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Hemp and Cannabinoids: Some Relevant Information

» Hemp is a class of botanical cultivars of the Cannabis sativa L. plant 
with ≤0.3% by dry weight of Δ9-THC, grown specifically for industrial or 
medicinal use.

» 500+ compounds have been found in Cannabis, including 120+ 
(phyto)cannabinoids, non-cannabinoid phenols, flavonoids, terpenes, 
alkaloids, and others.

» Most cannabinoids are C21 terpenophenolic compounds primarily 
produced and isolated from resins of the female cannabis plants.

Composition of a CBD-rich hemp extract used in the study

Cannabidiol 
(CBD)

Cannabichromene 
(CBC)

Cannabigerol 
(CBG)

Cannabinol 
(CBN)

Δ9-Tetrahydrocannabinol  
(THC)
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CBD Hepatotoxicity: Clinical Trials 

» FDA has only approved Epidiolex, which contains purified 
CBD from hemp, to treat seizures associated with Lennox-
Gastaut syndrome, Dravet syndrome, and tuberous 
sclerosis complex.

» In clinical trials for Epidiolex, 5-20% of patients taking the 
drug experienced elevated liver enzymes, with a few were 
withdrawn due to severe elevations of ALT/AST (>3×upper 
limit of normal range, ULN).

FDA approved Epidiolex for the 
treatment of two rare and severe 
forms of epilepsy on June 25, 
2018



4

CBD Hepatotoxicity: Early Studies

» Animal studies with rats, mice, dogs and rhesus monkeys consistently 
showed increases in liver weights, hypertrophy of liver cells, and 
increases in liver enzymes or bilirubin. The pattern was different in 
different species and with different CBD preparations. 

» Clinical studies with healthy volunteers showed increases in liver 
enzymes ALT and AST, and in some cases also ALP and GGT.

» A point of departure (POD) could not be established from the (then) 
available studies.

… studies are necessary both in humans and 
in experimental animals that enable the 
identification of a point of departure …

NDA et al. EFSA J. 2022; 20(6):e07322.

Animal Studies
• Marx et al. 2018 (90-day rats)
• Dziwenka et al. 2020 (90-day rats)
• EMA 2019 (26-week rats)
• Ewing et al. 2019 (10-day mice)
• EMA 2019 (90-day mice)
• EMA 2019 (39-week dogs)
• Vaughn et al. 2020 (28-day dogs)
• Rosenkrantz et al. 1981 (90-day monkeys)

Human Studies (healthy participants)
• Watkins et al. 2021 (27-day)
• Taylor et al. 2020 (4-week)
• Crippa et al. 2021(4-week)

A report by European Food Safety Authority (EFSA)
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Point of Departure (POD): What is it, and what is it for?

» Reference dose (RfD): an estimate of a daily oral or 
dermal exposure to the human population 
(including sensitive subgroups) that is likely to be 
without an appreciable risk of deleterious effects 
during a lifetime.

» Acceptable daily intake (ADI): the amount of a 
chemical to which a person can be exposed on a 
daily basis over an extended period of time (usually 
a lifetime) without suffering a deleterious effect.

Point of Departure (POD)
RfD or ADI =
                           UF1 * UF2 * UF3 * UF4 * MF

UF1: human population variability (10)
UF2: animal to human extrapolation (10)
UF3: sub-chronic to chronic (10, default 1)
UF4: using LOAEL instead of NOAEL or BMD (10, default 1)
MF: additional modifying factors such data quality (0 < MF <=10)

Source:  ChemSafetyPRO
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NOAEL/LOAEL approach

• Experimental design such as 
D/C spacing and sample size 
can have a dramatic impact on 
the final values

• Variability in response or the 
slope of D/C response are not 
accounted for

» Point of departure (POD): the transition point 
between a safe, low dose and the dose that starts to 
cause adverse effect. Traditionally, NOAEL (or 
LOAEL) was used. More recently, BMD(L) is used.

BMD/BMC approach

• Better use of dose response 
information

• More appropriate reflection of 
experimental sample sizes

• Not being limited to the 
experimental doses

https://www.chemsafetypro.com/Topics/CRA/What_is_Point_of_Departure_%28POD%29_in_Toxicology_and_How_to_Use_It_to_Calculate_Reference_Dose_RfD.html#:%7E:text=How%20to%20Use%20POD%20to,quality%20of%20whole%20database.
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Traditional Animal Studies: apical POD

Adapted from: Thomase RS et al, Mutat Res 2012; 746:135-143.

» Long durations: 

» Subchronic: 1–3  months

» Chronic: 6–12+ months

» Large numbers of animals

» Need inter-species 
extrapolation

POD
(                                            ) ADI
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Transcriptomic POD (tPOD) for Risk Assessment

Johnson KJ et al. Toxicol Sci 2022; 190: 127–132.

Foundational Principles:

» Implementation of pathway agnostic tPODs in risk 
assessment to refine and replace the current apical 
endpoint-based regulatory toxicity testing paradigm
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In Vivo Transcriptomic Studies: tPOD

Short-term 
animal studies

(Multi)tissue 
transcriptomics

Tissue 1 Tissue 2 …

Lowest Gene Set BMDL 
(tPOD)

Uncertainty 
Factors

RfD/ADI

» Significantly reduces experimental duration and number of animals used for the study

» Animal study

» Need inter-species extrapolation

BMD analysis of all dose-response genes
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In Vitro Transcriptomic Studies: tPOD

In vitro human cell-
based models

Transcriptomics

Lowest Gene Set BMDL 
(tPOD)

Uncertainty Factors
IVIVE

RfD/ADI

» No need to use animals – NAM compatible 

» No need for inter-species extrapolation

» Need in vitro to in vivo extrapolation (IVIVE)

BMD analysis
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Objectives

To use a toxicogenomics approach to investigate liver toxicity 
of hemp extract and four major constituent cannabinoids 
(CBD, CBC, CBG, and CBN) in a human in vitro hepatotoxicity 
model to:

» Derive tPOD values

» Explore mechanisms of action

All things are poison and nothing is 
without poison; only the dose makes a 

thing not a poison. 
     - Paracelsus (1493 – 1541)
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In Vitro Hepatotoxicity Model

» Hepatocytes derived from human induced pluripotent stem cells (iPSCs) – 
iCell Hepatocytes 2.0 (iHep) from Fujifilm Cellular Dynamics, Inc. (FCDI)

Cobblestone morphology, binucleation, 
and bile canaliculi formation

Expression of major hepatic makers

iHep displayed transcriptomic similarity 
to HepaRG; more similar to PHH than 
other hepatoma cell lines.

CellNet tissue (liver) classification showed 
iHep with >80% similarity to PHH 

Source: FCDI Gao X & Liu Y. Cell Biol Toxicol 2017; 33(4): 407-421. Gao X et al. Stem Cell Res Ther 2020; 11(1): 393.
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Cytotoxicity of Cannabinoids and Hemp Extract (HE)
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(µM)

CBN 24.0 17.5

CBD 27.7 20.2

CBC 44.5 39.8

CBG 52.5 37.1

HE 25.8 19.4
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Concentrations (µM) used for 
the transcriptomics study

cytotoxicity potency ranking:
CBN > CBD > CBC > CBG

highest [C] for transcriptomics study

Gao X et al, Toxicology 2024; 506:153885.
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Concentration-response Transcriptomic Changes: PCA Plot
CBC CBD

CBG CBN

HE

Conc. (µM)

Gao X et al. Toxicology 2024; 506:153885.
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Bioinformatics Workflow Using BMDExpress 

Raw Data
microarray
RNA-seq

TempO-seq, RASL-seq …

Data Cleaning & QC
identify and remove 
poor-quality/outlier 

samples

Normalization
to reduce nonbiological 

technical biases and 
variations

Model Fitting
fit gene expression data to 8 

predefined mathematical models
using regression-based methods 

Gene Set Summarization
group genes into gene sets (such as GO) 

and derive gene-set BMD value (usually the 
median BMD of all genes in the gene set)

Postfiltering
remove genes with invalid BMDs,

poorly fitted genes, and genes having
extreme model extrapolations

Prefiltering
exclude genes with low detection levels 

or low variance and retain those with
dose/concentration responses

Gene-Specific BMDs
select the best-fit model (based on
AIC) and report the gene-specific 

BMD, BMDL, and BMDU

tPOD
select the lowest gene-set BMD from

all gene sets, and take the corresponding 
BMDL as the tPOD

1 2 3

456

7 8 9
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Benchmark Concentration (BMC) Modeling

CBC

CBD

CBG

CBN

HEE

BMC (µM)

BMC Accumulation Plot Median Overall BMC (w/ 95% confidence intervals) 

# modeled genes (probesets)
transcriptomic potency    =
                                                            highest concentration * median BMC

CBN (5.12) > CBD (1.00) > CBC (0.34) > CBG (0.14 )

Gao X et al. Toxicology 2024; 506:153885.
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tPOD Values – How reliable Are They?

Compound GO/Pathway tPOD (µM)

CBC GO:0008207 – C21-steroid hormone metabolic process 1.346

CBD GO:0048565 – Digestive tract development 0.106

CBG GO:0007031 – Peroxisome organization 0.046

CBN GO:0071395 – Cellular response to jasmonic acid stimulus 0.141

Hemp extract GO:0002933 – Lipid hydroxylation 0.094

ADI
0.49 mg/kg-bw

Henderson RG et al. Reg Toxicol Pharmacol 2023; 144: 105482Liu Y & Sprando RL. J Appl Toxicol 2022; 43: 589-598.

PBPK modeling and simulation of cannabinoids in human plasma and tissues
following 0.4 mg/kg-bw oral administration

liver
brain
adipose
kidney
repro
heart
plasma

86.5

Pathway Agnostic
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EFSA Proposed ADI of 2 mg/day for CBD

» In September 2025, EFSA released its updated safety assessment on CBD 
(as a Novel Food), concluding that a daily intake of >2 mg CBD/person 
could not currently be considered safe for the general population. 

» Old UK Limit (Pre-2023): 70 mg/day; New UK Limit (Post-2023): 10 mg/day

Key Points of EFSA's New Stance:

• Proposed Limit: 2 mg daily for an average adult (70 kg) – 0.0275 mg/kg bw.

• Method: BMD modeling of 5 GLP-compliant 90-day subchronic studies in rats, 
applying an uncertainty factor of 400.

• Reasoning: Persistent data gaps in toxicology, particularly liver, 
gastrointestinal, nervous, endocrine, and reproductive systems.

• Vulnerable Groups: Safety cannot be established for those under 25, 
pregnant/lactating individuals, or those taking other medicines.

© European Food Safety Authority, 2025
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Functional Comparison Across the Four Cannabinoids 
» Each compound was found to impact a 

unique list of canonical pathways, upstream 
regulators, diseases and disorders, toxicity 
functions, and networks with distinctive 
activation/inhibition patterns. 

» All the four cannabinoids were predicted to 
affect metabolism and to have some 
beneficial effects on cardiovascular disease 
but adverse effects on the neural system.

» Similar to (but more potently than) CBD, CBC 
and CBN displayed liver toxicity and the 
potential to cause cancer, while CBG 
protected from these adverse effects.

» Further studies are necessitated to confirm 
these results and to fully understand the 
mechanisms of action of the different 
cannabinoids.-4.0                                0                                  4.0

z-score
inhibition                             activation
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Microarray vs. RNA-seq Comparison (for CBC and CBN)

Microarray RNA-seq
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CBN

Similar overall expression patterns
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BMC accumulation of functional categories

Very similar tPOD values were obtained between the two platforms
for both CBC and CBN

Gao X et al, BMC Genomics 2025; 26(1):392.
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Conclusions

» PODs have been derived for hemp extract and four major cannabinoids (CBD, 
CBC, CBG, and CBN) by BMC modeling of transcriptomic data from an in vitro 
hepatotoxicity model using human iPSC-derived hepatocytes. 

» Transcriptomic potency (based on tPODs) of the cannabinoids was in the order 
of CBN > CBD > CBC > CBG, consistent with the order of their IC50 values.

» The tPOD value for CBD (0.106 μM) was concordant with a previously reported 
one derived from apical endpoints of clinical and animal studies, suggesting 
the validity of using tPOD data to inform human safety assessment of the 
cannabinoids.

» Each cannabinoid acted through a unique combination of biological processes 
and pathways with distinctive activation/inhibition patterns. Further studies 
are needed to fully understand the toxicity of these compounds.

» The current work demonstrates the potential utility of transcriptomic BMC 
analysis as a NAM for hazard assessment of data-poor chemicals.

CBD

CBC

CBG

CBN
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