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Khat chewing is a widespread habit that has a deep-rooted sociocultural tradition in Africa and the Middle East. The biological effects
of khat are inadequately investigated and controversial. For the first time, we show that an organic extract of khat induces a selective
type of cell death having all morphological and biochemical features of apoptotic cell death. Khat extract was shown to contain the
major alkaloid compounds cathinone and cathine. The compounds alone and in combination also induced apoptosis. Khat-induced
apoptosis occurred synchronously in various human cell lines (HL-60, NB4, Jurkat) within 8 h of exposure. It was partially reversed
after removal of khat and the effect was dependent on de novo protein synthesis, as demonstrated by cotreatment with
cycloheximide. The cell death was blocked by the pan-caspase inhibitor Z-VAD-fmk, and also by submicromolar concentrations of Z-
YVAD-fmk and Z-IETD-fmk, inhibitors of caspase-1 and -8, respectively. The 50% inhibition constant (IC50) for khat (200 mg ml�1)-
induced apoptosis by Z-VAD-fmk, Z-YVAD-fmk and Z-IETD-fmk was 8� 10�7

M as compared to 2� 10�8
M and 8� 10�8

M,

respectively. Western blot analysis showed a specific cleavage of procaspase-3 in apoptotic cells, which was inhibited by Z-VAD-fmk.
The cell death by khat was more sensitively induced in leukaemia cell lines than in human peripheral blood leukocytes. It is concluded
that khat induces a rather swift and sensitive cell death by apoptosis through mechanisms involving activation of caspase-1, -3 and -8.
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Catha edulis (khat) is a drug that is used by millions of people
worldwide, mainly in Africa and the Middle East, for its
psychostimulatory effects. The alkaloid fraction of khat is very
efficiently extracted by chewing, and the major compounds are
absorbed in the oral cavity (Toennes et al, 2003). Despite the body
of knowledge on the adverse systemic effects of khat related to
neurological disorders, hypertension, myocardial infarction and
development of cancer (Al-Motarreb et al, 2002 for a recent
review), so far, very little is known about the biological effects of
khat on cells (Carvalho, 2003). Khat consumption leads to
formation of micronuclei in human buccal and bladder mucosa,
suggesting a genotoxic effect of khat use (Kassie et al, 2001). In
rats, a decreased serum level of free radical metabolising/
scavenging enzymes and glucose has been observed after oral
administration, suggesting a deranged systemic capacity to handle
oxidative radicals after khat use (Al-Qirim et al, 2002). It has also
been reported that khat induces cytotoxic effects in cells (Al-Ahdal

et al, 1988; Al-Meshal et al, 1991; Al-Mamary et al, 2002; Dimba
et al, 2003) and in lymphoid tissue, and in the liver and kidney
after per oral administration to white rabbits (Al-Meshal et al,
1991; Al-Mamary et al, 2002), but the mode of cell death has not so
far been addressed.

Khat contains a number of pharmacologically active compounds
(Kite et al, 2003). Cathinone is a major alkaloid component in fresh
Catha leaves, but is relatively unstable and is rapidly metabolised
into norpseudoephedrine (cathine) and norephedrine. Other alka-
loid compounds such as the phenylpentenylamines and cathedulines
could also contribute to pharmacological effects of khat (Kalix, 1992;
Al-Motarreb et al, 2002). Most of their pharmacological effects are
suggested as being mediated by release of biogenic amines through
preferential binding to the norepinephrine receptor/transporter, but
also partly through binding to dopamine and 5-hydroxytryptamine
receptors (Rothman et al, 2003).

In the present study, we have tested an organic extract of khat
on human leukaemia cell lines and primary peripheral leukocytes.
We report that khat induces a swift and synchronised cell death
having all the morphological and biochemical characteristics of
apoptotic cell death. The cell death was dependent on de novo
protein synthesis and more potent towards leukaemia cell lines
than towards human peripheral blood leukocytes (PBLs). The khat
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alkaloids, cathinone and cathine, were also observed to induce
apoptosis alone and more potently in combination. Induction of
apoptosis by khat occurred through strictly regulated mechan-
ism(s) that were sensitively regulated by cellular caspases.

MATERIALS AND METHODS

Materials

The caspase inhibitors Z-YVAD-fmk, Z-VDVAD-fmk, Z-DEVD-
fmk, Z-WEHD-fmk, Z-VEID-fmk, Z-IETD-fmk, Z-LEHD-fmk and
Z-VAD-fmk were from Medical and Biological Laboratories Co.,
Ltd. (Nagoya, Japan). Cathinone hydrochloride, cathine hydro-
cloride and bisbenzimide fluorochrome (Hoechst 33342) were
from Sigma (St Louis, MO, USA). Jurkat and HL-60 cells were from
the American Type Culture Collection (Manassas, VA, USA), while
NB4 cells were a generous gift from Dr Michel Lanotte, L’Hopital
Saint-Louis, Paris. Khat samples were from the Meru district in
Kenya.

Khat extraction

Fresh khat shoots, kept moist and transported at room tempera-
ture, were frozen 36 –48 h after harvesting. Leaves were stored at
�201C for a maximum period of 5 days. The procedure for
extraction of khat was a modification of the methanolic extraction
protocol as previously described by Lee (1995), excluding alkaloid
purification, so as to minimise acid or basic residues in the extract.
The khat shoots (batches of 40 g) were swiftly chopped into small
(5 mm) pieces and dissolved in 20 ml methanol. The mixture,
shielded from light, was sonicated at RT for 15 min, and filtered
through an 11mm filter (grade 1, Whatman, Kent, UK). The
nonfiltered plant material was re-extracted in 20 ml fresh methanol
and sonicated for 24 h. The mixture was filtered and admixed with
the initial (15 min) methanol-extracted khat material. The resultant
solution was then vacuum dried at 337 millibar in a Rotorvapor
(Büchi, Switzerland) for 4– 5 h into an oily paste. The dry weight of
the extract was determined and thin layer chromatography was
used to confirm the presence of alkaloids. Small aliquots of the
extract were spotted directly onto a silica (Kieselgel F-254, Merck,
Darmstadt, Germany) plate that was developed in ethylacetate :
methanol : ammonia (85 : 10 : 5) followed by 0.5% ninhydrin
solution and developed to detect the presence of cathinone and
cathine (Zhou and Ninghua, 2000). In all, 40 g of fresh plant
material yielded approximately 1.0 g of khat extract (range 0.9–
1.2 g) and was dissolved in 5 ml DMSO. Aliquots (each 200 ml) were
immediately stored in �801C and diluted in fresh medium prior to
use. The different extraction batches were routinely tested and
found to have similar effects suggesting that the isolation protocol
was consistent in terms of preserved khat bioactivity.

Analysis of khat by LC/MS/MS

Khat extract was diluted in methanol and water (5 : 95) before
analysis. The concentrations of the khat calibration standards used
were 0.01, 0.1, 1.0 and 10 mg ml�1. Aliquots (2 ml) were injected into
the AB Sciex API 2000 LC/MS/MS system fitted with a TurboIon-
Spray interface (Applied Biosystems/Sciex, Toronto, Canada) and
an Agilent 1100 series HPLC system (Agilent Technologies, Palo
Alto, CA, USA). The analytes were separated (at 301C) on a Betasil
Phenyl column (50� 2.1 mm i.d.: 3 mm, Thermo Electron Corpora-
tion, Bellafonte, PA, USA) equipped with a Betasil Phenyl Javelin
guard column (10� 2.1 mm i.d.: 5 mm, Thermo Electron Corpora-
tion, Bellafonte, PA, USA) and eluted from a separation gradient
made from 0.1% formic acid (A) and acetonitrile (B) as follows:
linear from 5– 90% B; 0–5 min, 90% B; 5– 6 min, linear from 90–
5% B; 6 –6.5 min, 5% B; 6.5–10 min. The flow rate was set to
0.30 ml min�1 during the separation procedure and positive

electrospray ionisation was used in all experiments. To verify the
presence of specific alkaloids in the khat extract, diluted samples
(methanol : water; 5 : 95) of purified S(�)-cathinone hydrochloride,
(1S,2S)-(þ )-norpseudoephedrine (cathine) hydrochloride and
DL-norephedrine hydrochloride (Sigma, St Louis, MO, USA) were
used as standards.

The phenylpropanolamine diastereomers cathine and norephe-
drine generated similar product ion scan mass spectra (Figure 1).
Quantitative analysis was performed in triplicate in the MRM
mode, monitoring the following transitions: m/z 150-150, m/z
150-132 and m/z 150-117 for cathinone, and m/z 152-152, m/z
152-134 and m/z 152-117 for cathine and norephedrine. The
concentrations of cathinone, cathine and norephedrine in the khat
extract were 0.7470.40, 1.4970.51 and 0.970.16 mg ml�1 of khat,
respectively.

Cell culture and handling

HL-60, Jurkat and NB4 cells were cultured in RPMI 1640 medium
(Sigma) supplemented with 10% heat-inactivated foetal bovine
serum (Gibco, Grand Island, NY, USA), 2 mM L-glutamine (Gibco),
50 U ml�1 penicillin and 50 mg ml�1 streptomycin (Gibco). Cells, in
the early logarithmic growth phase, were seeded at a density of
2� 105 cells ml�1 in 24-well culture plates (Nunc, Roskilde,
Denmark) 2 h before the start of experiments. The cultures were
kept in a humidified atmosphere at 371C, supplemented with 5%
CO2. The concentration of DMSO was routinely kept below 0.1%.
In experiments testing the effects of caspase inhibitors and
cycloheximide, the cells were supplemented with these substances
15 min prior to the addition of khat.

In experiments investigating commitment to cell death after
short-term khat exposure, 1 ml aliquots of treated cells were
diluted in 10 vol. medium, and centrifuged (65 gav. for 5 min). The
cell pellet was resuspended in 10 ml of complete medium, respun
(65 gav. for 5 min), and the cells were admixed in 1 ml precondi-
tioned complete culture medium. The preconditioned medium was
obtained from parallel cultured normal (nontreated) HL-60 cells.

Isolation of PBLs

In total, 10 ml of venous blood from each donor was diluted with
20 ml 0.9% NaCl, and 10 ml of Ficoll– Hypaque (NyCoMed, Oslo,
Norway; specific density 1.077) was slowly pipetted into the
mixture from the bottom of the tube. Samples were then
centrifuged at 2000 r.p.m. for 25 min. The buffy coat (approxi-
mately 10 ml) was harvested, mixed with 4 vol. 0.9% NaCl and
centrifuged at 1800 r.p.m. for 7 min. The pellet, average 500 ml, was
dissolved in 40 ml 0.9% NaCl and centrifuged (1800 r.p.m. for
7 min). The pellet was redissolved in RPMI supplemented with
10% FBS. The cells were seeded at an average concentration of
2� 105 cells ml�1 prior to addition of khat. This procedure gave an
estimated dilution of patient serum proteins of more than 1 : 10 000
after the final suspension of human PBLs in FBS-supplemented
RPMI medium (Bruserud et al, 2003).

Determination of cell death

Dye exclusion test The cell membrane integrity was assessed by
the ability to exclude 0.2% trypan blue. The fraction of cells that
excluded trypan blue was counted in a haemocytometer. In each
determination, a minimum of 200 cells was evaluated. The fraction
of viable cells was expressed as an arithmetic mean7standard
error of the mean (s.e.m.).

Nuclear chromatin condensation test Small (50 ml) cell aliquots
were added to 50 ml fixative that contained 4% formaldehyde
supplemented with 10 mg ml�1 of the DNA-specific fluorochrome,
bisbenzimide (Hoechst 33342; Sigma, St Louis, MO, USA) at
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Figure 1 LC/MS/MS of the major khat alkaloids. Mass spectrometry analysis of diluted (1 : 2000) khat extract showing specific ion scan spectra of
cathinone (panel A with precursor ion m/z 150), cathine (panel B with precursor ion m/z 152) and norephedrine (panel C with precursor ion m/z 152) run
at collision energy of 30 eV. Inserts: Retention time determined by total ion chromatography from the diluted khat sample.
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various time points. Normal (nonapoptotic) cells had a uniform
diffuse nuclear fluorescence. The morphologically altered cells
(apoptotic cells) had more condensed and intensely stained
nuclear features, often with typical margination of the nuclear
chromatin, with or without fragmented nuclei. The fraction of
apoptotic cells was determined in randomly selected areas
containing approximately 100 cells (range 90–130) under epi-
fluorescence microscopy using a Leica IRB inverse microscope
with � 400 magnification essentially as previously described
(Gjertsen et al, 1994; Jensen et al, 1994).

Determination of loss of microvilli Quantification of loss of
microvilli was carried out in bright field microscopy using a Leica
IRB inverse microscope with � 400 magnification. Normal cells
were characterised by abundant microvilli on the cell surface,
while apoptotic cells had a smooth contour with loss of microvilli
with very few cells in an intermediate phase. The fraction of
apparent normal cells was determined in randomly selected areas
containing approximately 100 cells (range 90– 130).

Electron microscopy Cells were fixed in 0.1 M Na-cacodylate
buffer, pH 7.4. containing 2% glutaraldehyde. Samples were then
rinsed three times with buffer and postfixed in 1% osmium
tetroxide. The specimens were then dehydrated using graded
ethanols and embedded in epoxy resin, and ultrathin sections
double stained with uranyl acetate and lead citrate (B�e et al,
1995). Specimens were examined with electron microscopy (JEOL-
1230, Jeol Ltd., Tokyo, Japan). The micrographs were processed
using an AGFA Arcus II scanner and Adobe Photoshop 6.0
software.

Western blot analysis

The procedure for Western blot was mainly as previously
described (Bruserud et al, 2003). At designated time points,
10� 106 cell samples were washed in ice-cold 0.9% NaCl and lysed
in 10 mM Tris (pH 7.5), 1 mM EDTA, 400 mM NaCl, 10% glycerol,
0.5% NP-40 and 5 mM NaF supplemented with fresh DTT (1 mM),
orthovanadate (1 mM) and Complete protease inhibitor (Roche
Molecular Biochemicals, Oslo, Norway). Samples were homoge-
nised with a minipiston on ice and centrifuged (13 000 gav., 15 min,
41C). The free supernatant was carefully removed and stored in
�801C until further use. Aliquots with equal amounts of total cell
proteins (determined using a Bio-Rad protein assay standard) were
pretreated with 3� SDS– PAGE buffer and resolved using 12.5%
polyacrylamide SDS-denaturing gels. The proteins were then
transferred onto polyvinylfluoride (PVDF) membranes (Hybond,
Amersham Pharmacia Biotech, Little Chalfont, UK). Procaspase-3
and activated caspase-3 cleavage products were probed with a anti-
caspase-3 E8 primary antibody (Santa Cruz Inc., Santa Cruz, CA,
USA) followed by a anti-mouse-conjugated horseradish peroxidase
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA,
USA). An antibody against b-actin was used as an internal loading
control. The immunoblot detection was performed by enhanced
chemiluminescence (Pierce Biotechnology, Rockford, IL, USA)
acquired on a KODAK Image Station 2000R.

Flow cytometry

Dual colour flow cytometry with Annexin-V-FITC and propidium
iodide (Nexin Research, Kattendijke, The Netherlands) was used to
probe apoptotic and necrotic fractions in NB4 cells and in human
donor-derived PBLs exposed to khat extracts for 8 h. Cells
(1.0� 106) were labelled with Annexin V (125 ng sample�1) and
propidium iodide (2.5 mg ml�1) according to the procedure of the
manufacturer. Similarly, the fluorescent probe, 5,50,6,60 tetra-
chloro-1, 10,3,30-tetraethylbenximidazol-carbocyanine iodide (JC-1;
Molecular Probes Inc., Eugene, OR, USA) was used to probe

mitochondrial membrane potential in cells undergoing khat-
induced apoptosis. All flow cytometric analyses were carried on
a FACScan machine (Becton Dickinson, Franklin Lakes, NJ, USA).

Statistics

All data were expressed as the mean7s.e.m. To compare cell death
between multiple treatment groups, SPSS version 11.0 was used to
perform an ANOVA test followed by Wilks’ Lambda F test to
determine statistical significance (Po0.05).

RESULTS

Khat induced morphological effects resembling apoptotic
cell death

An organic extract of khat was found to induce profound
morphological effects in HL-60 human acute myeloid leukaemia
cells. These changes were characterised by an early loss of
microvilli and by major cell conformational changes including
blebs or buds on the cell surface membrane (Figure 2). High-power
electron microscopy revealed a series of morphological changes in
the cells, including cell shrinkage, segregation of intracellular
organelles, formation of membrane blebs some of which contained
organelles, the appearance of vacuoles in the cytoplasm, disruption
of the nuclear membrane, and condensation and fragmentation of
nuclear chromatin (Figure 2C).

Khat-exposed cells were tested with respect to their ability to
exclude trypan blue. Uptake of trypan blue in exposed cells was a
relatively late event compared with the marked morphological
changes associated with early khat exposure (Figure 3A). Among
cells exposed to 200 mg ml�1 khat for 8 h, more than 85– 90% of the
cells showed condensation of nuclear chromatin, whereas more
than 65% of the cells retained their ability to exclude trypan
(Figure 3A and B). Khat induced nuclear chromatin condensation
in a concentration-dependent manner at concentrations above
20 mg ml�1 of extract. The effect had a swift onset and was
significant after 2–4 h exposure time in a broad range of
concentrations above 6.3 mg ml�1 of khat.

The effect of khat was also tested by determination of loss of
microvilli. Normal (nontreated) HL-60 cells had a preponderance
of microvilli on the cell surface. After exposure to khat, loss of cell
surface microvilli appeared to be a very sensitive and consistent
morphological marker for khat-induced cell death. This effect
closely mimicked the timing for onset of khat-induced condensa-
tion of nuclear chromatin, but was generally more sensitive than
the latter parameter, especially at low khat concentrations
(Figure 3C).

Khat-induced cell death was characterised by activation of
caspase-3

Activation of procaspase-3 by means of proteolytic cleavage is
considered a major pathway in the execution phase of apoptosis
(Herngartner, 2000). In a high-speed cytosolic fraction (see
Materials and methods section for details), the 32 kDa procas-
pase-3 was selectively cleaved in khat-treated cells to 17 and 19 kDa
fragments as visualised on immunoblotted SDS–PAGE gels
(Figure 4). The cleavage of procaspase-3 paralleled the morpho-
logical effects of apoptosis.

Apoptotic cell death was induced by khat-specific
phenylpropylamines

HL60 cells were exposed to cathinone and cathine singly or in
combination (Table 1). These compounds induced cell death
within concentration ranges obtained in cells exposed to khat
extract (see Materials and Methods section). Cathinone was
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somewhat more potent than cathine in causing cell death. Of
particular interest was the observation that the effect of these
compounds used in combination seemed to be more potent than
when used separately. This apparent interaction emphasises the
importance of testing whole khat extract as well as its purified
constituents for a full investigation of biological effects.

Cell death by khat in various human leukemia cell lines
and in human PBLs

The ability of khat to induce cell death was further tested in other
leukaemic cell lines (NB4 and Jurkat cells) and in isolated PBLs. It
was found that khat induced morphological effects of apoptosis in
NB4 and in Jurkat cells and at potencies similar to those observed
in HL-60 cells (Figure 5). Khat also induced cell death in isolated
PBL cells, but with less sensitivity (Figure 5). These cells were also
analysed by flow cytometry using Annexin-V-FITC and propidium
iodide after khat exposure and showed similar results as with the
morphological studies (data not shown).

The commitment to cell death by khat was partially
reversible

The duration of khat exposure needed to evoke cell death in HL-60
cells was then tested. The cells were exposed to 63.2 or 200 mg ml�1

khat for short periods of time and then washed and replenished
with conditioned medium. Cells with condensed nuclear chroma-
tin were considered to be irreversibly committed to cell death,
whereas cells with normal nuclear features were healthy (Jensen
et al, 1999). In cells treated with 63.2mg ml�1 khat for 0.75 h, the
effect of khat could be abolished (Figure 6A), whereas in cells
exposed for 1 or 2 h the effect of khat was only partially abolished
(data not shown). In cells exposed to 200mg ml�1 khat for 0.75 h
(Figure 6B), only a partial and temporary rescue was observed.
Cells that were exposed to 63.2 and 200mg ml�1 khat for 2 h or

more did not show partial or temporary rescue from cell death
(data not shown). The above results showed that khat
(63.2 mg ml�1) had to be present for more than 0.5–0.75 h to
induce cell death and that exposure time for more than 2 h had no
cytopreventive effect as compared to continuously exposed cells.

Cell death by khat was dependent on de novo protein
synthesis

To investigate whether cell death induced by khat was dependent
on de novo protein synthesis, khat-exposed cells were cotreated
with cycloheximide (CHX). First, the effect of various concentra-
tions (range 31.6– 1000 ng ml�1) of CHX was tested on cell
survival. The lower concentrations of CHX only marginally (CHX
31.6 ng ml�1) or moderately (CHX 100 ng ml�1) affected cell death
in exposed HL-60 cells (Figure 7). The higher concentrations (CHX
4316 ng ml�1) induced a rather pronounced cell death on its own
(data not shown). In the presence of low to moderate CHX –
concentrations, the cell death effect by khat was inhibited
(Figure 7). In the time interval 2– 6 h, CHX (31.6 ng ml�1) inhibited
the cell death effect of 200 mg ml�1 khat by 77% (range 67 –82%)
when corrected for spontaneous apoptosis and a slight indepen-
dent cell death promoting effect of 31.6 ng ml�1 CHX. The effect
was, however, temporary; that is, the morphological effect of khat
was not inhibited by CHX in cells exposed to khat for longer (8 h
or more) time periods (Figure 7).

Antagonism of khat-induced cell death by caspase
inhibitors

In a new set of experiments, cells were exposed with khat in the
presence or absence of Z-VAD-fmk. The pan-caspase inhibitor Z-
VAD-fmk was found to be a very sensitive inhibitor of khat-
induced cell death. The cleavage of procaspase-3 was inhibited by
the presence of Z-VAD-fmk in the culture medium (Figure 8A).

Figure 2 Morphological effects of khat in HL60 cells. HL-60 cells in early logarithmic growth phase were exposed to an organic extract of khat
(200mg ml�1) for 8 h (panels B and D) or left nonsupplemented (control treated with DMSO solvent) (panels A and C). The cellular morphology was
visualised by electron microscopy at � 1000 magnification (panels A–B) and at � 6000 magnification (panels C, D).
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Half-maximal inhibitory concentration (IC50) of Z-VAD-fmk was
determined to be 2� 10�8

M in cells exposed to 200mg ml�1 khat
for 8 h (Figure 7B). A panel of caspase inhibitors with selectivity
towards caspases 1–3, 5– 6 and 8–9 was similarly used to
investigate specific inhibitory effects. It appeared that Z-YVAD-
fmk and Z-IETD-fmk, inhibiting caspase-1 and -8, respectively,
were also effective, although with less potency than Z-VAD
(Figure 8B). The caspase inhibitors Z-DEVD-fmk and Z-LEHD-
fmk, inhibitors of caspase-3 and -9, respectively, had a slight but

significant effect (Figure 7B), whereas Z-VDVAD-fmk, Z-WEHD-
fmk and Z-WEID-fmk, inhibiting caspase-2, -5 and -6, respectively,
had no significant effect on khat-induced cell death.

DISCUSSION

In this study, we report that a standardised organic extract of khat
induced a very consistent and reproducible type of cell death in
various human leukemia cell lines and in peripheral human blood
leukocytes (Figure 2). Khat extract was shown to contain the khat-
specific alkaloids, cathinone and cathine (Figure 1), which also
induced apoptosis in concentrations that were comparable to
levels found in khat-exposed cells (Table 1). The morphological
effects induced by khat were typical of the cell death previously
reported in apoptotic cells (Kerr et al, 1972). The morphologically
deformed cells were still able to restrict their influx of
macromolecules (Figure 3), and cell death was, at least partially,
dependent on de novo protein synthesis (Figure 6). Similar features
have previously been reported in other models of apoptosis
(Wyllie et al, 1980; Lanotte et al, 1991). Our results showed that
khat had to be present for 0.5–0.75 h to be fully active (Figure 6).
This suggested that khat-induced cell deaths were partly dependent
on a commitment phase for induction of apoptosis as has also been
reported previously during apoptotic cell death in acute myeloid
leukaemia cells (Wyllie et al, 1980; Jensen et al, 1999). This is
probably related to induction of specific genes during the cell
death process although this is not a prerequisite for cell death by
apoptosis (Wang and El-Deiry, 2003). Moreover, procaspase-3 was
specifically activated by cleavage into 17 and 19 kDa protein
fragments (Figure 4). This cleavage was inhibited by ZVAD-fmk, a
pan-caspase inhibitor (Figure 8A). Activated caspase-3 is generally
considered the main effector caspase during the execution phase of
apoptotic cell death (Koester and Bolton, 1999; Herngartner, 2000;
Vaux, 2002). That ZVAD-fmk, a pan-caspase inhibitor, could
prevent the morphological effects of khat in submicromolar
concentrations (Figure 8) further supported the observations
above that khat-induced cell death was mediated by induction of
apoptosis.

That the induction of cell death by khat was (1) synchronous, (2)
occurred in most cells and (3) was very concentration dependent
(Figure 3) suggests that the effect could be elicited through a
specific mechanism(s). The mechanism(s) behind these observa-
tions remains enigmatic. Our results indicate that not only
caspase-3 but also caspase-1 and -8 could be involved in the
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Figure 3 Effect of khat on cell permeability (dye exclusion test) nuclear
chromatin condensation and loss of microvilli. (A, B) HL-60 cells were
incubated with various concentrations of khat (range 2–2000 mg ml�1) or
left nonsupplemented as controls. At various time points, cell aliquots were
tested for ability to exclude trypan blue (dye exclusion test) (A) or for
condensation of nuclear chromatin (B). The data represent the mean7
s.e.m. of three separate experiments each in triplicate. (C) Cells were
exposed to various concentrations (range 2–200 mg ml�1) of khat (K) or
left nonsupplemented as controls (J). After exposure for 8 h, cell aliquots
were fixed with formaldehyde and the fraction of cells with loss of microvilli
determined. The data represent the mean7s.e.m. of three experiments in
triplicate.

Time (h): 0 1 2 4 8

Ctr Khat

Procaspase-3

Activated
caspase-3

�-Actin

% apoptosis: 3.4 5.3 7.9 16.4 83.1

Figure 4 Activation of procaspase-3 in khat-exposed cells. Cell lysates
were prepared and proteins separated by SDS–PAGE and transblotted
onto PVDF membranes. Caspase-3 was probed by mouse a-caspase-3 and
detected using a horseradish peroxidase-coupled secondary antibody (see
Materials and Methods). b-Actin was used as an internal reference marker
to monitor the amount of protein in each lane.
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cascade of cellular events leading to khat-induced cell death. The
caspase inhibitor ZIETD-fmk, which selectively inhibits caspase-8,
counteracted the morphological effects of khat-induced apoptosis
although with less potency than ZVAD-fmk (Figure 7). This could
point to a role for the Fas/TNF receptor family of transmembrane
death receptors in khat-induced cell death. Caspase-8 has a key
position in the initiation of this death-receptor pathway by
recruiting the procaspase-8 to the death-inducing signalling
complex (Herngartner, 2000). However, its more specific role in
khat-induced cell was not further tested in this study.

Also, the caspase inhibitor Z-YVAD-fmk, a potent inhibitor of
caspase-1 (Schumann et al, 1998), inhibited khat-induced cell
death (Figure 7). IL-1b is a known substrate for caspase-1 (Kuida
et al, 1995). However, the role of caspase-1 in induction of
apoptosis is controversial (Nicholson and Thornberry, 1997).
Overexpression of caspase-1 has induced apoptosis in mammalian
cells (Miura et al, 1993), whereas mice deficient in IL-1b develop
normally, suggesting a less important role of caspase-1 in
regulation of cell death during normal embryogenesis (Kuida

et al, 1995). On the other hand, thymocytes from IL-1b-deficient
mice were found to be resistant to Fas-induced cell death, showing
an impairment of the normal regulation of apoptosis in these cells
(Kuida et al, 1995). YVAD-fmk has protected HL-60 cells against
camptothecin-induced apoptosis, but not the commitment to cell

Table 1 Induction of apoptosis in HL60 by khat-specific phenylpropylamines

Alkaloid
concentration (M)

Cathinone (% apoptosis
mean7s.e.m.)

Cathine (% apoptosis
mean7s.e.m.)

Cathinone+cathine (%
apoptosis mean7s.e.m.)

0 4.3570.8024 4.2370.9755 3.6171.1842
10�8 5.7270.8400 4.9671.2594 22.3171.1181
10�7 16.3571.5820 12.4470.8513 23.9171.9656
10�6 24.4571.2298 13.9070.7776 24.3772.2349
10�5 30.5271.1510 23.6772.5663 75.6974.4470
10�4 44.7670.9528 28.7073.3373 85.1973.6467

HL-60 cells in early logarithmic growth phase were exposed to various concentrations (column 1) of cathinone (column 2), cathine (column 3) or cathinone and cathine in
combination (column 4). The fraction (%) of cells with condensed nuclear chromatin was determined after 8 h of exposure. Cells with condensed nuclear chromatin were
considered apoptotic. The experiment was conducted twice each in triplicate. The mean7s.e.m. is shown for each concentration of substance tested.
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Figure 5 Human leukaemia cell lines undergo cell death (apoptosis)
more sensitively than peripheral blood human leukocytes (PBLs) after
exposure to khat. Various human acute myeloid (HL-60, NB4) and
lymphoblastic leukaemic (Jurkat) cell lines as well as isolated PBLs were
exposed to 200 mg ml�1 khat for various time points or left nonsupple-
mented as controls. The fraction of cells with condensed nuclear chromatin
was determined. The data on the cell lines represent the mean7s.e.m. of
one experiment in triplicates, whereas the data on PBLs were obtained
from three healthy individuals, each run in triplicates. The differences
between khat-treated and untreated cells, and between khat-treated cell
lines and PBLs were statistically significant (Po0.05).
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Figure 6 Test on commitment to cell death after short-term exposure
to khat. HL-60 cells were exposed to 63.2 mg ml�1 khat (A) or 200 mg ml�1

khat (B) for 0.5 h, washed, and left nonsupplemented (open symbols) or
resupplemented (filled symbols) with khat. Some cultures were treated
continuously with 63.2 mg ml�1 khat (’, panel A) or 200 mg ml�1 khat (’,
panel B) as reference. Other cultures were left unsupplemented with khat
with (,) or without washing (J). At the times indicated, cell aliquots
(50 ml) were mixed with one volume fixative. Cell survival (%) was based
on determination of the fraction of cells not having condensed nuclear
features. These morphological findings were considered typical of cells
irreversibly committed to death. The data represent the mean7s.e.m. of
triplicate experiments. The difference between khat-treated samples and
untreated (controls) were statistically significant (Po0.05).
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death suggesting a role for caspase-1 in the execution of apoptosis
(Jensen et al, 1999). The observed 50% inhibition constant (IC50)
of khat-induced apoptosis by Z-YVAD-fmk was 8� 10�7

M as
compared to 2� 10�8 and 9� 10�8

M, respectively, for Z-VAD and
Z-IETD (Figure 8B). Knowing that the inhibition constant for
caspase-1 by YVAD-CHO is several orders of magnitude lower
than for inhibition of caspase-3 (Nicholson and Thornberry, 1997),
and that experiments in vitro have shown IC50 for inhibition of IL-
1b in the low mM range (Kuida et al, 1995), our results in vivo thus
could point to a role for caspase-1 in khat-induced apoptosis. It
was not further tested whether that role could be related to the
induction or the execution phase of apoptosis.

The main alkaloids present in khat leaves are cathinone,
norpseudoephedrine (cathine) and norephedrine (Szendrei,
1980). These phenylpropylamines, structurally related to amphe-
tamine and ephedrine, are considered the major bioactive
compounds in khat extract (Kalix, 1992). To our knowledge, these
khat-specific phenylpropylamines have not previously been
reported to be associated with induction of apoptosis. Our own
preliminary results indicate that cathinone induces a rather
sensitive apoptosis in various human myeloid leukaemic cell lines.
Amphetamine has been shown to induce apoptosis in fetal rat
neocortical neurons (Stumm et al, 1999) and in PC12 cells
(Oliveira et al, 2002) in a process generally considered to be
associated with increased stress and formation of reactive oxygen
substances. Moreover, the ephedrine-related catecholamine, nor-
epinephrine, induces apoptosis in cardiac myocytes (Singh et al,
2001) by binding to b-adrenergic receptors through a mechanism
that is dependent on activation of cyclic AMP-dependent protein
kinase (Mann et al, 1992; Communal et al, 2000).

The potential mechanisms(s) for khat-induced apoptosis in
human leukaemic cells is at present unknown. However, our
results on khat-induced apoptosis point to an activation of the
extrinsic cell death pathway. This is mainly based on the
observation that cell death by khat (1) can be induced swiftly
and synchronously in all cells, (2) is critically dependent on khat
concentration, (3) is partly dependent on de novo protein
synthesis, (4) is initially reversible upon removal of khat, (5) is
sensitively blocked by a pan-caspase (ZVAD-fmk) inhibitor and by

inhibitors selecting caspase-1 and 8. Our unpublished observations
also suggest that the cell death process can also be rather
sensitively modulated by tuning the expressed endogenous levels
of Bcl-2 in leukaemic (IPC-81) cell lines.
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Figure 8 Selective inhibition of khat-induced cell death by caspase
inhibitors. (A) Cultures of HL-60 (10� 106) cells were exposed with
200 mg ml�1 khat for various time points in the absence or presence of
10�6

M Z-VAD-fmk or left nonsupplemented as control cultures. (B) HL-
60 cells were treated with 200 mg ml�1 khat for 8 h in the absence () or
presence of various concentrations of Z-VAD-fmk (), a pan-caspase
inhibitor, or the caspase selective inhibitors Z-YVAD-fmk () and Z-IETD-
fmk (), inhibiting caspase-1 and -8, respectively. For the caspase inhibitors
Z-VDVAD-fmk, Z-DEVD-fmk, Z-WEHD-fmk, Z-VEID-fmk and Z-LEHD-
fmk, selecting predominantly inhibiting caspases-2, -3, -5, -6 and -9,
respectively, only the effect of 10�6

M concentration of these inhibitors is
shown. Half maximal inhibitory concentration (ID50) for induction of cell
death by 200 mg ml�1 khat extract after 8 h of exposure was determined to
be 2� 10�8, 9� 10�8 and 8� 10�7

M for Z-VAD, Z-IETD and Z-YVAD,
respectively. The data represent means7s.e.m. of two separate experi-
ments, each in triplicates.
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