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Abstract
Introduction: Metabolic dysfunction-associated steatotic 
liver disease (MASLD) is a growing health concern 
globally, often associated with excessive sugar intake 
and metabolic dysregulation. In this study, we explored 
early hepatic alterations induced by a short-term sucrose- 
rich diet (SRD) and evaluated the preventive effects of a 
full-spectrum cannabis oil (CO) with a CBD:THC ratio of 2: 
1. Methods: Male Wistar rats were assigned to three 
groups: reference diet, SRD, and SRD plus CO (SRD + CO). 
CO was administered daily to the SRD + CO group from 
the onset of SRD exposure and throughout the 3-week 
experimental period. Liver fibrosis was assessed through 

hydroxyproline content, total collagen, TGF-β, and CB1R 
expression. Endothelial dysfunction was evaluated 
by measuring nitric oxide (NO) levels, endothelial 
nitric oxide synthase, myeloperoxidase, and VCAM-1 
expression. Inflammatory responses were analyzed 
through hepatic expression of IL-10, TNF-α, PAI-1, MCP- 
1, F4/80, and CB2R. Transmission electron microscopy was 
performed on liver tissue to evaluate ultrastructural 
alterations. Results: SRD induced significant hepatic fi
brosis, endothelial dysfunction, and inflammation. Ul
trastructural analysis revealed nuclear alterations, in
cluding chromatin condensation, reduced mitochondrial 
number, intracellular lipid accumulation, increased gly
cogen deposits, and stromal changes characterized by 
perisinusoidal and periportal fibrosis with inflammatory 
cell infiltration. CO administration attenuated these 
pathological features and was accompanied by modu
lation of cannabinoid receptor expression. Conclusion:
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These findings highlight the preventive effects of CBD- 
and THC-containing CO against early liver alterations 
associated with MASLD. © 2026 The Author(s). 

Published by S. Karger AG, Basel

Introduction

Metabolic dysfunction-associated steatotic liver dis
ease (MASLD), formerly known as non-alcoholic fatty 
liver disease, is currently the most common liver disease 
worldwide. It encompasses a spectrum of liver pathol
ogies, progressing from simple steatosis to steatohepa
titis, fibrosis, cirrhosis, and, ultimately, hepatocellular 
carcinoma. MASLD is intimately associated with com
ponents of the metabolic syndrome, including central 
obesity, insulin resistance, hypertension, and dyslipi
demia [1, 2].

Dietary patterns characterized by high intake of 
refined carbohydrates, particularly sucrose and 
fructose, have been strongly implicated in the de
velopment of hepatic steatosis and its progression 
toward more severe forms of liver damage [3]. Ex
perimental models based on a sucrose-rich diet (SRD) 
in rats have demonstrated that short-term adminis
tration can induce key features of MASLD, including 
hepatic lipid accumulation, inflammation, oxidative 
stress, and the early activation of fibrogenic pathways. 
These pathological processes are mediated by a 
complex interplay of metabolic stress, mitochondrial 
dysfunction, and immune cell infiltration within the 
liver [4, 5].

Hepatic fibrosis, a hallmark of MASLD progression, is 
characterized by the excessive deposition of extracellular 
matrix (ECM), primarily driven by the activation of 
hepatic stellate cells (HSCs) and the upregulation of 
profibrotic cytokines such as transforming growth 
factor-beta (TGF-β) [6, 7]. In preclinical models, the 
quantification of hydroxyproline content and collagen 
accumulation are commonly employed as reliable in
dicators of fibrosis severity [8–11]. Another key path
ological feature of MASLD is endothelial dysfunction, 
involving reduced nitric oxide (NO) bioavailability, in
creased expression of vascular adhesion molecules such 
as VCAM-1, and elevated myeloperoxidase (MPO) ac
tivity. These factors collectively contribute to a systemic 
proinflammatory and proatherogenic environment [12, 
13]. Concurrently, hepatic inflammation plays a pivotal 
role in disease progression, characterized by elevated 
levels of proinflammatory cytokines such as tumor ne
crosis factor-alpha (TNF-α) and interleukin-6 (IL-6) and 

chemokines like monocyte chemoattractant protein-1 
(MCP-1), and macrophage infiltration markers such 
as F4/80. Additionally, the expression of plasminogen 
activator inhibitor-1 (PAI-1) reflects the interplay be
tween inflammation and fibrogenesis. Notably, reduced 
levels of the anti-inflammatory cytokine interleukin-10 
(IL-10) further exacerbate the imbalance of immune 
responses in MASLD [14–16].

Recent research has focused on the endocannabinoid 
system (ECS) as a key regulatory network implicated in 
energy homeostasis, immune modulation, and liver 
pathophysiology. The cannabinoid receptor 1 (CB1R), 
which is expressed in hepatocytes and HSCs, is known to 
promote steatosis, fibrogenesis, and inflammation upon 
overactivation. Conversely, cannabinoid receptor 2 
(CB2R), which is predominantly expressed in immune 
cells, exerts documented anti-inflammatory and po
tentially antifibrotic effects. These opposing receptors 
functions suggest that selective modulation of the ECS 
could offer a promising therapeutic avenue for MASLD 
[17–19].

Phytocannabinoids, such as cannabidiol (CBD) and 
Δ9-tetrahydrocannabinol (THC), interact with the ECS 
and various other signaling pathways, providing anti
oxidant, anti-inflammatory, and antifibrotic properties. 
Full-spectrum cannabis extracts, which combine phy
tocannabinoids like CBD and THC, have emerged as 
therapeutic candidates in preclinical studies for the 
treatment of liver disorders associated with metabolic 
dysfunction [20, 21]. Previous studies conducted by our 
group have demonstrated hepatoprotective and anti
oxidant effects following the administration of full- 
spectrum COs in rats fed an SRD for 3 weeks [5, 22]. 
However, the evidence concerning their efficacy during 
the early stages of MASLD, and specifically their impact 
on key pathological features such as hepatic fibrosis, 
inflammation, and endothelial function remains highly 
limited.

In the present study, we investigated the effects of a 
full-spectrum CO (CBD:THC 2:1 ratio) on liver fi
brosis, endothelial dysfunction, inflammation, and 
the regulation of the ECS in a SRD-induced MASLD 
model. Specifically, we assessed key molecular 
markers related to fibrosis (hydroxyproline, TGF-β, 
collagen content), endothelial stress (NO, eNOS, 
MPO, VCAM-1), and inflammation (IL-10, TNF-α, 
F4/80, MCP-1, PAI-1). Furthermore, we analyzed the 
expression of CB1R and CB2R, central components of 
the ECS. Additionally, TEM was employed to char
acterize ultrastructural hepatic changes during the 
early phase of MASLD.
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Methods

Cannabis Oil Preparation and Characterization
Cannabis oil was obtained from dried inflorescences 

of the Cannabis sativa CAT1 variety grown at the En
vironmental Research Center (CIM-CONICET-UNLP) 
(RESOL-2021-3236-APN-MS), as previously described 
by Degrave et al. [5]. Finally, adequate dilution was 
performed to obtain the working oil at a concentration of 
1 mg/mL.

Animals and Diets
Male Wistar rats (n = 18) were purchased from the 

Veterinary Sciences Institute of Litoral (ICIVET- 
Litoral) – Faculty of Veterinary Sciences, National 
University of Litoral (Esperanza, Santa Fe, Argentine), 
and were maintained with unrestricted access to water 
and food under controlled temperature (22 ± 1°C), 
humidity, and air flow conditions, with a fixed 12-h 
light/dark cycle (light on 07.00 AM – 07.00 PM). Ade
quate measures were taken to minimize pain or dis
comfort in the rats, and the smallest number of animals 
possible was used. This study was performed in strict 
accordance with the NIH guidelines for the care and use 
of laboratory animals and approved by the Institutional 
Ethics Committee of the Faculty of Biochemistry and 
Biological Sciences (UNL, Santa Fe, Argentine – Acta 
03/21).

The animals were initially fed a standard powdered 
commercial rodent diet (GEPSA FEED, Buenos Aires, 
Argentine). Rat’s weight was 180–190 g (young adults) 
and were randomly assigned to the following three ex
perimental groups at study initiation, while maintaining 
comparable initial body weights among groups: (1) rats 
fed a standard powdered rodent commercial diet (ref
erence diet, RD, n = 6); (2) rats fed a semisynthetic SRD 
(n = 6); (3) rats fed an SRD plus orally administered CO 
(SRD + CO, n = 6). Rats received noninvasive oral CO 
(CBD:THC, 2:1 ratio; SRD + CO) or vehicle control (corn 
oil; RD and SRD). CO was administered at a dose of 
1 mg/kg body weight daily, simultaneously with the 
initiation of the SRD, and was maintained during the 
experimental protocol (3 weeks). The diet compositions 
are detailed in a study by Degrave et al. [22]. Individual 
body weight was recorded daily. Food intake of the an
imals in each group were assessed twice a week 
throughout the experimental period. At the end, the food 
was removed at 07.00 AM and experiments were per
formed between 07.00 and 09.00 AM. Animals were 
anesthetized with intraperitoneal sodium pentobarbital 
(60 mg/kg body weight). Blood samples were collected 

from the inferior vena cava and rapidly centrifuged, and 
serum was either immediately assayed or stored at −20°C 
until use. The liver of each rat was totally removed, 
weighed, and sectioned for different subsequent assays. 
Liver samples were fixed in 10% (v/v) buffered formalin 
for 24 h at room temperature and embedded in paraffin 
for immunohistochemistry (IHC) analysis, fixed with 4% 
w/v paraformaldehyde and 0.25% v/v glutaraldehyde for 
TEM, or frozen and stored at the temperature of liquid N2. 
The animals were euthanized by removal of a vital organ 
(heart). Outcome assessments were performed according 
to standardized procedures, and image-based analyses 
were conducted in a blinded manner whenever feasible.

Analytical Methods
Serum glucose, uric acid, triglyceride, and total 

cholesterol levels were measured by spectrophotometric 
methods using commercial enzymatic kits according to 
the manufacturer’s protocols (Wiener Lab., Argentina). 
Serum activities of aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), and alkaline phos
phatase (AP) enzymes were measured by spectropho
tometric methods using commercial enzymatic kits ac
cording to the manufacturer’s protocols (Wiener Lab., 
Argentina). Liver triglyceride content was determined 
according to Hein et al. [23].

Hydroxyproline Analysis
Hydroxyproline content in the liver was measured 

according to Neuman and Logan [24], with slight 
modifications as previously described [25].

Tissue Histology
For histological examination, paraffin sections (5 µm) 

of liver samples were cut and stained with Sirius Red 
(Direct Red 80, Sigma-Aldrich, Argentina) in picric acid 
solution (picrosirius) counterstained with Harris he
matoxylin. The liver structure and collagen organization 
were evaluated using Olympus BH2 light microscopy 
(Olympus Optical Co., Ltd., Japan) [26]. In addition, the 
collagen birefringence of picrosirius-stained liver sam
ples was quantified by polarization microscopy. At least 
10 fields per section of each animal were assessed. The 
area occupied by organized collagen was measured using 
Image Pro-Plus 4.1.0.1® system (Media Cybernetics, 
Silver Spring, USA). Images were recorded with a Spot 
Insight V3.5 color video camera attached to an Olympus 
BH2 microscope and converted to gray scale. The hepatic 
collagen content was determined by calculating the bi
refringent area and expressing it as a percentage of the 
total image area [27].
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Nitric Oxide, NOS, and MPO Enzymatic Activity
Nitric oxide (NO) levels and nitric oxide synthase 

(NOS) enzymatic activity were measured in both serum 
and liver samples, while MPO activity was assessed 
exclusively in liver tissue. All measurements were per
formed according to the protocols described by Vega 
Joubert et al. [27], which adapt established spectro
photometric methods specific for each assay.

Immunohistochemical Analysis
A standard IHC technique, following protocols pre

viously described [27, 28], was performed. Paraffin- 
embedded (5 µm thickness) liver cross-sections were 
used to evaluate the protein expression of TGF-β, 
VCAM-1, F4/80, CB1R, CB2R, and alpha smooth muscle 
actin (α-SMA). The sections were mounted on 3- 
aminopropyltriethoxysilane (Sigma-Aldrich, Argen
tine)-coated slides and a subsequent microwave pre
treatment for antigen retrieval was performed. The 
samples were incubated in a humid chamber first with a 
specific primary antibody for TGF-β, VCAM-1, F4/80, 
CB1R, and CB2R (for 14–16 h at 4°C) and then with 
biotin-conjugated secondary antibody (anti-mouse, 1: 
100 dilution, Sigma-Aldrich, Argentina) for 30 min at 
room temperature. The reactions were developed using 
the streptavidin-biotin peroxidase method and dia
minobenzidine (Sigma Aldrich, Argentina) as a chro
mogenic substrate. Each immune-histochemical run 
included positive and negative controls. In situ protein 
co-localization was performed by double immunohis
tochemistry. After visualization of CB1R and CB2R ex
pression with diaminobenzidine (brown staining), tissue 
sections were rinsed in PBS and subjected to a second 
IHC to detect a different protein (α-SMA or F4/80). The 
reaction was developed using NiCl2 as a dia
minobenzidine intensifier, yielding a black signal. Thus, 
the distinct staining colors in these double-labeling as
says allow the identification of co-expression of two 
proteins within the same cell. The expression of TGF-β, 
VCAM-1, and F4/80 was evaluated by image analysis 
using the Image Pro-Plus 5.0.2.9 system (Media Cy
bernetics, Silver Spring, MD, USA). Immunostained 
images were captured with a Dplan 40× objective (nu
merical aperture, 0.65; Olympus) attached to a Spot 
Insight V3.5 color video camera. Quantification was 
performed on at least 10 randomly selected fields per 
section. After converting each image into a gray scale, the 
integrated optical density was measured as a linear 
combination of the average gray intensity and the rel
ative area occupied by positive cells as was previously 
described by Ingaramo et al. [29].

Real-Time PCR for TGF-β, TNFα, IL-1, PAI-1, and 
MCP-1 mRNA Expression Quantitation
TGF-β, TNFα, IL-10, PAI-1, and MCP-1 mRNA levels 

were determined by semiquantitative RT-PCR analysis fol
lowing protocols of Ingaramo et al. [28]. The total RNA was 
obtained from tissue samples using the TRIzol reagent (TRI 
Reagent®, Sigma Aldrich, USA) according to the manu
facturer’s instructions. The concentration and purity of total 
RNA were determined by measuring absorbance at 260 and 
280 nm using a NanoDrop™ Lite Spectrophotometer 
(Thermo Fisher Scientific). Total RNA (1 μg) was reverse 
transcribed into cDNA with Moloney murine leukemia virus 
reverse transcriptase (Promega, Madison, WI, USA), using 
random primers (Biodynamics SRL) and deoxynucleotide 
triphosphate. Reverse transcription was performed at 37°C 
for 90 min and at 42°C for 15 min. Reactions were stopped 
by heating at 80°C for 5 min and cooling on ice. Each 
reverse-transcribed product was diluted with ribonuclease- 
free water to a final volume of 60 μL and further amplified 
using the realtime StepOne system (Thermo Fisher scientific, 
Buenos Aires, Argentina). L19 was used as a housekeeping 
gene. For cDNA amplification, 5 μL of cDNA was combined 
with SsoFastTM EvaGreen® Supermix (Bio Rad) and 10 
pmol of each primer (Genbiotech) in a final volume of 20 μL. 
The primers employed are listed in Table 1. After the initial 
denaturation at 95°C for 15 min, the reaction mixture was 
subjected to successive cycles of denaturation at 95°C for 15 s, 
annealing for 15 s at 60°C, and extension at 72°C for 15 
s. Controls containing no template DNA were included in all 
assays, yielding no consistent amplification. For each sample, 
cycle threshold (CT) was calculated as the difference in CT 
between target mRNA and L19 mRNA. The CT for each 
sample was calculated using the software StepOne (Ther
moFisher scientific, Buenos Aires, Argentina). For all ex
perimental samples, the relative target quantity was deter
mined from the standard curve, normalized to the relative 
quantity of the reference gene and finally divided by the 
normalized target value of the control sample. No significant 
differences in CT values were observed for the ribosomal 
protein L19 between the different experimental groups.

Western Blot Analysis
Frozen liver samples were homogenized in a RIPA 

buffer supplemented with protease inhibitors, left on ice 
for 10 min, and the supernatant was collected by cen
trifugation at 25,000×g for 10 min, as described by Li 
et al. [30]. Proteins were separated by SDS-PAGE in a 
10% gel and electrotransferred onto PVDF membranes. 
The membranes were probed with mouse primary 
monoclonal antibodies against CB1R and CB2R (mouse 
monoclonal antibody; sc-518035 and sc-293188, Santa 
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Cruz Biotechnology) and then incubated with goat anti- 
mouse IgG conjugated to horseradish peroxidase anti
body (mIgG-Fc-BP-HRP; sc-525409, Santa Cruz Bio
technology). Specific signals were visualized using a 
chemiluminescent detection system (Bio-Lumina, Pro
ductos Bio-Logicos, Argentina) according to the man
ufacturer’s instructions. The intensity of the bands was 
quantified using optical densitometry (Scion Image 
Release Beta 4.0.2, NIH, USA). After densitometry of 
immunoblots, values of the RD group were normalized 
to 100%, and both SRD and SRD + CO were expressed 
relative to this. The protein levels were normalized to 
those of β-actin.

Transmission Electron Microscopy
Dissected sections of liver were fixed with 4% w/v 

paraformaldehyde and 0.25% v/v glutaraldehyde. After 
4 h, samples were post-fixed in 1% w/v osmium te
troxide for 30 min. After dehydration in an ethanol 
gradient, samples were contrasted with 5% w/v uranyl 
acetate and embedded in Durcupan (Fluka AG 
Chemische Fabrik, Buchs, SG, Switzerland). Ultrathin 
sections were obtained with a Reichert-Jung Ultracut E 
ultramicrotome (Leica Microsystems GmbH, Wetzlar, 
Germany) and stained with lead citrate [31]. Images 
were acquired on a Zeiss 109 Transmission Electron 
Microscope (TEM) (Carl Zeiss, Oberkochen, Germany) 
and photographed with a Gatan CCD camera (Pleas
anton, CA, USA).

Statistical Analysis
Results were expressed as mean ± SEM. Statistical 

comparisons were made transversely between different 
dietary groups. Data were tested for variance using 
Levene’s test and normality by Shapiro-Wilk’s test. The 
statistical difference between groups (RD, SRD, and SRD 
+ CO) was determined by one-way ANOVA followed by 
post hoc Newman-Keuls’ test. p values lower than 0.05 
were considered to be statistically significant (SPSS 17.0 
for Windows, SPSS INC. Chicago, Illinois).

Results

Considering that CO administration occurred con
comitantly with SRD exposure, the present findings 
should be interpreted within a preventive context.

General, Metabolic, and Hepatic Parameters
As we previously reported [22], SRD-fed rats develop 

characteristic metabolic alterations, including significant 
increases in serum uric acid, triglycerides, and total 
cholesterol, together with elevated hepatic enzyme ac
tivities, which are indicative of dyslipidemia and early 
hepatocellular injury. Likewise, and as described earlier, 
SRD feeding induces a marked accumulation of hepatic 
triglycerides, reflecting the early establishment of stea
tosis. These findings, already documented by our group, 
were reproduced in the present study, confirming the 
robustness of the MASLD model. Similarly, and in 
agreement with our previous reports, no significant 
differences in body weight or food intake were observed 
among groups, indicating that the metabolic and hepatic 
alterations depend on the type of diet rather than on 
differences in food consumption or weight gain. In this 
context, CO administration significantly attenuated 
these metabolic and hepatic disturbances: it reduced 
circulating uric acid and lipid levels, normalized liver 
enzyme activities toward RD-fed values, and partially 
decreased hepatic triglyceride accumulation. No signif
icant differences in serum glucose levels were detected 
among the groups (Table 2).

Liver Fibrosis Markers and CB1R Expression
SRD-fed rats exhibited clear indicators of early hepatic 

fibrogenesis (Fig. 1). Compared with the RD group, the 
SRD group showed significant increase in hepatic col
lagen content, elevated hydroxyproline levels, and up
regulated TGF-β expression (p < 0.0001). CB1R ex
pression was also significantly higher in the SRD group.

CO administration markedly attenuated these profi
brotic changes, resulting in a significant reduction in 

Table 1. qPCR primers sequences
Name Forward sequences Reverse sequences

L19 AGCCTGTGACTGTCCATTCC TGGCAGTACCCTTCCTCTTC

TNF-α CATTCACCAGCGTTGCC CATCAGCAGAGCCAGGA

PAI-1 AGGGCTTCATGCCCCACTTCTTCA AGTAGAGGGCATTCACCAGCACCA

IL-10 ACACACAATGGAAGAATCAA CTCAGTTACCCAAAGGAAAC

MCP-1 GGTTTTTCCACACTGGGCAAC GGTAACCTGTTGAGAGGGCAA
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collagen accumulation, hydroxyproline content, and 
TGF-β expression (p < 0.0001). Hepatic CB1R levels were 
normalized to control values. These findings demon
strate that CO treatment effectively counteracted the 
profibrotic activation induced by SRD feeding.

Markers of Endothelial Activation
As shown in Table 3, SRD-fed rats displayed signif

icantly elevated serum and hepatic nitric oxide (NO) 
levels, increased NOS activity, and higher MPO activity 
compared with RD-fed rats (p < 0.05). This profile is 
indicative of enhanced nitrosative stress and endothelial 
inflammatory activation. CO administration signifi
cantly reduced NO production, NOS activity, and MPO 
levels (p < 0.05), restoring these parameters toward RD 
values.

VCAM-1 IHC corroborated these biochemical find
ings (Fig. 2). Liver sections from the SRD group ex
hibited intense VCAM-1 staining, suggestive of marked 
endothelial activation and inflammatory cell recruit
ment. In contrast, SRD + CO group showed markedly 
reduced VCAM-1 immunoreactivity, comparable to the 
RD group.

Hepatic Cytokines and CB2R Expression
SRD-fed rats exhibited a pronounced hepatic in

flammatory response (Fig. 3). The levels of pro- 
inflammatory markers such as TNF-α, MCP-1, PAI-1, 
and F4/80 were significantly increased compared with 
the RD group (p < 0.05). Conversely, the anti- 
inflammatory cytokine IL-10 was significantly de
creased, indicating a clear shift toward a pro- 
inflammatory microenvironment. In parallel, hepatic 
CB2R expression was significantly increased in the SRD 
group, suggesting an adaptive immunomodulatory re
sponse to diet-induced inflammation.

CO administration effectively prevented these alter
ations, reducing TNF-α, MCP-1, PAI-1, and F4/80 levels 
(p < 0.05) while simultaneously increasing IL-10 ex
pression. Moreover, CB2R expression returned to con
trol values in the SRD + CO group, supporting the 
immunomodulatory effects of CO.

Cellular Localization of Cannabinoid Receptors
To further explore the cellular localization of can

nabinoid receptors, double-labeling immunohisto
chemistry was performed (Fig. 4). CB1R staining was 

Table 2. SRD altered serum metabolic parameters, liver damage enzymes, and hepatic triglyceride content, 
while daily CO administration attenuated most of these changes without affecting body weight or food 
intake

RD SRD SRD + CO p value

Initial body weight, g 178.0±2.5 180.3±4.3 179.7±2.3 0.1262

Final body weight, g 269.92±4.85 267.3±5.9 272.2±4.1 0.2702

Food intake, g/day 16.82±0.35 16.87±0.27 16.90±0.43 0.9851

Serum metabolites

Glucose, mM 8.51±0.15 8.44±0.16 8.42±0.19 0.1705

Uric acid, µM 63.97±6.12b 120.30±6.07a 77.55±3.75b <0.0001

Triglyceride, mM 1.32±0.09b 3.08±0.16a 1.23±0.07b <0.0001

Total cholesterol, mM 2.02±0.10b 2.64±0.09a 2.12±0.18b <0.0001

Liver damage enzymes

AST, U/L 19.56±0.75b 27.31±0.82a 21.54±1.35b 0.0002

ALT, U/L 20.93±1.39b 29.92±0.73a 21.57±1.97b <0.0001

AP, U/L 672.42±54.61c 1,183.01±25.07a 1,032.03±11.95b <0.0001

Liver lipids

Triglycerides, µmol/g WT 7.53±0.79c 14.48±0.98a 10.15±0.84b <0.0001

Values are expressed as mean ± SEM, n = 6. The p values shown in the last column correspond to the 
global comparison among groups by one-way ANOVA. Values in a line that do not share the same su
perscript letter are significantly different (p < 0.05) according to the Newman-Keuls post hoc test. RD, SRD, 
or SRD + CO. WT, wet tissue.
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increased in SRD animals and showed partial co- 
localization with α-actin-positive cells, suggesting its 
association with activated HSCs (Fig. 4a). In contrast, 
CB2R expression was also elevated in SRD livers and 
partially co-localized with F4/80-positive cells, although 
macrophage presence was limited in this early-stage 
model (Fig. 4b). CO treatment attenuated both CB1R 
and CB2R immunoreactivity, consistent with its anti
fibrotic and anti-inflammatory effects.

Hepatic Ultrastructure (TEM)
In RD-fed rats, hepatocytes exhibited normal ultra

structural organization. Nuclei showed smooth contours 
with evenly distributed euchromatin and well-defined 
nucleoli. Mitochondria were abundant and preserved. 
The cytoplasm presented minimal lipid droplets and 
sparse glycogen granules and the stroma displayed a 
regular architecture.

TEM revealed marked ultrastructural alterations in 
SRD-fed rats (Fig. 5). Hepatocytes exhibited nuclear 
irregularities with chromatin condensation, reduced 
mitochondrial content, intracellular lipid droplet accu
mulation, and increased glycogen deposits. The hepatic 
stroma showed perisinusoidal and periportal fibrosis 
accompanied by inflammatory cell infiltration, indicat
ing early microarchitectural disruption.

CO administration prevented these alterations. He
patocytes displayed preserved nuclear morphology, re
duced lipid and glycogen accumulation, and improved 
mitochondrial appearance, indicating a protective effect 
on cellular homeostasis. Furthermore, the hepatic 
stroma showed no evidence of fibrosis or inflammatory 
infiltration.

Discussion

The present study demonstrates that 3 weeks of SRD 
exposure are sufficient to induce a constellation of he
patic alterations characteristic of the early stages of 
MASLD. These include initial fibrosis, inflammatory 

activation, endothelial dysfunction, and pronounced 
ultrastructural damage. Collectively, our findings reveal 
the high sensitivity of the liver to short-term refined 
carbohydrate excess and underscore the urgent need for 
strategies aimed at reducing simple sugar consumption.

SRD-fed rats exhibited a significant profibrotic re
sponse, evidenced by increased collagen content, ele
vated hydroxyproline levels, and upregulated TGF-β 
expression, accompanied by marked CB1R over
expression. Together, these alterations indicate that even 
brief sucrose exposure rapidly activates fibrogenic 
mechanisms, most likely through early HSC stimulation 
and enhanced ECM deposition. TGF-β is a well- 
established driver of fibrosis [7], while CB1R signaling 
promotes HSC activation, collagen synthesis, and met
abolic dysregulation [17, 19]. Recent evidence supports 
the central role of CB1R in diet-induced liver injury, 
showing that CB1R stimulation accelerates fibrogenesis 
and lipid accumulation, whereas its inhibition attenuates 
ECM expansion and favors hepatic remodeling [32]. Our 
results therefore support the concept that excess sucrose 
rapidly engages TGF-β- and CB1R-dependent profi
brotic pathways during early MASLD development [13].

SRD feeding also triggered a pronounced inflammatory 
response, as shown by elevated TNF-α, MCP-1, PAI-1, and 
the macrophage marker F4/80, along with decreased IL-10 
levels. This profile reflects an early proinflammatory shift 
driven by immune cell recruitment and Kupffer cell ac
tivation, in line with previous findings [14, 33–36]. 
Moreover, the inflammatory profile observed in SRD-fed 
rats is consistent with the emerging concept of metain
flammation, a nutrient-induced, low-grade inflammatory 
state tightly linked to metabolic stress. Metainflammation 
arises when chronic nutrient overload activates innate 
immune pathways – particularly TNF-α- and MCP-1- 
driven cascades – leading to persistent immune cell re
cruitment, altered cytokine profiles, and early tissue re
modeling. The increase in proinflammatory mediators 
together with reduced IL-10 observed here is characteristic 
of this metabolic inflammatory state and provides mech
anistic insight into how short-term sucrose excess rapidly 

Fig. 1. SRD increased liver fibrosis markers and CB1R protein 
levels, while daily cannabis oil administration prevented these 
alterations. a Picrosirius-stained histological sections of liver. 
Abnormal collagen deposition is observed around hepatocytes 
and blood vessels in the SRD group. b Polarized light. Scale 
bar: 50 μm. c Quantification of collagen-positive areas was 
calculated relative to the total areas in liver sections. d Hy
droxyproline content of liver. e Representative photomicro
graphs and quantitative immunohistochemical analysis of 

expression of TGF-β1 (p < 0.0001). Scale bar: 50 μm. Values 
(mean ± SEM, n = 6) are expressed as integrated optical 
density (IOD). f Representative immunoblot of liver CB1R 
receptor. Each gel contained an equal number of samples from 
rats fed an RD, SRD, and SRD + CO. Values are expressed as 
mean ± SEM (n = 6). g Liver CB1R receptor protein mass (p = 
0.0063). Bars that do not share the same letter are significantly 
different (p < 0.05) by one-way ANOVA followed by the 
Newman-Keuls test.
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Table 3. SRD induced serum and hepatic alterations in nitric oxide-related parameters and MPO levels, 
which were prevented by daily cannabis oil administration

RD SRD SRD+CO p value

Serum NO, ηmol/L 18.69±3.61b 49.28±6.71a 19.41±4.27b 0.0015

Liver NO, ηmol/g WT 49.36±8.26b 164.2±43.41a 56.60±11.08b 0.0027

Serum NO synthase, U/L 68.79±8.99b 156.62±12.01a 73.10±15.69b <0.0001

Liver NO synthase, U/mg protein 3.98±1.25b 13.77±2.78a 4.73±1.03b 0.0002

MPO, mU/mg protein 32.44±3.95b 78.38±8.14a 42.34±3.97b 0.0005

Values are expressed as mean ± SEM, n = 6. The p values shown in the last column correspond to the 
global comparison among groups by one-way ANOVA. Values in a line that do not share the same su
perscript letter are significantly different (p < 0.05) according to the Newman-Keuls post hoc test. RD, SRD, 
or SRD + CO. WT, wet tissue.

Fig. 2. SRD increased hepatic VCAM-1 expression, while daily 
cannabis oil administration prevented this alteration. a Micro
scopic analysis of liver immunocytochemical staining. Magnifi
cation of ×400 shows positive marks around lipid droplets in the 
SRD group. Scale bar: 50 μm. b Quantitative immunohisto

chemical analysis of VCAM-1 expression. Values (mean ± SEM, 
n = 6) are expressed as integrated optical density (IOD) (p = 
0.0050). Values are expressed as mean ± SEM (n = 6). Bars that do 
not share the same letter are significantly different (p < 0.05) by 
one-way ANOVA followed by the Newman-Keuls test.
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shifts the liver toward a proinjury environment that pre
disposes to fibrosis and endothelial dysfunction [37–39].

In this context, the observed upregulation of hepatic 
CB2R in SRD-fed rats may represent an adaptive 
counter-regulatory response of the ECS. CB2R activation 
limits macrophage recruitment, decreases cytokine re
lease, and reduces tissue injury [40, 41] promoting a shift 
toward a less inflammatory macrophage phenotype. 
Thus, CB2R upregulation likely reflects an intrinsic at
tempt to mitigate sucrose-induced inflammatory stress.

SRD-fed animals exhibited clear signs of endothelial 
dysfunction, including increased NO levels, enhanced 
NOS activity, elevated MPO, and upregulated VCAM-1 
expression. This pattern indicates early endothelial and 
neutrophil activation and disruption of the hepatic si
nusoidal microenvironment. These findings align with 
studies highlighting endothelial dysfunction as a key 
early driver of MASLD progression [42, 43]. In partic
ular, VCAM-1 upregulation in liver sinusoidal endo
thelial cells facilitates leukocyte adhesion and fibrogenic 
progression and its inhibition reduces hepatic fibrosis 
[44]. Our data therefore position endothelial 
alterations – especially dysregulated NO production, 
enhanced MPO activity, and increased VCAM-1 – as 
fundamental early mechanisms linking metabolic 
overload with inflammation and fibrogenesis.

TEM analyses provided direct visualization of early 
metabolic and structural deterioration. SRD-fed animals 
exhibited chromatin condensation, reduced mitochon
drial number, lipid droplet accumulation, glycogen 
overload, and stromal fibrosis with inflammatory 
infiltrates – hallmarks of early MASLD. The presence of 
stromal fibrosis after 3 weeks is particularly notable and 
corresponds with biochemical evidence of increased 
collagen and TGF-β. These alterations match recent 
reports demonstrating that ECM remodeling and TGF- 
β-mediated profibrotic signaling are activated rapidly 
following metabolic insults [45]. Moreover, early liver 
sinusoidal endothelial cell dysfunction – characterized 
by capillarization and increased inflammatory 
mediators – facilitates HSC activation and accelerates 

fibrosis [13]. Collectively, these observations confirm 
that short-term SRD exposure triggers rapid fibrogenic 
mechanisms via coordinated endothelial, inflammatory, 
mitochondrial, and HSC-related processes.

Administration of the CBD:THC 2:1 full-spectrum 
CO markedly attenuated SRD-induced hepatic inflam
mation, as reflected by reductions in TNF-α, MCP-1, 
PAI-1, and F4/80-positive macrophages, accompanied 
by restored IL-10 levels and normalization of CB2R 
expression. This profile is consistent with robust 
CB2R-mediated anti-inflammatory effects described in 
experimental models [40, 46–49]. These results support 
the concept that phytocannabinoids combinations exert 
potent anti-inflammatory actions by enhancing CB2R 
expression and the attenuation of CB1R upregulation, 
consistent with previous evidence linking these receptors 
to inflammatory and fibrogenic pathways.

CBD:THC 2:1 CO also significantly reduced collagen 
deposition, hydroxyproline levels, and TGF-β and CB1R 
expression, suggesting mitigation of early HSC activation 
and ECM expansion. These findings are consistent with 
earlier studies showing that cannabinoids – particularly 
CBD-rich formulations – attenuate fibrogenesis by in
hibiting CB1R-dependent pathways and TGF-β/Smad 
signaling [46, 47, 50]. CB1R antagonism has similarly been 
shown to restore mitochondrial activity and reduce fi
brosis [51], aligning with the hepatoprotective effects 
observed here.

Treatment with the CO partially reversed SRD- 
induced endothelial dysfunction, reducing NO pro
duction, MPO activity, and VCAM-1 expression. These 
protective effects are supported by studies demonstrating 
that CBD reduces adhesion molecule expression and 
oxidative/nitrative stress in endothelial cells [52] and 
prevents high-glucose-induced VCAM-1 and ICAM-1 
upregulation [53]. Additional evidence from peripheral 
vasculature supports CBD-mediated improvements in 
eNOS activity and endothelial homeostasis [54].

TEM analyses showed that CBD:THC 2:1 CO pre
served hepatocyte architecture, reducing lipid droplets, 
glycogen accumulation, mitochondrial alterations, and 

Fig. 3. RD increased hepatic inflammatory markers, macro
phage infiltration, and CB2R protein levels, while daily can
nabis oil administration prevented these alterations. 
a–d Hepatic mRNA expression levels of TNF-α (p = 0.0046), 
PAI-1 (p = 0.0004), IL-10 (p = 0.0016), and MCP-1 (p = 0.0027) 
in liver. e Quantitative immunohistochemical analysis of F4/ 
80 expression in liver. f Representative photomicrographs of 
immunocytochemical staining F4/80 (p = 0.0013) in liver 
sections of rats. Magnification of ×400 shows increased nu

clear and cytoplasmic positive marks in the SRD group. Scale 
bar: 50 μm. Values (mean ± SEM, n = 6) are expressed as 
integrated optical density (IOD). g Densitometric immuno
blot analysis of the CB2R protein mass levels (p = 0.0090). Each 
gel contained an equal number of samples from rats fed a RD, 
SRD, and SRD + CO. Values are expressed as mean ± SEM (n = 
6). Bars that do not share the same letter are significantly 
different (p < 0.05) by one-way ANOVA followed by the 
Newman-Keuls test.
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stromal fibrosis. Although ultrastructural studies of 
cannabinoid effects in the liver are scarce, similar mi
tochondrial and structural protection has been reported 
in other tissues [53] and in studies of oxidative stress and 
fibrosis [13, 51, 55]. Importantly, an extensive literature 
search revealed no previous TEM-based demonstration 
of hepatic ultrastructural protection by full-spectrum 
CBD:THC formulations in sucrose-induced MASLD 
models, highlighting the novelty of our findings.

Together, our results support a model in which short- 
term sucrose intake induces metabolic stress, metain
flammation, endothelial dysfunction, and early fibrosis, 
accompanied by increased hepatic CB1R and CB2R 
protein levels. In this context, CB1R upregulation may 
contribute to the progression of these alterations, 
whereas the increase in CB2R may be associated with the 
immune/inflammatory component triggered by SRD- 
induced liver injury. Daily CO administration pre
vented the SRD-induced increase in both receptors, in 
parallel with the attenuation of inflammation and tissue 
damage [20, 21, 48, 56, 57].

To further explore the cellular context of these 
changes, double-labeling immunohistochemistry was 
performed. CB1R signal showed partial co-localization 
with α-actin-positive cells, supporting its association 

with activated HSCs, in line with previous reports linking 
CB1R to fibrogenesis [21, 58]. In parallel, CB2R ex
pression is partially co-localized with F4/80-positive 
cells, suggesting an association with immune cell pop
ulations [59, 60]. However, the limited macrophage 
abundance observed in this early-stage model indicates 
that the increase in CB2R cannot be attributed solely to 
immune cell infiltration. Instead, these findings suggest 
that CB2R upregulation may reflect, at least in part, the 
hepatic inflammatory environment. Importantly, CO 
administration prevented the SRD-induced increase in 
CB1R and CB2R immunoreactivity, in agreement with its 
protective effects against fibrogenic and inflammatory 
alterations.

In parallel, the CBD:THC 2:1 oil appears to counteract 
metainflammatory signaling by restoring CB2R expres
sion, attenuation of CB1R upregulation, and preserving 
cellular structure and microvascular homeostasis. 
Compared with isolated cannabinoids or selective CB1R 
antagonists, full-spectrum formulations appear to exert 
broader and more synergistic actions, likely driven by the 
entourage effect [61].

From a translational standpoint, two implications 
emerge: (1) sucrose overload alone – even in the absence 
of high dietary fats – is sufficient to trigger early MASLD 

Fig. 4. Double-labeling immunohistochemistry suggests par
tial distribution of CB1R in α-smooth muscle actin-positive 
cells and CB2R in F4/80-positive cells in SRD livers, while 
cannabis oil prevented these changes. a Representative pho
tomicrographs of double-labeling immunohistochemistry for 
CB1R/α-smooth muscle actin (α-SMA) in liver sections. 

b Representative photomicrographs of double-labeling im
munohistochemistry for CB2R/F4/80 in liver sections from the 
same experimental groups. CB1R and CB2R immunoreactivity 
are visualized in brown (DAB), whereas α-SMA and F4/80 are 
detected in black. Black arrow: F4/80-positive cells. Scale bar: 
50 μm.
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Fig. 5. SRD induced early ultrastructural liver alterations, while 
daily cannabis oil administration preserved hepatic architec
ture and reduced tissue damage. TEM images show nuclear 
irregularities, reduced mitochondrial content, and increased 
lipid and glycogen accumulation, together with stromal fi
brosis and inflammatory infiltration in SRD-fed rats. In 
contrast, SRD + CO rats displayed preserved nuclear and 

mitochondrial morphology and reduced lipid and glycogen 
deposits. n, hepatocyte nuclei; bc, biliary canalicule; bd, biliary 
duct; ic, inflammatory cell; fb, fibroblast; e, erythrocytes; l, 
lysosome. White arrow: apoptotic nuclei; black arrow: collagen 
deposit; white asterisk: lipid droplet; black asterisk: glycogen 
accumulation. Scale bars: a, b, c, f, g, h, i, j, k = 4 μm; 
d = 0.5 μm; e, l = 1 μm.
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features, reinforcing the critical importance of reducing 
refined sugar intake; (2) phytocannabinoid combina
tions represent promising multi-target therapeutic 
strategies capable of counteracting interconnected 
pathogenic mechanisms. Future work should investigate 
dose-response effects, long-term safety, the contribution 
of terpenes, and interactions with lifestyle interventions 
or emerging MASLD therapies.

The present study was designed to evaluate the pre
ventive effects of daily CO administration during the 
early stages of SRD-induced MASLD. Because CO ad
ministration in the SRD + CO group began concomi
tantly with SRD exposure, the present findings should be 
interpreted within a preventive context.

Although an RD + CO group was not included in the 
full experimental design of the present study, prelimi
nary observations obtained during the initial stages of 
the project showed no significant differences between 
RD and RD + CO animals in general parameters, in
cluding serum metabolites, liver injury enzyme activity, 
blood pressure, and the cannabinoid tetrad. These 
findings support the interpretation that the effects de
scribed here are primarily related to the prevention of 
SRD-induced alterations rather than to nonspecific ac
tions of the oil under basal dietary conditions.

Another relevant aspect to consider is the potential 
contribution of intestinal mechanisms to the effects 
observed in the present study. The gut-liver axis plays an 
important role in MASLD development since alterations 
in intestinal permeability, microbial-derived products, 
and inflammatory signaling may contribute to hepatic 
steatosis, inflammation, and disease progression. In 
parallel, the ECS is an important regulator of gastro
intestinal physiology, including intestinal motility, 
mucosal integrity, immune responses, and epithelial 
barrier function. Previous studies have shown that 
cannabinoid signaling can modulate gastrointestinal 
motility and intestinal permeability and that intestinal 
epithelial CB1R activation may impair barrier integrity 
through mechanisms involving tight junction protein 
regulation. In particular, activation of the intestinal 
epithelial CB1R-ERK1/2 pathway has been associated 
with downregulation of tight junction proteins and re
duced villus length, while other dietary models have 
shown that CB1R participates in the regulation of in
testinal permeability under metabolic stress conditions. 
Although these findings cannot be directly extrapolated 
to the present SRD model, they support the hypothesis 
that SRD-induced ECS alterations may also involve 
intestinal mechanisms. Considering that CO was ad
ministered orally, it is plausible that modulation of in

testinal motility and/or epithelial barrier function could 
contribute, at least in part, to the hepatic effects observed 
in SRD + CO animals. However, intestinal permeability, 
gastrointestinal motility, microbiota composition, tight 
junction proteins, villus morphology, and endotoxemia- 
related markers were not evaluated in the present ex
perimental design. Therefore, no direct conclusions can 
be drawn regarding the contribution of intestinal 
changes to the protective effects of CO in this model. 
Future studies should specifically assess these parameters 
to determine whether modulation of the gut-liver axis 
contributes to the preventive effects of orally adminis
tered CBD:THC 2:1 CO in SRD-induced MASLD 
[62–65].

Future studies using a therapeutic design, in which 
treatment is initiated after the metabolic and hepatic 
phenotype has been established, will be necessary to 
determine whether the CO is also able to reverse already 
established alterations. In this context, early markers of 
endothelial activation such as VCAM-1 may represent 
translationally relevant endpoints.

Conclusion

Short-term sucrose overload was sufficient to trigger 
the earliest hallmarks of MASLD – including hepatic 
steatosis, metabolic inflammation, endothelial dysfunc
tion, oxidative stress, and incipient fibrogenesis – in 
parallel with increased hepatic CB1R and CB2R protein 
levels. While CB1R upregulation may contribute to the 
progression of these alterations, increased CB2R levels 
may be linked to the immune/inflammatory response 
associated with liver injury. Daily CO administration 
prevented these alterations and the SRD-induced in
crease in cannabinoid receptor protein levels. Ultra
structural analyses further confirmed these hep
atoprotective effects by revealing preserved nuclear and 
mitochondrial integrity, reduced lipid and glycogen 
accumulation, and absence of stromal fibrosis or in
flammatory infiltrates.

These findings position ECS modulation – particu
larly through phytocannabinoid combinations – as a 
promising multi-target strategy capable of mitigating the 
earliest pathogenesis processes underlying MASLD. The 
induction of MASLD features induced by sucrose alone 
emphasizes the urgency of limiting refined sugar intake 
as primary preventive measure. Future studies should 
explore dose-response dynamics, long-term efficacy and 
safety, and the contribution of terpenes and other bio
active components, as well as evaluate the integration of 
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phytocannabinoid-based therapies with lifestyle and 
emerging pharmacological interventions to facilitate 
their clinical translation.
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