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Abstract: Industrial hemp (Cannabis sativa L.) has many applications, including the production of
textiles, agricultural extracts, nutritional products, and botanicals enriched with cannabinoids and
full-spectrum terpenes naturally present in the plant. In this study, the dynamics of distribution and
accumulation of 10 main cannabinoids in hemp were quantified. Hemp bioactive compounds were
evaluated for anti-inflammatory activity in lipopolysaccharide-induced RAW 264.7 macrophage cells.
While all tissues of hemp showed moderate anti-inflammatory properties, female flowers demon-
strated the highest activity. CBD showed the strongest anti-inflammatory activity with suppression
of nitric oxide production at 2 µg/mL and the reduced expressions of the pro-inflammatory genes
COX-2, IL-6, and TNF-α at as low as 2 ng/mL. The topical hemp inflorescences (1–50 µg/mL) and
CBD alone (20–200 ng/mL) also improved mitochondrial respiration. These data contribute to the
future development of agricultural and plant management techniques to produce hemp with specific
metabolite profiles to selectively support immune health.
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1. Introduction

Cannabis sativa L. is an herbaceous species originating in Central Asia, with multiple
uses and reported as one of the oldest plants cultivated by humanity [1]. This plant was
initially used for textile and rope production due to its resistant and malleable fibers,
and for its medicinal properties, already described in 77 AD by Pliny the Elder, as “the
decoction of the root in water relaxes contractions and pain in joints and cures gout and
similar evils” [2]. It is currently used in ceremonial, recreational, therapeutic, and medicinal
applications across the different cultures of the world due to its psychotropic and non-
psychotropic activities, which contributed to the plant spreading from the center of origin
to almost all regions of the world [3,4].

The Cannabis market is currently experiencing revived interest and strong growth
fueled either by the opening of the new markets from a political/legal point of view
due to an increasing number of countries adopting laws that allow its medicinal and/or
recreational use [5], or by the development of new products in several non-traditional
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sectors such as textiles, auto industry, food, biofuels, bioplastics, construction, and pet
products, among others [6]. It is reported that by 2025 the growing market for this plant
will exceed $24 billion in sales and create an excess of 250,000 new jobs in the USA alone if
it remains in its current form [7].

Considering this demand, the economic and medicinal relevance that already exists
and is growing, and the recent legal opportunity strongly support advanced studies
on this species. The academic community sees efforts to improve hemp phytochemical
characterization, aiming at the development of more adapted varieties to supply the
required compounds by each industry, observing the multiple exploitation potential of the
species and its high biomass production capacity [1,8]. Hemp is reported as a plant with
interesting agricultural characteristics such as good resistance to diseases and pests, good
development of the root system, and low water requirements [1]. Additionally, there is a
need to guide the agricultural management of these varieties in a specific way to optimize
technological processes and final products [9].

Approximately 100 bioactive compounds are found in hemp tissues, among which
cannabidiol (CBD) and tetrahydrocannabinol (THC) are the two most produced molecules [4].
A complete understanding of changes in the hemp phytochemical profile, in the context of
the synthesis routes, physiological dynamics and bioactivity is critically lacking, especially
when focusing on the secondary metabolites with bioactive potential for human health
such as cannabinoids, terpenes and phenolics [1,10]. Among the reported therapeutic uses
of hemp, such as for the treatment of refractory epilepsies, infections, tumors, nausea, pain
and inflammation, the latter stands out for its historical ethnobotanical support and needs
further proof of clinical efficiency [2,11].

The inflammatory process is one of the imbalances in the normal functions of the
human body, which results in several pathological reactions triggered throughout life.
Among the associated biomarkers, there are reactive oxygen species (ROS) and reactive
nitrogen species (RNS) [12]. ROS are generated during normal aerobic cell metabolism;
however, their biological effects will depend on the concentration, determined by the
balance between their production and consumption [13]. During oxidative stress, high
levels of RNS including nitric oxide (NO) generally contribute to development of the
degenerative disorders. While cells have the natural defense systems that fight ROS/RNS,
factors such as aging, air pollution, infections caused by viruses and stress contribute
to the imbalance between the production and neutralization of these reactive species,
disrupting the process of homeostasis [14]. As a result, harmful consequences for cell
viability and human health arise. Among other pathologies, oxidative changes in nucleic
acids responsible for mutagenic processes and cancer are often observed [13].

Macrophages are versatile immune cells capable of executing distinct functional
transcriptional programs in response to micro-environmental influences, through the pro-
duction of cytokines and pro-inflammatory mediators such as NO synthesized by inducible
nitric oxide synthase (iNOS), especially abundant when exposed to microbial products
that constitute a threat to the body [15]. This role of macrophage cells is fundamental in
combating the inflammatory process, as they release pro-inflammatory signals that includ-
ing interleukins (IL-1 and IL-6), tumor necrosis factor (TNF-α), and other mediators [13].
In RAW 264.7 murine macrophage cells, this process is dependent on the induction of
inflammation by lipopolysaccharides (LPS), an abundant endotoxin in the outer mem-
brane of most Gram-negative bacteria with fundamental function during host-pathogen
interaction [16]. It is expected that hemp extracts, by inhibiting the production of pro-
inflammatory molecules, have a therapeutic function against inflammatory diseases [15].
The immune effects of cannabinoids can involve innate or adaptive responses as summa-
rized recently [17]. The question that remains virtually unexplored is the rapid shift in
bioenergetic parameters upon inflammation and M1 pro-inflammatory polarization of
immune cells [18], and contribution of cannabinoid-mediated changes in mitochondrial
respiration to their anti-inflammatory effects [19].
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Thus, the aim of this study was to determine the major cannabinoid profile of whole
extracts from different tissues of male and female hemp plants, as well as female flowers
collected during the different stages of plant growth. In addition, the anti-inflammatory
capacity of these extracts was tested in vitro by quantifying reduction in NO production
and pro-inflammatory gene expression in LPS-stimulated RAW 264.7 macrophages. These
findings could further relate the composition and bioactivity of hemp products to the
potential improvement of health status and can be useful to support agronomic production
and development of novel ingredients in the botanical and food industry.

2. Materials and Methods
2.1. Plant Materials

Vegetative cuttings from plants of CBD dominant (Type III) cultivar “BaOx” were
rooted in a climate-controlled greenhouse at North Carolina State University (Raleigh, NC,
USA) in July 2018. The plants accumulated vegetative growth under the artificial 18 h
light cycles for 12 weeks. The clones of approximately 48-inch height were then exposed
to the natural photoperiod (long night) in October 2018. After onset of flowering, 3-inch
portions of terminal inflorescence (including stem and subtending leaves) were sampled
from the lower and upper laterals at three sampling dates at 14 d intervals, and the apical
inflorescence was collected on the last sampling dater in December 2018 (n = 12). Mature
roots, stems, leaves and flowers of male and female plants were field-grown, seeds and
male flowers were not available for analysis. All hemp samples were collected into paper
bags and stored at −20 ◦C. The samples were dried using a forced-air laboratory oven until
the sample moisture stabilized. The samples were milled into powder using a laboratory
mill and then stored at 4 ◦C until analysis.

2.2. Extraction and HPLC Analysis

Crude extracts of dry tissues were prepared and analyzed in the Komarnytsky lab
against Shimadzu (Columbia, MD, USA) cannabinoid reference standards (#220-91239-
21) using a Shimadzu Prominence LC-2030C system equipped with a Ultra C18 column
(250 mm × 4.6 mm, 5 µm dp, Restek, Bellefonte, PA, USA) and a Restek Ultra C18 guard
column (10 mm × 2.1 mm, 5 µm dp) according to the previously published analytical
procedure with some modifications [20]. Briefly, 1 g tissues were extracted with 20 mL
of the 9:1 mixture of methanol and chloroform with sonication for 30 min at 37 ◦C with
shaking at 200 rpm, and repeated twice. The liquid extracts were combined, centrifuged at
3000 rpm for 5 min at room temperature, and evaporated to dryness using Rotovapor R210
(Büchi, New Castle, DE, USA). The residues were dissolved in 1 mL methanol, filtered
through a syringe with a 0.45 µm PFTE membrane (Fisher Scientific, Pittsburg, PA, USA),
and 20 µL were further subjected to the HPLC analysis.

2.3. Cell Culture

The anti-inflammatory properties of the hemp extracts were analyzed using murine
macrophages RAW 264.7 cells (ATCC TIB-71, obtained from American Type Culture Col-
lection, Livingstone, MT, USA). Dry extracts were reconstituted in DMSO at the stock
concentration of 100 mg/mL, then a serial dilution of 50, 25, 5 and 1 mg/mL were prepared
and stored at −20 ◦C until later use. RAW 264.7 cells were maintained in Dulbecco’s
modified Eagle medium (DMEM, Life Technologies, Grand Island, NY, USA, Lot 2003777),
supplemented with 100 µg/mL penicillin and 100 µg/mL streptomycin (Thermo Fisher
Scientific, Waltham, MA, USA) and 10% (v/v) fetal bovine serum (FBS, Life Technologies)
at a confluence of no more than 80%. The cell strains were kept in a humidified incubator
containing 5% CO2 at 37 ◦C until the approximate count of 2.8 × 105 cells/mL [21].

Rat L6 skeletal muscle cell line CRL-1458 was obtained from ATCC (Manassas, VA,
USA). Myoblasts were routinely maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS and 0.1% penicillin-streptomycin at 37 ◦C and 5% CO2 [22].
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2.4. Cell Viability

The cytotoxicity of samples against mouse macrophages was evaluated spectrophoto-
metrically after 24 h of exposure of cells to extracts in a dose range of 10–100 µg/mL, and
the addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), as
early described [21]. RAW 264.7 cells were seeded in 96-well plates, in duplicate and after
confluence in 24 h, were treated with plant extracts. After 18 h, the treated macrophages
were exposed to the MTT reagent for 4 h, which in viable cells produces purple formazan—
artificial chromogenic product resulting from the reduction of tetrazolium salts by the
enzyme Mitochondria Reductase. This precipitate was measured (Synergy H1, Biotek,
Winooski, VT, USA) at the wavelength of 570 nm and compared with negative controls:
negative (0.1% DMSO) and positive (1% DMSO).

2.5. Nitric Oxide Production

The ability of test samples to suppress the NO radical formation in LPS-activated
macrophages was determined as described previously [21]. For NO production mea-
surement, 24-well plates were treated with plant extracts at the final concentration of
50 µg/mL and cannabinoid standards at 2 µg/mL for 1 h. Inflammatory response was
induced by 10 ng/mL LPS and incubated for another 18 h. Positive control included 10 µM
dexamethasone (DEX) (a reference compound belonging to the class of corticosteroids,
with anti-inflammatory and immunosuppressive action, which can prevent or suppress
inflammatory processes of various types); and the vehicle alone was used as a negative
control to quantify cellular activity without the stimulated inflammatory response. NO was
determined by a colorimetric assay using the Griess reagent system (Promega Corporation,
Madison, WI, USA) described as manufacturer protocol. Initially, 100 µL of Griess reagent
(1% sulfanilamide and 0.1% naphthylethylenediamine in 5% phosphoric acid) was added
to 50 µL of medium and incubated for 10 min in the dark at room temperature. The
absorbance was read at 520 nm on a microplate reader (Synergy H1, Biotek). The results
were expressed as NO production (%) relative to LPS.

2.6. Gene Expression Analysis

Studies were performed in 24-well plates treated with cannabinoid standards at
2 ng/mL for 1 h. Subsequently, 10 ng/mL LPS was added and incubated for 4 h. The
supernatant was removed, and cells were harvested in TRIzol reagent for RNA extraction,
cDNA synthesis, and inflammatory gene expression analysis as described before [21].

2.7. Cellular Respiration Assay

Muscle L6 cells were seeded in 24-well XF assay plate (2.0 × 104 cells per well)
overnight and were subjected to real-time measurements of oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR), using Agilent Seahorse XF24 Extracellular Flux
Analyzer (Seahorse Biosciences, North Billerica, MA, USA). Cells were then transferred to
500 µL of XF assay medium (DMEM without NaHCO3, 10 mM glucose, 2 mM pyruvate,
pH 7.4), and equilibrated in a non-CO2 incubator at 37 ◦C for 1 h. OCR and ECAR were
automatically recorded by Seahorse XF24 software v1.8 after treatments with extracts at
50 µg/mL. Basal OCR and ECAR rates were determined by averaging the last 4 basal
measurements. Next, for mitochondrial stress tests, the mitochondrial complex inhibitors
were injected sequentially in the following order oligomycin (1 µM), FCCP (0.75 µM),
antimycin A/rotenone (1 µM each), and 4 readings were taken after each inhibitor [23].

2.8. Statistical Analysis

The statistical analysis was performed using the software GraphPad Prism 9.0 (Graph-
Pad Software Inc., La Jolla, CA, USA). All data were submitted to one-way ANOVA and
Tukey or Dunnett tests with p < 0.05. Analysis of differences between individual exper-
imental groups was performed using Tukey’s multiple comparison tests, and between
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the groups tested and LPS using Dunnett’s multiple comparison tests. The tests were
performed with at least 3 repetitions. All results are expressed as mean ± SEM.

3. Results and Discussion
3.1. Quantification of Cannabinoids in CBD Hemp Tissues

Mature CBD hemp plants accumulated a range of cannabinoids in their tissues at
the time of collection, it varied from 5–10 µg/g dry weight (DW) in the root tissue to
20–30 mg/g DW in the hemp flowers (Table 1). ∆8-Tetrahydrocannabinol (8-THC) was
not detected in any of the samples. While only cannabidiolic acid (CBDA) and tetrahy-
drocannabinolic acid (THCA) could be detected in roots, both stalks, leaves and flowers
expressed a variety of different cannabinoids of CBD, ∆9-tetrahydrocannabinol (9-THC),
cannabigerol (CBG), tetrahydrocannabivarin (THCV), and cannabigerolic acid (CBGA)
biosynthetic routes. Cannabidivarin (CBDV) and cannabinol (CBN) could only be detected
in leaves and flowers. CBDA and its neutral form CBD remained the major components
in the phytochemistry profiles of CBD hemp tissues, averaging between 72–78% (CBDA)
and 3–7% (CBD) of total cannabinoids recovered from the hemp tissues. These findings are
similar to the CBD-predominant hemp chemotypes cultivated in Europe [24].

Table 1. Content of cannabinoids (µg/g) in different tissues of male and female CBD hemp plants.

Yield
(µg/g DW)

Male Palnts Female Plants

Roots Stalks Leaves Roots Stalks Leaves Flowers

CBDV ND ND 68.6 ± 2.9 ND ND 69.8 ± 2.1 108 ± 5.3

CBDA 2.7 ± 0.8 84.3 ± 19.9 7212 ± 273 5.3 ± 0.7 238 ± 28.6 10953 ± 284 16862 ± 651

CBGA ND 1.5 ± 0.1 192 ± 12.3 ND 3.4 ± 0.0 222 ± 9.4 374 ± 41.5

CBG ND 0.9 ± 0.0 42.1 ± 0.4 ND 1.3 ± 0.1 52.7 ± 2.5 84.1 ± 9.3

CBD ND 4.5 ± 0.7 473 ± 9.1 ND 8.7 ± 1.0 703 ± 22.6 1594 ± 89.8

THCV ND 2.1 ± 0.4 45.1 ± 4.1 ND 0.96 ± 0.2 36.4 ± 1.7 38.3 ± 2.1

CBN ND ND 28.6 ± 0.3 ND ND 28.5 ± 0.2 30.3 ± 0.6

∆9-THC ND 2.0 ± 0.5 175 ± 5.0 ND 3.3 ± 0.3 213 ± 14.8 510 ± 48.7

∆8-THC ND ND ND ND ND ND ND

CBC ND ND 56.8 ± 1.9 ND 1.0 ± 0.1 51.2 ± 1.1 88.2 ± 6.6

THCA 2.1 ± 0.1 18.7 ± 4.1 1366 ± 51.3 2.9 ± 0.2 46.8 ± 8.1 2008 ± 76 3445 ± 297

Total 4.8 ± 0.9 114 ± 24.8 9661 ± 351 8.2 ± 0.9 303 ± 38.1 14337 ± 399 23134 ± 1111

ND: not detected; CBDV: cannabidivarin; CBDA: cannabidiolic acid; CBGA: cannabigerolic; CBG: cannabigerol; CBD: cannabid-
iol; THCV: tetrahydrocannabivarin; CBN: cannabinol; ∆9-THC: ∆9-tetrahydrocannabinol; ∆8-THC: ∆8-tetrahydrocannabinol; CBC:
cannabichromene; THCA: tetrahydrocannabinolic acid. An exemplary HPLC profile of the standards and hemp flower extract is provided
in the Supplementary Figure S1.

Female plants on average accumulated 30–50% more cannabinoids than their male
counterparts. Flower inflorescences from different position (lower, upper lateral, or topical;
Figure 1a) or collection time points (2, 4, and 6 weeks after induction of flowering; Figure 1b)
showed a significant biphasic difference in accumulation of CBDA/CBD in these tissues
(p < 0.05). CBD accumulated the most in the late collection at 6 weeks. When considering
the position of the inflorescence in the plant, it can be observed that for this compound,
higher concentrations were found in the flowers of the stem apex (Figure 1b).
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cences collected 2, 4, and 6 weeks after induction of flowering, and (b) spatial distribution of CBD 
in lower, upper and topical (apex) inflorescences collected at 6 weeks. Samples denoted with the 
same letter (A, B, C) are not statistically distinct. 
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The determination of cell viability or cytotoxicity is an important step developed 

prior to in vitro biological activity assays. The technique consists of evaluating the reduc-
tion of MTT (water-soluble crystals) to formazan (insoluble compound with a blue-purple 
color). If there is cell viability, the reaction will occur, with a correlation between the op-
tical density and the number of viable cells [22]. In this assay, cells treated with whole 
tissue extracts from roots, stems, leaves and flowers of male and female plants, in concen-
trations of 10, 50 and 100 μg/mL, were subjected to the MTT cell viability testing for 4 h. 
The two lowest concentrations tested in this experiment showed no toxicity (p > 0.05), 
since cell viability is greater than 80% for all samples. CBD alone showed no apparent 
toxicity in vitro up to concentration of 500 ng/mL but was detrimental to cells when ap-
plied at the concentration of 50 μg/mL (Figure 2). 

 
Figure 2. Effect of whole tissue extracts from male and female CBD hemp plants of Cannabis sativa 
L. and isolated CBD on cell viability of RAW 264.7 macrophage cells as quantified by MTT assay. 
Reference treatments included negative control (0.1% DMSO), positive control (1% DMSO). Results 
expressed as mean ± SEM (n = 3). Samples: male root (RM), female root (RF), male stem (SM), female 
stem (SF), male leaf (LM), female leaf (LF) and female flower (FF). 

CBD-mediated autophagy of neural cells and enhanced cytotoxicity to cancer cells 
were reported previously [23,24]. A systematic review performed to evaluate the biologi-

Figure 1. Biphasic accumulation of cannabidiol (CBD) in lateral and topic inflorescences of CBD hemp
plants during the 6 weeks of flowering period. (a) Temporal accumulation of CBD in inflorescences
collected 2, 4, and 6 weeks after induction of flowering, and (b) spatial distribution of CBD in lower,
upper and topical (apex) inflorescences collected at 6 weeks. Samples denoted with the same letter
(A, B, C) are not statistically distinct.

3.2. Quantification of Cannabinoids in CBD Hemp Tissues

The determination of cell viability or cytotoxicity is an important step developed prior
to in vitro biological activity assays. The technique consists of evaluating the reduction of
MTT (water-soluble crystals) to formazan (insoluble compound with a blue-purple color).
If there is cell viability, the reaction will occur, with a correlation between the optical density
and the number of viable cells [22]. In this assay, cells treated with whole tissue extracts
from roots, stems, leaves and flowers of male and female plants, in concentrations of 10, 50
and 100 µg/mL, were subjected to the MTT cell viability testing for 4 h. The two lowest
concentrations tested in this experiment showed no toxicity (p > 0.05), since cell viability is
greater than 80% for all samples. CBD alone showed no apparent toxicity in vitro up to
concentration of 500 ng/mL but was detrimental to cells when applied at the concentration
of 50 µg/mL (Figure 2).
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Figure 2. Effect of whole tissue extracts from male and female CBD hemp plants of Cannabis sativa L. and isolated CBD on
cell viability of RAW 264.7 macrophage cells as quantified by MTT assay. Reference treatments included negative control
(0.1% DMSO), positive control (1% DMSO). Results expressed as mean ± SEM (n = 3). Samples: male root (RM), female root
(RF), male stem (SM), female stem (SF), male leaf (LM), female leaf (LF) and female flower (FF).

CBD-mediated autophagy of neural cells and enhanced cytotoxicity to cancer cells
were reported previously [23,24]. A systematic review performed to evaluate the biological
effects of CBD on normal human healthy cells also noted heterogeneous CBD concentration
exposure (0.01–50 µM), with inhibition of cell viability observed in a dose-dependent
manner above 2 µM [25].
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3.3. Nitric Oxide Production in Macrophages

The inflammatory process can be triggered by various stimuli of a physical, chemical,
or microbiological nature, leading to the occurrence of cascading cellular events. Among
these reactions, is the release of key enzymes and chemical mediators, which act in different
ways and can control the process [13]. In this study, lipopolysaccharide was used as an
inducer of the inflammatory response, which is the main component of the endotoxin
extracted from the cell walls of gram-negative bacteria. When administered to RAW 264.7
macrophage cells, LPS is capable of quickly triggering inflammatory reactions [16].

Nitric oxide is one of the mediators that promotes vasodilation and consequent in-
crease in blood flow during the inflammatory process [13]. With the induction of the
inflammatory response caused by LPS, it is expected that NO production increases con-
siderably [26]. The samples of female stems and leaves showed comparatively superior
performance to the male tissues. Roots of both genders and female stems inhibited the
production of nitric oxide, similar to DEX (p < 0.01). Among the tested samples, the flowers
of female plants had the best activity to reduce the production of the species reactive to
oxygen (Figure 3a). We also observed no remarkable position- or age-related differences in
anti-inflammatory activity found in lateral and topical hemp inflorescences. The findings
may be associated with the high concentration of cannabinoids found in the hemp flowers
and highlight a prominent potential of the Cannabis sativa L. floral tissues in ameliorating
the inflammatory process in vitro (Figure 3b).
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Figure 3. Inhibitory effect of Cannabis sativa L. extracts on the LPS-induced NO production in macrophages. (a) Whole
extracts from different tissues of male and female plants, (b) spatial and temporal sampling of hemp inflorescences, where
samples are coded as A-Upper 2 weeks sampling; B-Lower 2 weeks sampling; C-Upper 4 weeks sampling; D-Lower 4 weeks
sampling; E-Higher 6 weeks sampling; F-Lower 6 weeks sampling and G-Apical 6 weeks sampling, and (c) activity of the
cannabinoid reference standards. Treatments included negative control (0.1% DMSO), LPS-induced inflammation control
(LPS), and a positive control (10 µM dexamethasone, DEX). Results were expressed as mean ± SEM (n = 3). Samples marked
with an asterisk are significantly different compared to LPS. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

In general, anti-inflammatory potential of CBD hemp plants correlated with the total
cannabinoid content of the tissues and was more prominent in the female plant. Both male
and female roots with low cannabinoid levels also showed a moderate anti-inflammatory
activity, and this suggested a presence of a different anti-inflammatory phytochemical in
these tissues which did not belong to the class of major cannabinoids. ∆9-THC, CBD, CBN,
CBC, and CBG were likely responsible for the major anti-inflammatory effect of the hemp
plants in this assay, as concentrations as low as 2 µg/mL were found effective (Figure 3c).
In this experimental system, hemp extracts containing high levels of CBD performed
equally well or better than the reference drug (10 µM dexamethasone); similar high po-
tency effects of cannabinoids were observed in lung epithelial cells and pro-inflammatory
macrophage cultures recently [27]. Activated inflammatory cascades are associated with
the release of these proinflammatory cytokines: interleukin-1β (IL-1β, induces early re-
sponses against infection or injury), cyclooxygenase-2 (COX-2, derives prostaglandin E2
which is associated with increased inflammation), iNOS (function as an upstream enhancer
of inflammatory response), IL-6 (amplify acute inflammation, and promote the evolution
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into a chronic inflammatory state, and TNF-α (contributes to oxidative stress in sites of
inflammation) [28,29]. Although, positive effects on NO production at 2 µg/mL were
observed, the inhibition to iNOS and IL-1β were not significantly different to the LPS
control at a much lower concentration of 2 ng/mL. These differences can be explained
in part by post-transcriptional regulation of iNOS by other cytokines [30]. However, all
the five CBD compounds were able to suppress the expressions of gene COX2 and IL-6
significantly at 2 ng/mL, and CBD, CBN, and CBC were able to suppress the expressions
of TNF-α compared to LPS control group (Figure 4). Earlier, cannabinoids were found to
increase antioxidant defense of RAW macrophages by modulating superoxide dismutase-1
expression and thus inhibiting cell death [31].
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Figure 4. Inhibitory effect of five cannabinoid reference standards on the LPS-induced inflammatory related gene expressions
(a) Interleukin-1β (IL-1β), (b) Cyclooxygenase-2 (COX-2), (c) Inducible nitric oxide synthase (iNOS), (d) Interleukin-6
(IL-6), (e) Tumor necrosis factor (TNF-α) in macrophages when tested at the low concentration of 2 ng/mL. ∆9-THC: ∆9-
tetrahydrocannabinol; CBD: cannabidiol; CBN: cannabinol; CBC: cannabichromene; CBG: cannabigerol. Results expressed
as mean ± SEM (n = 3). Samples marked with an asterisk are significantly different compared to LPS. * p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001.

3.4. Changes in Cellular Respiration Associated with Cannabinoids

To determine whether the biological effects of CBD hemp extracts and its major
cannabinoid CBD are associated with changes in mitochondrial function and bioenergetics,
we examined activity of two major pathways of cellular respiration, oxidative phosphory-
lation (OCR) and glycolysis (ECAR) by directly measuring cellular bioenergetics coupled
with mitochondrial stress tests using an XF24 Extracellular Flux Analyzer (Figure 5).

Under basal treatment conditions, higher doses of CBD (20–200 ng/mL) and whole
topical hemp inflorescence extracts in the range of 1–10 µg/mL increased mitochondrial
respiration. The effect was detrimental when higher concentrations (50 µg/mL) of extracts
were used, and this falls in line with the cell viability data that showed some cell toxicity
associated with high concentrations of hemp extracts. No significant changes to glycolysis
were noted with all treatments. These findings contradict the data reported previously that
CBD when tested at IC10 and IC50 concentrations decreased basal and maximal respiration
thus indicating a mitochondrial dysfunction in THP-1 monocytes [32]. This discrepancy
maybe explained in part by the opposing effects of CBD on regulation of inflammation in
different immune tissues [27]. Thus, CBD has a differential inflammatory and bioenergetic
response that is likely strongly influenced by presence of other phytochemical constituents
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in whole hemp extracts, which may be a confounding factor in understanding hemp
related pharmacological and toxicological effects [33]. Differences in cell- and tissue-
specific response to cannabinoids, and, in some cases, cannabinoid dose may help to
explain equivocal outcomes of these studies [34].
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Figure 5. Effects of CBD (a,b) and hemp flower extracts (c,d) on cellular mitochondrial respiration.
Individual panels show changes in oxidative phosphorylation (a,c) and glycolysis (b,d) rates in
response to the treatments. Cells were treated for 4h and subjected to 6 baseline bioenergetics
readings followed by the 12 reads of the corresponding treatments to quantify OCR from ATP
production (oligomycin), maximum OCR (FCCP), and non-mitochondrial OCR (antimycin and
rotenone), expressed as mean ± SEM (n = 3).

4. Conclusions

In this study, when determining the phytochemical profile of integral extracts from
different tissues of male and female hemp plants, higher concentrations were observed
in the tissues of female plants for all cannabinoids quantified, with the highest levels
being recorded in flowers. The low concentrations of cannabinoids in the roots of both
sexes were notable, considering the moderate anti-inflammatory capacity of root extracts.
The biological activities found in these tissues may provide an additional opportunity for
developing other added-value biologically active products. This is of particular interest for
farmers who produced large quantities of hemp roots.

Female flowers showed a dynamic cannabinoid accumulation behavior in relation to
the positions and age of the inflorescence, suggesting the need to gain additional knowledge
to guide the agricultural management towards the most optimal timing and position of the
harvest by the agricultural producers. In addition, the differential anti-inflammatory effect
of CBD hemp tissue extracts warrants for additional preclinical and clinical investigations to
develop additional novel intervention from the Cannabis plant, which in turn will increase
the demand for the agricultural production of hemp.

By clarifying both the functional composition and the mechanism of action of the
cannabinoid constituents of hemp, the future studies have the potential to relate the activity
of bioactive compounds to the improvement of the health status, and to promote the
development of novel ingredients by the pharmaceutical, food and cosmetic industries, thus
contributing to the growth of the agronomic production sector. A better understanding of
the physiological dynamics of the production and accumulation of secondary compounds
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of interest for different industries and applications, will further assist in decision making
by optimizing agroeconomic management of hemp crops.
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