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Cannabidiol (CBD) is increasingly being used in veterinary medicine; however, 
its systemic molecular effects in dogs remain poorly characterized. This study 
employed label-free quantitative proteomics to compare the serum proteomic 
responses of healthy dogs (n = 18) after 30 days of oral CBD delivery via three 
distinct matrices: hemp by-product feed pellets (F), CBD-infused oil (O), and 
semi-solid treat (SN). The verified chronic doses differed among the groups. 
Multivariate analysis revealed distinct formulation-specific proteomic signatures, 
with the F group clustered separately from the O and SN groups. Despite dose 
and matrix variations, all groups shared a core metabolic response characterized 
by downregulation of apolipoproteins (APOA4, APOC3, APOC1, and APOH) and 
upregulation of hemoglobin subunits (HBA and HBB), indicating CBD-mediated 
modulation of lipid metabolism and redox homeostasis. The high-exposure 
groups (O, SN) uniquely exhibited upregulation of proteins involved in vascular 
integrity and tissue scaffolding (e.g., TGFB1, PDGFRB, and VWF), while the SN 
group also showed induction of immunomodulatory and cytoprotective mark-
ers, such as clusterin (CLU). These findings demonstrate that the CBD delivery 
matrix critically influences systemic bioavailability and the scope of proteomic 
remodeling. Although all formulations engage core metabolic pathways, high-
bioavailability formats induce additional signatures suggestive of vascular sta-
bilization and stress resilience, providing a molecular rationale for optimizing 
CBD-based therapeutic formulations in canine medicine.
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Introduction

The integration of cannabidiol (CBD), a major non-psychoactive phytocannabinoid 
derived from Cannabis sativa, into veterinary clinical practice represents a significant paradigm 
shift in the management of chronic conditions in companion animals (1). In recent years, a 
growing number of pet owners have turned to CBD-containing products as natural, 
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over-the-counter remedies for a variety of behavioral and physiologi-
cal issues, including osteoarthritis, epilepsy, and anxiety (2). This trend 
is reflected in large-scale community science data, such as those from 
the Dog Aging Project, which indicate that approximately 7.3% of 
companion dogs in the United States receive CBD or hemp supple-
ments, which is significantly higher in senior dogs and those diag-
nosed with chronic health conditions (3). Despite this widespread 
adoption, the transition of CBD from an empirical supplement to a 
reliable, mechanism-informed therapeutic is hampered by a persistent 
knowledge gap regarding its systemic molecular effects and the vari-
ability in its oral bioavailability reported in once- and twice-daily 
pharmacokinetic studies (2, 4, 5).

The diverse effects of CBD are generally attributed to its complex 
interactions within the “endocannabinoidome,” a broader signaling 
network that extends beyond the classical cannabinoid receptors CB1 
and CB2 (2). These interactions include modulation of peroxisome 
proliferator-activated receptors (PPARs), transient receptor potential 
(TRP) channels, and serotonin receptors (6). While clinical outcome 
studies and safety assessments have affirmed the general tolerability of 
CBD in healthy dogs, these reports provide limited high-resolution 
insights into the systemic physiological adaptations induced by pro-
longed administration (7, 8). To address this deficiency, mass spec-
trometry-based proteomics has emerged as a powerful technology for 
comprehensively characterizing plasma and serum proteomes, offer-
ing a high-precision snapshot of biological flux, drug responses, and 
vascular integrity (9).

The application of label-free quantitative (LFQ) proteomics has 
proven instrumental in elucidating molecular pathways implicated in 
health and disease (10). Preliminary proteomic studies in rodent 
models and human cell lines have suggested that CBD can remodel 
the expression of proteins involved in inflammation, oxidative stress, 
and lipid metabolism (11, 12). However, the direct effects of different 
chronic CBD formulations on canine serum proteomes remain largely 
unknown. The present analysis addresses this critical gap by evaluat-
ing the molecular responses in healthy dogs following 30 days of oral 
CBD delivered via three distinct matrices: a hemp by-product feed 
pellet, CBD-infused oil, and semi-solid treat. This investigation 
reframed the observed differences in the verified dose and systemic 
exposure as a central finding, linking the physicochemical properties 
of the delivery matrix to the resulting proteomic remodeling.

Materials and methods

Experimental design and quantitative 
proteomics workflow

The study utilized a parallel-group design involving 18 healthy 
mixed-breed dogs, aged 2 to 5 years, with a mean body weight of 
18.53 ± 2.95 kg. Following a minimum 25-day acclimatization period 
on a standard commercial diet, the subjects were randomized into 
three dietary groups: hemp byproduct mixed feed pellets (F), oral 
CBD-infused oil (O), and CBD oil-mixed semi-solid treat (SN) for a 
30-day administration period. All animals were fed once daily in the 
morning. To minimize nutritional confounding, the three dietary for-
mulations were designed such that total daily intake (basal diet plus 
any supplement) was isocaloric and isonitrogenous across groups, 
with similar proximate compositions (Supplementary Table 1). All 

experimental procedures were approved by the Institutional Animal 
Care and Use Committee of Kasetsart University (Protocol number: 
ACKU66-VET-029), and all dogs maintained a normal health status 
throughout the study.

Formulation preparation and verified dose 
quantification

All preparations underwent analytical verification of the CBD 
content via HPLC. The experimental design initially aimed to stan-
dardize the targeted daily dose of CBD to approximately 24 mg per 
dog. However, the verified chronic doses differed. The F group 
(Hemp by-product Feed) received hemp by-product integrated into 
the feed pellet. The analysis confirmed a CBD concentration of 
0.06 ± 0.005 mg/g feed, delivering an estimated 18 mg CBD per 
300 g daily ration. Group O (oral CBD-fused oil) received high-
purity CBD solubilized in refined oil (24 mg/mL), accurately achiev-
ing the target dose of 24 mg. The SN group (CBD oil-mixed snack) 
received GMP-certified treatment, which provided the highest veri-
fied dose of 28 ± 0.25 mg per treat. The O and SN groups received 
the same basal diet (without hemp by-product), with CBD oil or 
semi-solid treat administered as a separate supplement 30 min after 
morning feeding. The ingredient differences in Supplementary Table 1 
represent necessary adjustments to balance macronutrients and 
energy across groups; however, these compositional differences 
cannot be excluded as potential contributors to the observed pro-
teomic effects. Based on a previous study (4) reporting peak CBD 
absorption at 2–3 h post-administration, blood sampling was per-
formed at 3 h after feeding.

Sample collection and pooled proteomics 
design

Whole blood was collected via standard venipuncture into clot 
activator tubes at baseline (Day 0) and 30 days after chronic intake. 
Serum was separated by centrifugation and stored at −20 °C. Thirty 
individual serum samples were used for discovery profiling. To 
manage the high inter-individual biological variation common to 
discovery-based proteomics, a robust pooling strategy was imple-
mented. Each experimental group consisted of five biological repli-
cates (n = 5 pools), with each pool containing 100 μL of serum from 
six individual dogs. The expression of proteins in a pooled sample 
typically aligns with the average expression levels in individual sam-
ples within the pool. This approach effectively reduces biological vari-
ability and enhances the statistical power to discern treatment 
differences across population (13).

Sample preparation, LC–MS/MS, and 
label-free quantification

Serum samples (50 μL) were mixed with 100 μL of incubation 
buffer (50 mM Bis-Tris Propane, pH 6.5; 150 mM NaCl) and pre-
washed magnetic beads. The suspensions were incubated at 37 °C for 
30 min with agitation. After magnetic separation, the bead-bound 
material was washed with washing buffer. Proteins were denatured, 
reduced, and alkylated on beads using lysis buffer containing 100 mM 
Tris (pH 8.0), 40 mM Chloroacetamide, and 10 mM TCEP, followed 
by 95 °C for 10 min. Proteins were digested and the resulting peptides 
were eluted, acidified, and quantified.
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Dried peptides were reconstituted in 30 μL 0.1% formic acid 
(FA). Peptide concentrations were determined using Pierce™ 
Colorimetric/Fluorometric Peptide Assay (Thermo Fisher 
Scientific). One μg of peptide per sample was injected into a 
nanoflow-reversed-phase LC system coupled to a Q Exactive Plus 
mass spectrometer. Mobile phase A contained 0.1% FA in water, 
and mobile phase B contained 0.1% FA in 80% acetonitrile. After 
pre-equilibration at 5% B, a linear gradient of 44% B was applied 
over 35 min. The separation was performed on an Acclaim 
PepMap100 C18 analytical column at 300 nL/min. The mass 
spectrometer was operated in data-dependent acquisition (DDA) 
mode, with one MS1 survey scan (m/z 300–1,650, 60,000 resolu-
tion), followed by MS/MS of the top 15 precursors (15,000 resolu-
tion). Dynamic exclusion was set at 20s. Automatic gain control 
(AGC) targets were 3 × 106 (MS1) and 1 × 105 (MS2).

Bioinformatics and statistical analysis

Raw files were processed using the FragPipe workflow 
(MSFragger/Philosopher/IonQuant) and searched against the Canis 
lupus familiaris reference proteome (UP000002254). Label-free quan-
tification (LFQ) included match-between-run. Proteins were retained 
for analysis only if they were quantified in ≥3 of the 5 replicates within 
at least one group. Missing values were imputed from a normal distri-
bution (width = 0.3, downshift = 1.8). Statistical analysis was per-
formed using Student’s t-test in Perseus with Benjamini–Hochberg 
correction. Proteins were classified as significantly differentially 
expressed (DEP) at a threshold of |log2 fold-change| ≥ 1 (≥2-fold 
change) and ≤ 0.05.

Univariate and multivariate analyses were performed using 
MetaboAnalyst 6.0 to identify protein expression shifts induced by 
CBD administration1 (doi:10.1038/s41596-023-00950-4). For pair-
wise comparisons, significant differences were determined using a 
two-sample t-test, with proteins deemed significantly altered if 
they met a False Discovery Rate (FDR) threshold of p < 0.05. To 
evaluate proteomic variations across the three experimental groups 
following 30 days of oral CBD administration, we employed mul-
tivariate analysis including Partial Least Squares Discriminant 
Analysis (PLS-DA) and one-way ANOVA. For ANOVA, post-hoc 
comparisons were conducted using Fisher’s Least Significant 
Difference (LSD), requiring both a raw p < 0.05, and an FDR-
adjusted p < 0.05. The candidate proteins were further analyzed 
using the STITCH 5.0 database (accessed January 9, 2025) to elu-
cidate their functional roles and to map protein–protein interac-
tions specifically associated with tetrahydrocannabinolic acid 
(THCA) synthase and cannabidiolic acid (CBDA) synthase (14). 
Functional annotation was performed based on Gene Ontology 
(GO) categories, including biological processes, cellular compo-
nents, and molecular functions. Additionally, enrichment analysis 
of differentially expressed proteins (DEPs) was conducted using 
ShinyGO v0.85, to identify significantly overrepresented GO terms, 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways, applying a statistical significance cutoff of FDR < 0.05 
(accessed on January 13, 2025) (doi: 10.1093/bioinformatics/
btz931).

1  http://www.metaboanalyst.ca

Results

Protein identification and profile separation

Across the three administration groups, the number of quantified 
proteins was 86 in SN, 63 in F, and 64 in O. Within-group comparisons 
(Day 0 versus Day 30) demonstrated separation in the 2D PLS-DA 
plot, confirming temporal changes induced by all three CBD-
containing products (Figures 1A–C; Supplementary Table 2).

By Day 30, supervised multivariate analysis using Partial Least 
Squares Discriminant Analysis (PLS-DA) revealed distinct proteomic 
signatures across the experimental cohorts. Both the 2D and 3D score 
plots demonstrated a robust separation of the F group from the O and 
SN groups, predominantly along component 1 (explaining 25.9% of 
the total variance). This clear spatial segregation suggests that the 
molecular profile of the F group was fundamentally distinct from that 
of the other treatments (Figures 1D,E). Conversely, the O and SN 
groups exhibited significant proximity and partial overlap within the 
95% confidence ellipsoids, particularly in the 3D projection. This clus-
tering pattern indicates that the administration of directed oil (O) and 
the matrix combination (SN) elicited a convergent proteomic 
response, suggesting that these two treatments drive the dog’s response 
toward shared molecular information that is qualitatively different 
from that of the F group.

Intragroup differential protein expression 
(Day 0 vs. Day 30)

Proteomic profiling of samples at Day 30 compared to base-
line (Day 0) revealed distinct group-specific molecular shifts 
(Supplementary Table 3). In the F group, four proteins, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), hemoglobin subunit 
alpha (HBA), hemoglobin subunit beta (HBB), and pleckstrin (PLEK), 
were significantly upregulated, whereas apolipoprotein A-IV (APOA4) 
and apolipoprotein C-III (APOC3) were downregulated. In the O 
(Oil) group, increased expression was observed for deoxyribonucle-
ase-1 (DNASE-1), HBA, and HBB, whereas apolipoprotein C-I 
(APOC1), beta-2-glycoprotein I, and apolipoprotein H (APOH) were 
significantly downregulated. Notably, the SN group exhibited the most 
extensive proteomic modulation, with seven proteins significantly 
upregulated: acidic leucine-rich nuclear phosphoprotein 32 family 
member A (ANP32A), clusterin (CLU), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), hemoglobin subunit alpha (HBA), hemo-
globin subunit beta (HBB), pleckstrin (PLEK), and von Willebrand 
factor (VWF). Conversely, the expression of hepatocyte growth factor 
activator (HGFAC) and metalloproteinase inhibitor 1 (TIMP1) was 
significantly suppressed in the SN cohort (Supplementary Table 3).

Intergroup differential protein expression 
(F vs. O vs. SN groups at Day 30)

A comparative analysis among the groups at Day 30 was con-
ducted to elucidate the molecular signatures associated with systemic 
CBD exposure. This multi-group comparison identified 11 proteins 
that were significantly upregulated in the O and SN groups 
(Supplementary Table 3). Notably, the upregulated proteome was 
enriched with key regulators of vascular and structural integrity, 
including desmin (DES), endoplasmin (HSP90B1), fibronectin (frag-
ment) (FN1), Ig kappa chain V region GOM, Ig mu chain C region, 
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platelet-derived growth factor receptor beta (PDGFRB), transferrin 
receptor protein 1 (TFRC), transforming growth factor beta-1 propro-
tein (TGFB1), tight junction protein ZO-2 (TJP2), vascular cell adhe-
sion protein 1 (VCAM1), and von Willebrand factor (VWF) 
(Supplementary Table 3).

Functional annotation and KEGG pathway 
enrichment analysis

Functional enrichment of the differentially expressed proteins 
(DEPs) was performed using ShinyGO v 0.85 to identify significantly 
overrepresented Gene Ontology (GO) terms and KEGG pathways. In 
the F group, the regulatory relationships between six prioritized 
DEPs—including GAPDH, HBA, HBB, PLEK, APOA4, and APOC3—
and the cannabinoids CBDA and THCA were modeled to establish a 
baseline interaction network (Figure 2; Supplementary Table 4). 
Similar interaction analyses were conducted for the O group (com-
prising DNASE1, HBA, HBB, APOC1, and APOH; Figure 3) and SN 
group (ANP32A, CLU, GAPDH, HBA, HBB, PLEK, VWF, HGFAC, 
and TIMP1; Figure 4).

Comparative KEGG pathway enrichment across all cohorts, visual-
ized via a Venn diagram, identified a core metabolic axis common to all 
groups after 30 days of CBD administration. This shared response was 
characterized by significant modulation of cholesterol metabolism, vita-
min and fat digestion/absorption, PPAR signaling pathway, and lipid-
associated atherosclerosis pathways (Figure 5; Supplementary Table 5). 
Notably, the SN formulation, which achieved the highest sustained 
systemic exposure, uniquely activated robust metabolic and hemostatic 
compensatory mechanisms, while concurrently suppressing pro-
inflammatory and cellular growth signaling modules.

Discussion

This study employed a parallel design using three distinct CBD 
delivery matrices, hemp by-product mixed feed pellets (F), oral CBD-
infused oil (O), and a CBD oil-mixed semi-solid treat (SN), to directly 
compare their effects on the serum proteome. Quantitative label-free 
proteomics provides an unbiased, high-resolution view of the systemic 
physiological adaptations induced by these interventions. The robust 
temporal changes observed across all groups affirmed the utility of 
serum proteomics as a sensitive indicator of the systemic nutritional 
response. Notably, the multivariate analysis revealed that the F group 
formed a unique proteomic cluster that was distinctly separated from 
the O and SN groups. This divergence suggests that the proteomic 
shifts were shaped by a combination of dose-dependent and matrix-
driven effects, with the most extensive modulation occurring in the 
SN group, followed by the O and F. Despite these formulation-specific 
gradients, a core set of differentially expressed proteins and enriched 
pathways consistently points to a fundamental role for CBD in regu-
lating lipid homeostasis and energy metabolism, irrespective of the 
delivery vehicle.

Multivariate characterization of 
formulation-specific proteomic remodeling

A primary finding that elucidates this relationship is the signifi-
cant role of the delivery matrix in determining the systemic CBD 
exposure. This disparity (SN > O > F) provided an essential context 
for the observed molecular outcomes. The reduced bioavailability in 
the F group is likely a consequence of the mixing and pelletization 
process, where thermal and mechanical stresses during integration 

FIGURE 1

Partial least squares-discriminant analysis (PLS-DA) score plots illustrating proteomic profile shifts across treatment groups. Two-dimensional (2D) and 
three-dimensional (3D) PLS-DA score plots demonstrate the discrimination between experimental groups. Pairwise comparisons between Day 0 (red) 
and Day 30 (green) for groups F, Oil, and SN, respectively, showing significant temporal separation along Component 1 (A–C). Multigroup 2D 
comparisons showing the spatial distribution of F (red), Oil (green), and SN (blue) groups at Day 30 (D). 3D score plot providing an integrated view of the 
separation between all three treatment groups (E).
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into the basal feed may potentially reduce CBD content or degrade 
cannabinoids. However, as pre- and post-processing CBD concentra-
tions were not quantified in the present study, this interpretation 
remains hypothetical and warrants further investigation. Furthermore, 
the sequestration of CBD within the fibrous matrix of the hemp by-
product may limit its intestinal liberation, a phenomenon observed in 
other pharmacokinetic studies where oral bioavailability in dogs is 
typically low, often ranging from 13 to 19% (15).

Conversely, the superior proteomic remodeling and higher veri-
fied dose observed in the SN group suggested that the semi-solid 
matrix functioned as a protective vehicle that may have enhanced 
absorption or minimized pre-ingestion degradation. This interpreta-
tion is consistent with pharmacokinetic evidence indicating that oral 
CBD exposure in dogs is significantly influenced by co-administered 

lipids (7). Administration via lipid-rich vehicles, such as oils or 
treats, has been shown to substantially increase maximum plasma 
concentration and area under the curve (5, 7). Kamutchat et al. (7) 
reported serum CBD levels, dosing once daily, ranging from 21 to 
244 ng/mL in the oil group (5 mg/kg) compared to 3 to 43 ng/mL in 
the snack group (50 mg/dog), confirming that formulation and 
dosing fundamentally influence systemic exposure. These pharma-
cokinetic data align with our finding of formulation-dependent pro-
teomic remodeling, suggesting that the SN and O formulations, by 
utilizing lipid-rich vehicles, likely overcame the absorption limita-
tions of the feed pellet, resulting in their more pronounced molecular 
shifts. Overall, differences in proteomic signatures should be viewed 
as a combined effect of the delivery matrix and the resulting sys-
temic dose.

FIGURE 2

Protein-chemical interaction network of prioritized differentially expressed proteins (DEPs) and cannabinoids in the F group. The network illustrates the 
regulatory relationships in the F group between six prioritized DEPs including GAPDH, HBA, HBB (LOC480784), PLEK, APOA4, and APOC3 (marked with 
red circles) and the cannabinoids cannabidiolic acid (CBDA) and tetrahydrocannabinolic acid (THCA) (blue boxes). GAPDH, HBA, HBB (LOC480784), 
PLEK, APOA4, and APOC3 are integrated into a network with metabolic regulators and gas molecules, highlighting the baseline interaction landscape 
influenced by cannabinoid presence. Nodes represent proteins or chemical compounds, while edges represent predicted or known interactions. Edge 
thickness and color (green and red) indicate the type and strength of the supporting evidence for each interaction.
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Supervised multivariate analysis via Partial Least Squares 
Discriminant Analysis (PLS-DA) was used to visualize the systemic 
molecular changes induced by chronic CBD intake. PLS-DA 
revealed robust temporal separation in all groups by Day 30, con-
firming that CBD intake measurably remodeled the serum pro-
teome. The magnitude of these proteomic shifts correlated with both 
the administered dose and the bioavailability of the delivery matrix. 
At the study endpoint, distinct clustering was evident between the 
treatment groups. The F group was clearly separated from the O and 
SN groups. This indicated a fundamentally different molecular state 
at lower exposure levels. In contrast, the O and SN groups, which 
received higher bioavailable doses, clustered closely, with overlap-
ping confidence intervals. This convergence implies that once a suf-
ficient CBD exposure threshold is reached, the physiological 

response of the host aligns with a common high-dose molecular 
signature.

Metabolic adaptations and the core 
response to CBD

Despite formulation-specific differences, a foundational molecu-
lar signature common to all three experimental groups was the signifi-
cant modulation of the proteins involved in lipid transport and energy 
metabolism. This shared proteomic signature is characterized by a 
marked upregulation of hemoglobin subunits (HBA and HBB), sug-
gesting a potential systemic adjustment in oxygen transport or redox 
homeostasis. Concurrently, we observed a coordinated downregula-
tion of key apolipoproteins, including APOA4, APOC3, APOC1, and 

FIGURE 3

Protein-chemical interaction network of prioritized differentially expressed proteins (DEPs) in the O group. The network represents the modeled 
regulatory relationships between five prioritized differentially expressed proteins (DEPs; highlighted with red circles) and the cannabinoids cannabidiolic 
acid (CBDA) and tetrahydrocannabinolic acid (THCA) (blue boxes). n this group, DNASE1, HBA, HBB (LOC480784), APOC1, and APOH are integrated 
into a metabolic scaffold centered around oxygen and glucose signaling. Nodes represent proteins or chemical compounds, while edges represent 
predicted or known interactions. Edge thickness and color (green and red) indicate the type and strength of the supporting evidence for each 
interaction.
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APOH, indicating systemic recalibration of lipid metabolism and 
transport pathways (16, 17). This shared response suggests that CBD 
engages a central metabolic axis in the canine host independent of the 
delivery matrix.

Further supporting this functional convergence, enrichment 
analysis identified common perturbations in core metabolic processes. 
Notably, the most profoundly affected proteins, particularly apolipo-
proteins, are among the most abundant and functionally important 
proteins in healthy canine plasma, as recently characterized by 
Doulidis et al. (9). The significant downregulation of these essential 
plasma components demonstrates that chronic CBD administration 
acts as a substantial metabolic perturbation with the potential for 
wide-ranging systemic effects including lipid metabolism and trans-
port (16, 18).

The nature and extent of this metabolic recalibration dis-
played a clear relationship with the exposure level. In the low-
exposure F group, the PPI network was centered on the 
suppression of APOA4 and APOC3, which are functionally linked 
to an oxygen metabolic axis. This suggests an initial metabolic 
stabilization, as the repression of APOC3, a known inhibitor of 
lipoprotein lipase (LPL), facilitates enhanced triglyceride 

clearance (18, 19). The observation that even the lowest verified 
dose induced this change indicates that CBD may optimize lipid 
processing at relatively low exposure levels. This contrasts with 
findings in heavy marijuana users, where high THC levels have 
been associated with increased serum APOC3 levels, likely 
through the activation of hepatic CB1 receptors that promote lipo-
genesis (20).

The suppression of APOC1 in the Oil (O) group further supports 
this metabolic shift. APOC1 is the only known endogenous inhibitor 
of cholesteryl ester transfer protein (CETP) that mediates the exchange 
of cholesteryl esters and triglycerides between high-density lipopro-
teins (HDL) and very-low-density lipoproteins (VLDL) (16). The 
reduction in APOC1 may facilitate more efficient sterol transport and 
HDL maturation. Concurrently, downregulation of APOH (beta-
2-glycoprotein I) suggests a transition toward a more stable systemic 
state, as APOH is often elevated in response to inflammatory or meta-
bolic stress (21). Downregulation of APOC1 and APOH is directly 
linked to lipoprotein metabolism (17). This study is consistent with 
recent evidence that short-term CBD affects lymphatic lipid composi-
tion, and that apolipoprotein secretion underscores its direct role in 
modulating lipid transport (22).

FIGURE 4

Protein-chemical interaction network of prioritized differentially expressed proteins DEPs in the SN group. The network illustrates the modeled 
regulatory relationships between nine prioritized differentially expressed proteins (DEPs; highlighted with red circles) and the cannabinoids cannabidiolic 
acid (CBDA) and tetrahydrocannabinolic acid (THCA) (blue boxes). In the SN group, ANP32A, CLU (Clusterin), GAPDH, HBA, HBB (LOC480784), PLEK, 
VWF (von Willebrand factor), HGFAC, and TIMP1 are integrated into a complex regulatory web. Nodes represent proteins or chemical compounds, 
while edges represent predicted or known interactions. Edge thickness and color (green and red) indicate the type and strength of the supporting 
evidence for each interaction.
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The significant enrichment of pathways related to cholesterol 
metabolism, PPAR signaling, and lipid digestion/absorption indicates 
that this systemic metabolic reprogramming is likely mediated 
through the expanded signaling network of the “endocannabi-
noidome” where peroxisome proliferator-activated receptors (PPARs) 
serve as key molecular targets (6, 23). CBD functions as a direct 
PPARγ agonist and can indirectly enhance PPARs activity (6, 24). 
PPARα is a master regulator of lipid metabolism, and PPARγ activa-
tion contributes to potent anti-inflammatory effects (25, 26). The 
observed systemic downregulation of apolipoproteins is consistent 
with a “transrepression” mechanism, in which activated PPARs inter-
fere with other transcription factors to suppress the expression of 
target genes (27). Such downregulation aligns with known physiologi-
cal responses to metabolic stress, and is consistent with research show-
ing that CBD treatment alters metabolite and transcript levels in a 
dose-dependent manner (12, 21). Collectively, these mechanisms may 
reveal how chronic CBD consumption engages central metabolic 
regulatory systems to induce a state of optimized lipid homeostasis 
and reduced inflammatory tone (6, 23, 28).

This metabolic reprogramming was further evidenced by the 
upregulation of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) in both the F and SN groups. Traditionally viewed as a 
glycolytic enzyme, GAPDH is a pleiotropic protein involved in various 
cellular processes, including iron metabolism and response to oxida-
tive stress (29). Its elevation may coordinate adjustments in glucose 
utilization and cellular energy flux in response to chronic CBD 
exposure.

An unexpected but consistent finding across all three formula-
tions was the significant upregulation of hemoglobin subunit alpha 
(HBA) and hemoglobin subunit beta (HBB). This coordinated 
increase in the structural components of hemoglobin suggests a 
potential systemic adjustment of oxygen transport or redox homeo-
stasis. The increase in HBA and HBB at Day 30 compared to Day 0 
indicates an adaptation that may enhance systemic resilience to meta-
bolic perturbations (30). Similar observations have been made in 
rodent models, where C. sativa leaf powder supplementation amelio-
rated hemoglobin levels and accelerated functional recovery after 
nerve injury (31). In the context of the present study, this oxygen 
metabolic axis likely served as a compensatory mechanism to support 
the metabolic demands of the recalibrated lipid transport system. The 
interaction networks modeled for each group consistently positioned 
HBA and HBB as central nodes functionally linked to both energy flux 
(GAPDH) and platelet activation (PLEK).

Vascular stabilization, tissue scaffolding and 
hemostasis

Intergroup comparison conducted on Day 30 revealed a distinct 
molecular signature unique to the high-exposure cohorts (O and SN). 
This signature is characterized by the upregulation of a complex of 
proteins involved in maintaining vascular integrity and structural 
resilience, specifically the TGFB1/PDGFRB/VWF axis.

Specific upregulation of transforming growth factor beta-1 
(TGFB1) and platelet-derived growth factor receptor beta (PDGFRB) 
are critical indicators of systemic vascular adaptation. This ligand-
receptor pair is essential for the recruitment of pericytes to the mature 
vasculature and for maintaining endothelial quiescence (32, 33). The 
activation of PDGFRB observed in the present study may indicate its 
potential to enhance biological processes involved in musculoskeletal 
repair. This includes the proliferation of tendon cells and synthesis of 
collagen following treatment with PDGF-BB in a canine model, as 
previously reported (34, 35).

The presence of this signature in the high exposure groups sug-
gests that reaching a specific CBD concentration threshold triggers a 
pro-healing microenvironment. TGFB1 is a master regulator of tissue 
homeostasis with context-dependent roles (36, 37), often mediating 
antiproliferative stability and repair in models of tissue remodeling and 
osteoarthritis (38, 39). The observed upregulation may reflect the 
CBD’s potential to support the structural scaffold of the circulatory and 
musculoskeletal systems, providing a molecular rationale for its use in 
managing conditions such as osteoarthritis and soft tissue injuries.

In the SN group, von Willebrand factor (VWF) emerged as a central 
protein within the interaction network. VWF is a large multimeric gly-
coprotein critical for platelet adhesion and the stabilization of factor 
VIII. While elevated VWF is typically considered a marker of endothe-
lial activation or injury in inflammatory diseases (40, 41). Its coordi-
nated increase with other vascular stabilizers such as PDGFRB and tight 
junction protein ZO-2 (TJP2) points toward a compensatory enhance-
ment of hemostatic readiness and vascular endothelial integrity (42).

FIGURE 5

Comparative KEGG pathway enrichment analysis across treatment 
cohorts. A Venn diagram illustrates the overlap of enriched KEGG 
pathways among the F (green), O (blue), and SN (red) cohorts 
following 30 days of CBD administration. A core metabolic axis, 
represented by the central intersection of all three groups (n = 6 
pathways), was identified as a shared biological response. The 
associated bar chart (“Size of each list”) details the total number of 
enriched pathways per group (F: 14, O: 6, SN: 36), while the bottom 
horizontal bar indicates the distribution of pathways that are specific 
to a single cohort (n = 22 for SN) or shared between two (n = 8) or all 
three (n = 6) groups.
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This response is potentially modulated by CBD’s known effects on 
vascular tone and endothelial function through the endocannabinoid 
system (43, 44). The translational relevance of this finding is signifi-
cant for conditions marked by vascular dysfunction or fragility, sug-
gesting that high-bioavailability CBD formulations may offer systemic 
benefits to circulatory health.

Immunomodulation and stress resilience

The SN formulation, which achieved the highest verified CBD 
dose, uniquely recruited signaling modules associated with immuno-
modulation and the adaptive cellular stress response. This group 
clarified the activation of pathways related to IL-17 and TNF signal-
ing, which play roles in hemostasis and inflammation. The recruit-
ment of these master inflammatory regulators at the highest dose 
suggests that CBD acts as a system-level immunomodulator rather 
than a simple immunosuppressant (45, 46). This aligns with preclini-
cal evidence that cannabinoids can exert biphasic or context-depen-
dent effects on cytokine production, fine-tuning the balance between 
pro- and anti-inflammatory states (46–48). In canines, this immuno-
modulatory potential has been demonstrated in peripheral blood 
mononuclear cells (PBMCs), where CBD decreased the production 
of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 in a 
dose-dependent manner (1, 48).

The SN group uniquely exhibited the induction of Clusterin 
(CLU), an ATP-independent extracellular molecular chaperone. CLU 
plays a vital role in protecting against endoplasmic reticulum (ER) 
stress, inhibiting the aggregation of misfolded proteins, and promot-
ing cell survival (49). Considering that CLU expression is frequently 
reduced in both neurodegenerative diseases and systemic inflamma-
tory states, the enhancement of CLU expression through high-dose 
CBD administration may play a crucial role in providing cytoprotec-
tive and neuroprotective effects (50).

The observed induction of CLU and modulation of nuclear phos-
phoproteins such as ANP32A provide a molecular basis for these 
clinical reports, suggesting that high-bioavailability CBD supports the 
host’s ability to manage proteostatic and cellular stress (51, 52). In 
addition, this mechanism may underlie the behavioral changes follow-
ing CBD intervention. Data from the Dog Aging Project indicate that 
dogs administered CBD products for multiple years show a significant 
decline in the intensity of aggressive behaviors over time (3).

Although the proteomic signatures identified in this study provide 
novel insights, it is essential to interpret them within the context of 
established pharmacokinetic variability in canine species. Recent 
clinical reports, such as the study by Lyons et al. (53), have noted that 
plasma cannabinoid concentrations can be highly variable across indi-
vidual dogs and may not always correlate directly with clinical out-
comes such as analgesia following surgery.

In the present study, physiological interpretations must be 
viewed as potential associations rather than definitive causalities. 
For example, while the upregulation of VWF and PDGFRB sug-
gests vascular stabilization, the biological outcome depends on the 
preexisting state of the animal. In healthy dogs, these changes may 
represent a strengthening of the physiological scaffold, whereas in 
diseased models, they may reflect different stages of tissue repair 
or compensation (9).

Furthermore, technical limitations, such as the relatively low 
number of quantified proteins and the sub-chronic 30-day 

administration period, mean that these results may not fully 
encompass the molecular adaptations occurring over long-term 
use. The absence of a true negative control means that environmen-
tal or temporal effects cannot be completely excluded. However, 
this limitation is partially mitigated by within-group comparisons 
(Day 0 vs. Day 30), which establish an individual baseline for each 
animal. In addition, diet reformulation could contribute to the 
observed proteomic differences. The pooled sample design, which 
is statistically powerful for population-level signatures, inherently 
masks individual-level variations in drug metabolism and 
responses (13). In addition, concurrent serum CBD quantification 
in future studies would allow direct confirmation of the exposure-
response relationship. Therefore, these findings should be viewed 
as foundational molecular frameworks that require further valida-
tion in larger, unpooled clinical cohorts across different dis-
ease states.

Conclusion

The formulation matrix critically determines systemic bioavailabil-
ity and, thus, the scope of proteomic remodeling induced by chronic 
CBD in dogs. While all formulations modulate core lipid metabolism 
pathways, high-bioavailability formats (oil and snack) uniquely induce 
signatures suggestive of vascular stabilization and immunomodulation, 
providing a molecular basis for optimizing therapeutic formulations.

Data availability statement

The datasets presented in this study can be found in online reposi-
tories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Ethics statement

The animal study was approved by Institutional Animal Care and 
Use Committee of Kasetsart University (Protocol number: ACKU66-
VET-029). The study was conducted in accordance with the local leg-
islation and institutional requirements.

Author contributions

WT: Formal analysis, Investigation, Validation, Visualization, 
Writing – review & editing. SL: Formal analysis, Validation, Writing – 
review & editing. JR: Writing – review & editing. SP: Data curation, 
Formal analysis, Investigation, Methodology, Software, Validation, 
Visualization, Writing – review & editing. NT: Conceptualization, 
Data curation, Formal analysis, Funding acquisition, Investigation, 
Methodology, Project administration, Resources, Supervision, 
Validation, Visualization, Writing – original draft, Writing – review & 
editing.

https://doi.org/10.3389/fvets.2026.1803263
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Theerapan et al.� 10.3389/fvets.2026.1803263

Frontiers in Veterinary Science 10 frontiersin.org

Funding

The author(s) declared that financial support was received for this 
work and/or its publication. This study received partial financial sup-
port from the Kasetsart Veterinary Development Funds and the 
Kasetsart University Research and Development Institute (KURDI) 
through Grant FF(KU) 3.69. The funding sources were not involved 
in the study design, execution, data collection, management, analysis, 
interpretation, or preparation and decision to submit this manuscript 
for publication.

Acknowledgments

Phattharakan Kamutchat and Nattaya Leewichit played crucial 
roles in the restraint, care, and blood collection from animals and the 
extraction of samples. Wichayaporn Sornard noted her exceptional 
attention to detail in managing essential documentation. We extend 
our gratitude to the veterinarians and laboratory animal caretakers for 
their essential contributions to animal care, health assessment, and 
assistance in blood collection.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was used in the creation 
of this manuscript. The authors used Paperpal and DeepSeek to 
improve language, flow, and clarity during the preparation of this 
manuscript. The authors reviewed and edited the content after using 
these tools.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fvets.2026.1803263/
full#supplementary-material

References
	1.	Corsato Alvarenga I, Panickar KS, Hess H, McGrath S. Scientific validation of canna-
bidiol for management of dog and cat diseases. Annu Rev Anim Biosci. (2023) 11:227–46. 
doi: 10.1146/annurev-animal-081122-070236

	2.	Temmerman R. Editorial: use of cannabis derivatives in veterinary medicine. Front Vet 
Sci. (2025) 12:1539422. doi: 10.3389/fvets.2025.1539422

	3.	Conrow KD, Haney RS, Malek-Ahmadi MH, Albright JD, Kaplan BLF, Snyder-Mackler 
N, et al. Demographic features, health status, and behavioral changes associated with 
cannabidiol use in the dog aging project. Front Vet Sci. (2025) 12:1666663. doi: 10.3389/
fvets.2025.1666663

	4.	Limsuwan S, Phonsatta N, Panya A, Asasutjarit R, Tansakul N. Pharmacokinetics 
behavior of four cannabidiol preparations following single oral administration in dogs. 
Front Vet Sci. (2024) 11:1389810. doi: 10.3389/fvets.2024.1389810

	5.	O'Sullivan SE, Jensen SS, Kolli AR, Nikolajsen GN, Bruun HZ, Hoeng J. Strategies to 
improve cannabidiol bioavailability and drug delivery. Pharmaceuticals (Basel, 
Switzerland). (2024) 17:244. doi: 10.3390/ph17020244

	6.	Iannotti FA, Vitale RM. The endocannabinoid system and PPARs: focus on their signal-
ling crosstalk, action and transcriptional regulation. Cells. (2021) 10:586. doi: 10.3390/
cells10030586

	7.	Kamutchat P, Limsuwan S, Leewichit N, Tansakul N. Pharmacokinetic characteristics 
of a single cannabidiol dose in oil and treat forms and health impacts after 30 days of 
administration in dogs. Animals. (2025) 15:1470. doi: 10.3390/ani15101470

	8.	Rideout H, Cook AJC, Whetton AD. CBD for pets: navigating quality assurance, safety 
standards, and marketing strategies. J Cannabis Res. (2025) 7:6. doi: 10.1186/
s42238-024-00257-5

	9.	Doulidis PG, Kuropka B, Frizzo Ramos C, Rodríguez-Rojas A, Burgener IA. 
Characterization of the plasma proteome from healthy adult dogs. Front Vet Sci. (2024) 
11:1356318. doi: 10.3389/fvets.2024.1356318

	10.	 Megger DA, Bracht T, Meyer HE, Sitek B. Label-free quantification in clinical pro-
teomics. Biochim. Biophys. Acta. (2013) 1834:1581–90. doi: 10.1016/j.bbapap.2013.04.001

	11.	 Abyadeh M, Gupta V, Paulo JA, Gupta V, Chitranshi N, Godinez A, et al. A proteomic 
view of cellular and molecular effects of Cannabis. Biomolecules. (2021) 11:1411. doi: 
10.3390/biom11101411

	12.	 Guard SE, Chapnick DA, Poss ZC, Ebmeier CC, Jacobsen J, Nemkov T, et al. 
Multiomic analysis reveals disruption of cholesterol homeostasis by cannabidiol in human 
cell lines. Mol Cell Proteomics. (2022) 21:100262. doi: 10.1016/j.mcpro.2022.100262

	13.	 Diz AP, Truebano M, Skibinski DOF. The consequences of sample pooling in proteomics: 
an empirical study. Electrophoresis. (2009) 30:2967–75. doi: 10.1002/elps.200900210

	14.	 Suriyawongpongsa P, Niyom S, Wanapinit K, Vijarnsorn M, Roytrakul S, Ploypetch 
S. Effects of Cannabidiol oil on anesthetic requirements in cats: MAC determination and 
serum profiling via nanoscale liquid chromatography-tandem mass spectrometry. 
Animals. (2025) 15:1393. doi: 10.3390/ani15101393

	15.	 Polidoro D, Temmerman R, Devreese M, Charalambous M, Ham LV, Cornelis I, et al. 
Pharmacokinetics of Cannabidiol following intranasal, Intrarectal, and Oral Administration 
in Healthy Dogs. Front Vet Sci. (2022) 9:899940. doi: 10.3389/fvets.2022.899940

	16.	 Rouland A, Masson D, Lagrost L, Vergès B, Gautier T, Bouillet B. Role of apolipopro-
tein C1 in lipoprotein metabolism, atherosclerosis and diabetes: a systematic review. 
Cardiovasc Diabetol. (2022) 21:272. doi: 10.1186/s12933-022-01703-5

	17.	 Lee CH, Murrell CE, Chu A, Pan X. Circadian regulation of apolipoproteins in the 
brain: implications in lipid metabolism and disease. Int J Mol Sci. (2023) 24:17415. doi: 
10.3390/ijms242417415

	18.	 Zhang R, Zhang K. A unified model for regulating lipoprotein lipase activity. Trends 
Endocrinol Metab. (2024) 35:490–504. doi: 10.1016/j.tem.2024.02.016

	19.	 Pan BY, Chen CS, Chen FY, Shen MY. Multifaceted role of apolipoprotein C3 in 
cardiovascular disease risk and metabolic disorder in diabetes. Int J Mol Sci. (2024) 
25:12759. doi: 10.3390/ijms252312759

	20.	 Jayanthi S, Buie S, Moore S, Herning RI, Better W, Wilson NM, et al. Heavy marijuana 
users show increased serum apolipoprotein C-III levels: evidence from proteomic analy-
ses. Mol Psychiatry. (2010) 15:101–12. doi: 10.1038/mp.2008.50

	21.	 Sellar GC, Keane J, Mehdi H, Peeples ME, Browne N, Whitehead AS. Characterization 
and acute phase modulation of canine apolipoprotein H (beta 2-glycoprotein I). Biochem 
Biophys Res Commun. (1993) 191:1288–93. doi: 10.1006/bbrc.1993.1357

	22.	 Zhu Q, Yang Q, Shen L, Xu M, Liu M. The impact of Cannabidiol (CBD) on lipid 
absorption and lymphatic transport in rats. Nutrients. (2025) 17:1034. doi: 10.3390/
nu17061034

https://doi.org/10.3389/fvets.2026.1803263
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2026.1803263/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2026.1803263/full#supplementary-material
https://doi.org/10.1146/annurev-animal-081122-070236
https://doi.org/10.3389/fvets.2025.1539422
https://doi.org/10.3389/fvets.2025.1666663
https://doi.org/10.3389/fvets.2025.1666663
https://doi.org/10.3389/fvets.2024.1389810
https://doi.org/10.3390/ph17020244
https://doi.org/10.3390/cells10030586
https://doi.org/10.3390/cells10030586
https://doi.org/10.3390/ani15101470
https://doi.org/10.1186/s42238-024-00257-5
https://doi.org/10.1186/s42238-024-00257-5
https://doi.org/10.3389/fvets.2024.1356318
https://doi.org/10.1016/j.bbapap.2013.04.001
https://doi.org/10.3390/biom11101411
https://doi.org/10.1016/j.mcpro.2022.100262
https://doi.org/10.1002/elps.200900210
https://doi.org/10.3390/ani15101393
https://doi.org/10.3389/fvets.2022.899940
https://doi.org/10.1186/s12933-022-01703-5
https://doi.org/10.3390/ijms242417415
https://doi.org/10.1016/j.tem.2024.02.016
https://doi.org/10.3390/ijms252312759
https://doi.org/10.1038/mp.2008.50
https://doi.org/10.1006/bbrc.1993.1357
https://doi.org/10.3390/nu17061034
https://doi.org/10.3390/nu17061034


Theerapan et al.� 10.3389/fvets.2026.1803263

Frontiers in Veterinary Science 11 frontiersin.org

	23.	 Khosropoor S, Alavi MS, Etemad L, Roohbakhsh A. Cannabidiol goes nuclear: the 
role of PPARγ. Phytomedicine. (2023) 114:154771. doi: 10.1016/j.phymed.2023.154771

	24.	 O'Sullivan SE. An update on PPAR activation by cannabinoids. Br J Pharmacol. (2016) 
173:1899–910. doi: 10.1111/bph.13497

	25.	 Gervois P, Torra IP, Fruchart JC, Staels B. Regulation of lipid and lipoprotein metabo-
lism by PPAR activators. CCLM. (2000) 38:3–11. doi: 10.1515/CCLM.2000.002

	26.	 Chang RC, Thangavelu CS, Joloya EM, Kuo A, Li Z, Blumberg B. Cannabidiol pro-
motes adipogenesis of human and mouse mesenchymal stem cells via PPARγ by inducing 
lipogenesis but not lipolysis. Biochem Pharmacol. (2022) 197:114910. doi: 10.1016/j.
bcp.2022.114910

	27.	 Kersten S. Integrated physiology and systems biology of PPARα. Mole. Metab. (2014) 
3:354–71. doi: 10.1016/j.molmet.2014.02.002

	28.	 Peltner LK, Gluthmann L, Börner F, Pace S, Hoffstetter RK, Kretzer C, et al. 
Cannabidiol acts as molecular switch in innate immune cells to promote the biosynthesis 
of inflammation-resolving lipid mediators. Cell Chem Biol. (2023) 30:1508–1524.e7. doi: 
10.1016/j.chembiol.2023.08.001

	29.	 Medvedeva MV, Serebryakova MV, Matyushenko AM, Nefedova VV, Muronetz VI, 
Schmalhausen EV. Binding of glyceraldehyde-3-phosphate dehydrogenase to G-actin 
promotes the transnitrosylation reaction. Arch Biochem Biophys. (2024) 762:110189. doi: 
10.1016/j.abb.2024.110189

	30.	 Zhao P, Ma X, Ren J, Zhang L, Min Y, Li C, et al. Variations in HBA gene contribute 
to high-altitude hypoxia adaptation via affected O2 transfer in Tibetan sheep. Front Zool. 
(2024) 21:30. doi: 10.1186/s12983-024-00551-1

	31.	 Aziz N, Rasul A, Malik SA, Anwar H, Imran A, Razzaq A, et al. Supplementation of 
Cannabis sativa L. leaf powder accelerates functional recovery and ameliorates haemo-
globin level following an induced injury to sciatic nerve in mouse model. Pak J Pharm 
Sci. (2019) 32:785–92. Available online at: https://scispace.com/papers/
supplementation-of-cannabis-sativa-l-leaf-powder-accelerates-x74k8wtzgm

	32.	 Chen YT, Chang FC, Wu CF, Chou YH, Hsu HL, Chiang WC, et al. Platelet-derived 
growth factor receptor signaling activates pericyte-myofibroblast transition in obstruc-
tive and post-ischemic kidney fibrosis. Kidney Int. (2011) 80:1170–81. doi: 10.1038/
ki.2011.208

	33.	 MacPhee CA, Natale BV, Noordhof C, Wang S, Lima PDA, Natale DRC. The regula-
tion of placental pericyte function through transforming growth factor β-1 signalling. Sci 
Rep. (2025) 15:36668. doi: 10.1038/s41598-025-20432-9

	34.	 Thomopoulos S, Das R, Silva MJ, Sakiyama-Elbert S, Harwood FL, Zampiakis E, et al. 
Enhanced flexor tendon healing through controlled delivery of PDGF-BB. J Orthop Res. 
(2009) 27:1209–15. doi: 10.1002/jor.20875

	35.	 Chen Y, Jiang L, Lyu K, Lu J, Long L, Wang X, et al. A promising candidate in tendon 
healing events-PDGF-BB. Biomolecules. (2022) 12:1518. doi: 10.3390/biom12101518

	36.	 Seoane J, Gomis RR. TGF-β family signaling in tumor suppression and cancer pro-
gression. Cold Spring Harb Perspect Biol. (2017) 9:a022277. doi: 10.1101/cshper-
spect.a022277

	37.	 Yang Y, Ye WL, Zhang RN, He XS, Wang JR, Liu YX, et al. The role of TGF-β signaling 
pathways in Cancer and its potential as a therapeutic target. Evid Based Complement 
Alternat Med. (2021) 2021:1–16. doi: 10.1155/2021/6675208

	38.	 Krafft E, Lybaert P, Roels E, Laurila HP, Rajamäki MM, Farnir F, et al. Transforming 
growth factor beta 1 activation, storage, and signaling pathways in idiopathic pulmonary 
fibrosis in dogs. J Vet Intern Med. (2014) 28:1666–75. doi: 10.1111/jvim.12432

	39.	 Neumann S, Lauenstein-Bosse S. Evaluation of transforming growth factor beta 1 in 
dogs with osteoarthritis. Open Vet J. (2018) 8:386–92. doi: 10.4314/ovj.v8i4.6

	40.	 Manz XD, Bogaard HJ, Aman J. Regulation of VWF (Von Willebrand factor) in 
inflammatory thrombosis. Arterioscler Thromb Vasc Biol. (2022) 42:1307–20. doi: 
10.1161/ATVBAHA.122.318179

	41.	 Elhence A., & Shalimar (2023). Von Willebrand factor as a biomarker for liver disease 
- an update. J Clin Exp Hepatol, 13, 1047–1060. doi: 10.1016/j.jceh.2023.05.016

	42.	 Olsen EH, McCain AS, Merricks EP, Fischer TH, Dillon IM, Raymer RA, et al. 
Comparative response of plasma VWF in dogs to up-regulation of VWF mRNA by inter-
leukin-11 versus Weibel-Palade body release by desmopressin (DDAVP). Blood. (2003) 
102:436–41. doi: 10.1182/blood-2003-01-0290

	43.	 Guo Y, Wei X, Pei J, Yang H, Zheng XL. Dissecting the role of cannabinoids in vascu-
lar health and disease. J Cell Physiol. (2024) 239:e31373. doi: 10.1002/jcp.31373

	44.	 Urlić H, Kumrić M, Pavlović N, Dujić G, Dujić Ž, Božić J. Cardiovascular effects of 
Cannabidiol: from molecular mechanisms to clinical implementation. Int J Mol Sci. 
(2025) 26:9610. doi: 10.3390/ijms26199610

	45.	 Aziz AI, Nguyen LC, Oumeslakht L, Bensussan A, Ben Mkaddem S. Cannabinoids 
as immune system modulators: cannabidiol potential therapeutic approaches and limita-
tions. Cannabis Cannabinoid Res. (2023) 8:254–69. doi: 10.1089/can.2022.0133

	46.	 Mujahid K, Rasheed MS, Sabir A, Nam J, Ramzan T, Ashraf W, et al. Cannabidiol as 
an immune modulator: a comprehensive review. Saudi Pharm J. (2025) 33:11. doi: 
10.1007/s44446-025-00005-7

	47.	 Nichols JM, Kaplan BLF. Immune responses regulated by Cannabidiol. Cannabis 
Cannabinoid Res. (2020) 5:12–31. doi: 10.1089/can.2018.0073

	48.	 Kosukwatthana P, Rungsuriyawiboon O, Rattanasrisomporn J, Kimram K, Tansakul 
N. Cytotoxicity and immunomodulatory effects of Cannabidiol on canine PBMCs: a study 
in LPS-stimulated and epileptic dogs. Animals. (2024) 14:3683. doi: 10.3390/ani14243683

	49.	 Rohne P, Prochnow H, Koch-Brandt C. The CLU-files: disentanglement of a mystery. 
Biomol Concepts. (2016) 7:1–15. doi: 10.1515/bmc-2015-0026

	50.	 Yousaf M, Chang D, Liu Y, Liu T, Zhou X. Neuroprotection of cannabidiol, its syn-
thetic derivatives and combination preparations against microglia-mediated neuroinflam-
mation in neurological disorders. Molecules. (2022) 27:4961. doi: 10.3390/
molecules27154961

	51.	Monteagudo S, Cornelis FMF, Wang X, de Roover A, Peeters T, Quintiens J, et al. 
ANP32A represses Wnt signaling across tissues thereby protecting against osteoar-
thritis and heart disease. Osteoarthr Cartil. (2022) 30:724–34. doi: 10.1016/j.
joca.2022.02.615

	52.	 Fu X, Yu Z, Fang F, Zhou W, Bai Y, Jiang Z, et al. Cannabidiol attenuates lipid metabo-
lism and induces CB1 receptor-mediated ER stress associated apoptosis in ovarian cancer 
cells. Sci Rep. (2025) 15:4307. doi: 10.1038/s41598-025-88917-1

	53.	 Lyons C, McEwan K, Munn-Patterson M, Vuong S, Alcorn J, Chicoine A. 
Pharmacokinetic of two oral doses of a 1:20 THC: CBD cannabis herbal extract in cats. 
Front Vet Sci. (2024) 11:1352495. doi: 10.3389/fvets.2024.1352495

https://doi.org/10.3389/fvets.2026.1803263
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.phymed.2023.154771
https://doi.org/10.1111/bph.13497
https://doi.org/10.1515/CCLM.2000.002
https://doi.org/10.1016/j.bcp.2022.114910
https://doi.org/10.1016/j.bcp.2022.114910
https://doi.org/10.1016/j.molmet.2014.02.002
https://doi.org/10.1016/j.chembiol.2023.08.001
https://doi.org/10.1016/j.abb.2024.110189
https://doi.org/10.1186/s12983-024-00551-1
https://scispace.com/papers/supplementation-of-cannabis-sativa-l-leaf-powder-accelerates-x74k8wtzgm
https://scispace.com/papers/supplementation-of-cannabis-sativa-l-leaf-powder-accelerates-x74k8wtzgm
https://doi.org/10.1038/ki.2011.208
https://doi.org/10.1038/ki.2011.208
https://doi.org/10.1038/s41598-025-20432-9
https://doi.org/10.1002/jor.20875
https://doi.org/10.3390/biom12101518
https://doi.org/10.1101/cshperspect.a022277
https://doi.org/10.1101/cshperspect.a022277
https://doi.org/10.1155/2021/6675208
https://doi.org/10.1111/jvim.12432
https://doi.org/10.4314/ovj.v8i4.6
https://doi.org/10.1161/ATVBAHA.122.318179
https://doi.org/10.1016/j.jceh.2023.05.016
https://doi.org/10.1182/blood-2003-01-0290
https://doi.org/10.1002/jcp.31373
https://doi.org/10.3390/ijms26199610
https://doi.org/10.1089/can.2022.0133
https://doi.org/10.1007/s44446-025-00005-7
https://doi.org/10.1089/can.2018.0073
https://doi.org/10.3390/ani14243683
https://doi.org/10.1515/bmc-2015-0026
https://doi.org/10.3390/molecules27154961
https://doi.org/10.3390/molecules27154961
https://doi.org/10.1016/j.joca.2022.02.615
https://doi.org/10.1016/j.joca.2022.02.615
https://doi.org/10.1038/s41598-025-88917-1
https://doi.org/10.3389/fvets.2024.1352495

	Formulation-specific dose–response in the serum proteome of healthy dogs following cannabidiol administration
	Introduction
	Materials and methods
	Experimental design and quantitative proteomics workflow
	Formulation preparation and verified dose quantification
	Sample collection and pooled proteomics design
	Sample preparation, LC–MS/MS, and label-free quantification
	Bioinformatics and statistical analysis

	Results
	Protein identification and profile separation
	Intragroup differential protein expression (Day 0 vs. Day 30)
	Intergroup differential protein expression (F vs. O vs. SN groups at Day 30)
	Functional annotation and KEGG pathway enrichment analysis

	Discussion
	Multivariate characterization of formulation-specific proteomic remodeling
	Metabolic adaptations and the core response to CBD
	Vascular stabilization, tissue scaffolding and hemostasis
	Immunomodulation and stress resilience

	Conclusion

	Acknowledgments
	References

