]. These changes are framed within the gut-brain-bone axis, where dysfunction
at one site propagates systemic pathology [4,5]. Stress disrupts gut integrity, enabling
microbial translocation and inflammation [6], while dysbiosis alters short-chain fatty acids
(SCFAs), polyamines, and bile acids (BAs) that control barrier function, neurogenesis, and
host metabolism [7-9]. However, stress paradigms differ across models, leading to variable
patterns of interorgan axis dysregulation.

Gut-derived inflammatory signals propagate systemically, activating gut-resident
macrophages and brain microglia, as indicated by elevated Ibal/AIF-1 expression in stress-
sensitive regions such as the hippocampus [10,11]. This neuroimmune activation is linked
to deficits in cognition, emotional regulation, and synaptic plasticity, accompanied by
reductions in glial cell line-derived neurotrophic factor and neurotrophic factors including
brain-derived neurotrophic factor (BDNF) [3,12]. Chronic stress also impairs skeletal
integrity by suppressing osteoblast activity and lowering circulating osteocalcin, a bone-
derived hormone increasingly recognized for its regulatory roles in both neurocognitive
and metabolic functions [13]. These neuroendocrine, immune, and microbial alterations
often reinforce each other, creating a vicious cycle of systemic dysfunction.

Pharmacological interventions, especially selective serotonin reuptake inhibitors (SS-
RIs) and norepinephrine reuptake inhibitors (NRIs), are widely used to mitigate mood,
attentional, and cognitive disturbances associated with chronic stress [14,15]. Escitalopram
(ESC), a commonly prescribed SSRI, enhances neuroplasticity and emotional regulation [16]
but may paradoxically exacerbate gut barrier dysfunction by increasing intestinal perme-
ability, despite maintaining tight junction proteins such as zonula occludens-1 (ZO-1) and
occludin [17]. Atomoxetine (ATX), an NRI less studied in gut contexts, improves central
norepinephrine and dopamine balance, autonomic regulation, and gut metabolic func-
tion [18,19], potentially conferring additional benefits on bone remodeling and skeletal
homeostasis under stress [20]. Bone integrity depends on balanced osteoblast and osteoclast
activity regulated by systemic hormones and local turnover markers [21]. Modulation by
SSRIs and NRIs via neurotransmission and neuroendocrine pathways has been reported to
influence bone metabolism, although evidence remains inconsistent, with both protective
and detrimental effects observed in stress-related models [22,23].
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Beyond conventional antidepressants, phytocannabinoids, i.e., cannabidiol (CBD), a
naturally occurring non-psychoactive phytochemical in Cannabis sativa, have gained in-
creasing attention for their anti-inflammatory, anxiolytic, and neuroprotective properties in
various neurological disorders [24]. CBD modulates glial activation, restores tight junction
integrity, and upregulates BDNF, simultaneously addressing multiple aspects of chronic
stress pathology [25-27]. Clinical application of CBD is limited by poor oral bioavailability,
largely due to lipophilicity and extensive first-pass metabolism [28]. To overcome these
limitations, lipid nanoparticle (LNP) formulations have been developed to enhance ab-
sorption, stability, and bioavailability [29,30]. Our recent findings indicate that CBD in
LNPs improves metabolic and cognitive functions in rats with diabetic Parkinson’s disease,
primarily through anti-inflammatory and neuroprotective mechanisms [29]; however, its
potential in stress-induced models remains underexplored, particularly with respect to
targeted delivery and sustained behavioral outcomes.

Although the individual effects of SSRIs, NRIs, and CBD on gut microbiota alterations
have been reported [31-33], no study has systematically compared these interventions
within a unified gut-brain-bone model. Additionally, the potential therapeutic advantage
of CBD encapsulated in LNPs over its native form remains to be elucidated, particularly for
restoring physiological and behavioral functions under chronic stress. The current study
sought to evaluate repeated restraint stress on the gut-brain-bone axis and the therapeutic
potential of ATX, ESC, and CBD administered in both native and LNP-encapsulated forms.
We hypothesized that chronic stress would induce systemic inflammation, disrupt neuroim-
mune balance, impair synaptic plasticity, compromise gut integrity and bone remodeling,
and cause histological alterations. We further expected that CBD/LNPs would reduce
inflammation and provide superior therapeutic efficacy by restoring gut-brain barrier
function, while improving behavioral, synaptic, neuroimmune, and skeletal outcomes,
supporting CBD/LNPs as a multi-target strategy for stress-related comorbidities.

2. Results

2.1. Restraint-Stressed Male Rats Treated with CBD/LNPs Showed Modulated Body Weight
Loss and Reduced Anxiety-like Behaviors, Comparable to the Effects Observed with
Monoaminergic Modulators

All rats maintained normal physical growth throughout the experimental period.
However, after 14 days of 2 h daily restraint stress, significant changes were observed
in both physical and behavioral parameters (Figure 1). Compared with controls, vehicle-
treated stressed rats had a significantly lower percentage change in body weight (p < 0.01)
(Figure 1B). Behavioral profiles demonstrated consistently elevated anxiety-like behaviors
across test paradigms. The vehicle-treated stressed rats exhibited a marked reduction
in time spent in the light compartment (p < 0.01) and fewer dark-to-light transitions in
the light/dark box test (p < 0.05) (Figure 1C,D). Additionally, in the elevated plus maze
(EPM) test, these rats spent a significantly lower percentage of time (p < 0.001) and made
fewer entries (p < 0.001) into the open arms, accompanied by a markedly higher anxiety
index (p < 0.001) (Figure 1E,F). In contrast, the 2-week antipsychotic intervention with
ATX significantly improved body weight changes compared to the vehicle-treated stressed
group (p < 0.01), whereas CBD/LNP treatment more effectively restored body weight in
stressed rats compared to the natural form of CBD (p < 0.05). Compared to vehicle-treated
stressed rats, all treatments produced anxiolytic-like effects, as demonstrated by behavioral
profiles showing increased time spent in the light compartment (p < 0.01) and a higher
number of transitions (p < 0.05) in the light/dark test, as well as increased time spent in the
open arms (p < 0.001), increased open arm entries (p < 0.001), and a reduced anxiety index
(p < 0.001) in the EPM test (Figure 1B-G). However, ESC might require a longer duration
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to effectively modulate central serotonergic signaling involved in anxiety attenuation,
whereas adrenergic and endocannabinoid modulators exert more rapid and potent effects
in stressed male rats.
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Figure 1. Physical and behavioral profiles after 14-day antipsychotic treatment in stressed male rats.
(A) Diagrammatic representation of the experimental design. The experimental groups consisted of
healthy control (CON), stress/vehicle (VEH, normal saline), stress/atomoxetine (ATX, 10 mg/kg),
stress/escitalopram (ESC, 10 mg/kg), stress/cannabidiol (CBD, 20 mg/kg), stress/cannabidiol-
loaded lipid nanoparticles (CBD/LNP, 20 mg/kg). (B) Percent body weight change. (C) Time spent
in the light compartment and (D) number of transitions from the dark to light compartment in
the light/dark box test. Open arms exploration (E) percentage of time spent in open arms and
(F) percentage of entries. (G) Anxiety index in the elevated plus maze test. Results are presented as
mean =+ SEM (n = 8 per group). * p <0.05, ** p < 0.01, *** p < 0.001 compared to CON group. 1 p < 0.05,
t1p <0.01, 11 p < 0.001 compared to VEH group, and # p < 0.05 compared to CDB group.
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2.2. Restraint-Stressed Male Rats Treated with CBD/LNPs Showed Improved Serum Biological
Markers Related to Systemic Inflammation, Gut Permeability, Intestinal Metabolites, and Bone
Remodeling, Comparable to the Effects Observed with Monoaminergic Modulators

In accordance with the anxiety-like behaviors observed in response to stress induc-
tion, these changes were associated with elevated serum levels of the proinflammatory
cytokines IL-6 (p < 0.001) and TNF-« (p < 0.001) (Figure 2A,B), supporting the presence
of systemic inflammation following chronic restraint. The vehicle-treated stressed rats
exhibited significantly reduced BDNF levels (p < 0.001; Figure 2C), which were associated
with anxiety-like behaviors, likely driven by neuroinflammation induced by chronic stress
exposure. In relation to intestinal function, vehicle-treated stressed rats showed elevated
serum fluorescein isothiocyanate (FITC)-dextran levels (p < 0.001; Figure 2D), indicating
increased gut permeability. Moreover, stress induction disrupted intestinal metabolism, as
reflected by significantly decreased levels of total SCFAs (p < 0.01), BAs (p < 0.001), and
polyamines (p < 0.001) (Figure 2E-G). Additionally, stress negatively affected osteocalcin
levels (p < 0.01; Figure 2H), a key hormone involved in bone remodeling, suggesting a
potential interplay between central nervous system activity, behavioral responses, and bone
metabolism. Following antipsychotic administration, all interventions reduced IL-6 levels
(p < 0.001; Figure 2A); however, only ATX and CBD/LNPs significantly lowered TNF-o
levels in stressed rats (p < 0.001; Figure 2B). Serum BDNF levels were restored in all treat-
ment groups (p < 0.001; Figure 2C), suggesting a potential role in promoting neurogenesis
in both central and peripheral organs after stress induction. In terms of intestinal outcomes,
both ATX and CBD/LNPs effectively reduced gut permeability, as indicated by decreased
serum FITC-dextran levels (p < 0.001), and restored levels of SCFAs (p < 0.01) (Figure 2D,E).
Additionally, ESC and CBD/LNPs significantly increased serum BA levels (p < 0.001;
Figure 2F), indicating improved gut metabolic activity. Restoration of polyamine levels
was observed in the ATX and CBD treatment groups (i.e., CBD and CBD/LNPs) (p < 0.01),
accompanied by increased osteocalcin levels, with the most pronounced effects seen in
the ATX and CBD/LNP-treated rats (p < 0.01) (Figure 2G,H). Interestingly, CBD/LNPs
exerted greater effects than CBD alone in reducing IL-6 (p < 0.01) and TNF-« (p < 0.001), as
well as in improving polyamine levels (p < 0.05). Furthermore, CBD/LNPs demonstrated
superior efficacy in restoring SCFAs (p < 0.01), BAs (p < 0.01), and osteocalcin (p < 0.05).
These findings suggest that CBD/LNPs could offer broader systemic benefits, particularly
in modulating the gut-brain-bone axis, similar to ATX and partially to ESC, with CBD
demonstrating greater potency in anti-inflammatory responses.

2.3. Restraint-Stressed Male Rats Treated with CBD/LNPs Exhibited Improved Expression of
Proteins Associated with Hippocampal and Colonic Barrier Integrity, Synaptic Plasticity, and
Neuroimmune Inflammation, Comparable to the Effects Observed with Monoaminergic Modulators
Stressed rats treated with vehicle exhibited downregulation of hippocampal tight junc-
tion proteins, as shown in Figure 3A-C, including ZO-1 (p < 0.01) and occludin (p < 0.001).
Reduced synaptic plasticity was also observed in the hippocampus (postsynaptic den-
sity protein 95, PSD-95, p < 0.001; Figure 3D, synapsin-1, p < 0.001; Figure 3E), accom-
panied by increased protein expression of the microglial activation marker Ibal/AIF-1
(p < 0.001; Figure 3F). As shown in Figure 3B-F, treatment with ATX effectively restored ZO-
1 (p < 0.01), occludin (p < 0.001), PSD-95 (p < 0.001), synapsin-1 (p < 0.001), and Ibal/AIF-1
levels (p < 0.01). In contrast, ESC did not alter tight junction proteins, presynaptic markers,
or microglia-mediated neuroinflammation. Both CBD and CBD/LNPs produced effects
comparable to ATX, with CBD/LNPs showing greater efficacy than CBD alone, especially,
in restoring PSD-95 postsynaptic neuronal markers (p < 0.01; Figure 3D). These results indi-
cate that chronic stress compromises hippocampal barrier integrity and synapsis through
neuroinflammatory mechanisms and suggest that CBD, particularly in its nanoparticle
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formulation, can offer enhanced neuroprotective potential in stress-induced hippocam-

pal dysfunction.
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Figure 2. Serum biomarker profiles related to systemic inflammation, neuroimmune activity, neuro-
plasticity, intestinal function, gut-derived metabolites, and bone remodeling after 14-day antipsy-
chotic treatment in stressed male rats. The experimental groups consisted of healthy control (CON),
stress/vehicle (VEH, normal saline), stress/atomoxetine (ATX, 10 mg/kg), stress/escitalopram (ESC,
10 mg/kg), stress/cannabidiol (CBD, 20 mg/kg), stress/cannabidiol-loaded lipid nanoparticles
(CBD/LNP, 20 mg/kg). (A) Interleukin-6 (IL-6), an inflammatory cytokine; (B) Tumor necrosis
factor-alpha (TNF-«), a proinflammatory mediator, (C) Brain-derived neurotrophic factor (BDNF),
(D) Relative intestinal permeability compared to control, (E) Short-chain fatty acids (SCFAs), (F) Total
bile acids, (G) Total polyamines, and (H) Osteocalcin. Results are presented as mean £ SEM (1 = 8 per
group). *p <0.05,** p <0.01, ***p <0.001 compared to CON group. tp <0.05, t1 p < 0.01, ++1 p < 0.001
compared to VEH group, # p < 0.05, ## p < 0.01 and ### p < 0.001 compared to CDB group.
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Figure 3. Protein expression profiles related to hippocampal integrity, synapsis, and neuroglial-
mediated inflammation after 14-day antipsychotic treatment in stressed male rats. The experimental
groups consisted of healthy control (CON), stress/vehicle (VEH, normal saline), stress/atomoxetine
(ATX, 10 mg/kg), stress/escitalopram (ESC, 10 mg/kg), stress/cannabidiol (CBD, 20 mg/kg),
stress/cannabidiol-loaded lipid nanoparticles (CBD/LNP, 20 mg/kg). (A) Representative West-
ern blot images and respective quantification of (B) Zonula occludens-1 (ZO-1), a tight junction
protein; (C) Occludin, a tight junction component; (D) Postsynaptic density protein 95 (PSD-95), a
postsynaptic marker; (E) Synapsin-1 (SYN), a synaptic vesicle protein; (F) Ionized calcium-binding
adapter molecule 1/Allograft inflammatory factor-1 (Ibal/AIF-1), a microglial marker. Results are
presented as mean £ SEM (n = 4 per group). * p < 0.05, ** p < 0.01, *** p < 0.001 compared to CON
group. t p <0.05, 1 p < 0.01, ttt p < 0.001 compared to VEH group, and ## p < 0.01 compared to
CDB group.

In the colon (Figure 4A-E), the vehicle-treated stressed rats exhibited significantly
downregulated expression of the tight junction protein ZO-1 (p < 0.001) and occludin
(p <0.001), and downregulation of synaptic plasticity markers PSD-95 (p < 0.001) and
synapsin-1 (p < 0.001). These stressed rats also exhibited elevated Ibal/AIF-1 macrophage-
associated inflammation in colonic tissues (p < 0.001; Figure 4F). Among treatments,
ATX—Dbut not ESC—significantly restored the expression of ZO-1 (p < 0.001), occludin
(p < 0.001), PSD-95 (p < 0.001), and synapsin-1 (p < 0.001) compared to the vehicle group
(Figure 4B-E). Similar restorative effects were observed with CBD treatment, especially
with CBD/LNPs, demonstrating the most pronounced enhancement of ZO-1 (p < 0.001),
while the natural form of CBD more effectively improved occludin expression (p < 0.01)
(Figure 4B,C). Notably, ATX and ESC had no significant effect on Ibal/AIF-1 levels, whereas
both CBD and CBD/LNPs significantly reduced Ibal/AIF-1 protein levels (p < 0.001;
Figure 4F), indicating attenuation of stress-induced macrophage activation. These find-
ings suggest that CBD, particularly in its LNP form, offers greater therapeutic potential
for restoring intestinal barrier integrity and synaptic plasticity while effectively reducing
gut-associated neuroinflammation under chronic stress conditions.
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Figure 4. Protein expression profiles related to colonic integrity, synapsis, and neuroglial-mediated
inflammation after 14-day antipsychotic treatment in stressed male rats. The experimental groups
consisted of healthy control (CON), stress/vehicle (VEH, normal saline), stress/atomoxetine
(ATX, 10 mg/kg), stress/escitalopram (ESC, 10 mg/kg), stress/cannabidiol (CBD, 20 mg/kg),
stress /cannabidiol-loaded lipid nanoparticles (CBD/LNP, 20 mg/kg). (A) Representative West-
ern blot images and respective quantification of (B) Zonula occludens-1 (ZO-1), a tight junction
protein; (C) Occludin, a tight junction component; (D) Postsynaptic density protein 95 (PSD-95), a
postsynaptic marker; (E) Synapsin-1 (SYN), a synaptic vesicle protein; (F) Ionized calcium-binding
adapter molecule 1/Allograft inflammatory factor-1 (Ibal/AIF-1), a neuroimmune macrophage
marker. Results are presented as mean & SEM (n = 4 per group). ** p < 0.01, *** p < 0.001 compared to
CON group. tp <0.05, t1 p <0.01, +tt p < 0.001 compared to VEH group, and ## p < 0.01, ### p < 0.01
compared to CDB group.

2.4. Restraint-Stressed Male Rats Treated with CBD/LNPs Exhibited Improved Histomorphological
Changes in the Hippocampus, Colon, and Tibia, Comparable to the Effects Observed with
Monoaminergic Modulators

Histological analysis of hippocampal sections revealed distinct histopathological
changes across the cornu ammonis 1 (CA1), cornu ammonis 3 (CA3), and dentate gyrus
(DG) regions of the hippocampus among experimental groups (Figure 5A). In the control
group, the hippocampal cytoarchitecture was well preserved. The pyramidal cell layer
(PCL) in both CA1 and CA3 regions appeared densely packed and orderly, with uniform
cell morphology and no evidence of nuclear condensation. Similarly, the GCL in the DG ex-
hibited tightly arranged granule neurons with minimal intercellular space and the absence
of pyknotic cells. In contrast, the vehicle-treated stressed group displayed pronounced
neuronal injury. The PCL in CA1 and CA3 appeared disrupted and loosely arranged, with
lower PCL thickness (CAl, p < 0.01; CA3, p < 0.001) (Figure 5B,C), and also a notable
presence of pyknotic nuclei, indicative of neuronal degeneration (CA1, p < 0.001; CA3,
p < 0.001) (Figure 5E,F). The GCL of the DG also showed signs of disorganization, with
reduced granule cell thickness (p < 0.01; Figure 5D) and a higher number of pyknotic cells
as compared with controls (p < 0.001; Figure 5G). Treatment with ATX led to a partial
restoration of hippocampal structure (Figure 5B—C). The PCL thickness in CA3 was greater
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and more compactly aligned in the ATX-treated stressed group relative to the vehicle group,
although occasional pyknotic cells were still observed in CA3 (p < 0.01) (Figure 5C,F). In ad-
dition, the granule cell layer (GCL) of the DG exhibited improved granule cell organization
(Figure 5D) accompanied by a reduction in pyknotic cells (p < 0.001; Figure 5F). Similarly,
ESC treatment improved neuronal morphology, especially in CA3 hippocampal subregions.
The PCL in CA3 appeared more intact (p < 0.001) with fewer pyknotic cells in the ESC-
treated stressed group relative to the vehicle-treated stressed group (p < 0.01, Figure 5C,F),
while the DG exhibited restored pyknotic cells (p < 0.001, Figure 5E). Treatment with CBD
(i.e., CBD and CBD/LNPs) further improved histological features. The CA1 and CA3
regions showed enhanced cellular alignment with restored PCL thickness (CBD/LNPs,
CA1l, p <0.05;CBD, p <0.001, and CBD/LNPs, p < 0.05, CA3) (Figure 5B,C), and GCL of
the DG appeared more densely packed (CBD, p < 0.05, CBD/NLPs, p < 0.01, Figure 5D).
Both CBD and CBD/LNPs reduced the incidence of pyknotic nuclei in CA1, CA3 and
DG (p < 0.001; Figure 5E-G). Notably, CBD—particularly when delivered via lipid-based
nanocarriers—exhibited the most pronounced neuroprotective effects, as demonstrated by
highly organized neuronal layers of the hippocampus and well-preserved cellular integrity,
comparable to those observed with ATX and ESC.

As shown in Figure 6A, the colonic mucosa maintained its normal histoarchitecture in
the control group. The crypts were well-organized, extending vertically from the muscularis
mucosae to the luminal surface. The epithelial lining remained intact, and goblet cells
were abundantly and uniformly distributed along the crypts, reflecting optimal mucosal
function. The submucosa appeared normal, with no signs of inflammation, crypt distortion,
or epithelial damage. In contrast, the vehicle-treated stressed group displayed prominent
stress-induced pathological alterations. Significant mucosal damage was observed in the
vehicle-treated stressed group, reflected by thinner mucosa (p < 0.001; Figure 6B) and fewer
goblet cells (p < 0.001; Figure 6C). Inflammatory cell infiltration was extensively observed
in the vehicle-treated group, resulting in an increase in pathological scores (p < 0.001;
Figure 6D).

All treatments markedly restored mucosal thickness (p < 0.001) and goblet cell numbers
(p < 0.001) compared to the vehicle group, as shown in Figure 6B,C. ATX provided potent
protection against these changes, as demonstrated by improved mucosal architecture
(p < 0.001) and preserved goblet cell count (p < 0.001) relative to the non-treated stressed
group. Comparable improvements in pathological scores were also observed with ATX
(p < 0.05; Figure 6D), indicating a moderate therapeutic benefit. Although ESC treatment
resulted in greater histological preservation, including mucosal thickness (p < 0.001) and
goblet cell count (p < 0.001), it provided limited protection against inflammatory infiltration,
as reflected by minimal changes in pathological scores (Figure 6B-D). These findings
suggest that ESC could help ameliorate stress-induced colonic injury; however, a longer
treatment duration might be necessary to achieve optimal efficacy. Remarkably, the group
treated with natural-form CBD demonstrated substantial improvement in mucosal colonic
tissue structure (p < 0.001). The crypts remained mostly intact, and goblet cell density
approached levels (p < 0.001). Furthermore, inflammatory infiltration in the CBD-treated
group was minimal, and the lamina propria appeared less expanded, supporting the notion
that CBD exerts a specific, targeted protective effect on the colonic mucosa (Figure 6A-D).

Lastly, a potent restorative effect appeared in the CBD/LNP-treated stressed group,
with colonic architecture nearly fully restored to resemble that of the control group. The
epithelial surface remained continuous and intact as mucosal thickness was restored
(p < 0.001). Crypts appeared well-formed, regularly aligned, and densely populated with
goblet cells (p < 0.001). These effects were associated with significantly lower pathological
scores (p < 0.01; Figure 6D). Therefore, CBD/LNPs provided the most effective protection,
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likely due to enhanced mucosal delivery. Taken together, the results confirmed that vehicle-
treated stressed male rats exhibited significant tissue damage, validating the stress-induced
colonic injury model. ATX and ESC conferred moderate therapeutic benefits, while both
natural CBD and CBD/LNPs provided substantial histological preservation. Notably,
CBD/LNPs offered greater mucosal protection than CBD alone (Figure 6D), emphasiz-
ing the potential advantage of nanoparticle-based delivery systems in mitigating colonic
inflammation and stress-induced mucosal and goblet cell injury.
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Figure 5. Histomorphological consequences of hippocampal tissues after 14-day antipsychotic
treatment in stressed male rats. The experimental groups consisted of healthy control (CON),
stress/vehicle (VEH, normal saline), stress/atomoxetine (ATX, 10 mg/kg), stress/escitalopram
(ESC, 10 mg/kg), stress/cannabidiol (CBD, 20 mg/kg), stress/cannabidiol-loaded lipid nanoparticles
(CBD/LNP, 20 mg/kg). (A) Representative histological images of the hippocampus processed for
hematoxylin and eosin (H&E) staining. (B) Thickness of the pyramidal cell layer (PCL) in the
cornu ammonis 1 (CA1) region, (C) thickness of the PCL in the CA2 region, (D) thickness of the
granule cell layer (GCL) in the dentate gyrus (DG). (E) Number of pyknotic cells in the CA1 region,
(F) number of pyknotic cells in the CA2 region, and (G) number of pyknotic cells in the DG region
of the hippocampus. Results are presented as mean 3= SEM (n = 4 per group). * p < 0.05, ** p < 0.01,
*** p < 0.001 compared to CON group. 1t p < 0.05, 1 p < 0.01, ttt p < 0.001 compared to VEH group.
Arrowhead (») indicates the pyknotic cells. The scale bar represents 50 um at 400 x magnification.
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Figure 6. Histomorphological consequences of colon tissues after 14-day antipsychotic treatment
in stressed male rats. The experimental groups consisted of healthy control (CON), stress/vehicle
(VEH, normal saline), stress/atomoxetine (ATX, 10 mg/kg), stress/escitalopram (ESC, 10 mg/kg),
stress/cannabidiol (CBD, 20 mg/kg), stress/cannabidiol-loaded lipid nanoparticles (CBD/LNP,
20 mg/kg). (A) Representative histological images of the colon tissue processed for hematoxylin
and eosin (H&E) staining. (B) Thickness of the mucosal layer, (C) goblet cell count per crypt, and
(D) total histopathological score. Results are presented as mean & SEM (n = 4 per group). ** p < 0.01,
*** p < 0.001 compared to CON group. t p < 0.05, t1 p < 0.01, 11 p < 0.001 compared to VEH group
and # p < 0.01 compared to CDB group. Arrowhead (») indicates epithelium lining and asterisks
(*) indicates the crypts in colonic tissues. The scale bar represents 100 um at 400 x magnification.

Histological examination of longitudinal tibial sections revealed significant alter-
ations in bone microarchitecture and cellular composition across the experimental groups
(Figure 7). In the control group, the trabecular bone appeared thick and well-organized,
forming an interconnected network beneath the growth plate. Numerous osteoblasts, iden-
tifiable as basophilic, cuboidal cells, were lined along the trabecular surfaces, indicating
active bone formation. Osteoclasts were present in low numbers, appearing as large multi-
nucleated cells situated in resorption lacunae (Figure 7A). Conversely, the vehicle-treated
group exhibited a notable decrease in the number of osteoblasts, which appeared flattened
and disorganized (p < 0.01; Figure 7B). In parallel, there was an increase in osteoclast num-
bers (p < 0.05; Figure 7C), characterized by large multinucleated cells actively resorbing
bone, suggesting enhanced bone turnover and resorption. A marked decrease in trabecular
area accompanied these alterations (p < 0.001; Figure 7D), indicating an increased risk of
bone loss associated with chronic stress-induced inflammation.
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Figure 7. Histomorphological consequences of tibial bone tissues after 14-day antipsychotic treatment
in stressed male rats. The experimental groups consisted of healthy control (CON), stress/vehicle
(VEH, normal saline), stress/atomoxetine (ATX, 10 mg/kg), stress/escitalopram (ESC, 10 mg/kg),
stress/cannabidiol (CBD, 20 mg/kg), stress/cannabidiol-loaded lipid nanoparticles (CBD/LNP,
20 mg/kg). (A) Representative histological images of tibia processed for hematoxylin and eosin
(H&E) staining. (B) Number of osteoblasts, (C) number of osteoclasts, and (D) percentage of trabecular
bone area. Results are presented as mean + SEM (n = 4 per group). * p < 0.05, ** p < 0.01, *** p < 0.001
compared to CON group. tp <0.05, ++ p < 0.01, ttt p < 0.001 compared to VEH group, # p < 0.05
and ## p < 0.01 compared to CDB group. Arrowhead (>) indicates the osteoclasts and asterisks
(*) indicates the osteoblasts. The scale bar represents 50 um or 2 mm at 400 x magnification.

As shown in Figure 7A-C, treatment with ATX partially restored bone microstructural
architecture accompanied by a significant rise in osteoblast count (p < 0.05), while osteoclast
density remained slightly elevated (p < 0.01), suggesting a shift toward bone regeneration.
In Figure 7D, trabecular bone structure was better preserved in ATX-treated stressed rats
compared with vehicle-treated stressed rats (p < 0.001). These findings suggest that ATX
exerts a bone-protective effect under stress-induced conditions. The ESC-treated group,
however, showed marked improvement, characterized by increased osteoblast presence
(p < 0.01) and a tendency toward reduced osteoclast numbers, reflecting a shift toward
balanced bone remodeling (Figure 7B,C). Trabecular areas were more effectively preserved
and expanded following ESC treatment in stressed rats compared with vehicle-treated
rats (p < 0.001; Figure 7D). Notably, treatment with CBD significantly increased osteoblast
numbers (p < 0.05; Figure 7B) and decreased osteoclast numbers (p < 0.05; Figure 7B),
contributing to improved trabecular morphology. As shown in Figure 7D, the trabecular
bone area was markedly restored (p < 0.001), supporting the bone-protective effects of
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CBD under stress-induced conditions. Although osteoblast numbers were not significantly
altered in the CBD/LNP-treated group, osteoclast numbers were significantly increased
(p < 0.001; Figure 7B,C). These results suggest enhanced bone turnover and accelerated
remodeling, as indicated by an increase in trabecular area (p < 0.001; Figure 7D).

3. Discussion

Chronic physical and psychological stress is known to provoke anxiety, depres-
sion, and cognitive impairments in both rodents and humans through stimulation of
the hypothalamic—pituitary—adrenal (HPA) axis and an increase in systemic glucocorti-
coids [1-3]. This neuroendocrine imbalance has widespread effects on brain function and
systemic homeostasis. In this study, a further ongoing investigation involving 14 days of
repeated restraint stress combined with short-acting antipsychotic administration in male
rats led to a triad of physiological impairments across the gut-brain-bone axis, mirroring
clinical manifestations of chronic stress-related disorders.

Stressed rats showed significant reductions in body weight gain, demonstrated by ro-
bust anxiety-like behaviors and diminished exploratory activity in both the light/dark box
and the elevated-plus maze tests (EPM) (Figure 1B-G), which is consistent with previous
reports of learned fear, depressive-like behavior, and impaired learning and memory [3,34].
These mixed behavioral phenotypes validate the successful establishment of chronic stress-
induced anxiety through the applied stress protocol. Importantly, neuroanatomical and
molecular analyses revealed substantial stress-related neuropathology. Stressed male rats
exhibited reduced dendritic spine density, particularly of mushroom spines, in the amyg-
dala [35], alongside elevated levels of corticosterone, norepinephrine, and inflammatory
markers, including IL-6 and TNF-« (Figure 2A,B), as well as C-reactive protein and stromal
cell-derived factor-1, confirming systemic immune activation [36,37].

Neuroplasticity was compromised, as shown by decreased serum brain-derived neu-
rotrophic factor (BDNF) levels (Figure 2C), which are closely linked with mood and cogni-
tive regulation [38—40]. The hippocampus displayed hallmark features of neuroinflamma-
tion and degeneration, including reduced hippocampal thickness, downregulated synaptic
(PSD-95 and synapsin-1) and tight junction proteins (ZO-1 and occludin), and increased
expression of Ibal/AIF-1, a marker for microglial/macrophage activation (Figures 3 and 5).
These changes suggest that chronic stress disrupts both blood-brain barrier integrity and
synaptic connectivity, contributing to behavioral and cognitive deterioration.

Furthermore, the differential expression of neuroimmune Ibal/AIF-1 observed be-
tween hippocampal and colonic tissues, particularly the persistent upregulation of this
protein in the atomoxetine (ATX)- and escitalopram (ESC)-treated groups, could reflect
tissue-specific neuroimmune dynamics. This pattern is likely attributable to the heightened
sensitivity of the gastrointestinal tract to stress-induced immune activation (Figure 4F),
which promotes enhanced infiltration of peripheral immune cells and activation of enteric
glial cells. In contrast, microglial activation within the brain, especially in the hippocampus,
typically shows a delayed or attenuated response because of the modulatory effects of
the neurovascular barrier and region-specific signaling mechanisms. Consequently, the
elevated Ibal expression remains evident in the treatment groups [41]. It is also plausible
that classical ESC exerts the therapeutic effects through gradually developing neuroadap-
tive processes, necessitating a longer duration to achieve sustained immunomodulatory
outcomes compared to more rapidly acting agents, i.e., cannabidiol (CBD) and cannabidiol-
loaded lipid nanoparticles (CBD/LNPs).

Beyond the brain, our findings reveal stress-induced disruption of gut homeostasis.
Consistent with previous studies [3,42], stress reduced tight junction protein expression,
compromising intestinal barrier integrity. This was reflected by mucosal damage, goblet cell
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loss, increased serum fluorescein isothiocyanate (FITC)-dextran, shifts in gut microbiota,
and decreased levels of key microbiota-derived metabolites, i.e., short-chain fatty acids
(SCFAs), polyamines, and bile acids (BAs) (Figures 2D-G and 6).

Gut dysbiosis in depression also disrupts the microbial metabolome. BA levels have
been linked to more severe depressive symptoms and cancer [9,43], while levels of SCFAs
(e.g., acetate, propionate, and butyrate) are often reduced [44,45]. Additionally, physiolog-
ical stressors like aging can lead to a decline in polyamine levels, further compromising
gut and systemic health. However, supplementation or modulation of gut microbiota can
restore polyamine levels, thereby enhancing stress resilience across multiple organs [46,47].
Notably, butyrate has demonstrated antidepressant-like effects in rodents by improving
intestinal barrier integrity and reducing stress responsiveness. Furthermore, probiotic
or synbiotic interventions (e.g., Lactobacillus farciminis) have been shown to prevent gut
permeability and attenuate HPA axis activity [48].

Collectively, the findings indicate that stress-related intestinal barrier impairment
facilitates systemic and neuroinflammation through gut-brain communication, potentially
exacerbated by gut microbial dysbiosis. Concomitant with gut-brain disruption, the
bone compartment also suffered. Rats exposed to restraint stress displayed diminished
osteoblast activity, elevated osteoclast numbers, and reduced trabecular bone area (Figure 7).
Elevated IL-6 and TNF-« levels likely interfered with bone cell signaling, suppressing
bone formation while promoting resorption [49]. These skeletal alterations are consistent
with previous reports showing that glucocorticoid excess and low-grade inflammation
impair bone remodeling by elevating circulating parathyroid hormone levels and activating
phospholipase C and the proinflammatory nuclear factor kappa-light-chain-enhancer of
activated B cell pathways [37,50,51].

Pharmacologically, conventional monoaminergic agents, i.e., ATX and ESC demon-
strated efficacy in reversing several stress-induced impairments. ATX improved weight
loss, while both drugs alleviated anxiety behaviors (Figure 1B,C) and elevated BDNF levels
(Figure 2C), consistent with their established roles in modulating adrenergic and serotoner-
gic signaling [20,52,53]. However, ESC had delayed effects on gut and neuroinflammation,
possibly reflecting the time required for serotonergic adaptation [16].

In contrast, CBD, particularly in its lipid nanoparticle form, CBD/LNPs, exhibited
rapid and robust therapeutic effects. CBD is known for its inflammation-reducing, an-
tioxidant, and neuroprotective activities [54], and previous studies support its efficacy in
attenuating neuroinflammation in models of stress and neurodegeneration [55,56]. Our
results showed that CBD/LNPs outperformed native CBD in restoring body weight, attenu-
ating anxiety-like behavior, improving intestinal permeability, and enhancing hippocampal
morphology (Figures 1-5). These findings suggest enhanced bioavailability and targeted
delivery conferred by the nanoformulation [29,57].

Either CBD or CBD/LNPs restored SCFA and BA levels while reducing serum FITC-
dextran concentrations, thereby reestablishing gut barrier integrity and tight junction
function [26]. However, CBD was more effective in reducing proinflammatory cytokines
IL-6 and TNF-«, demonstrating anti-inflammatory activity, while CBD/LNPs excelled in
restoring metabolic markers such as polyamines and osteocalcin [33,58]. This dual efficacy
suggests that native CBD primarily acts through CB1/CB2 and TRPV1 receptors [59],
while LNP-based delivery enhances systemic impact via improved bioavailability and
tissue penetration.

Therapeutic modulation of skeletal outcomes was observed in this study. ATX partially
improved trabecular deterioration in the tibiae via noradrenergic stimulation of osteoblasts,
whereas ESC provided more robust protection by reducing osteoclastogenesis and preserv-
ing trabecular microarchitecture through serotonin-dependent pathways [20,22]. Notably,
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CBD and CBD/LNPs markedly preserved bone density; CBD enhanced osteoblast activ-
ity and reduced resorption, while CBD/LNPs further improved outcomes by mitigating
inflammation and targeting local bone environments, consistent with nanoparticle-based
bone regeneration strategies [60—-62]. These findings demonstrate drug-specific modulation
of neuroendocrine-bone crosstalk under stress.

As aforementioned, the enhanced effects of CBD/LNP compared to native CBD were
more evident in peripheral tissues, consistent with reports that lipid-stabilized nanoparti-
cles improve efficacy in an imiquimod-induced psoriasis model [63] and enhance intestinal
bioaccessibility [64]. This likely reflects the pharmacological properties of LNPs, which in-
crease systemic bioavailability and tissue distribution, whereas the capacity to penetrate the
blood-brain barrier may be more limited. Although unloaded LNPs were not tested, prior
studies indicate minimal biological effects [29,30,65], supporting that the observed benefits
are primarily due to encapsulated CBD. Overall, these findings suggest that CBD/LNPs
provide multi-organ protection with faster-acting, broader systemic efficacy compared to
conventional drugs.

Although SSRIs, NRIs, and CBD act on different primary targets, these agents may
converge on common downstream pathways that restore stress-induced impairments, with
CBD sometimes showing superior efficacy due to its multi-target properties. Synergistic
interactions are also plausible, as co-treatment with CBD and fluoxetine, desipramine, or
ketamine has been shown to enhance antidepressant effects in mice [66,67], and we plan to
investigate such combinations in future studies.

Nonetheless, this study has several limitations. Only male rats were used, as the
estrous cycle in females can influence behavioral responses to interventions [3,68], in-
troducing variability and precluding evaluation of sex-specific effects. Long-term out-
comes, such as symptom relapse or development of treatment tolerance, were not assessed,
and key molecular mechanisms—including apoptosis, neurogenesis, and gut microbiota
profiling—remain unexplored. Although the chronic restraint stress model effectively
induces anxiety-like behaviors, this model might not fully reflect the complexity of hu-
man stress-related psychiatric disorders. Further studies should address these gaps by
employing longitudinal, multi-modal approaches in both male and female subjects.

4. Materials and Methods
4.1. Cannabidiol-Loaded Lipid Nanoparticles (CBD/LNPs) Preparation

CBD was purchased from Salus Bioceutical (Thailand) Co., Ltd. Bangkok, Thai-
land. CBD/LNPs were prepared using a solvent injection method following a previous
study [29]. In brief, CBD isolate (Lot no. A24073) was analyzed and found to contain
99.64% w/w total CBD using an in-house HPLC method followed the Association of Of-
ficial Agricultural Chemists (AOAC) official method at the Center for Analytical Testing
of Medical Cannabis and Narcotic Plants, Thailand. CBD was dissolved in ethanol with
lipid components—phosphatidylcholine (Lipoid GmbH, Ludwigshafen, Germany) and
cholesterol. The organic phase was mixed with an aqueous phase (deionized water) using
a high-speed homogenizer (IKA, Staufen, Germany), followed by size reduction through
microfluidization (M-110P Microfluidizer, Microfluidics Inc., Westwood, MA, USA). LNPs
were formed mechanically, and ethanol was removed by rotary evaporation under re-
duced pressure, producing a CBD concentration of 3 mg/mL. Encapsulation efficiency of
CBD/LNP was determined using a membrane filter and centrifugation. The supernatant
containing unencapsulated CBD was removed, and encapsulated CBD was quantified by
HPLC-UV. Transmission electron microscopy was used to examine morphology, and parti-
cle size, polydispersity index (PDI), and zeta potential were measured via dynamic light
scattering (DLS) using a Malvern Zetasizer Nano ZX (Malvern, UK). Particles exhibited
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asize <170 nm, PDI < 0.2, and a zeta potential of —16.57 & 0.04 mV. CBD-loaded lipid
nanoparticles (CBD/LNP) remained stable for 1 month, with an encapsulation efficiency of
98.78 £ 0.90%, consistent with CBD’s high hydrophobicity [29].

4.2. Animal

Since rats are widely used as animal models of stress to mimic human responses, forty-
eight adult sexually mature male Wistar rats (8 weeks old, weighing 200-210 g; Nomura
Siam International Company Limited, Bangkok, Thailand) were used. Rats were kept three
per polycarbonate cage with stainless-steel tops to minimize stress and fear. The rats were
housed under a 12/12 h light (245 £ 5 lux)/dark cycle at 24 4= 1 °C and 54 £ 5% humidity.
Rats were given unrestricted access to a standard rodent food (CP Company Limited,
Bangkok, Thailand) and water. All animal procedures were approved by the Animal Care
and Use Committee of Thammasat University, Pathumthani, Thailand (Animal Ethics
number 003 /2020, renewed in 2024).

4.3. Experimental Design

After 7 days of acclimatization, the rats were distributed randomly into six experi-
mental groups, each containing eight animals (1 = 8), a number determined by statisti-
cal power analysis to meet the minimum required sample size: (i) non-stressed control
group (CON), (ii) stressed + vehicle group (VEH), (iii) stressed + atomoxetine group
(ATX), (iv) stressed + escitalopram group (ESC), (v) stressed + CBD group (CBD), and
(vi) stressed + CBD lipid nanoparticles group (CBD/LNPs). Animals were immobilized
in a restrainer for 2 h/day, coupled with oral administration of antipsychotic agents for
14 days [3,20]. Careful monitoring was conducted in accordance with the refinement princi-
ple of the 3Rs to minimize suffering throughout the study. Any animals exhibiting signs of
illness, reduced food or water intake, significant body weight loss, or impaired mobility
would have been excluded; however, no exclusions were necessary, as no adverse effects
were observed. An overview of the experimental workflow is presented in Figure 1A.

The final doses of antipsychotic regimens were administered 24 h prior to behavioral
testing. Twenty-four hours post-behavioral testing, rats were fasted for at least 6 h and orally
administered fluorescein isothiocyanate (FITC)-dextran to assess intestinal permeability,
followed by blood collection via cardiac puncture for biochemical analyses. Behavioral
assessments were carried out in the morning hours, from 9:00 a.m. to 12:00 p.m., and
treatments were administered in the afternoon (3:00-4:00 p.m.) to minimize acute stress
and accurately assess therapeutic efficacy.

Subsequently, rats were euthanized under isoflurane anesthesia. The hippocampus
was collected for synaptic, tight junction, and neuroimmune protein analyses (n = 4/group),
while an additional four hippocampal samples were perfused via cardiac injection with a
fixative solution. for histological and neuronal integrity assessment. Additionally, two 1 cm
colon sections were collected for histology and protein analyses, and the right tibiae were
harvested for histological evaluation.

4.4. Stress Induction

Each rat underwent immobilization in a 24 X 6 cm transparent plastic cylinder, secured
with bright plastic tape, for 2 h per day over 2 weeks [20,34,69]. Each cylinder had an end
hole of 1 cm diameter for respiration. Restraint sessions were conducted daily from 9:00 to
11:00 a.m. in a controlled environment to minimize additional stress and were performed
separately from the control group. Control animals were handled using familiar procedures
similar to those applied to the stress group. Restraint was applied prior to antipsychotic
administration to induce anxiety-like behaviors.
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4.5. Antipsychotic Administration

The anti-stress drugs, atomoxetine (ATX) and escitalopram (ESC), were purchased
from Lilly Del Caribe Inc., Carolina, Puerto Rico, and Sun Pharmaceutical Industries Ltd.,
Mumbai, India. Based on previous protocol by Songphaeng et al. [20], ATX and ESC have
been shown to mitigate depression-like behavior in the inescapable forced swimming test.
For this study, all treatment solutions were freshly prepared using sterile normal saline as
the solvent, which also served as the vehicle control. Rats in the control (CON) and stressed
vehicle (VEH) groups received 5 mL/kg normal saline by oral gavage. Stressed rats in
the treatment groups received 10 mg/kg of either ATX or ESC. The CBD isolated powder
and CBD/LNPs treatments were given by oral gavage at 20 mg/kg/day, representing
the precise amount of CBD encapsulated in the lipid nanoparticles. Considering the
encapsulation efficiency of the CBD/LNPs at 98.78 + 0.90% [29], the total amount of
CBD/LNP administered was calculated to be approximately 7 mg, delivered in a volume of
2.36 mL per rat weighing 350 g. To compare the therapeutic efficacy among these regimens,
treatments were administered after the stress period to avoid acute stress effects that could
interfere with the action of the agents. Accordingly, all treatments were given to the animals
between 3:00 and 4:00 p.m. for 14 consecutive days.

4.6. Body Weight Changes Evaluation

Body weight was recorded daily throughout the experimental period using a calibrated
digital scale to monitor general health status and detect any stress- or treatment-induced
changes. Each rat was weighed at the same time each morning to minimize circadian
variability (8:00 to 9:00 p.m.). The percentage change in body weight was determined based
on the starting values of the experiment. Any significant alterations in body weight were
recorded as indicators of stress severity or therapeutic efficacy [70].

4.7. Anxiety-like Behavioral Change Evaluation

Following the 14-day stress induction and treatment period, behavioral assessments
were conducted to evaluate anxiety-like behaviors. On experimental days 15 and 16, the
light/dark box and the elevated-plus maze (EPM) tests were performed in the morning
from 9:00 to 12:00 p.m.

4.7.1. Light/Dark Test

On day 15, the light/dark box test, following a previously established protocol, was
conducted to assess anxiety-like behavior [71]. The apparatus consisted of two adjoining
plastic compartments: a brightly lit compartment (30 x 30 x 32 c¢m, 250 lux) and a dimly lit
compartment (30 x 32 x 32 cm, 50 lux), connected by an opening allowing free movement.
Rats were individually placed in the light compartment, and behavior was monitored for
5 min via an overhead video camera. Recorded parameters included duration in each com-
partment and the frequency of transitions from dark to light. Lower transition frequency
and reduced time in the light compartment indicated higher anxiety-like behavior [72].

4.7.2. Elevated-Plus Maze (EPM) Test

The EPM was constructed from black plastic and consisted of an open-topped platform
elevated 50 cm above the floor, featuring two open arms (50 x 10 cm) perpendicular to
two closed arms (50 x 10 x 40 cm). Each rat was placed in the central square and allowed to
explore for 5 min. Behavior was recorded using an infrared camera, measuring time spent
in the open arms and the number of open arm entries. The anxiety index was calculated by
averaging the proportion of time spent and entries in the open arms, subtracting from one,
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and dividing by two. Decreased duration and frequency of open-arm exploration, and a
higher anxiety index, indicate increased anxiety-like behavior [73,74].

4.8. Tissue Collection and Sample Preparation

Twenty-four hours after the behavioral tests, deep euthanasia was performed by
administering an overdose of 5% isoflurane via inhalation. Blood samples were col-
lected through cardiac puncture, and key target tissues—including the brain, colon, and
tibia—were harvested for subsequent analyses. Collected serum was used to measure
brain-derived neurotrophic factor (BDNF), short-chain fatty acids (SCFAs), bile acids (BAs),
polyamines, and osteocalcin using enzyme-linked immunosorbent assay (ELISA) kits.
Whole brains and colons were rapidly excised, snap-frozen in liquid nitrogen, and kept at
—80 °C for subsequent analyses for later assessment of protein expression related to neuro-
plasticity (synapsin-1 and PSD-95), barrier integrity (ZO-1 and occludin), and neuroinflam-
mation (Ibal/AIF-1, a microglial/macrophage marker). The right tibia was dissected, and
tissue adhesions were carefully removed before fixative incubation and decalcification. For
histological examination, rats were transcardially perfused with cold phosphate-buffered
saline (PBS, pH 7.4) and subsequently fixed in 4% paraformaldehyde (PFA) for 24 h. Fixed
tissues, including brain, colon, and tibia, were embedded in paraffin, sectioned, and stained
with hematoxylin and eosin (H&E) to examine tissue histomorphology.

4.9. Serum Biochemical Markers Evaluation

Blood was obtained via cardiac puncture between 9:00 a.m. and 12:00 p.m., after
which serum was prepared. Serum levels of BDNF (Catalog No. E-EL-R1235, Elabscience,
Houston, TX, USA), SCFAs (Catalog No. SL1669Ra, Sunlong Biotech, Hangzhou, China),
BAs (Catalog No. 80461, Crystal Chem, Elk Grove Village, IL, USA), polyamines (Catalog
No. ab239728, Abcam, Cambridge, UK), and osteocalcin (Catalog No. AC-12F1, Newcastle,
UK) were measured using commercial ELISA kits and analyzed with a microplate reader.

4.10. Intestinal Permeability Evaluation

To evaluate intestinal barrier integrity, a FITC-dextran permeability assay was per-
formed. Twenty-four hours after the behavioral tests, all rats from each experimental group
were fasted for 6 h prior to the procedure, with free access to water. After the fasting
period, rats received FITC-dextran (4 kDa, Sigma-Aldrich, St. Louis, MO, USA, 40 mg/mL)
via oral gavage at 10 uL/g body weight in sterile PBS, pH 7.4 [75,76]. Exactly one hour
after FITC-dextran administration, blood samples were collected via cardiac puncture
under isoflurane anesthesia. After collection, blood samples were allowed to clot at room
temperature for 30 min and then centrifuged at 3000 g for 15 min at 4 °C to obtain serum.
Serum FITC-dextran concentrations were measured using a fluorescence spectrophotome-
ter (excitation 485 nm, emission 535 nm), and levels were calculated based on a standard
curve generated from known FITC-dextran concentrations, which were expressed relative
to the control group (%) and served as an indicator of intestinal permeability. Elevated
serum FITC-dextran levels reflected increased intestinal barrier disruption [3,75].

4.11. Western Blot Analysis

Following euthanasia of rats (n = 4/group), fresh hippocampus and colon were col-
lected and lysed for protein extraction. Each tissue (50 mg) was homogenized in 500 nL of
RIPA buffer mixed with protease and phosphatase inhibitors (Abcam, Cambridge, UK),
initially using a POLYTRON PT 3100 homogenizer for 10 cycles, then subjected to sonica-
tion three times using a Vibra-Cell VCX-600 Ultrasonic Processor (SONICS & MATERIALS,
INC., Newtown, CT, USA) at 20 Amp with 20% on/off cycles for 5 s each. The lysates
were vortexed in three intervals of 10 min and centrifuged at 12,000 rpm for 20 min at
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4 °C using a Thermo Scientific Fresco 21 microcentrifuge. Collected supernatants were
analyzed for protein concentration using the Thermo Scientific Pierce BCA Protein Assay
Kit. Twenty micrograms of protein per sample were separated on SDS-PAGE gels and
subsequently transferred onto nitrocellulose membranes (Merck Millipore Ltd., Co. Cork,
Ireland) following standard protocols. Membranes were blocked and incubated overnight
at 4 °C with primary antibodies targeting ZO-1 (rat monoclonal antibody [mAb], 1:1000;
catalog no. sc-33725), occludin (mouse mAb, 1:500; catalog no. sc-271842), and (-actin
(mouse mADb, 1:1000; catalog no. sc-47778) from Santa Cruz Biotechnology (Dallas, TX,
USA), as well as PSD-95 (rabbit mAb, 1:1000; catalog no. 3409S), synapsin-1 (rabbit mAb,
1:1000; catalog no. 5297S), and Ibal/AIF-1 (rabbit mAb, 1:1000; catalog no. 17198S) from
Cell Signaling Technology (Trask Lane Danvers, MA, USA). Membranes were washed
and then incubated with secondary antibodies linked to horseradish peroxidase (HRP)
for 1 h at room temperature. These included HRP-conjugated anti-rat, anti-rabbit, and
anti-mouse antibodies used at 1:5000. Signal detection was performed using the Immobilon
Crescendo Western HRP Substrate (Merck-Millipore, Burlington, MA, USA), and images
were acquired using the Azure Biosystems Western Blot Imaging System. Densitometry of
protein bands was performed with Image] software (version 1.53, NIH Image, Bethesda,
MD, USA). Protein levels were determined based on optical density measurements and
normalized to (3-actin to ensure accurate comparison across samples followed the method
from Lapmanee et al. [3,38].

4.12. Histological Evaluations of the Hippocampus, Colon, and Tibia

The euthanized rats (n = 4/group) were carefully dissected; the hippocampus, colon
and tibia and were fixed in 4% PFA for 24 h. Tissues were dehydrated in ethanol, cleared
with xylene, embedded in paraffin, sectioned at 5 um using a rotary microtome (Leica,
Nussloch, Germany) and mounted onto coated glass slides. Brain tissues were sectioned to
examine the hippocampal regions, focusing on the pyramidal cell layer thickness in cornu
ammonis (CA) 1 and CA3, and the granule cell layer in the dentate gyrus. In addition,
pyknotic cells—characterized by condensed nuclei—were counted in all subregions as indi-
cators of neuronal injury [3]. Furthermore, for hippocampal assessments, every 6th section
(a total of 10 sections per brain) was selected. Ten images per region were captured from
both the left and right hemispheres of each rat to ensure comprehensive representation [77].
A 1 cm colonic segment was collected and assessed for mucosal architecture, goblet cell
integrity, and inflammatory cell infiltration using a standardized histopathological scoring
system [78]. Inflammation severity, epithelial damage, and goblet cell depletion were
quantified using a scoring scale from 0 (no pathology) to 4 (severe pathology), as followed
by Ding et al. [79]. Lastly, right tibial bones were decalcified in solution (Leica Biosystems,
Germany) for 21 days [80] before being embedded in paraffin, sectioned, and examined
for trabecular structure, osteoblast and osteoclast distribution, and percentage of trabecu-
lar area [81,82]. Tissue morphology was assessed by H&E staining and light microscopy
(Olympus BX53, Olympus, Tokyo, Japan). Ten images were captured per section to ensure
adequate sampling for both quantitative and qualitative analyses. All image analyses were
performed independently by two blinded pathologists to minimize observer bias.

4.13. Statistical Analysis

Results are expressed as mean =+ standard error of the mean (SEM). Normal distribu-
tion of data was evaluated with the Kolmogorov-Smirnov test. Two-group comparisons
were performed using an unpaired Student’s ¢-test, while experiments involving more than
two groups were analyzed by one-way ANOVA followed by Dunnett’s multiple compar-
isons test to enhance statistical power for control or vehicle comparisons. Results were
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considered statistically significant at p < 0.05. GraphPad Prism 10 (GraphPad Software,
San Diego, CA, USA) was used for all statistical analyses and figure generation.

5. Conclusions

These findings comprehensively indicate that chronic restraint stress in rodents im-
pairs the gut-brain-bone axis through neuroinflammation, dysregulation of gut metabolites
and intermodulatory markers, and structural deterioration. Repeated stress elevated sys-
temic cytokines, resulting in reduced hippocampal and intestinal tight junctions, impaired
BDNF expression, and disrupted bone remodeling. This pathophysiology was closely
linked, suggesting that systemic inflammation and barrier dysfunction are key drivers of
neurobehavioral and skeletal impairments. Among the interventions tested, CBD/LNPs
emerged as the most effective therapy, outperforming both traditional antidepressants
(i.e., ATX and ECS) and native CBD in restoring barrier integrity, synaptic markers, and
bone microstructure. The superior outcomes are attributed to the enhanced bioavailability
and tissue-targeting properties of lipid nanoparticles, facilitating multi-organ delivery
under inflammatory conditions (Figure 8). This work provides new evidence supporting
the use of nanoformulated CBD as a precision-driven therapeutic platform for complex,
stress-induced comorbidities. Furthermore, these findings have broader relevance to the
Sustainable Development Goals (SDGs), with emphasis on SDG 3, Good Health and Well-
being, by highlighting strategies to prevent and treat chronic stress-related disorders. It
also underscores the importance of targeting systemic pathways—rather than isolated
symptoms—in improving resilience and recovery across multiple physiological domains.
Further translational research into CBD-based nanomedicines may yield novel strategies
for enhancing multi-organ health and well-being.
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Figure 8. Summary of the present findings. As opposed to the untreated stressed group, CBD/LNP
treatment in restraint-stressed male rats yielded the most effective therapeutic outcomes, including
restoration of systemic inflammation (IL-6 and TNF-« levels), improvement in intestinal integrity,
and elevation of gut metabolites (SCFAs, BAs, and polyamines). Synaptic plasticity markers were
enhanced in both hippocampal and colonic regions. Additionally, the encapsulated form of CBD
promoted bone regeneration by restoring osteoclast, osteoblast, and osteocalcin levels, and by induc-
ing BDNF, PSD-95, and synapsin-1 expression for neuronal protection. This figure was created in
BioRender. Thanawuth, K. (2025) https://BioRender.com/w0ameir (accessed on 1 September 2025).
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Abbreviations

The following abbreviations are used in this manuscript:

AIF-1 Allograft inflammatory factor 1

ATX Atomoxetine

BA Bile acid

BDNF Brain-derived neurotrophic factor

CA Cornu ammonis

CBD Cannabidiol

CBD/LNP  Cannabidiol-loaded lipid nanoparticles
CON Control

DG Dentate gyrus

ECS Escitalopram

ELISA Enzyme-linked immunosorbent assay
FICT Fluorescein isothiocyanate

GCL Granule cell layer

H&E Hematoxylin and eosin

HPA Hypothalamic-Pituitary—Adrenal axis
HRP Horseradish peroxidase

Ibal Ionized calcium-binding adapter molecule 1
IL Interleukin

NRI Norepinephrine reuptake inhibitor
PBS Phosphate-buffered saline

PFA Paraformaldehyde
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PCL Pyramidal cell layer

PSD-95 Postsynaptic density protein 95
SCFA Short-chain fatty acid

SEM Standard error of the mean

SSRI Selective serotonin reuptake inhibitor
SYN Synapsin-1

TNF-« Tumor necrosis factor-alpha

VEH Vehicle

Z0-1 Zonula occludens-1

References

1.

10.

11.

12.

13.

14.

15.

16.

James, K.A.; Stromin, ].I.; Steenkamp, N.; Combrinck, M.I. Understanding the Relationships between Physiological and Psychoso-
cial Stress, Cortisol and Cognition. Front. Endocrinol. 2023, 14, 1085950. [CrossRef]

Hsu, C.H.; Hsu, C.L,; Langley, A.; Wojcik, C.; Iraganje, E.; Grygiel-Gérniak, B. Glucocorticoid-Induced Osteoporosis—From
Molecular Mechanism to Clinical Practice. Drugs Ther. Perspect. 2024, 40, 315-329. [CrossRef]

Lapmanee, S.; Supkamonseni, N.; Bhubhanil, S.; Treesaksrisakul, N.; Sirithanakorn, C.; Khongkow, M.; Namdee, K.; Surinlert, P;
Tipbunjong, C.; Wongchitrat, P. Stress-Induced Changes in Cognitive Function and Intestinal Barrier Integrity Can Be Ameliorated
by Venlafaxine and Synbiotic Supplementations. Peer] 2024, 12, e17033. [CrossRef] [PubMed]

Leigh, S.-].; Uhlig, E; Wilmes, L.; Sanchez-Diaz, P.; Gheorghe, C.E.; Goodson, M.S.; Kelley-Loughnane, N.; Hyland, N.P;; Cryan, J.E;
Clarke, G.; et al. The Impact of Acute and Chronic Stress on Gastrointestinal Physiology and Function: A Microbiota-Gut-Brain
Axis Perspective the Stress Response: From Adaptation to Disease. J. Physiol. 2023, 601, 4491-4538. [CrossRef]

Li, R.;; Miao, Z.; Liu, Y.; Chen, X.; Wang, H.; Su, J.; Chen, J. The Brain-Gut-Bone Axis in Neurodegenerative Diseases: Insights,
Challenges, and Future Prospects. Adv. Sci. 2024, 11, €2307971. [CrossRef] [PubMed]

Cho, D.E.; Hong, ].P; Kim, Y,; Sim, J.Y,; Kim, H.S.; Kim, S.R.; Lee, B.; Cho, H.S.; Cho, I.H.; Shin, S.; et al. Role of Gut-Derived
Bacterial Lipopolysaccharide and Peripheral TLR4 in Immobilization Stress-Induced Itch Aggravation in a Mouse Model of
Atopic Dermatitis. Sci. Rep. 2024, 14, 6263. [CrossRef]

Saleri, R.; Borghetti, P.; Ravanetti, F; Cavalli, V.; Ferrari, L.; De Angelis, E.; Andrani, M.; Martelli, P. Effects of Different Short-Chain
Fatty Acids (SCFA) on Gene Expression of Proteins Involved in Barrier Function in IPEC-J2. Porc. Health Manag. 2022, 8, 21.
[CrossRef]

Kasahara, N.; Teratani, T.; Yokota, S.; Sakuma, Y.; Sasanuma, H.; Fujimoto, Y.; Ijichi, T.; Urahashi, T.; Yoshitomi, H.; Kitayama, J.;
et al. Dietary Polyamines Promote Intestinal Adaptation in an Experimental Model of Short Bowel Syndrome. Sci. Rep. 2024,
14, 4605. [CrossRef]

Zeng, H.; Umar, S.; Rust, B.; Lazarova, D.; Bordonaro, M. Secondary Bile Acids and Short Chain Fatty Acids in the Colon: A
Focus on Colonic Microbiome, Cell Proliferation, Inflammation, and Cancer. Int. J. Mol. Sci. 2019, 20, 1214. [CrossRef]

Wang, Y.L.; Han, Q.Q.; Gong, W.Q.; Pan, D.H.; Wang, L.Z.; Hu, W,; Yang, M.; Li, B.; Yu, J.; Liu, Q. Microglial Activation Mediates
Chronic Mild Stress-Induced Depressive- and Anxiety-like Behavior in Adult Rats. J. Neuroinflamm. 2018, 15, 21. [CrossRef]
Brefser, M.; Siemens, K.D.; Schneider, L.; Lunnebach, J.E.; Leven, P.; Glowka, T.R.; Oberldnder, K.; De Domenico, E.; Schultze,
J.L.; Schmidt, J.; et al. Macrophage-Induced Enteric Neurodegeneration Leads to Motility Impairment during Gut Inflammation.
EMBO Mol. Med. 2025, 17,301-335. [CrossRef] [PubMed]

Robinson, S.; Mogul, A.S.; Taylor-Yeremeeva, EM.; Khan, A.; Tirabassi, A.D.; Wang, H.Y. Stress Diminishes BDNF-Stimulated
TrkB Signaling, TrkB-NMDA Receptor Linkage and Neuronal Activity in the Rat Brain. Neuroscience 2021, 473, 142-158. [CrossRef]
[PubMed]

Berger, ] M.; Singh, P.; Khrimian, L.; Morgan, D.A.; Chowdhury, S.; Arteaga-Solis, E.; Horvath, T.L.; Domingos, A.I.; Marsland,
A.L,; Yadav, VK, et al. Mediation of the Acute Stress Response by the Skeleton. Cell Metab. 2019, 30, 890-902.e8. [CrossRef]
[PubMed]

Pérez-Valenzuela, C.; Garate-Pérez, M.F,; Sotomayor-Zarate, R.; Delano, P.H.; Dagnino-Subiabre, A. Reboxetine Improves
Auditory Attention and Increases Norepinephrine Levels in the Auditory Cortex of Chronically Stressed Rats. Front. Neural
Circuits 2016, 10, 108. [CrossRef]

Collins, H.M.; Gullino, L.S.; Fuller, C.; Pinacho, R.; Bannerman, D.M.; Sharp, T. Increased C-Fos Immunoreactivity in Anxiety-
Related Brain Regions Following Paroxetine Discontinuation. Neuropharmacology 2025, 278, 110541. [CrossRef]

Klobl, M.; Seiger, R.; Vanicek, T.; Handschuh, P.; Reed, M.B.; Spurny-Dworak, B.; Ritter, V.; Godbersen, G.M.; Gryglewski, G.;
Kraus, C.; et al. Escitalopram Modulates Learning Content-Specific Neuroplasticity of Functional Brain Networks. Neuroimage
2022, 247,118829. [CrossRef]


https://doi.org/10.3389/fendo.2023.1085950
https://doi.org/10.1007/s40267-024-01079-4
https://doi.org/10.7717/peerj.17033
https://www.ncbi.nlm.nih.gov/pubmed/38435986
https://doi.org/10.1113/JP281951%23support-information-section
https://doi.org/10.1002/advs.202307971
https://www.ncbi.nlm.nih.gov/pubmed/39120490
https://doi.org/10.1038/s41598-024-56936-z
https://doi.org/10.1186/s40813-022-00264-z
https://doi.org/10.1038/s41598-024-55258-4
https://doi.org/10.3390/ijms20051214
https://doi.org/10.1186/s12974-018-1054-3
https://doi.org/10.1038/s44321-024-00189-w
https://www.ncbi.nlm.nih.gov/pubmed/39762650
https://doi.org/10.1016/j.neuroscience.2021.07.011
https://www.ncbi.nlm.nih.gov/pubmed/34298123
https://doi.org/10.1016/j.cmet.2019.08.012
https://www.ncbi.nlm.nih.gov/pubmed/31523009
https://doi.org/10.3389/fncir.2016.00108
https://doi.org/10.1016/j.neuropharm.2025.110541
https://doi.org/10.1016/j.neuroimage.2021.118829

Int. J. Mol. Sci. 2025, 26,9318 23 of 26

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Eyzaguirre-Veldsquez, J.; Gonzélez-Toro, M.P.; Gonzalez-Arancibia, C.; Escobar-Luna, J.; Beltrdn, C.J.; Bravo, ].A.; Julio-Pieper, M.
Sertraline and Citalopram Actions on Gut Barrier Function. Dig. Dis. Sci. 2021, 66, 3792-3802. [CrossRef]

Uneri, O.S.; Copur, M.; Tanidir, C.; Giines, H.; Erdogan, A. Liver Enzymes and Bilirubin Levels during Atomoxetine Treatment in
Children and Adolescents. Dusunen Adam ]. Psychiatry Neurol. Sci. 2013, 26, 22-27. [CrossRef]

Yu, G.; Li, G.F; Markowitz, J.S. Atomoxetine: A Review of Its Pharmacokinetics and Pharmacogenomics Relative to Drug
Disposition. J. Child Adolesc. Psychopharmacol. 2016, 26, 314-326. [CrossRef]

Songphaeng, T.; Lapmanee, S.; Bhubhanil, S.; Momdee, K.; Rojviriya, C.; Kitsahawong, K.; Chailertvanitkul, P.; Welbat, ].U.;
Morkmued, S. Atomoxetine and escitalopram migrate the derangement of the temporomandibular joint morphologic and
histologic changes in rats exposed to stress-induced depression. J. Oral Sci. 2023, 65, 219-225. [CrossRef]

Bolamperti, S.; Villa, I.; Rubinacci, A. Bone Remodeling: An Operational Process Ensuring Survival and Bone Mechanical
Competence. Bone Res. 2022, 10, 48. [CrossRef]

Lam, RW.; Wong, HK.; Kumarsing, R.A.; Chua, A.N.; Ho, R.C.; McIntyre, R.S.; Ho, C.S. Fluoxetine Improves Bone Microarchitec-
ture and Mechanical Properties in Rodents Undergoing Chronic Mild Stress—An Animal Model of Depression. Transl. Psychiatry
2022, 12, 339. [CrossRef]

Donat, A ; Jiang, S.; Xie, W.; Knapstein, PR.; Albertsen, L.C.; Kokot, ].L.; Sevecke, J.; Augustin, R.; Jahn, D.; Yorgan, T.A.; et al. The
Selective Norepinephrine Reuptake Inhibitor Reboxetine Promotes Late-Stage Fracture Healing in Mice. iScience 2023, 26, 107761.
[CrossRef]

Singh, K.; Bhushan, B.; Chanchal, D.K.; Sharma, S.K.; Rani, K.; Yadav, M.K; Porwal, P.; Kumar, S.; Sharma, A.; Virmani, T.; et al.
Emerging Therapeutic Potential of Cannabidiol (CBD) in Neurological Disorders: A Comprehensive Review. Behav. Neurol. 2023,
2023, 8825358. [CrossRef] [PubMed]

Saad, N.; Raviv, D.; Mizrachi Zer-Aviv, T.; Akirav, I. Cannabidiol Modulates Emotional Function and Brain-Derived Neurotrophic
Factor Expression in Middle-Aged Female Rats Exposed to Social Isolation. Int. J. Mol. Sci. 2023, 24, 15492. [CrossRef] [PubMed]
Stein, L.; Vollstaedt, M.L.; Amasheh, S. Cannabidiol Strengthening of Gastric Tight Junction Complexes Analyzed in an Improved
Xenopus Oocyte Assay. Membranes 2024, 14, 18. [CrossRef] [PubMed]

Kamsrijai, U.; Charoensup, R.; Jaidee, W.; Hawiset, T.; Thaweethee-Sukjai, B.; Praman, S. Cannabidiol /Cannabidiolic Acid-Rich
Hemp (Cannabis sativa L.) Extract Attenuates Cognitive Impairments and Glial Activations in Rats Exposed to Chronic Stress.
J. Ethnopharmacol. 2025, 338, 119113. [CrossRef]

Gehring, R.; Merino, G.; Conti, M.B. Pharmacokinetics of Cannabidiol Following Single Oral and Oral Transmucosal Administra-
tion in Dogs. Front. Vet. Sci. 2023, 9, 1104152. [CrossRef]

Lapmanee, S.; Bhubhanil, S.; Wongchitrat, P.; Charoenphon, N.; Inchan, A.; Ngernsutivorakul, T.; Dechbumroong, P.; Khongkow,
M.; Namdee, K. Assessing the Safety and Therapeutic Efficacy of Cannabidiol Lipid Nanoparticles in Alleviating Metabolic and
Memory Impairments and Hippocampal Histopathological Changes in Diabetic Parkinson’s Rats. Pharmaceutics 2024, 16, 514.
[CrossRef]

Lapmanee, S.; Bhubhanil, S.; Charoenphon, N.; Inchan, A.; Bunwatcharaphansakun, P.; Khongkow, M.; Namdee, K. Cannabidiol-
Loaded Lipid Nanoparticles Incorporated in Polyvinyl Alcohol and Sodium Alginate Hydrogel Scaffold for Enhancing Cell
Migration and Accelerating Wound Healing. Gels 2024, 10, 843. [CrossRef]

Aydin, S.; Ozkul, C.; Yucel, N.T.; Karaca, H. Gut Microbiome Alteration after Reboxetine Administration in Type-1 Diabetic Rats.
Microorganisms 2021, 9, 1948. [CrossRef]

Pawluski, J.L.; Murail, P; Grudet, F; Bys, L.; Golubeva, A.V.; Bastiaanssen, T.; Oberlander, T.F,; Cryan, J.E; O'Mahony, S.M.;
Charlier, T.D. Gestational Stress and Perinatal SSRIs Differentially Impact the Maternal and Neonatal Microbiome-Gut-Brain Axis.
J. Neuroendocrinol. 2023, 35, e13261. [CrossRef]

Chen, S;; Lee, Y.B.; Song, M.Y.; Lim, C.; Cho, H.; Shim, H.J.; Kim, ].S.; Park, B.H.; Kim, ].K.; Bae, E.J. Cannabidiol Reshapes the Gut
Microbiome to Promote Endurance Exercise in Mice. Exp. Mol. Med. 2025, 57, 489-500. [CrossRef]

Lapmanee, S.; Bhubhanil, S.; Sriwong, S.; Khongkow, M.; Namdee, K.; Wongchitrat, P.; Pongkorpsakol, P. Venlafaxine and
Synbiotic Attenuated Learned Fear-like Behavior and Recognition Memory Impairment in Immobilized-Stressed Rats. Physiol.
Pharmacol. 2023, 27, 171-181. [CrossRef]

Moreno-Martinez, S.; Tendilla-Beltran, H.; Sandoval, V.; Flores, G.; Terrén, J.A. Chronic Restraint Stress Induces Anxiety-like
Behavior and Remodeling of Dendritic Spines in the Central Nucleus of the Amygdala. Behav. Brain Res. 2022, 416, 113523.
[CrossRef] [PubMed]

Rohleder, N. Stimulation of Systemic Low-Grade Inflammation by Psychosocial Stress. Biopsychosoc. Sci. Med. 2014, 76, 181-189.
[CrossRef]

Miller, E.S.; Apple, C.G.; Kannan, K.B.; Funk, Z.M.; Plazas, ].M.; Efron, P.A.; Mohr, A.M. Chronic Stress Induces Persistent
Low-Grade Inflammation. Am. J. Surg. 2019, 218, 677-683. [CrossRef]


https://doi.org/10.1007/s10620-020-06702-8
https://doi.org/10.5350/DAJPN2013260102
https://doi.org/10.1089/cap.2015.0137
https://doi.org/10.2334/josnusd.23-0077
https://doi.org/10.1038/s41413-022-00219-8
https://doi.org/10.1038/s41398-022-02083-w
https://doi.org/10.1016/j.isci.2023.107761
https://doi.org/10.1155/2023/8825358
https://www.ncbi.nlm.nih.gov/pubmed/37868743
https://doi.org/10.3390/ijms242015492
https://www.ncbi.nlm.nih.gov/pubmed/37895171
https://doi.org/10.3390/membranes14010018
https://www.ncbi.nlm.nih.gov/pubmed/38248708
https://doi.org/10.1016/j.jep.2024.119113
https://doi.org/10.3389/fvets.2022.1104152
https://doi.org/10.3390/pharmaceutics16040514
https://doi.org/10.3390/gels10120843
https://doi.org/10.3390/microorganisms9091948
https://doi.org/10.1111/jne.13261
https://doi.org/10.1038/s12276-025-01404-5
https://doi.org/10.61186/phypha.27.2.171
https://doi.org/10.1016/j.bbr.2021.113523
https://www.ncbi.nlm.nih.gov/pubmed/34390801
https://doi.org/10.1097/PSY.0000000000000049
https://doi.org/10.1016/j.amjsurg.2019.07.006

Int. J. Mol. Sci. 2025, 26,9318 24 of 26

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lapmanee, S.; Charoenphandhu, J.; Teerapornpuntakit, J.; Krishnamra, N.; Charoenphandhu, N. Agomelatine, Venlafaxine, and
Running Exercise Effectively Prevent Anxiety- and Depression-like Behaviors and Memory Impairment in Restraint Stressed
Rats. PLoS ONE 2017, 12, e0187671. [CrossRef]

Parrott, ].M.; Porter, G.A.; Redus, L.; O’Connor, ].C. Brain Derived Neurotrophic Factor Deficiency Exacerbates Inflammation-
Induced Anhedonia in Mice. Psychoneuroendocrinology 2021, 134, 105404. [CrossRef]

Hu, X.; Zhao, H.L.; Kurban, N.; Qin, Y.; Chen, X; Cui, S.Y.; Zhang, Y.H. Reduction of BDNF Levels and Biphasic Changes in
Glutamate Release in the Prefrontal Cortex Correlate with Susceptibility to Chronic Stress-Induced Anhedonia. eNeuro 2023,
10, ENEURO.0406-23.2023. [CrossRef]

Gabanyi, I.; Muller, P.A.; Feighery, L.; Oliveira, T.Y.; Costa-Pinto, FA.; Mucida, D. Neuro-Immune Interactions Drive Tissue
Programming in Intestinal Macrophages. Cell 2016, 164, 378-391. [CrossRef]

Meena, A.S.; Shukla, PK,; Rao, R.; Canelas, C.; Pierre, ].F,; Rao, R.K. TRPV6 Deficiency Attenuates Stress and Corticosterone-
Mediated Exacerbation of Alcohol-Induced Gut Barrier Dysfunction and Systemic Inflammation. Front. Immunol. 2023, 14, 1093584.
[CrossRef]

Sun, N.; Zhang, J.; Wang, J.; Liu, Z.; Wang, X.; Kang, P; Yang, C.; Liu, P; Zhang, K. Abnormal Gut Microbiota and Bile Acids in
Patients with First-Episode Major Depressive Disorder and Correlation Analysis. Psychiatry Clin. Neurosci. 2022, 76, 321-328.
[CrossRef]

Skonieczna-zydecka, K.; Grochans, E.; Maciejewska, D.; Szkup, M.; Schneider-Matyka, D.; Jurczak, A.; Loniewski, I.; Kaczmarczyk,
M.; Marlicz, W.; Czerwiriska-Rogowska, M.; et al. Faecal Short Chain Fatty Acids Profile Is Changed in Polish Depressive Women.
Nutrients 2018, 10, 1939. [CrossRef] [PubMed]

Ney, L.M.; Wipplinger, M.; Grossmann, M.; Engert, N.; Wegner, V.D.; Mosig, A.S. Short Chain Fatty Acids: Key Regulators of the
Local and Systemic Immune Response in Inflammatory Diseases and Infections. Open Biol. 2023, 13, 230014. [CrossRef] [PubMed]
Nakamura, A.; Matsumoto, M. Role of Polyamines in Intestinal Mucosal Barrier Function. Semin. Immunopathol. 2025, 47, 9.
[CrossRef]

Hofer, S.J.; Simon, A.K.; Bergmann, M.; Eisenberg, T.; Kroemer, G.; Madeo, F. Mechanisms of Spermidine-Induced Autophagy
and Geroprotection. Nat. Aging 2022, 2, 1112-1129. [CrossRef] [PubMed]

Dempsey, E.; Corr, S.C. Lactobacillus Spp. for Gastrointestinal Health: Current and Future Perspectives. Front. Immunol. 2022,
13, 840245. [CrossRef]

Torres, HM.; Arnold, K.M.; Oviedo, M.; Westendorf, ].J.; Weaver, S.R. Inflammatory Processes Affecting Bone Health and Repair.
Curr. Osteoporos. Rep. 2023, 21, 842-853. [CrossRef]

50 Silva, B.C.; Bilezikian, J.P. Parathyroid Hormone: Anabolic and Catabolic Actions on the Skeleton. Curr. Opin. Pharmacol. 2015,
22,41-50. [CrossRef]

Xiaotong, L.; Jiazhi, Y.; Xiaoguang, L.; Gang, Z. PLC, PTH and NF-KB Increased during Orthodontic Bone Remodeling in Chronic
Stress Rats. Stress 2022, 25, 357-365. [CrossRef]

De Crescenzo, F; Ziganshina, L.E.; Yudina, E.V.; Kaplan, Y.C.; Ciabattini, M.; Wei, Y.; Hoyle, C.H.V. Noradrenaline Reuptake In-
hibitors (NRIs) for Attention Deficit Hyperactivity Disorder (ADHD) in Adults. Cochrane Database Syst. Rev. 2018, 2018, CD013044.
[CrossRef]

Edinoff, AN.; Akuly, H.A.; Hanna, T.A.; Ochoa, C.O.; Patti, S.J.; Ghaffar, Y.A.; Kaye, A.D.; Viswanath, O.; Urits, I.; Boyer, A.G;
et al. Selective Serotonin Reuptake Inhibitors and Adverse Effects: A Narrative Review. Neurol. Int. 2021, 13, 387-401. [CrossRef]
Atalay, S.; Jarocka-karpowicz, I.; Skrzydlewskas, E. Antioxidative and Anti-Inflammatory Properties of Cannabidiol. Antioxidants
2020, 9, 21. [CrossRef]

Gall, Z; Farkas, S.; Albert, A.; Ferencz, E.; Vancea, S.; Urkon, M.; Kolcsar, M. Effects of Chronic Cannabidiol Treatment in the Rat
Chronic Unpredictable Mild Stress Model of Depression. Biomolecules 2020, 10, 801. [CrossRef] [PubMed]

Sabbag, T.; Kritman, M.; Akirav, I. Cannabidiol Effects on Depressive-like Behavior and Neuroinflammation in Female Rats
Exposed to High-Fat Diet and Unpredictable Chronic Mild Stress. Cells 2025, 14, 938. [CrossRef]

Nong, J.; Glassman, PM.; Reyes-Esteves, S.; Descamps, H.C.; Shuvaev, V.V; Kiseleva, R.Y.; Papp, T.E.; Alameh, M.-G.; Tam, Y.K,;
Mui, B.L; et al. Targeting Lipid Nanoparticles to the Blood Brain Barrier to Ameliorate Acute Ischemic Stroke. Mol. Ther. 2024, 32,
1344-1358. [CrossRef]

Ibrahim, I.; Syamala, S.; Ayariga, ]J.A.; Xu, J.; Robertson, B.K.; Meenakshisundaram, S.; Ajayi, O.S. Modulatory Effect of Gut
Microbiota on the Gut-Brain, Gut-Bone Axes, and the Impact of Cannabinoids. Metabolites 2022, 12, 1247. [CrossRef]

Crowley, K ; Kiraga, L.; Miszczuk, E.; Skiba, S.; Banach, J.; Latek, U.; Mendel, M.; Chlopecka, M. Effects of Cannabinoids on
Intestinal Motility, Barrier Permeability, and Therapeutic Potential in Gastrointestinal Diseases. Int. J. Mol. Sci. 2024, 25, 6682.
[CrossRef]


https://doi.org/10.1371/journal.pone.0187671
https://doi.org/10.1016/j.psyneuen.2021.105404
https://doi.org/10.1523/ENEURO.0406-23.2023
https://doi.org/10.1016/j.cell.2015.12.023
https://doi.org/10.3389/fimmu.2023.1093584
https://doi.org/10.1111/pcn.13368
https://doi.org/10.3390/nu10121939
https://www.ncbi.nlm.nih.gov/pubmed/30544489
https://doi.org/10.1098/rsob.230014
https://www.ncbi.nlm.nih.gov/pubmed/36977462
https://doi.org/10.1007/s00281-024-01035-4
https://doi.org/10.1038/s43587-022-00322-9
https://www.ncbi.nlm.nih.gov/pubmed/37118547
https://doi.org/10.3389/fimmu.2022.840245
https://doi.org/10.1007/s11914-023-00824-4
https://doi.org/10.1016/j.coph.2015.03.005
https://doi.org/10.1080/10253890.2022.2146998
https://doi.org/10.1002/14651858.cd013044
https://doi.org/10.3390/neurolint13030038
https://doi.org/10.3390/antiox9010021
https://doi.org/10.3390/biom10050801
https://www.ncbi.nlm.nih.gov/pubmed/32455953
https://doi.org/10.3390/cells14120938
https://doi.org/10.1016/j.ymthe.2024.03.004
https://doi.org/10.3390/metabo12121247
https://doi.org/10.3390/ijms25126682

Int. J. Mol. Sci. 2025, 26,9318 25 of 26

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Sui, K,; Tveter, KM.; Bawagan, F.G.; Buckendahl, P.; Martinez, S.A.; Jaffri, Z.H.; MacDonell, A.T.; Wu, Y.; Duran, R.M.; Shapses,
S.A,; et al. Cannabidiol-Treated Ovariectomized Mice Show Improved Glucose, Energy, and Bone Metabolism With a Bloom in
Lactobacillus. Front. Pharmacol. 2022, 13, 900667. [CrossRef]

Kim, S.W.; Shrestha, S.K.; Chuluunbaatar, B.A.; Soh, Y. Combination of Cannabidiol with Taurine Synergistically Treated
Periodontitis in Rats. Biomol. Ther. 2025, 33, 203-209. [CrossRef] [PubMed]

Burdusel, A.C.; Andronescu, E. Lipid nanoparticles and liposomes for bone diseases treatment. Biomedicines 2022, 10, 3158.
[CrossRef] [PubMed]

Zamansky, M.; Yariv, D.; Feinshtein, V.; Ben-Shabat, S.; Sintov, A.C. Cannabidiol-Loaded Lipid-Stabilized Nanoparticles Alleviate
Psoriasis Severity in Mice: A New Approach for Improved Topical Drug Delivery. Molecules 2023, 28, 6907. [CrossRef]

Grifoni, L.; Vanti, G.; Bilia, A.R. Nanostructured Lipid Carriers Loaded with Cannabidiol Enhance Its Bioaccessibility to The
Small Intestine. Nutraceuticals 2023, 3, 210-221. [CrossRef]

Taha, LE.; ElSohly, M.A.; Radwan, M.M.; Elkanayati, R.M.; Wanas, A.; Joshi, PH.; Ashour, E.A. Enhancement of Cannabidiol Oral
Bioavailability Through The Development of Nanostructured Lipid Carriers: In vitro and in vivo Evaluation Studies. Drug Deliv.
Transl. Res. 2025, 15, 2722-2732. [CrossRef]

Sales, AJ.; Crestani, C.C.; Guimaraes, F.S.; Joca, S.R.L. Antidepressant-Like Effect Induced by Cannabidiol is Dependent on Brain
Serotonin Levels. Prog. Neuropsychopharmacol. Biol. Psychiatry 2018, 86, 255-261. [CrossRef]

Sartim, A.G.; Marques, J.; Silveira, K.M.; Gobira, P.H.; Guimaraes, F.S.; Wegener, G.; Joca, S.R. Co-administration of Cannabidiol
and Ketamine Induces Antidepressant-Like Effects Devoid of Hyperlocomotor Side-Effects. Neuropharmacology 2021, 195, 108679.
[CrossRef]

Gillette, R.; Reilly, M.P,; Topper, V.Y.; Thompson, L.M.; Crews, D.; Gore, A.C. Anxiety-like Behaviors in Adulthood Are Altered
in Male but Not Female Rats Exposed to Low Dosages of Polychlorinated Biphenyls in Utero. Horm. Behav. 2017, 87, 8-15.
[CrossRef]

Plongniras, P.; Lapmanee, S.; Thonapan, N.; Thangsombat, P.; Janthaphim, P.; Lertkarnvijai, C.; Chailertvanitkul, P.; Morkmued,
S. Stress-Induced Depression and Its Effects on Tooth Wear in Rats: A 3D Dental Scan Imaging Perspective. Life 2025, 15, 712.
[CrossRef]

Potrebi¢, M.S.; Pavkovi¢, Z.Z.; Stbovan, M.M.; Pmura, G.M.; Pesi¢, V.T. Changes in the Behavior and Body Weight of Mature,
Adult Male Wistar Han Rats after Reduced Social Grouping and Social Isolation. . Am. Assoc. Lab. Anim. Sci. 2022, 61, 615-623.
[CrossRef]

Marrocco, J.; Reynaert, M.-L.; Gatta, E.; Gabriel, C.; Mocaér, E.; Di Prisco, S.; Merega, E.; Pittaluga, A.; Nicoletti, F.; Maccari, S.;
et al. The Effects of Antidepressant Treatment in Prenatally Stressed Rats Support the Glutamatergic Hypothesis of Stress-Related
Disorders. J. Neurosci. 2014, 34, 2015. [CrossRef]

Serchov, T.; van Calker, D.; Biber, K. Light/Dark Transition Test to Assess Anxiety-like Behavior in Mice. Bio Protoc. 2016, 6, €1957.
[CrossRef]

Reamtong, O.; Lapmanee, S.; Tummatorn, J.; Palavong, N.; Thongsornkleeb, C.; Ruchirawat, S. Synthesis of Benzoazepine
Derivatives via Azide Rearrangement and Evaluation of Their Antianxiety Activities. ACS Med. Chem. Lett. 2021, 12, 1449-1458.
[CrossRef] [PubMed]

Lapmanee, S.; Bhubhanil, S.; Sriwong, S.; Yuajit, C.; Wongchitrat, P.; Teerapornpuntakit, J.; Suntornsaratoon, P.; Charoenphandhu,
J.; Charoenphandhu, N. Oral Calcium and Vitamin D Supplements Differentially Alter Exploratory, Anxiety-like Behaviors and
Memory in Male Rats. PLoS ONE 2023, 18, €0290106. [CrossRef] [PubMed]

Ghouzali, I.; Lemaitre, C.; Bahlouli, W.; Azhar, S.; Bole-Feysot, C.; Meleine, M.; Ducrotté, P.; Déchelotte, P.; Coéffier, M. Targeting
Immunoproteasome and Glutamine Supplementation Prevent Intestinal Hyperpermeability. Biochim. Biophys. Acta (BBA)-Gen.
Subj. 2017, 1861, 3278-3288. [CrossRef]

Bahlouli, W.; Breton, J.; Lelouard, M.; L'Huillier, C.; Tirelle, P.; Salameh, E.; Amamou, A.; Atmani, K.; Goichon, A.; Béle-Feysot, C.;
et al. Stress-Induced Intestinal Barrier Dysfunction Is Exacerbated during Diet-Induced Obesity. J. Nutr. Biochem. 2020, 81, 108382.
[CrossRef] [PubMed]

Pabén, M.M.; Acosta, S.; Guedes, V.A.; Tajiri, N.; Kaneko, Y.; Borlongan, C.V. Brain Region-Specific Histopathological Effects of
Varying Trajectories of Controlled Cortical Impact Injury Model of Traumatic Brain Injury. CNS Neurosci. Ther. 2016, 22, 200-211.
[CrossRef]

Wu, Y,; Li, S,; Lv, L,; Jiang, S.; Xu, L.; Chen, H.; Li, L. Protective Effect of Pediococcus pentosaceus Li05 on Diarrhea-Predominant
Irritable Bowel Syndrome in Rats. Food Funct. 2024, 15, 3692-3708. [CrossRef]

Ding, F; Wu, J; Liu, C.; Bian, Q.; Qiu, W.; Ma, Q.; Li, X,; Long, M.; Zou, X.; Chen, J. Effect of Xiaoyaosan on Colon Morphology
and Intestinal Permeability in Rats with Chronic Unpredictable Mild Stress. Front. Pharmacol. 2020, 11, 1069. [CrossRef]

Liu, H.; Wu, J.; Wu, H.; Wang, T.; Zhou, H.; Liu, M. Autologous ADSCs with Exogenous NPY Promotes Fracture Healing in
Ovariectomized Rats. Heliyon 2024, 10, €38297. [CrossRef]


https://doi.org/10.3389/fphar.2022.900667
https://doi.org/10.4062/biomolther.2024.104
https://www.ncbi.nlm.nih.gov/pubmed/39632669
https://doi.org/10.3390/biomedicines10123158
https://www.ncbi.nlm.nih.gov/pubmed/36551914
https://doi.org/10.3390/molecules28196907
https://doi.org/10.3390/nutraceuticals3020016
https://doi.org/10.1007/s13346-024-01766-9
https://doi.org/10.1016/j.pnpbp.2018.06.002
https://doi.org/10.1016/j.neuropharm.2021.108679
https://doi.org/10.1016/j.yhbeh.2016.10.011
https://doi.org/10.3390/life15050712
https://doi.org/10.30802/AALAS-JAALAS-22-000032
https://doi.org/10.1523/JNEUROSCI.4131-13.2014
https://doi.org/10.21769/BioProtoc.1957
https://doi.org/10.1021/acsmedchemlett.1c00275
https://www.ncbi.nlm.nih.gov/pubmed/34531953
https://doi.org/10.1371/journal.pone.0290106
https://www.ncbi.nlm.nih.gov/pubmed/37566598
https://doi.org/10.1016/j.bbagen.2016.08.010
https://doi.org/10.1016/j.jnutbio.2020.108382
https://www.ncbi.nlm.nih.gov/pubmed/32417626
https://doi.org/10.1111/cns.12485
https://doi.org/10.1039/D3FO04904C
https://doi.org/10.3389/fphar.2020.01069
https://doi.org/10.1016/j.heliyon.2024.e38297

Int. J. Mol. Sci. 2025, 26,9318 26 of 26

81. Minami, M.; Ikoma, K.; Onishi, O.; Horii, M.; Itoh, K.; Takahashi, K. Histological Assessment of Cortical Bone Changes in Diabetic
Rats. J. Orthop. Surg. Res. 2022, 17, 568. [CrossRef]

82. Fan, Y, Leape, C.P,; Hugard, S.; McCanne, M.; Thomson, A.; Wojtkiewicz, G.R.; Weaver, M.].; Collins, ].E.; Randolph, M.; Oral,
E. A Longitudinal Rat Model for Assessing Postoperative Recovery and Bone Healing Following Tibial Osteotomy and Plate
Fixation. BMC Musculoskelet. Disord. 2023, 24, 854. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s13018-022-03471-0
https://doi.org/10.1186/s12891-023-06942-5

	Introduction 
	Results 
	Restraint-Stressed Male Rats Treated with CBD/LNPs Showed Modulated Body Weight Loss and Reduced Anxiety-like Behaviors, Comparable to the Effects Observed with Monoaminergic Modulators 
	Restraint-Stressed Male Rats Treated with CBD/LNPs Showed Improved Serum Biological Markers Related to Systemic Inflammation, Gut Permeability, Intestinal Metabolites, and Bone Remodeling, Comparable to the Effects Observed with Monoaminergic Modulators 
	Restraint-Stressed Male Rats Treated with CBD/LNPs Exhibited Improved Expression of Proteins Associated with Hippocampal and Colonic Barrier Integrity, Synaptic Plasticity, and Neuroimmune Inflammation, Comparable to the Effects Observed with Monoaminergic Modulators 
	Restraint-Stressed Male Rats Treated with CBD/LNPs Exhibited Improved Histomorphological Changes in the Hippocampus, Colon, and Tibia, Comparable to the Effects Observed with Monoaminergic Modulators 

	Discussion 
	Materials and Methods 
	Cannabidiol-Loaded Lipid Nanoparticles (CBD/LNPs) Preparation 
	Animal 
	Experimental Design 
	Stress Induction 
	Antipsychotic Administration 
	Body Weight Changes Evaluation 
	Anxiety-like Behavioral Change Evaluation 
	Light/Dark Test 
	Elevated-Plus Maze (EPM) Test 

	Tissue Collection and Sample Preparation 
	Serum Biochemical Markers Evaluation 
	Intestinal Permeability Evaluation 
	Western Blot Analysis 
	Histological Evaluations of the Hippocampus, Colon, and Tibia 
	Statistical Analysis 

	Conclusions 
	References

