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Abstract

Time-lapse microscopy of human lung cancer (H460) cells showed that the endogenous cannabinoid anandamide (AEA), the phyto-can-
nabinoid D-9-tetrahydrocannabinol (THC) and a synthetic cannabinoid HU 210 all caused morphological changes characteristic of apop-
tosis. Janus green assays of H460 cell viability showed that AEA and THC caused significant increases in OD 595 nm at lower concentrations
(10–50 lM) and significant decreases at 100 lM, whilst HU 210 caused significant decreases at all concentrations. In rat heart mitochondria,
all three ligands caused significant decreases in oxygen consumption and mitochondrial membrane potential. THC and HU 210 caused sig-
nificant increases in mitochondrial hydrogen peroxide production, whereas AEA was without significant effect. All three ligands induced
biphasic changes in either mitochondrial complex I activity and/or mitochondrial complex II–III activity. These data demonstrate that
AEA, THC, and HU 210 are all able to cause changes in integrated mitochondrial function, directly, in the absence of cannabinoid receptors.
� 2007 Elsevier Inc. All rights reserved.
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Cannabinoids have been shown to have effects medi-
ated by CB1 and CB2 as well as other receptor types,
at the plasma membrane, e.g. TRPV1 receptors [1] and
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in the nucleus on PPAR receptors [2]. Many studies
assume that the cell types/organs that respond to can-
nabinoid receptor ligands all contain CB1 and/or CB2
receptors, when this may not be the case, and the effects
observed may be due to cannabinoid receptor ligands
interacting with a variety of non-CB1, non-CB2-receptor
targets [3]. Cannabinoid receptor ligands can affect cell
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proliferation, apoptosis and necrosis in a concentration-
dependent positive and/or negative fashion, both
in vitro and in vivo, and because of the large amount
of conflicting data a unified hypothesis of cannabinoid
action on these processes has not been formulated. There
has been particularly intense debate concerning the
potential anti-carcinogenic or pro-carcinogenic effects of
cannabinoids, which is complicated by the fact that the
non-medical/‘‘recreational’’ use of cannabinoids is often
associated with inhalation of smoke containing complex
mixtures of compounds from Cannabis sativa, rather
than purified cannabinoids, as are used for therapeutic
medicinal purposes. Studies have suggested that mito-
chondria are involved in cannabinoid-induced cell death
[4], and also demonstrate the ability of TRPV1 (vanil-
loid) receptor agonists and antagonists (some of which
have activity at CB1 and/or CB2 receptors) to modulate
mitochondrial function, resulting in apoptotic cell death
[5]. The aim of the present study was to investigate
whether endocannabinoid, phyto-cannabinoid and syn-
thetic cannabinoid receptor agonists such as AEA,
THC, and HU 210 can induce apoptosis in H460 lung
cancer cells, and to investigate whether these effects were
directly as a result of modulation of mitochondrial
function.
Materials and methods

Cells and chemicals. H460 cells (a human non-small cell lung cancer
line) were obtained from the American Type Culture Collection,
Manassas, VA, USA. All chemicals used were of the highest grade
available and were from Merck Biosciences, Nottingham, UK, Sigma
Chemical Company, Poole, UK, InVitrogen, Paisley, UK or Tocris
Bioscience, Bristol, UK. AEA, THC, and HU 210 were dissolved in
100% ethanol at a stock concentration of 10 mM. For all cannabinoids
used, the diluent (ethanol) was never present at >1.0%. Control culture
flasks with H460 cells or mitochondrial incubations having the same
concentration of diluent acted as negative controls and showed no
statistically significant effects.

Time-lapse photomicroscopy of H460 cells. H460 cells were grown on
Iwaki 35 mm glass based dish to 60–70% confluence in a water jacketed
incubator at 37 �C in 95% air/5% CO2 in RPMI 1640 with 10% foetal calf
serum (FCS) and then treated with the cannabinoids. Digital images were
captured every minute for 2 h using a Leica DMIRE2 microscope and a
Hamamatsu ORCA II BT 1024 CCD camera [5].

Janus green viability/cell mass assays. H460 cells were seeded into 24-
well plates and incubated with the cannabinoids at a range of concen-
trations for 2 h. The medium containing the cannabinoids was removed,
the cells washed with phosphate-buffered saline (PBS), fixed with 50%
ethanol for 10 min and washed again with PBS. The cells were then stained
for 15 min with 0.2% (w/v) Janus green [6], washed three times with dis-
tilled water which was then removed and the plates left to air-dry in a fume
cupboard. Janus green was eluted using 500 lL of 0.5 M HCl, added to
each well for 20 min to ensure complete elution. One hundred and fifty
microliters of each sample was pippeted in triplicate into a 96-well plate,
which was read spectrophotometrically at 595 nm in a SPECTRAmax 384
spectrophotometer (Molecular Devices, Berkshire, UK).

Isolation of rat heart mitochondria. Rat heart mitochondria were pre-
pared from male 250 g Lister rats as previously described [5].

Measurement of mitochondrial oxygen consumption. Rat heart mito-
chondrial oxygen consumption was measured polorographically in respi-
ration state 3 (+ADP) at 37 �C with 10 mM malate + 10 mM glutamate as
substrates as previously described [5]. AEA, THC or HU 210 were added
to the mitochondrial suspension in the oxygen electrode chamber and
incubated for 5 min before addition of ADP.

Measurement of mitochondrial membrane potential. Mitochondrial
membrane potential was measured fluorimetrically (using Rhodamine
123) at 37 �C in a Hitachi F2500 fluorimeter as previously described
[5].

Measurement of mitochondrial hydrogen peroxide production. Mito-
chondrial hydrogen peroxide production was measured fluorimetrically
(using amplex red) at 37 �C in a Hitachi F2500 fluorimeter as previously
described [5].

Mitochondria–cannabinoid binding experiments. Freeze thawed mito-
chondria from rat heart (0.25 mg/mL) were incubated in 250 lL of
respiration buffer (100 mM KCl, 75 mM mannitol, 25 mM sucrose,
10 mM Tris, 0.1 mM EDTA, and 10 mM phosphate-Tris pH 7.4) in a
96-well plastic plate at 37 �C for 15 min to thermostabilise. Cannabi-
noids (or the diluent, ethanol) were then added in a volume of 5 lL to
give a range of concentrations from 0 to 200 lM (i.e., 0.00, 0.39, 0.78,
1.56, 3.12, 6.25, 12.5, 25, 50, 100, and 200 lM) of AEA, D-9-THC, HU
210, which were then incubated with the mitochondria for 5 min at
37 �C to allow for drug binding. Samples were then pipetted off from
the cannabinoid/mitochondria suspensions and added to separate assay
plates containing all the assay components needed for the assay of
mitochondrial complex I activity or mitochondrial complex II–III
activity, as detailed below.

Measurement of mitochondrial complex I activity and mitochondrial

complex II–III activity. Mitochondrial complex I [EC 1.6.99.3] activity was
measured spectrophotometrically as the rotenone sensitive rate of NADH
oxidation (at 340 nm and 37 �C) [7]. Mitochondrial complex II–III [EC
1.8.3.1] activity was measured spectrophotometrically as the antimycin a
sensitive rate of cytochrome c reduction (at 550 nm and 37 �C) using
succinate as the substrate [7].

Protein assay. Protein concentration was determined using a modified
microplate Lowry assay with bovine serum albumin (0–200 lg/mL) as a
concentration standard [7].

Statistical analysis. All experiments were repeated n = 3–8 times. Sta-
tistical analysis was performed using Students’ paired t-tests in the case of
the mitochondrial oxygen consumption experiments and the mitochon-
drial hydrogen peroxide production experiments and ANOVA followed
by Dunnett’s multiple comparison tests for the complex I activity and
mitochondrial complex II–III activity measurements. Significance was
attributed when P < 0.05.
Results

Cannabinoid receptor agonists induce morphological features

of apoptosis in H460 cells

Fig. 1A–F shows single images taken at time = 0 and
time = 2 h in the time-lapse microscope in the presence
of 100 lM AEA, 100 lM THC, or 100 lM HU 210,
respectively. In the case of AEA, after 2 h (Fig. 1B) there
was a general rounding of the H460 cells, with no appar-
ent cell loss, but with many cells showing a marked
increase in cytoplasmic granularity. In the case of
THC, after 2 h (Fig. 1D) there was a general rounding
of the H460 cells, with some marked ‘‘ballooning out’’
of the cytoplasm in some cells (indicated by a C on
the images) and some cells detaching (indicated by Det

on the image) from the culture plate surface, as shown
by becoming rounded and slightly unfocussed with a
dark cell membrane delineation in the image. In the pres-
ence of HU 210, after 2 h (Fig. 1F) many H460 cells
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Fig. 1. Photomicroscopy of H460 cells (A–F) showing single images taken at time = 0 and time = 2 h in the presence of 100 lM AEA, 100 lM THC, or
100 lM HU 210. Rounding of the cells is indicated by R on the images, ‘‘ballooning out’’ of the cytoplasm indicated by C on the images, cell detachment is
indicated by Det on the images, membrane blebbing with frank apoptosis is indicated by A on the images.
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became detached from the tissue culture plate surface
and showed frank morphological signs of apoptosis,
including membrane blebbing.

Cannabinoid receptor agonists decrease mitochondrial

membrane potential

Fig. 2 shows annotated fluorimeter traces of Rhodamine
123 fluorescence before and after subsequent additions of
the various cannabinoid receptor agonists to isolated rat
heart mitochondria. Fig. 2A shows that 2 equal additions
of AEA (final concentration of 20 lM) caused a small
cumulative decrease in membrane potential. The addition
of the uncoupler Carbonyl Cyanide m-chlorophenylhyd-
razone (CCCP) caused a large increase in fluorescence,
demonstrating that the mitochondria retained a significant
membrane potential after the AEA additions. Fig. 2B
shows that 2 additions of THC (final concentration of
20 lM) caused a cumulative decrease in membrane poten-
tial (which was intermediate to that due to AEA and HU
210). The addition of the uncoupler CCCP caused a further
increase in fluorescence, demonstrating that the mitochon-
dria had some membrane potential left after the cannabi-
noid additions. Fig. 2C demonstrates that two additions
of HU 210 (final concentration of 20 lM) caused a rapid
and greater decrease in mitochondrial membrane potential
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Fig. 2. Fluorimeter traces (A–C) of Rhodamine 123 fluorescence before
and after subsequent additions of the various cannabinoid receptor
agonists to isolated rat heart mitochondria. The word ‘‘Drug’’ on the
figures indicates the sequential addition of 2 · 10 lM (20 lM f.c.) of the
respective cannabinoid receptor agonist. CCCP indicates the addition of
the uncoupler CCCP.
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Fig. 3. (A) Mitochondrial oxygen consumption versus drug concentration
for AEA, THC, and HU 210. The asterisk symbol (*) indicates statistical
significance relative to control values at P < 0.05. (B) Mitochondrial
complex I activity versus drug concentration for AEA, THC, and HU 210.
(C) Mitochondrial complex II–III activity versus drug concentration for
AEA, THC, and HU 210.
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than with either AEA or THC, with no apparent residual
membrane potential being left at the end of the incubation
period, as indicated by the lack of increase in fluorescence
on addition of CCCP.
Cannabinoid receptor agonists inhibit mitochondrial oxygen

consumption

Fig. 3A shows plots of mitochondrial oxygen consump-
tion versus cannabinoid concentration for AEA, THC, and
HU 210. All three cannabinoid receptor agonists caused a
concentration dependent decrease in mitochondrial oxygen
consumption, with HU 210 having a statistically signifi-
cantly greater effect on oxygen consumption than AEA
or THC.

Cannabinoid receptor agonists cause biphasic changes in
mitochondrial complex I activity

Fig. 3B shows plots of mitochondrial complex I activity
versus cannabinoid concentration for AEA, THC, and HU
210. Whilst AEA, THC, and HU 210 causes no significant
change in mitochondrial complex I activity below a con-
centration of 3.125 lM, both THC and HU 210 caused a
significant increase in mitochondrial complex I activity at
6.25 lM (THC), and 6.25 and 12.5 lM (HU 210) which
was then followed by a significant decrease in complex I
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Fig. 4. A graph of mitochondrial hydrogen peroxide production versus
drug concentration for AEA, THC, and HU 210. The asterisk symbol (*)
indicates statistical significance relative to control values at P < 0.05.
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activity. At concentrations above 12.5 lM, all three can-
nabinoid receptor agonists caused concentration dependent
decreases in mitochondrial complex I activity, with AEA
demonstrating less potency as compared to THC and HU
210.

Cannabinoid receptor agonists cause biphasic changes in
miochondrial complex II–III activity

Fig. 3C shows plots of mitochondrial complex II–III
activity versus cannabinoid concentration for AEA,
THC, and HU 210. AEA caused a small but significant
increase in mitochondrial complex II–III activity at
1.56 lM followed by a concentration dependent rapid
decrease in mitochondrial complex II–III activity. THC
caused a significant decrease in complex II–III activity
compared to control even at the lowest concentration used
in these studies (0.39 lM). HU 210 caused a concentration
dependent decrease in complex II–III activity from
1.56 lM upwards.

Cannabinoid receptor agonists can increase mitochondrial

hydrogen peroxide production

Fig. 4 shows mitochondrial hydrogen peroxide produc-
tion in the presence of various concentrations of the can-
nabinoid receptor agonists. AEA (Fig. 4B) did not cause
any significant change in mitochondrial hydrogen peroxide
production. In contrast, both THC (Fig. 4B) and HU 210
(Fig. 4C) caused a concentration dependent increase in
mitochondrial hydrogen peroxide production.

Cannabinoid receptor agonists cause changes in H460 cell

Janus green staining

Fig. 5 (supplementary material) shows plots of Janus
green staining (measured as OD 595 nm) in H460 cells
exposed to a range of concentrations of AEA, THC, and
HU 210 for 2 h. Fig. 5A shows that with exposure to
AEA at concentrations of 10, 20, and 50 lM there was a
significant increase in OD 595 nm, whilst at the higher con-
centration of 100 lM, there was a significant decease in OD
595 compared to the vehicle control (to which the equiva-
lent volume of ethanol was added). Fig. 5B shows that fol-
lowing 2 h of exposure to THC, there was a small but
significant increase in OD 595 in the presence of 10 lM
THC, with 20 and 50 lM THC causing no significant
change in OD 595, and that with 100 lM THC, there
was a significant decrease in OD 595 compared to control.
Fig. 5C shows that following 2 h of exposure to HU 210
there was a significant decrease in OD 595 at all concentra-
tions of HU 210 used.

Discussion

Janus green is only taken up by live cells, staining
both proteins and DNA, and its uptake correlates line-
arly with cell numbers over a broad range of cell densi-
ties [6]. Therefore, the increases in OD 595 seen at lower
concentrations of AEA and THC are suggestive of an
increase in cell number through cell division, which was
not an apparent feature of the digital images. These
increases in OD 595 are more likely to be due to
increases in DNA synthesis and subsequent synthesis of
pro-apoptotic proteins, as it has been demonstrated that
the protein synthesis inhibitor cycloheximide can block
apoptosis (induced by the mitochondrial complex IV
inhibitor cyanide) in cultured neurons [8]. Taken together
with the time-lapse microscopy data, the Janus green
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data obtained with higher concentrations of AEA or
THC and with all concentrations of HU 210 suggest that
the decreases in OD 595 are due to detachment of cells
from the surface of the cell culture dish.

The decrease in mitochondrial oxygen consumption
observed is consistent with AEA, THC, and HU 210 being
inhibitors of the mitochondrial respiratory chain. Earlier
studies reported that a variety of cannabinoids when
administered to rats in vivo caused differential decreases
in the synthesis of RNA, DNA, and protein synthesis [9],
the latter 2 processes being ATP dependent. However, in
further studies, which measured oxygen consumption in
L1210 murine leukemia cells the authors concluded that
there was no relationship between the inhibition of oxygen
consumption and the inhibition of DNA synthesis they had
previously observed [10].

In another study, THC also caused a stimulation of oxy-
gen consumption at low concentrations of THC which the
authors commented ‘‘vanishes’’ in the presence of 50 lg
THC per mg protein [11]. Biphasic, concentration dependent
changes in ATPase activity and mitochondrial swelling were
also observed, and these effects were suggested to be due to
THC interacting with ‘‘protein-phospholipid receptors in
the mitochondrial membrane’’ [11]. Previous studies using
liver mitochondria reported that THC acted as an uncou-
pler, and caused mitochondrial swelling and release of
matrix enzymes, and concluded that the effects of THC on
mixed phospholipid micelles may have been due to the
‘‘destabilisation’’ of the mitochondrial phospholipid cardio-
lipin [12]. Any interactions of cannabinoids with cardiolipin
are potentially important, as, modulation of the oxidation
state of cytochrome c can cause its release from cardiolipin
in the inner membrane, to the intermembrane space, thus
raising the free cytochrome c concentration, which favours
type II (mitochondrial) apoptosis [13].

One earlier study reported that THC can decrease mito-
chondrial NADH oxidase activity [14], which is only a par-
tial and inaccurate measurement of mitochondrial complex
I activity. However, the rotenone-sensitive mitochondrial
complex I activity assay used in this present study which
was developed in approximately the same year [15] and
modified several years afterwards [16] is much more specific
and provides an accurate measure of mitochondrial com-
plex I activity, especially when used with highly purified
mitochondria.

The concentration dependency of the anti-mitochon-
drial effects of the cannabinoids needs to be carefully
considered in relation to the likelihood of such concen-
trations being achieved in vivo after drug administration.
Pharmacokinetic modelling of THC administration in a
pig model [17] indicates that intravenous administration
of a dose of 200 lg/kg THC (a dose that would induce
psychoactive effects in humans) produced peak tissue lev-
els ranging from 0.4 ng/g in bile to 1888 ng/g in lung.
This approximates to a maximal tissue concentration of
6 lM, and is within the concentration range that might
modulate mitochondrial function in vivo. The present
data relate to acute effects and it is possible that repeated
exposure to cannabinoids might produce more marked
changes in mitochondrial function. In addition, the heart
mitochondria used in our experiments have the highest
activities of mitochondrial complexes of any tissue and
it is likely that much lower concentrations of cannabi-
noids would be needed to produce significant effects on
mitochondria in other tissues such as brain, kidney,
and liver [7].

In situ tissue levels of the endocannabinoids in humans
are unknown, but in animal models they are known to
change significantly in response to pathophysiological chal-
lenge. For example, in a rat model of focal stroke, AEA
concentrations in the affected cerebral hemisphere were
reported to reach 3 lM [18], which is possibly within the
effective concentration range to affect mitochondrial func-
tion in vivo.

It has also been shown that mitochondrial enzyme activ-
ities in the brain exhibit distinct developmental profiles
[19,20], and are decreased in ageing and in neurodegenera-
tive diseases [21], all of which may leave the brain selec-
tively vulnerable to the effects of THC.

The increases in complex I activity at lower concentra-
tions of both AEA and THC may be due to changes in
membrane fluidity, as Vmax and/or Km can be altered due
to changes in membrane fluidity [22], suggesting that can-
nabinoids may be physiological/pathophysiological modu-
lators of mitochondrial function.

Furthermore, these data also allow the drawing of par-
allels to data obtained over the last two decades with
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), a
contaminant of a ‘‘designer’’ drug which causes Parkinson-
ism in relatively young people [23], through the inhibition
of mitochondrial complex I activity [18].

In conclusion, our data strongly suggest that cannabi-
noids may be beneficial for cancer chemotherapy.
However without careful monitoring of plasma tissue
levels, cannabinoids may also be harmful in individuals
with a genetic predisposition to mitochondrial disease
and/or undeveloped, aged or dysfunctional mitochondria,
such as has been observed in a wide range of neurological
[21] and psychiatric disorders including schizophrenia [24].
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