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kubazurowski@gmail.com (J.Ż.); tomasz.szmatola@urk.edu.pl (T.S.); igor.jasielczuk@urk.edu.pl (I.J.)

2 Department of Animal Reproduction, Anatomy and Genomics, University of Agriculture in Kraków,
Mickiewicza 24/28, 30-059 Krakow, Poland; bastian.sawicki@gmail.com

3 Laboratory of Recombinant Proteins Production, Faculty of Veterinary Medicine, University of Agriculture
in Kraków, Redzina 1C, 30-248 Krakow, Poland; ewa.oclon@urk.edu.pl

4 Department of Infectious Diseases and Public Health, Faculty of Veterinary Medicine,
University of Agriculture in Kraków, Redzina 1C, 30-248 Krakow, Poland; karolina.mizera@urk.edu.pl

5 Department of Animal Molecular Biology, National Research Institute of Animal Production, Krakowska 1,
32-083 Balice, Poland; ewelina.semik@iz.edu.pl

* Correspondence: artur.gurgul@urk.edu.pl; Tel.: +48-(12)-431-66-38

Abstract: Background: Cannabidiol, which is one of the main cannabinoids present in Cannabis sativa
plants, has been shown to have therapeutic properties, including anti-inflammatory and antioxidant
effects that may be useful for treatment of various kidney conditions. Objectives: This article
investigates the effect of long-term cannabidiol (CBD) treatment on changes in the renal transcriptome
in a mouse model. The main hypothesis was that systematic CBD treatment would affect gene
expression associated with those processes in the kidney. Methods: The study was conducted on
male C57BL/6J mice. Mice in the experimental groups received daily intraperitoneal injections of
CBD at doses of 10 mg/kg or 20 mg/kg body weight (b.w.) for 28 days. After the experiment,
kidney tissues were collected, RNA was isolated, and RNA-Seq sequencing was performed. Results:
The results show CBD’s effects on changes in gene expression, including the regulation of genes
related to circadian rhythm (e.g., Ciart, Nr1d1, Nr1d2, Per2, and Per3), glucocorticoid receptor function
(e.g., Cyp1b1, Ddit4, Foxo3, Gjb2, and Pck1), lipid metabolism (e.g., Cyp2d22, Cyp2d9, Decr2 Hacl1, and
Sphk1), and inflammatory response (e.g., Cxcr4 and Ccl28). Conclusions: The obtained results suggest
that CBD may be beneficial for therapeutic purposes in treating kidney disease, and its effects should
be further analyzed in clinical trials.
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1. Introduction

Cannabidiol (CBD) is one of the most common cannabinoids extracted from Cannabis
sativa [1]. It belongs to the class of terpenophenolic compounds and is represented by
the C21H30O2 chemical formula [2]. Most current research into the medicinal values of
cannabidiol indicates that it has anti-inflammatory, antioxidant, anxiolytic, antipsychotic,
and analgesic properties [3]. The mechanism of action of CBD is complex and multi-
dimensional. Briefly, CBD interacts with the endocannabinoid system, showing low affinity
for cannabinoid receptors CB1 and CB2, and acts as an inverse agonist for CB2 [4]. CBD
affects ion channels, most notably by potentiation of the activity of hyperpolarization-
activated cyclic nucleotide-gated channels—HCN4 channels—which are important in phys-
iological functions, including cardiac pacemaker function [5]. Furthermore, it modulates
synaptic coordination by inhibiting the pro-excitatory effects of lysophosphatidylinositol
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(LPI) at GPR55 receptors (G protein-coupled receptor 55), thus reducing hyperexcitability
and seizure activity [6]. CBD also activates 5-HT1A (serotonin 1A) receptors, which are
associated with its anxiolytic and antiepileptic effects [7]. Moreover, CBD interacts with the
transient receptor potential (TRP) channels, especially TRPV1-4 and TRPA1, contributing to
its diverse pharmacological effects, including anti-inflammatory and analgesic effects [8].

Some available studies have also revealed that CBD has impacts on renal functions and
could be beneficial in the treatment of certain kidney disorders [9]. It has been suggested
that inhibition of the CB1 receptor may improve renal function in both chronic and acute
models of kidney injury through decreased levels of blood urea nitrogen, serum creatinine,
and albuminuria. On the other hand, activation of CB2 receptors showed a promising effect
in attenuating renal impairment in terms of a decrease in serum creatinine and albuminuria
levels [10]. In addition, CBD has shown protective effects regarding doxorubicin-induced
nephropathy, with improvements in markers of oxidative stress and inflammatory reaction
in multiple animal models [11]. Other studies suggest that cannabinoids could additionally
offer therapeutic potential for managing symptoms associated with renal failure, such as
inflammation, pain, and nausea [9].

A look into the extant literature shows that the effects of CBD on various organs
and physiological mechanisms are complex and not fully understood, especially at the
molecular level [12]. Thus, the present study aimed to evaluate the long-term effect of CBD
treatment on transcriptional profiles in renal tissues using a mouse model.

The principal hypothesis of the study was that systematic administration of CBD
would result in remarkable changes in gene expression in the kidney, allowing for the iden-
tification of specific genes and molecular pathways related to the organism’s response to
CBD and, therefore, a better understanding of its therapeutic implications in renal function.

2. Material and Methods

The experiment involved 12 male mice of the C57BL/6J strain, starting at an age
of 60 days. Throughout the experiment, the mice were kept at a temperature of 22 ◦C
(±2 ◦C) and a humidity level of 55% (±10%), with a light cycle of 12 h of light and 12 h
of darkness. Mice were provided with ad libitum access to food and water. This study
included three groups of mice, each consisting of 4 individuals. The experimental groups
received a daily intraperitoneal injection of a CBD solution (200 µL) for 28 days. The CBD
was dissolved in saline with 2% Tween 80, and the groups differed in CBD dosage, receiving
either 10 mg/kg or 20 mg/kg of body weight (b.w.). The control group received saline
(200 µL) with 2% Tween 80.

After the 28-day period, the mice were euthanized using inhalation anesthesia with
isoflurane, followed by spinal cord transection. All animal procedures were reviewed and
approved by the II Local Ethics Committee in Kraków (permission number 90/2022). After
euthanasia, kidneys were collected for RNA isolation using Trizol reagent (Thermo Fisher,
Waltham, MA, USA). The quality of the obtained RNA was assessed using TapeStaion 4150
(Agilent, Santa Clara, CA, USA) analysis and RNA integrity number evaluation (RIN > 8).
The Poly(A) RNA Selection Kit (Lexogen, Wien, Austria) was used to purify RNA fragments
containing polyadenine (poly(A)) tails. For library preparation, 50 ng of mRNA and the
CORALL RNA-Seq V2 Library Prep Kit with UDIs (Lexogen, Wien, Austria) were used.
The resulting libraries underwent quality assessment and were sequenced commercially
with paired-end 2 × 150 bp reads on a NovaSeq6000 system (Illumina, San Diego, CA,
USA), generating datasets with a minimum of 28 million reads per sample.

Quality control of raw reads was performed using FastQC software (v0.11.9). Se-
quence trimming and filtering were carried out using Flexbar software (3.5.0) [13]. The
filtered reads were then mapped to the mouse GRCm39 reference genome using STAR
software (2.7.5c) [14]. Read counts were obtained using Htseq-count software (1.99.2) [15].
Normalization and differential expression analyses were conducted using DESeq2 soft-
ware [16] implemented in iDEP2.0 (integrated Differential Expression and Pathway analysis,
v2.01) [17]. iDEP2.0 was also used for analyzing expression profile diversity through Prin-
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cipal Components Analysis (PCA) and hierarchical clustering based on Euclidean distance.
Additionally, the software assessed the overrepresentation of differentially expressed genes
in biological processes from the Gene Ontology (GO) database [18], as well as KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways, for visualization purposes only. Fisher’s
exact test was applied for this purpose, using all known mouse genes as the background,
and genes or processes with a corrected p-value (Benjamani–Hochberg correction) of <0.1
were considered significant.

Raw reads, as well as raw read counts, were deposited in the Gene Expression Om-
nibus (GEO) and Sequence Read Archive (SRA) databases from the National Center for
Biotechnology Information (NCBI) under the accession number GSE275998.

The results of RNA-Seq were validated for four selected genes (Ypel2, Dbp, Npas2, and
Acmsd) affected in at least one treatment using quantitative real-time PCR. The Mrpl32
and Ppia genes were used as an endogenous control [19,20]. For cDNA synthesis, 500 ng
of RNA was used with the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific), following the manufacturer’s instructions. RT-qPCR was performed
using the AmpliQ 5× HOT EvaGreen® qPCR Mix Plus (ROX) kit (Novazym, Poznań,
Poland) and primers designed to target mRNA sequences spanning two adjacent exons
(sequences included in Supplementary File S1). Each sample was analyzed in triplicate on
the QuantStudio 7 Flex system (Thermo Fisher Scientific). Relative gene expression levels
were calculated using the ∆∆Ct method.

To evaluate concordance in relative expression levels between RNA-Seq and RT-qPCR
methods, correlation coefficient analysis was performed using mean expression values
within groups. Statistical calculations were conducted with JASP 0.11.1 software. The
Shapiro–Wilk test was used to assess data distribution, and the Spearman correlation
coefficient was applied for the analysis due to the non-normal distribution of the data.

3. Results

The number of uniquely mapped reads ranged from approximately 19.5 to 28.7 million
(M), with an average of 22.1 M (±2.9 SD M) per sample (Supplementary File S2). Based
on the normalized reads mapped to genes, a diversity analysis of expression profiles was
conducted using PCA. This analysis revealed a relatively low level of variation in expression
profiles between the study groups (Figure 1). The observed dispersion of samples suggests
that those in both CBD-treated groups exhibit moderate changes in their transcriptional
profiles compared to the control group, with these differences being particularly evident
in the third PCA component (Figure 1). This suggests that CBD induces only minor
changes in gene expression in the kidney, which are detectable primarily through detailed
comparative analysis.

The comparative analysis involved evaluating gene expression differences between
the control and treated groups. In the group treated with 10 mg CBD/kg b.w., 17 genes
(43.6%) showed increased expression, while 22 genes (56.4%) showed decreased expres-
sion. In the group treated with 20 mg CBD/kg b.w., 104 genes (55.6%) exhibited in-
creased expression, and 83 genes (44.4%) exhibited decreased expression (Figure 1; Table 1;
Supplementary File S3). These results suggest a clear dose-dependent effect of CBD on the
gene expression profile. However, the Venn diagram analysis shows that, of the 22 genes
downregulated with the 10 mg CBD/kg b.w. treatment, 20 were also downregulated using
a 20 mg CBD dose. Also, nearly half of the upregulated genes were common for both
treatments, which suggests that the dose only affects strength, not the mechanisms of
cellular response (Supplementary File S3).

The results of RNA-Seq validation with qPCR showed that the performed analysis
was sufficiently accurate with high, and in most cases significant (p < 0.05, except Npas2
gene for which p = 0.088), Spearman’s rank correlation coefficients in a range from 0.71 to
0.97 for individual genes (mean of 0.85) (Supplementary File S1).
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Figure 1. Results of RNA-Seq data analysis. (A) Principal components analysis for all samples; (B) 
number of genes altered with both CBD treatments; (C) MA plots; (D) heatmaps for genes signifi-
cantly altered using CBD treatments in kidneys. 
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Figure 1. Results of RNA-Seq data analysis. (A) Principal components analysis for all samples;
(B) number of genes altered with both CBD treatments; (C) MA plots; (D) heatmaps for genes
significantly altered using CBD treatments in kidneys.

Table 2 presents the results of over-representation tests for the altered genes in specific
biological processes from the Gene Ontology database. A more detailed analysis, along
with the underlying gene IDs, is presented in Supplementary File S4. Among the enriched
processes (FDR < 0.05), ones associated with circadian rhythm cycling (including e.g., Ciart,
Nr1d1, Nr1d2, Per2, and Per3 genes), glucocorticoid receptor function (e.g., Cyp1b1, Ddit4,
Foxo3, Gjb2, and Pck1 genes), response to stimulus (e.g., Ppard, Hmox1, Bmal1, and Gatm
genes), and metabolic processes (e.g., Cyp2d22, Cyp2d9, Decr2 Hacl1, and Sphk1) stand out
in the foreground.
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Table 1. The most significantly altered genes with both CBD treatments (top 12).

10 mg CBD vs. Control 20 mg CBD vs. Control

Symbol Ensembl ID Description log2FC * FDR ** log2FC FDR **

Dbp ENSMUSG00000059824 D site albumin promoter
binding protein 2.75 9.29 × 10−34 3.36 4.79 × 10−52

Ppard ENSMUSG00000002250 peroxisome proliferator
activator receptor delta −0.98 3.11 × 10−10 −1.03 1.30 × 10−11

Per3 ENSMUSG00000028957 period circadian clock 3 1.08 1.93 × 10−7 1.39 1.09 × 10−13

Npas2 ENSMUSG00000026077 neuronal PAS domain
protein 2 −1.42 1.67 × 10−5 −1.45 4.00 × 10−6

Ppm1h ENSMUSG00000034613 protein phosphatase 1H
(PP2C domain containing) −0.55 8.22 × 10−5 −0.56 1.63 × 10−5

Ypel2 ENSMUSG00000018427 yippee like 2 −1.01 1.00 × 10−4 −1.35 8.63 × 10−10

Acmsd ENSMUSG00000026348
amino carboxymuconate
semialdehyde
decarboxylase

−0.76 1.05 × 10−3 −0.91 3.50 × 10−6

Rorc ENSMUSG00000028150 RAR-related orphan
receptor γ −0.68 1.05 × 10−3 −0.57 7.06 × 10−3

Nfil3 ENSMUSG00000056749 nuclear factor.
interleukin 3, regulated −0.98 2.06 × 10−3 −1.31 6.30 × 10−7

Cyp2a5 ENSMUSG00000005547 cytochrome P450, family 2,
subfamily a, polypeptide 5 1.42 4.59 × 10−8 1.42 4.59 × 10−8

Bhlhe41 ENSMUSG00000030256 basic helix-loop-helix
family, member e41 1.46 1.45 × 10−6 1.46 1.45 × 10−6

ENSMUSG00000120875 novel transcript 1.25 1.75 × 10−6 1.25 1.75 × 10−6

* log2 fold change in expression level; ** p-value of the Wald test (DeSeq2) for differential expression, corrected for
multiple testing using the FDR method.

Table 2. List of top GO biological processes (FDR < 0.05) overrepresented by genes altered through
both CBD treatments.

Biological Process CBD Dose (mg/kg b.w.) Gene Regulation FDR * Enrichment **

Response to stimulus 10 Up 0.049 72

Circadian rhythm 10 Up 0.049 23.1

Circadian behavior 10 Up 0.049 76.2

Nutrient response 10 Down 0.025 17.5

Response to redox states 10 Down 0.025 157.8

Negative regulation of the glucocorticoid
receptor signaling pathway 10 Down 0.031 210.4

Diurnal regulation of gene expression 10 Down 0.031 32.7

Intracellular receptor signaling pathway 10 Down 0.031 12.4

Glucocorticoid receptor signaling pathway 10 Down 0.031 114.8

Corticosteroid receptor signaling pathway 10 Down 0.031 78.9

Physiological rhythm 20 Up 0.026 6.4

Response to the stimulus 20 Up 0.025 19.3

Circadian rhythm 20 Up 0.025 20.4

Metabolism process of arachidonic acid 20 Up 0.047 17.8
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Table 2. Cont.

Biological Process CBD Dose (mg/kg b.w.) Gene Regulation FDR * Enrichment **

Cellular response to a corticosteroid stimulus 20 Up 0.015 10.8

Process of qualitative biological regulation 20 Up 0.010 1.8

Diurnal regulation of gene expression 20 Up 0.011 12.8

Cellular response to peptides 20 Up 0.010 4.7

Metabolism process of unsaturated fatty acids 20 Up 0.010 5.1

Cellular response to potassium ions 20 Up 0.015 95.2

Organic acid biosynthesis process 20 Down 0.031 5.9

Monosaccharide biosynthesis process 20 Down 0.031 4.3

The biosynthetic process of carboxylic acids 20 Down 0.031 5.9

Organic acid metabolism process 20 Down 0.036 3.2

The metabolism process of monocarboxylic acids 20 Down 0.010 3.9

* Fisher’s exact test probability value for the distribution of genes in individual pathways, adjusted for multiple
testing using the FDR approach; ** fold enrichment indicates the extent (fold change) to which the genes tested
are over-represented in each biological process compared to expectations for the whole genome.

4. Discussion

In this study, we focus on the gene expression alterations stimulated in a mouse
kidney by long-term intraperitoneal CBD administration, with special attention given to
the protein-coding genes, without detailed analysis of long non-coding RNA that may
also impact kidney health [21]. Our study uses a simple yet labor-intensive research
model in which C57BL/6J mice were treated daily with three different CBD doses for
28 days. These treatments resulted in alterations of several gene expression levels that
were further analyzed for their functional significance. The analysis of the performed over-
representation test results indicated that CBD potentially influences many cellular processes
in the kidney by regulating genes associated with circadian rhythm cycling, glucocorticoid
receptor function, response to stimulus, and metabolic processes. Among the processes, we
found the ones associated with the circadian clock and glucocorticoid receptor functioning
as the most important from the point of view of clinical CBD applications.

The internal cellular circadian clock is present in nearly every cell in the body, and it
contributes to the regulation of numerous processes related to internal changes in behavior
and physiological functions that are coordinated by the internal molecular clock [22]. The
circadian clocks in the kidney cells influence the daily rhythm of sodium, potassium,
chloride, and phosphate excretion [23], and it was shown that the disruption of these
daily patterns can be associated with hypertension and cardiovascular diseases [24,25].
Studies by Mohandas et al. (2022) [26] have demonstrated that urine excretion and urine
pH also fluctuate in a daily cycle. Furthermore, it was suggested that peripheral circadian
clocks in the kidneys affect the daily rhythm of blood pressure [23], potentially through
the regulation of the secretion of hormones and the activity of enzymes involved in blood
pressure regulation [27].

The available literature presents evidence that CBD administration influences the
circadian genes in microglial cells, leading to the deregulation of circadian rhythms [28].
Additionally, cannabinoids, including CBD, have been found to interact with the brain’s
circadian clock by modulating neuronal activity in the suprachiasmatic nucleus, which
may explain the altered sense of time experienced by users of cannabinoid-containing
products [29].

The results of the gene expression analysis performed in this study confirmed those
results and indicated that both applied CBD doses stimulated the expression of several
genes related to the regulation of the circadian cycle in the kidney. One, and potentially
the most meaningful, of these genes was Nr1d2 (Nuclear Receptor Subfamily 1 Group D
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Member 2), also known as rev-erbβ. This gene is a key regulator of circadian rhythms and
a component of cellular metabolism [30]. As part of the biological clock, Nr1d2 plays a
significant role in synchronizing internal physiological processes with the daily cycle [31].
Rev-erbα is one of the main regulators of the negative feedback loop in the circadian clock.
By repressing the expression of the Bmal1 gene, Rev-erbα helps maintain the cyclical nature
of activity and rest in clock genes, which is crucial for keeping biological rhythms in the
proper phase [32]. The KEEG pathway associated with this gene and circadian rhythm
regulation is presented in the Supplementary File S5.

The obtained results also reveal negative regulation of genes linked to the glucocorti-
coid receptor (GR) signaling pathway. This pathway is essential for maintaining the body’s
homeostasis by regulating various physiological processes, such as the stress response,
metabolism, and immune function [33]. Glucocorticoids, like cortisol or corticosterone in
rodents, modulate the body’s response to environmental stressors and are clinically used as
anti-inflammatory agents [34]. Glucocorticoid activity in the kidney is vital, as it supports
the regulation of water and electrolyte balance, which is crucial for maintaining blood
pressure [35].

The analysis of the results of this study reveal that among the altered genes responsible
for the negative regulation of glucocorticoids action is, e.g., Fkbp5 (FK506-binding protein 5).
This gene acts as a negative regulator of glucocorticoid action. Its mechanism involves
increasing cellular resistance to glucocorticoids, thereby reducing their effectiveness in
response to stress [36]. In vitro experiments have shown that Fkbp5 disrupts the interaction
between the glucocorticoid receptor (GR) complex and the transport protein dynein, delays
the nuclear translocation of GR, and decreases the transcriptional activity of the gene for
GR [37]. Thus, CBD seems to have potential in the regulation of glucocorticoid action, which
may have several implications for metabolic, anti-inflammatory, immune-suppressive, and
neurologic effects [38].

Summarizing, the present study demonstrates a dose-dependent effect of CBD on
the transcriptional profile of mouse kidneys and presents genes and processes affected
by a long-term CBD treatment in this model organ. The processes associated with the
altered genes included the regulation of circadian rhythm cycling and glucocorticoid
receptor function, which are strong candidates for further research on this compound
and its potential benefits in the treatment of renal disorders. The obtained results also
suggest that higher doses of CBD may be more effective for therapeutic purposes in kidney-
related conditions (as they stimulated more transcriptional changes); however, further
investigations using clinical trials are needed to test this hypothesis.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/genes15121640/s1, Supplementary File S1. Methods, primes and results
of qPCR analysis along with the result of correlation analysis between RNA-Seq and qPCR methods;
Supplementary File S2. Sequencing and read mapping statistics; Supplementary File S3. Results of
differential expression analysis and genes comparative analysis; Supplementary File S4. Top 20 GO bi-
ological processes overrepresented by genes altered by both CBD treatments. Supplementary File S5.
Visualization of KEGG pathway associated with circadian rhythm regulation with marked (red) genes
altered by 20 mg CBD treatment.
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