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Abstract
Introduction: Nonalcoholic fatty liver disease (NAFLD) is associated with metabolic syndrome, which often
includes obesity, diabetes, and dyslipidemia. Several studies in mice and humans have implicated the involve-
ment of the gut microbiome in NAFLD. While cannabis may potentially be beneficial for treating metabolic dis-
orders such as NAFLD, the effects of cannabis on liver diseases and gut microbiota profile are yet to be addressed.
In this study, we evaluated the therapeutic effects of cannabis strains with different cannabinoid profiles on
NAFLD progression.
Materials and Methods: NAFLD was induced by feeding mice a high-fat/cholesterol diet (HFCD) for 6 weeks.
During this period, cannabis extracts were administrated orally at a concentration of 5 mg/kg every 3 days.
Profile of lipids, liver enzymes, glucose tolerance, and gene expression related to carbohydrate lipid metabo-
lism and liver inflammation were analyzed. The effect of cannabis strains on microbiota composition in the gut
was evaluated.
Results: A cannabidiol (CBD)-rich extract produced an increase in inflammatory related gene expression and a
less diverse microbiota profile, associated with increased fasting glucose levels in HFCD-fed mice. In contrast,
mice receiving a tetrahydrocannabinol (THC)-rich extract exhibited moderate weight gain, improved glucose
response curves, and a decrease in liver enzymes.
Conclusions: The results of this study indicate that the administration of cannabis containing elevated levels of
THC may help ameliorate symptoms of NAFLD, whereas administration of CBD-rich cannabis extracts may cause
a proinflammatory effect in the liver, linked with an unfavorable change in the microbiota profile. Our preliminary
data suggest that these effects are mediated by mechanisms other than increased expression of the endocan-
nabinoid receptors cannabinoid receptor 1 (CB1) and CB2.
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Introduction
Nonalcoholic fatty liver disease (NAFLD) is a major
global health problem, with prevention and treatment
a major challenge for world health services. Therapeu-
tic approaches focus on lifestyle modification, with diet
and exercise interventions remaining as the first lines of
therapy.1

The high-fat/cholesterol diet (HFCD) has proven its
utility as a model of fatty liver disease in mice. HFCD
induces steatosis and inflammation, and increased lev-

els of alanine aminotransferase, total cholesterol, and
triglycerides within 6 weeks.2

The endocannabinoid system (ECS) is a complex
physiological system that acts on metabolic pathways.3

There are two primary receptors, cannabinoid receptor
1 (CB1) and CB2, both G-protein-coupled membrane
receptors that share a common signaling mechanism
but differ in their tissue distribution and expression
patterns. The most famous plant known to modulate
the ECS is cannabis; it contains a variety of chemicals,
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including cannabinoids, which can undergo decarbox-
ylation to produce their neutral form.4

In contrast with synthetic cannabinoids, studies have
shown that natural cannabis extracts have beneficial ef-
fects in improving insulin sensitivity,5 inducing weight
loss in diet-induced obese rats and protective effects on
hyperglycemia in vivo.6 A paradox seems to exist
among cannabis users, in which, although cannabis
use is associated with increased appetite and calorie
consumption, the risk of obesity7 and diabetes8,9 is re-
duced. A recent cross-sectional study revealed a strong
relationship between cannabis use and reduced preva-
lence of NAFLD in patients.10,11

In this study, the HFCD in mice was used as a model
to evaluate the effects of several cannabis strains on
NAFLD development. To the best of our knowledge,
this is the first study to examine the metabolic effects
of oral administration of cannabis extracts in mice
fed HFCD.

Materials and Methods
Cannabis plant extract preparation
Three varieties of cannabis plant were selected for the
study based on the composition of the cannabinoids
tetrahydrocannabinol (THC) and cannabidiol (CBD).
Inflorescences of these three strains were dried at
19�C and 55% humidity for 2 weeks, followed by cur-
ing for 3 weeks in closed boxes in the dark. During the
curing period, the boxes, kept at 20�C, were opened
every day for 6 h. Ten grams of dry material was sam-
pled from 10 different inflorescences for each strain,
from 10 replicated plants per strain (CN1, CN2,
and CN6) and ground in a coffee grinder (Moulinex,
model A843) by a few short presses, until a uniform
mixture was obtained. Three grams of ground mate-
rial was mixed on a shaker for 90 min with 30 mL eth-
anol 99.9% analytical reagent and centrifuged. The
supernatants were filtered and dried under reduced
pressure using a rotary evaporator and were kept at
�20�C until further use.

Decarboxylation
To convert the cannabinoids from their natural acidic
state to their active neutral form, decarboxylation was
performed. Dried extracts were heated in a ventilated
oven for 30 min at 110�C. After decarboxylation, sam-
ples were redissolved in ethanol and chemical analysis
of the cannabinoid content of the decarboxylated ex-
tracts was performed.

Cannabinoid analysis
Cannabinoid chemical analysis was performed using
a Waters 2695 Separation Module with a Photo-
diode Array Detector together with a Quattro Micro
Mass Spectrometer. Chromatographic separation was
achieved using a Phenomenex Kinetex C18 column
(2.6 lm, 150 mm · 3 mm i.d.) and a binary gradient
(solvent A: water with 0.1% formic acid, and solvent
B: MeOH with 0.1% formic acid). Initial conditions
were 65% B for 10 min, raised to 95% B over the next
20 min, held at 95% B for 15 min, decreased to 65% B
over the next 5 min, and held at 65% B for 10 min for
re-equilibration of the system. The flow rate was
0.2 mL/min and the column temperature was 30�C.
Mass spectra acquisition was carried out in the electro-
spray ionization-positive ionization mode under the fol-
lowing conditions: capillary voltage �3.5 kV, cone
voltage �45 V, extractor voltage �3 V, radio frequency
lens �0.2 V, source temperature �120�C, desolvation
temperature �350�C, and nitrogen flow rate of
700 L/h for desolvation, and 50 L/h cone gas. Quantifica-
tion of the selected cannabinoids was performed using
the single-ion monitoring (SIR) mode. Standard solu-
tions of the selected cannabinoids were obtained from
Sigma-Aldrich ( Jerusalem, Israel). For each compound,
serial dilutions were performed, and calibration curves
generated for concentrations from 0.5 to 100 lg/mL
using SIR of the molecular ion [M + H] (THC-315, tet-
rahydrocannabinolic acid-359, CBD-315, cannabidiolic
acid-359, cannabigerol-317, cannabigerol acid-361, and
cannabinol-311; Supplementary Fig. S1). Quantification
of cannabinoids in the extracts was performed based on
the external calibration curves. The plant extract from
the CN1 strain was rich in CBD and the plant extract
from the CN2 strain was rich in THC, while the plant
extract from the CN6 strain contained similar concen-
trations of both phytocannabinoids.

Animals and diets
All experiments were approved by the Institutional
Animal Care Ethics Committee of the Hebrew Univer-
sity of Jerusalem (AG-14922-2). Forty male C57BL/6J
mice, 7–8 weeks old, were purchased from Harlan Lab-
oratories ( Jerusalem, Israel). Mice were randomly
divided into five experimental groups: (1) Mice fed
normal diet (ND, n = 8). (2) Mice fed high-fat + 1%
(w/w) cholesterol + 0.5% (w/w) cholate diet (HFCD,
n = 8). (3) Mice fed HFCD and administered CN1
plant extract (HFCD + CN1, n = 8). (4) Mice fed
HFCD and administered CN2 plant extract (HFCD +
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CN2, n = 8). (5) Mice fed HFCD and administered CN6
plant extract (HFCD + CN6, n = 8). All cannabis plant
extracts were administered by oral gavage to mice at a
concentration of 5 mg/kg body weight, every 3 days for
6 weeks as described above. Note: the amount (mg) of ac-
tive ingredient was calculated, as shown in Table 1, and
refers to the main cannabinoid in each cannabis plant ex-
tract strain.

The diet compositions are presented in Table 2. The
mice were housed in a controlled environment (12-h
light/12-h dark cycle, 18–24�C) with ad libitum access
to food and water.

Oral glucose tolerance test
Oral glucose tolerance test (OGTT) was performed over 5
weeks of the experimental period. Before the OGTT, the
mice were fasted for 8 h and given D-glucose (3 g/kg
body weight) by gavage. Blood drawn from the tail tip at
0, 30, 60, and 120 min after the glucose loading was used
to monitor glucose levels by a glucometer (Optimum
Xceed).

Tissue collection
The mice were fasted for 12 h, weighed, and then sacri-
ficed by isoflurane inhalation. Blood was collected from
the vena cava, and plasma was obtained by centrifuga-
tion at 5000 g at 4�C for 10 min, and stored at �20�C.
Adipose and liver tissue were removed, weighed, frozen
in liquid nitrogen, and stored at�80�C. A small sample
from the right lobe of each liver was placed in 4% form-
aldehyde for histological analysis. Ceca were removed
and their contents collected for microbiota analysis.
Analyses of serum lipid profiles for blood liver enzymes
and metabolic profile were performed by American
Laboratories (Herzliya, Israel) using standard kits.
Plasma insulin levels were measured by the RAT/
MOUSE Insulin ELISA Kit (cat. no. EZRMI-13K;
Merck). Lipid quantification in liver tissue was carried
out using Folch’s method.12

Histological examination and grading
Histological slides were prepared by Patho-Lab (Reho-
vot, Israel). Live tissues were embedded in paraffin
and serial sections (3–5 lm thick) were cut from each
block and stained with hematoxylin and eosin. The his-
topathological examinations were performed by Prof.
A. Nyska (www.nyska.net). Histopathological changes
were scored by a board-certified toxicologic pathologist,
using semiquantitative grading of five grades (0–4),
taking into consideration the severity of the changes:13

Grade 0/No change seen, Grade 1/Minimal, Grade 2/
Mild, Grade 3/Moderate, and Grade 4/Severe.

Protein extraction and Western blotting
Total protein was extracted from the liver tissue with
standard lysis buffer. Lysates were centrifuged at
20,000 g for 15 min, and the protein concentration deter-
mined by the Bradford method. Samples were subjected
to 7.5–10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto nitrocellulose
membranes. Blots were incubated with primary antibod-
ies, anti-rabbit AMPK, pAMPK (Thr-172), AKT, pAKT
(Cell Signaling Technology), anti-CB1, anti-CB2
(Abcam), and then, after several washes, with secondary

Table 1. Phytocannabinoid Content in Decarboxylated Cannabis Extracts

CBGA (mg/mL) CBG (mg/mL) CBDA (mg/mL) CBD (mg/mL) D9-THCA (mg/mL) D9-THC (mg/mL) CBN (mg/mL)

CN1 — 0.193 0.253 5.01 — — 0.03
CN2 — 0.149 — — 2.57 5.00 0.22
CN6 — 0.143 0.03 4.06 0.43 0.94 0.11

D9-THC, tetrahydrocannabinol; D9-THCA, tetrahydrocannabinolic acid; CBD, cannabidiol; CBDA, cannabidiolic acid; CBG, cannabigerol; CBGA,
cannabigerol acid; CBN, cannabinol.

Table 2. Diet Composition

Ingredients

ND HFCD

Gram Kcal Gram Kcal

Casein 210 840 248 992
L-Methionine 3 12 4 16
Corn starch 500 2000 185 0
Dextrose 100 400 74 296
Sucrose 39.15 156.6 61 244
Anhydrous milk fat 20 180 0 0
Lard 20 0 260 2340
Soybean oil 20 180 48 432
Cellulose 35 0 50 0
Cholesterol 0 0 10 0
Cholic acid 0 0 5 0
Mineral mix 35 0 43 0
Vitamin mix 15 0 13 0
Choline chloride 2.75 0 3 0
BHT 0.014 0 0.014 0
Total 1000 3769 1000 4320
Protein (% Kcal) 23 23
Carbohydrate (% Kcal) 68 7
Fat (% Kcal) 10 64
Kcal/g 3.8 4.3
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goat antibodies ( Jackson ImmunoResearch Laborato-
ries, West Grove, PA). The immune reaction was
detected by enhanced chemiluminescence, with bands
being quantified by densitometry and expressed as ar-
bitrary units. The band optical density was analyzed
on an Image lab system (Bio-Rad) and normalized to
lane total protein content as visualized with Ponceau
S solution (Sigma-Aldrich, USA).14

Quantitative real-time PCR
Total RNA was isolated using Tri-Reagent (Sigma–
Aldrich, Rehovot, Israel), according to the manufac-
turer’s protocol. Complementary DNA (cDNA) was
prepared with a High-Capacity cDNA Reverse Tran-
scription Kit (Quanta BioSciences, Gaithersburg,
MD). Quantitative real-time PCR was performed
with the 7300 Real Time PCR System (Applied Bio-
systems, Foster City, CA), with specific primers.
Quantitative changes in gene expression were deter-
mined by normalizing against 18S messenger RNA
(mRNA). Primers used are listed in Table 3.

Metagenomics: 16S ribosomal RNA gene
The following protocol describes the two-step PCR-
based method used for preparing samples for sequencing
the variable V3 and V4 regions of the 16S rRNA gene.
Bacterial DNA was extracted from the studied mice
with the PureLink Genomic DNA Mini Kit (Invitrogen,
Paisley, UK). Each sample was quantified with a Qubit
2.0 Fluorometer (Thermo Fisher Scientific, Waltham,
MA) and diluted to a final concentration of 5 ng/lL in
10 mM Tris at pH 8.5. The 16S library preparation was
carried out as described in Illumina 16S sample prepara-
tion guide with minor modifications—the PrimeSTAR
HS DNA polymerase premix (Takara-Clontech, Moun-
tain View, CA) was used instead of the PCR enzyme.

Statistical analysis
Values are presented as mean – standard error of the mean.
Data were analyzed by unpaired two-tailed Student’s t-test

or by analysis of variance (one-way ANOVA) followed by
the Tukey–Kramer honestly significant difference post hoc
test. The significance level was p < 0.05 for all analyses.
The JMP 14 Pro software suites (SAS Institute, Cary,
NC) were used for the analyses.

Results
Phytocannabinoid content of decarboxylated
cannabis extract
CN1 contained 5 mg/mL of CBD, while CN2 contained
5 mg/mL of THC. CN6 contained an approximately
equal amount of each of THC and CBD at a total con-
centration of 5 mg/mL (Table 1).

Effect of cannabis extracts in mice fed HFCD
Body weight gain, food intake, liver and adipose tissue
weight. The group administered the CN2 extract
exhibited a moderate weight gain starting from the 4th
week and throughout the remainder of the experiment
(Fig. 1A). All HFCD groups consumed less food than
the ND group, both overall (Fig. 1C) and on a weekly
basis throughout the experiment (Supplementary
Fig. S2). Liver weights were determined (Fig. 1D). In
comparison with the HFCD-only group, the CN1-
treated group exhibited heavier liver tissue, while ND
had significantly smaller liver tissue and the CN2-
treated group showed a tendency toward decreased
liver weight, although not statistically significant. Adi-
pose tissue weight (Fig. 1E) was lower in the CN2-
treated group compared with the HFCD-only group.

Effect on glucose tolerance. As seen in Figure 2A,
fasting glucose levels were highest in the CN1-treated
group. Thirty minutes following glucose loading, high
levels of glucose levels were found in all groups. At
60 min, glucose levels were significantly lower in the
ND and CN2 groups. Area-under-curve estimations
for plasma glucose were lower in the CN2-treated
group compared with HFCD only. The CN1- and

Table 3. Primer Pairs for Quantitative Real-Time PCR

Name Reverse Forward

18S 5¢-CCTCAGTTCCGAAAACCAAC-3¢ 5¢-ACCGCAGCTAGGAATAATGG-3¢
CD36 5¢-AAAGGCATTGGCTGGAAGAA-3¢ 5¢-TCCTCTGACATTTGCAGGTCTATC-3¢
iNOS 5¢-TCTCTGCTCTCAGCTCCAAG-3¢ 5¢-AGCTCCCTCCTTCTCCTTCT-3¢
PEPCK 5¢-TGCAGGCACTTGATGAACTC-3¢ 5¢-CAAACCCTGCCATTGTTAAG-3¢
PPARa 5¢-CTGCGCATGCTCCGTG-3¢ 5¢-CTTCCCAAAGCTCCTTCAAAAA 3¢
TNFa 5¢-CCACAAGCAGGAATGAGAAGA-3¢ 5¢-ACGTGGAACTGGCAGAAGAG-3¢

iNOS, inducible nitric oxide synthase; PEPCK, phosphoenolpyruvate carboxykinase; PPARa, peroxisome proliferator-activated receptor alpha; TNFa,
tumour necrosis factor alpha.
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CN6-treated groups exhibited a decrease in glucose lev-
els, although not statistically significant.

Effect on liver fat accumulation and histology. As
seen in Figure 3A and 3B, HFCD induced hepatic stea-
tosis and treatment with cannabis extracts produced no
change in the steatosis severity (Fig. 3B) or in lipid fat
accumulation in the liver (Fig. 3C).

Effect on serum lipid profile and liver enzymes. Total
cholesterol and HDL-cholesterol levels were high in all
HFCD groups compared with ND, with the CN6-treated
group displaying a tendency toward decreased cholester-
ol (Table 4). Triglycerides were lowered in all HFCD
groups compared with ND, with an increase observed
in the CN6-treated group. Liver enzymes were elevated
in all HFCD groups compared with ND, an indication
of the development of liver injury. Compared with the
untreated HFCD animals, serum glutamic-oxaloacetic

transaminase (SGOT) and serum glutamic pyruvic
transaminase (SGPT) were significantly lowered to a
normal range in the CN2-treated group.

Effect on lipids and carbohydrate metabolism in liv-
er. As determined at the gene level, the p-ACC/
ACC ratio (Fig. 4A) decreased in all HFCD groups
compared with ND. No change was seen in the expres-
sion of CD36 (Fig. 4B) between the groups. The perox-
isome proliferator-activated receptor alpha (PPARa)
gene expression (Fig. 4C) decreased in the CN6-treated
group compared with the ND-, CN1-, and CN6-treated
groups. The p-AMPK/AMPK and p-AKT/AKT ratio
(Fig. 5A, B) remained unchanged in all treatment
groups. mRNA expression of phosphoenolpyruvate
carboxykinase (PEPCK) (Fig. 5C), which plays a signif-
icant role in gluconeogenesis, decreased in all HFCD
groups compared with ND.

FIG. 1. Effect of cannabis extract treatment on body weight gain, food intake, and liver tissue and adipose
tissue weight in mice fed HFCD. Male C57BL/6J mice aged 7–8 weeks were fed HFCD. Mice were intubated
three times a week with CN1 or CN2 or CN6 cannabis extracts in concentrations of 5 mg/kg for 6 weeks.
(A) Body weight over experiment duration. (B) Body weight gain over experiment duration. (C) Average
food intake per mouse per day over the experiment duration. (D) Liver weight of mice at sacrifice.
(E) Adipose tissue weight of mice at sacrifice. All values are expressed as mean – SEM (n = 8). Columns
marked with different letters (a, b) are significantly different ( p < 0.05) according to the Tukey–Kramer post
hoc test. *Different from ND. #Different from HFCD ( p < 0.05) according to Student’s t-test. HFCD, high-fat/
cholesterol diet; ND, normal diet; SEM, standard error of the mean.
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Effect on inflammatory genes and endocannabinoid re-
ceptor expression in liver. As seen in Figure 6, mRNA
levels of both tumour necrosis factor alpha and induc-
ible nitric oxide synthase genes were elevated in the
CN1-treated group compared with ND, whereas the
CN2- and CN6-treated groups exhibited decreased ex-
pression. None of the plant extracts affected the expres-
sion of the CB1 and CB2 receptors (Fig. 7).

Effect on gut microbiota profile. Microbiota composi-
tion following the treatments was evaluated at the phy-
lum level (Fig. 8A). Firmicutes abundance (Fig. 8B)
decreased statistically in all the HFCD groups com-
pared with ND. The CN2- and CN6-treated groups
exhibited a significant increase in the abundance of
Bacteroidetes compared with ND, while the CN1-
treated group exhibited a decrease compared with the
HFCD-only group. In all other phyla groups studied,

no significant change between treatment groups was
observed (Fig. 8B).

The observed species index (Fig. 8C), which reflects
the amount of unique species in each group, decreased
in all HFCD groups compared with ND. Alpha diversity
is represented by community diversity (Shannon index)
and phylogeny-based metrics (PD whole tree index).
Shannon index and PD whole tree decreased in all
HFCD groups compared with ND (Fig. 8C).

The relative abundance of Bacteroidetes to Firmi-
cutes (Fig. 9A) and the ratio between them (Fig. 9B)
were evaluated. The ratio increased significantly in all
HFCD groups compared with ND, except for the
CN1-treated group.

Discussion
We present data showing that administration of a
THC-rich extract resulted in the amelioration of

FIG. 2. Effect of cannabis extract treatment on glucose tolerance in mice fed high-fat atherogenic
diet. Male C57BL/6J mice aged 7–8 weeks were fed HFCD. Mice were intubated three times a week with
CN1 or CN2 or CN6 cannabis extracts in concentrations of 5 mg/kg body weight for 6 weeks. OGTT was
performed at week 5 with blood sampled from mouse tail tips. (A) Glucose levels between 0 and 120
during OGTT. (B) Area under the curve of graph A. (C) Insulin serum levels at sacrifice. All values are
expressed as mean – SEM (n = 8). Columns and graphs marked with different letters (a, b) are
significantly different ( p < 0.05) in the Tukey–Kramer post hoc test. AUC, area under the curve; OGTT,
oral glucose tolerance test.
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FIG. 3. Effect of cannabis extract treatment on liver histology and fat accumulation in the liver of mice fed
HFCD. Male C57BL/6J mice aged 7–8 weeks were fed HFCD. Mice were intubated three times a week with
CN1 or CN2 or CN6 cannabis extracts in concentrations of 5 mg/kg for 6 weeks. On the day of sacrifice,
livers were collected and weighed. (A) Representative liver H&E staining. (B) Steatosis grade. (C) Total lipids
extracted from 100 mg liver. All values are expressed as mean – SEM (n = 8). Steatosis grade was scored by
the study pathologist, using semiquantitative grading of four grades (0–3), taking into consideration the
severity of the changes (0, no lesion; 1, minimal change; 2, mild change; 3, moderate change). H&E,
hematoxylin and eosin.

Table 4. All Values Are Expressed as Mean – Standard Error of the Mean (n = 5)

ND HFCD HFCD, CN1 HFCD, CN2 HFCD, CN6

Cholesterol (mg/dL) 124.71 – 5.23** 153.25 – 5.1* 143.63 – 5.41* 145.14 – 7.9* 140.12 – 4.24*,**
HDL cholesterol (mg/dL) 98.5 – 6.23** 124.63 – 4.1* 118.36 – 9.02* 119.19 – 7.38* 114.14 – 3.45*
Triglycerides (mg/dL) 89.62 – 6.23* 67.63 – 4.48** 61.75 – 5.05** 56 – 3.12** 70.13 – 3.55*,**
Alk Phos (lL/L) 106.25 – 6.23* 103.25 – 5.04*,** 85 – 2.96** 88.14 – 3.8*,** 86.5 – 4.28**
SGOT (lL/L) 52.62 – 6.23** 72.38 – 5.66* 62.71 – 2.1*,** 58.43 – 2.27** 59.88 – 1.98*,**
SGPT (lL/L) 28.65 – 6.23** 48 – 6.15* 46 – 3.76*,** 30.57 – 1.11** 37.88 – 2.49*,**

Values marked with different letters (*, **) are significantly different ( p < 0.05) in the Tukey–Kramer post hoc test.
Alk Phos, alkaline phosphatase; SGOT, serum glutamic-oxaloacetic transaminase; SGPT, serum glutamic pyruvic transaminase.

208



NAFLD development, whereas a CBD-rich extract pro-
duced an increase in inflammatory related gene expres-
sion and poorer microbiota profile, associated with
increased fasting glucose levels.

Amelioration of NAFLD in mice treated with CN2
(THC-rich extract) was associated with statistically
significant improvement in the major parameters of
NAFLD: that is, moderate weight gain, an improved
glucose response curve, and a significant decrease in
liver enzymes. Our results support prior reports
where chronic administration of the THC-rich extract
led to a decreased weight gain in mice fed a high-fat
diet probably due to the inhibition of increased fat
mass.15 Rats fed a Western diet and injected subcutane-
ously with an extract containing THC, CBD, and CBN
reduced the deleterious effects of diet-induced obesity
by reducing weight gain, specifically adipose tissue.16

In this study, none of the plant extracts affected
food consumption, supporting previous studies.17,18

It has been reported that THC increases appetite
and subsequent food intake.19 Our results did not
confirm these findings. This contradiction may be
explained by the lower concentrations of cannabi-
noids (i.e., THC and/or CBD) administered in our ex-
periments. Studies show that the hyperphagic effects
of THC are mostly acute and are absent after a few
days of administration. THC administered orally at
a dose of 2 mg/kg, increased appetite 1 h after admin-
istration although the animals subsequently compen-
sated for their hyperphagia, so that 24-h intakes were
similar to controls.20 A similar result was observed at
concentrations of 0.1–1.8 mg/kg.21

The improved glucose response following CN2
administration was not accompanied with changes in

FIG. 4. Protein and RNA expression of genes related to lipid metabolism in the liver. Male C57BL/6J mice
aged 7–8 weeks were fed HFCD. Mice were intubated three times a week with CN1 or CN2 or CN6 cannabis
extracts in concentrations of 5 mg/kg for 6 weeks. (A) p-ACC/ACC ratio expression relative to ND. (B) CD36
mRNA expression relative to ND. (C) PPARa mRNA expression relative to ND. All values are expressed as
mean – SEM (n = 8). Columns and graphs marked with different letters (a, b) are significantly different
( p < 0.05) in the Tukey–Kramer post hoc test. mRNA, messenger RNA; PPARa, peroxisome proliferator-
activated receptor alpha.
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insulin levels. Similarly, no changes were observed in
p-AKT, suggesting that the effects are not mediated
via insulin signaling. PEPCK expression was reduced
in all HFCD groups regardless of treatment, with no
change in p-AMPK/AMPK, making it difficult to un-
equivocally attribute the effect of CN2 (THC-rich)
treatment on the regulation of gluconeogenesis and
insulin signaling. Further experiments are required
to elucidate the mechanism by which CN2 or alterna-
tively THC treatment improves glucose response fol-
lowing a HFCD.

No changes where observed in phosphorylation of
ACC, a key enzyme involved in the de novo synthesis
of fatty acids in the liver. The CN6-treated group
exhibited a tendency toward reduced expression of
PPARa, indicating the downregulation of fatty-acid
beta-oxidation. However, as we mentioned, we ob-
served no changes in liver weight and fat percentage,

suggesting that a longer treatment duration may be
needed before the expected phenotype is observed.

Liver histology and fat percentage revealed that all
groups fed HFCD showed severe steatosis and in-
creased fat accumulation in the liver, regardless of
treatment. Nevertheless, following CN2 treatment,
mice exhibited lower SGOT and SGPT levels, leading
to an improved NAFLD status.

It is well known that high levels of hepatic inflam-
matory gene expression are associated with hypergly-
cemia and NAFLD progression. Analysis of two
proinflammatory factors showed that CN1 treatment
significantly increased their expression. In contrast,
CN2 or CN6 treatment decreased their expression,
suggestive of a reduced inflammatory response.
These findings support the importance of further re-
search on the anti-inflammatory effects of THC-rich
extracts in NAFLD.

FIG. 5. Effect of cannabis extract treatment on carbohydrate metabolism in the liver of mice fed HFCD.
Male C57BL/6J mice aged 7–8 weeks were fed HFCD. Mice were intubated three times a week with CN1 or
CN2 or CN6 cannabis extracts in concentrations of 5 mg/kg for 6 weeks. (A) p-AMPK/AMPK ratio expression
relative to ND. (B) p-AKT/AKT ratio expression relative to ND. (C) PEPCK mRNA level relative to ND. All
values are expressed as mean – SEM (n = 6–8). Columns marked with different letters (a, b) are significantly
different ( p < 0.05) in the Tukey–Kramer post hoc test. PEPCK, phosphoenolpyruvate carboxykinase.
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Cannabis extracts used in our study produced no
significant effect on the expression of CB1 and CB2
receptors in the liver. It is possible that the observed ef-
fects are not mediated via the cannabinoid receptors.
However, it is also possible that extracts activate the
cannabinoid receptors without affecting their expres-
sion. A study evaluating the effects of phytocannabi-
noids in NAFLD failed to explain that their effect is

dependent on cannabinoid receptors.22 Further work is
needed to clarify how cannabis extracts effect the ECS.

There are emerging data about the relationship be-
tween the ECS, microbiome composition, and obesi-
ty,15,23 yet very little is known about the effect of
phytocannabinoids on the gut microbiota. We found
that at the phylum level, Bacteroidetes and Firmicutes
populations are most dominant in the gut. This is

FIG. 6. Effect of cannabis extract treatment on inflammatory gene expression in liver of mice fed HFCD.
Male C57BL/6J mice aged 7–8 weeks were fed HFCD. Mice were intubated three times a week with CN1 or
CN2 or CN6 cannabis extracts in concentrations of 5 mg/kg for 6 weeks. (A) iNOS mRNA expression relative
to ND. (B) TNFa mRNA expression relative to ND. All values are expressed as mean – SEM (n = 6–8). Columns
marked with different letters (a, b) are significantly different ( p < 0.05) in the Tukey–Kramer post hoc test.
iNOS, inducible nitric oxide synthase; TNFa, tumour necrosis factor alpha.

FIG. 7. Effect of cannabis extract treatment on endocannabinoid receptor expression in the liver of mice
fed HFCD. (A) CB1 receptor protein expression relative to ND. (B) CB2 receptor protein expression relative
to ND. Male C57BL/6J mice aged 7–8 weeks were fed HFCD. Mice were intubated three times a week with
CN1 or CN2 or CN6 cannabis extracts in concentrations of 5 mg/kg for 6 weeks. All values are expressed as
mean – SEM (n = 6–8). CB, cannabinoid receptor.
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FIG. 8. Metagenomics applied to gut microbiota. (A) Relative abundance of phyla. (B) Alpha diversity
observed species, Shannon index, and PD whole tree. (C) Columnar view of figure A. Male C57BL/6J mice
aged 7–8 weeks were fed HFCD. Mice were intubated three times a week with CN1 or CN2 or CN6 cannabis
extracts in concentrations of 5 mg/kg for 6 weeks. All values are expressed as mean – SEM (n = 5). Columns
marked with different letters (a, b) are significantly different ( p < 0.05) in the Tukey–Kramer post hoc test.

FIG. 9. Bacteroidetes to Firmicutes ratio. (A) Relative abundance of Firmicutes and Bacteroidetes.
(B) Bacteroidetes to Firmicutes ratio. Male C57BL/6J mice aged 7–8 weeks were fed HFCD. Mice were
intubated three times a week with CN1 or CN2 or CN6 cannabis extracts in concentrations of 5 mg/kg for
6 weeks. All values are expressed as mean – SEM (n = 5). Columns marked with different letters (a, b) are
significantly different ( p < 0.05) in the Tukey–Kramer post hoc test.
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similar to previous findings in humans and mice.24 In
other studies using an NAFLD model, the relative abun-
dance of Bacteroidetes tended to be higher, and the Bacter-
oidetes/Firmicutes ratio was significantly elevated in
non-alcoholic steatohepatitis patients.25,26 Our results
show a high Bacteroidetes/Firmicutes ratio in all
HFCD groups with a slight decrease observed in the
CN1 group. Phylum-level analysis revealed a signifi-
cantly lower abundance of Bacteroidetes in this group.
Studies show that a decreased abundance of Bacteroi-
detes was negatively correlated with improved glucose
homeostasis in rodents27 and in humans.28 These find-
ings corroborate our observations that fasting glucose
levels were higher in the CN1-treated group. Regarding
alpha diversity parameters, the extracts produced no
change compared with the HFCD group, indicating
the inability of the tested extracts to affect the richness
and variety of gut bacteria in an NAFLD model.

In summary, we demonstrated that in an HFCD
murine model, a CBD-rich extract produced an in-
crease in inflammatory liver gene expression and
poorer microbiota profile, associated with increased
fasting glucose levels. Treatment with a THC-rich ex-
tract alleviated NAFLD development. These drasti-
cally different responses highlight the importance of
proper selection of the type of phytocannabinoids as
well as the appropriate dose needed for optimal ther-
apeutic efficacy.

The results of this study provide an indication that
administration of certain strains of cannabis, preferably
with a higher THC level, may be helpful in treating cer-
tain symptoms of metabolic syndrome, which include
preventing the development and/or ameliorating the
symptoms of NAFLD. However, to discover the com-
plete mechanism behind these phenomena, further re-
search is needed.
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Abbreviations Used
ACC¼ acetyl CoA carboxylase

Alk Phos¼ alkaline phosphatase
ANOVA¼ analysis of variance

AUC¼ area under the curve
CB1¼ cannabinoid receptor 1

cDNA¼ complementary DNA
ECS¼ endocannabinoid system
H&E¼hematoxylin and eosin

HFCD¼high-fat/cholesterol diet
iNOS¼ inducible nitric oxide synthase

mRNA¼messenger RNA
NAFLD¼nonalcoholic fatty liver disease

ND¼normal diet
OGTT¼ oral glucose tolerance test

SEM¼ standard error of the mean
SGOT¼ serum glutamic-oxaloacetic transaminase
SGPT¼ serum glutamic pyruvic transaminase

SIR¼ single-ion monitoring
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