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Abstract

AIM: To investigate whether the major kavalactone
kavain imposes adverse effects on the liver
ultrastructure and function by affecting vascular and
microvascular architecture and altering hepatocellular
morphology.

METHODS: Kavain solution (10 ug/mL or 43.5 umol/L)
was perfused for 2 h in isolated rat livers. After
standard fixation and tissue preparation, the samples
were examined by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and light
microscopy (LM).

RESULTS: LM, SEM, and TEM examinations indicated
kavain-treated rat livers (7 = 4) displayed severe
vascular and endothelial damage compared to control
livers (n = 4).

CONCLUSION: The data so far support the hypothesis
that kavain induces adverse effects on liver; additional
investigations with other kavalactones and their effects
on liver are urgently needed.
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INTRODUCTION

Kava-kava, or kava, (Piper methysticum Forst.) 1s a South
Pacific plant that has been used by indigenous people as
an intoxicating traditional beverage since ancient times' .
Various preparations of kava have been marketed since the
1980s, especially in Europe and North America to manage
mild anxiety, tension, and restlessness. Some reports
also indicate that kava preparations may have analgesic,
spasmolytic, neuroprotective, and antimitotic activities”™ .
However, a number of case reports have raised serious
concerns about kava’s safety. These reports suggest
that, occasionally, even normal doses (200-300 mg/d
standardized to contain 70% kavalactones) of kava can
cause severe liver injury[()’m. On the basis of these reports,
regulatory agencies have banned or restricted sale of kava
and kava products in many countries.

The main active constituents believed to be responsible
for the pharmacological (and perhaps toxicological)
effects of Piper methysticum are the styryl a-pyrones (called
kavapyrones or kavalactones). To date, 18 kavalactones
have been identified, among these, six major kavalactones
constitute approximately 95% of the lipid extract derived
from the dried roots and rhizomes; these are kavain,
dihydrokavain, methysticin, dihydromethysticin, yangonin,
and desmethoxyyangonin. Figure 1 shows kavain’s
chemical structure, its molecular formula is Ci4H14O3, and
molecular weight is 230!,

The aim of this study was to investigate whether
the major kavalactone, kavain, induces ultrastructural
changes and function of the liver instead of biochemical
perturbations. This was achieved by examining the
vascular, microvascular, and hepatocellular morphological
changes that might occur after perfusion of rat livers with
kavain. This hypothesis was tested as there are literature
evidence that kava might produce general adverse effects
on the liver.

MATERIALS AND METHODS

Materials

Kavain (purity 95%) was purchased from ChromaDex,
California, USA. Bovine serum albumin (BSA, Fraction V),
taurocholic acid, and other chemicals were analytical grade
and purchased from Sigma (Sydney, Australia).

Animals

Male Sprague-Dawley rats (Gore Hill, NSW Australia)
of about 200 grams were used; prior to the experiments
the animals were housed in a 12 h light-dark cycle and
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Ote Figure 1 Chemical structure of kavain acquired digitized SEM images at magnifications of
(KA). X 3000, X 5000 or X 20000 as previously described™. For
light- and electron microscope studies all experiments were
S 0" Xo repeated at least four times.

controlled temperature environment with free access
to standard laboratory chow and water. The study was
approved by the Animal Ethics Committee of The
University of Sydney.

Isolated rat liver perfusions with kavain

Rat livers were perfused with 10 ug/mL (43.5 umol/L)
kavain in 100 mL perfusate (1% BSA and 0.1% glucose in
Krebs-Henseleit bicarbonate buffer) for 120 min for the
kavain treatment groups; livers were perfused only with
100 mL perfusate for 120 min in the control group. The
surgical and perfusion techniques have been described
previouslym; briefly this involved iz situ cannulation of
the portal vein and inferior vena cava under barbiturate
anaesthesia and harvesting of the liver for recirculating
perfusion. Liver viability during the perfusion was assessed
by the pH gradient between inflow and outflow perfusate,
bile flow rate and the gross appearance of the liver!"™,
After 120 min of perfusion, the livers were perfusion
fixed with 100 mL of 1.5% glutaraldehyde in 0.12 mol/L
cacodylate buffer at pH 6.9 for 7 min. Following this the
livers were stored in buffer at 4°C until preparation for
electron microscopic examination.

Liver tissue preparation for light and electron microscopy
Tissue samples were prepared according to standard
protocols[m’zoj. Briefly, glutaraldehyde perfused-fixed samples
were cut into 1 mm’ blocks in 1.5% glutaraldehyde/0.12
mol/L cacodylate buffer at pH 6.9. Blocks were then
submerged in 1% osmium tetroxide/0.1 mol/L. cacodylate
buffer for 1 h at 4°C, gradually dehydrated in ethanol and
embedded in epon. 50-80 nm ultra thin sections were cut,
stained first with uranyl acetate and then with lead citrate.
Slides were examined in a Philips Zeiss 902 transmission
electron microscope at 80 kV.

Semi-thin (1000 nm) sections of TEM embedded
liver samples were cut with a glass knife for overall light
microscopic observations. Sections were stained with 1%
toluidine blue solution prepared in 1% sodium tetraborate
buffer, mounted in DePex (Cat. No. RT 13510, Electron
Microscopy Science, Hatfield PA, USA) and examined in
bright field mode and recorded using a digital CCD camera.

For scanning electron microscopy (SEM), liver tissue
samples were prepared according to standard protocols[w’zoj.
Briefly, liver tissue was glutaraldehyde-prefixed, cut to
1 mm’ samples and following glutaraldehyde fixation,
tissue blocks were postfixed in 1% osmium tetroxide and
dehydrated in graded ethanol solutions. The liver tissue
was then dried with hexamethyldisilazane and subsequently
broken in liquid nitrogen, mounted on stubs and sputter
coated with a thin layer of 20 nm goldm]. SEM-samples
were examined in a Philips SEM 505 at 30 kV. Imaging
and morphometric analysis was performed on randomly
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RESULTS

Given that there are literature indications that kava affects
liver function it was logical to examine with the aid of
scanning electron microscopy, the influence of kavain on
the surface liver architecture and vasculature in general and
on the intactness of the endothelial lining in particular.
Under control (no kavain) conditions sinusoids in the
liver lobule show an intact endothelial lining, consisting
of endothelium with flattened processes perforated by
small pores. These pores (i.e., fenestrae) measure about
150-200 nm in diameter and are arranged in groups, also
called sieve plates (Figure 2, SEM images). Following
kavain treatment the liver tissue displays overall loss of
architecture in general; the narrowing of blood vessels,
constriction of sinusoidal blood vessels and retraction of
the endothelium. Only few intact pores (fenestrae) can be
observed since most of the pores are lost, and gaps form
in endothelium which are from the dilatation of pores,
these gaps can disturb normal liver transportation.

In order to investigate these changes in further
detail at overall low versus high magnification light-
(Figure 3, LM images) and transmission (Figure 4, TEM
images) electron microscopy were applied on sectioned
liver tissue, respectively. LM and TEM examination of
control tissue shows an intact relationship between the
sinusoidal liver vasculature and the neighbouring liver
parenchymal cells; i.e., the sinusoid is patent and empty,
the wall of the sinusoid is composed of a thin layer of
porous (ie., fenestrated) endothelium, which is covering
the space of Disse, filled by microvilli extending from the
parenchymal cell surface. These parenchymal cells contain
glycogen, a few lipid vesicles, and numerous organelles
in their cytoplasm. However, after 120 min of kavain
treatment, the LM observations show loss of overall
liver architecture; the closed, disrupted endothelium are
confirmed, there are no signs of inflammatory reactions
(such as platelets and white blood cells or other related
cell types); the parenchymal cells of hepatocytes which are
lying close to the sinusoidal vasculature are vacuolated, and
the vascular bed is constricted, narrowed. The TEM results
after kavain treatment confirm the SEM observations; the
existence of gaps which indicate disruption of the normal
liver architecture, only few pores in endothelial lining were
found; and some strong vacuolized hepatocytes surround
the blood vessels; finally vascular constriction can be
noticed from the images, and it appears that the diameters
of the blood vessels are smaller when compared to the
control (no kavain) samples. In other words, after kavain
treatment the normal hepatic vascular bed is lost. This may
cause portal and central pressure perturbations and affect
normal physiological liver function.

Noteworthy is that the severe changes in sinusoidal
microvasculature and overall loss of the integrity of the liver
parenchymal cell architecture was accompanied with striking
structural alterations of the liver macrophage population
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Figure 2 Scanning electron micrographs of control (A and B) and kavain-treated (C and D) livers. A: Overall low magnification image shows the intact histological
relationship between the liver sinusoidal vascular bed (large arrow) and the neighbouring liver parenchymal cells (small arrow) of control liver tissue. Scale bar, 100
micrometer; B: Intermediate magnification of control liver tissue reveals the intact hepatic endothelial lining (large arrow) and its relationship with the neighbouring
hepatocytes (small arrow). Scale bar, 40 micrometer. Inset depicts the pores or so-called fenestrae (arrow) at high magnification (bar represents 1 micrometer); C:
Observation of kavain-treated liver tissue at low magnification reveals loss of the normal straight and parallel aligned sinusoidal blood vessels, instead contracted and curly
microvessels can be seen (large arrow). Note that the hepatocytes appear to be swollen and have lost their relationship with the bordering endothelial lining (small arrow).
Scale bar, 100 micrometer; D: When the same tissue is observed at higher magnification the endothelial damage in the form of gaps (large arrow) and the disconnection of
the liver parenchymal cells (small arrow) becomes apparent. Scale bar, 40 micrometer. The inset illustrates the severely damaged endothelial lining (arrow, gaps; scale bar

1 micrometer).

(i.e., Kupffer cells) in the sinusoids of kava-treated
livers (Figure 5, high magnification TEM images). Close
examination by TEM revealed that Kupffer cells appear to
be swollen and the presence of large cytoplasmic vacuoles
and phagocytosed material is apparent. Furthermore, the
cells have lost their typical ruffled cell membrane aspect and
concurrently they appear to disengage from the sinusoidal
endothelial lining,

DISCUSSION

This study provides LM, TEM and SEM evidence that
perfusion of rat liver with kavain (10 pg/mL or 43.5 umol/T)
for 2 h causes severe vascular and endothelial damage
manifesting as vasoconstriction, gaps and loss of endothelial
and subendothelial liver tissue integrity when compared
to control livers. The liver parenchymal tissue looks quite
normal except for the cells lying close to the Space of
Disse (indicating vacuolization). No other differences were
observed between the kavain treated and control livers.

This current study does not allow elucidation of
the exact mechanisms by which kavain induces the
severe ultrastructural changes in the liver. The severe
morphological changes were mainly confined to the
sinusoidal vascular bed and the parenchymal liver cells
lying close to the Space of Disse. This indicates that

kavain either affects the endothelial lining directly resulting
in the loss of the integrity of the local sinusoidal liver
architecture; or alternatively, kavain might activate the local
liver-associated macrophage population (i.c., the Kupffer
cells) that in turn release cytotoxic substances which cause
the acute endothelial vascular- and parenchymal tissue
damage. Consistent with this, it is generally accepted that
the increased release of pro-inflammatory mediators and
reactive oxygen species by stimulated liver macrophages
causes severe and acute liver damage™*!. In line with
this, we collected fine structural evidence showing the
presence of activated liver macrophages in livers exposed
to kavain. In addition, these data also support the earlier
literature observations of the adverse effects of kava on
liver function in general”"’. Hence these results open up
a new avenue for future research to investigate the cellular
adverse effects of kava constituents on isolated liver
parenchymal-, endothelial-, and Kupffer cells in mono- or
co-cultures by using cytotoxic and functional metabolic
assays. Furthermore, additional 7z vivo experiments might
address the intriguing question of whether the effects
of kavain on liver tissue are reversible, and may in part
explain why patients recover from kava intoxication.
Mounting literature evidence is available that dysfunction
of the hepatic sinusoid can be reversed by modulating the
Kupffer cell population™ or its activation status™. On the
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Figure 3 Bright field light optical micrographs of control (A and B) and kavain-treated livers (C and D). Note, comparison with the high-magnification TEM data for
comparative purposes. A: Control liver tissue at low magnification reveals normal histology: i.e., hepatocytes (small arrow) are organized in long cords following the liver
sinusoids or microvascular bed (large arrow). Scale bar, 100 micrometer; B: Higher magnification of control tissue reveals the patent empty sinusoidal lumen (large arrow)
and the relationship with the neighbouring hepatocytes (small arrow). Scale bar 40 micrometer; C: In contrast, kavain-treated samples reveal narrowing of the microvessels
(large arrow), indicating sinusoidal blood vessel contraction (compare with A). Small arrow, hepatocytes. Scale bar, 100 micrometer; D: Intermediate magnification of kavain-
treated samples reveal strong vacuolization of the liver parenchymal tissue (small arrow) and loss of normal sinusoidal vasculature (large arrow). Scale bar, 40 micrometer.

other hand, it has been recently shown that acute structural
and pathophysiological damage of the liver sinusoidal

endothelial lining can revert to normal within days™”’.

www.wjgnet.com

Figure 4 Transmission electron micrographs of control (A and B)
and kavain-treated livers (C and D). Note, comparisons of these high-
resolution TEM data with the corresponding low-magnification light
microscopy images. A: Intermediate magnification reveals the intact
histological relationship between the liver sinusoidal endothelium (small
arrow) and the neighbouring liver parenchymal cells (Hep) of control
liver tissue. Note the lumen (large arrow) of the small liver capillaries,
also called the liver sinusoids. Scale bar, 5 micrometer; B: Examination
of control samples at higher magnification reveals the intact endothelial
lining (large arrow) containing the typical small transportation pores
(fenestrae) (small arrow). Hep, hepatocytes; arrowhead, the space of
Disse (defined as the space between the endothelial processes and
the hepatocytes). Scale bar, 1 micrometer; C: Kavain-treated liver
tissue samples at intermediate magnification shows strong signs of
vacuolization of the hepatic tissue (a), sinusoidal endothelial damage
(small arrow). Large arrow, liver sinusoids; Hep, hepatocytes or liver
parenchymal cells. Scale bar, 5 micrometer; D: High magnification of
liver tissue of kavain-treated rats confirm the earlier SEM observations
with respect to large gap formation of the endothelial lining (small
arrow). Large arrow, sinusoids; arrowhead, space of Disse; asterisk,
vacuolization. Scale bar, 1 micrometer.

The current study only examined the effects of one
kavalactone, kavain on the liver. Hence it is not possible
to conclude whether the other five (dihydrokavain,
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Figure 5 High-magnification
transmission electron micro-
graphs of Kupffer cells (Kc) in
control (A) and kavain-treated
livers (B). A: Kupffer cells are
located within the sinusoid (S)
and adhere to the endothelial
(e) lining by means of multiple
cytoplasmic extensions. Note,
hepatocytes (Hep); B: In
kavain-treated livers, Kupffer
cells (Kc) show an entire
different ultrastructure when
compared to control livers (see
figure 4A for the difference):
i.e., the cells look swollen,
contain large amounts of
electron dense phagocytosed
material (arrowhead), have
large vacuoles (large arrow),
and have lost their ruffled
and microvillous cell surface
characteristics (small arrow).
Scale bars, 5 micrometer.

methysticin, dihydromethysticin, yangonin, and
desmethoxyyangonin) major kavalactones have similar
effects individually on the liver. In addition, since kava
contains all the six kavalactones in combination, this pilot
study has not examined any interactive or synergistic
effects of these kavalactones with respect to adverse
effects on the liver. It is also not able to be predicted
whether kavain and other kavalactones have similar effects
on human liver as has been observed here with rat livet.
This study also used only one (10 ug/mL or
43.5 umol/L) concentration of kavain which was
continuously exposed to the livers for 2 h. The choice
of this exposure concentration and time was based on
literature data. Plasma concentration of total kavalactones
was about 33 ug/mL in a fatal human accident subsequent
to kava ingestion with alcohol and cannabis™. The toxic
concentration of kava extracts was 50 pg/mL in rat
hepatocyteslzgj while kavain toxic concentration (as judged
by release of lactate dehydrogenase, LDH) was 125 pg/mL
in mouse hepatocytespoj. Based on this literature data,
the kavain concentration in the current study was 10
pug/mL, and the results clearly show liver damage at
this concentration. It would therefore be expected that
at higher kavain concentrations adverse hepatic effects
would be more severe. The exposure time of 2 h reflects
literature evidence that livers remain normal during
perfusions up to 3 h". The structural changes observed
after kavain exposure are therefore genuine as control
perfusions revealed normal liver architecture. However, it
is not known if the effects of kavain noted here are acute
or chronic or if the effects are reversible since the livers
were continuously exposed to kavain for 2 h. Since only
one kavain concentration was used, it is not known if the
effects observed here are concentration-dependent and
what the minimum hepatotoxic concentration of kavain is.
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Background

Since the use of kava and kava-containing products were banned in some Western
countries due to case report of liver failure, this study was aimed to examine the
vascular, microvascular and hepatocellular fine morphological changes that might
occur after perfusion of rat livers with major kavalactone kavain.

Research frontiers

This article demonstrates for the first time using light and electron microscopy liver
vascular, microvascular architecture and hepatocellular morphologic changes after
liver perfusion with kavain perfusate solution.

Innovation and breakthroughs

The isolation perfused rat liver (IPRL) method has been widely used in drug
metabolism studies as it closely simulates in vivo (whole body) conditions with the
advantage that experimental conditions can be precisely controlled, like perfusion
time and drug concentration, since high concentrations of drugs would normally be
a limitation because of their side effects in vivo. Thus IPRL combined with light and
electron microscopic techniques increases the chance of determining the exact
ultrastructural changes in the liver.

Applications

In this study kavain solution (10 pg/mL) was perfused for 2 h in IPRL, after
standard fixation and tissue preparation, the samples were examined by scanning
electron microscopy, transmission electron microscopy and light microscopy.
Examinations indicated kavain-treated rat livers displayed severe vascular and
endothelial damage compared to control livers. The data so far support the
hypothesis that kavain induces adverse effects on liver. Further investigations with
other major kavalactones and with different kavalactone concentrations to examine
their effects on liver are urgently needed.

Terminology

Herb kava-kava (Piper methysticum Forst) has been used extensively in the
Pacific as a drink for thousands of years. The roots of kava are used to prepare a
drink for social and ceremonial occasions, similar to coffee or tea in other cultures.
The root is also used for soothing the nerves, inducing relaxation and sleep.
Various preparations of kava have also been marketed since 1980s in Europe and
North America to manage mild anxiety and insomnia.

Peer review

The authors show that kavain induces adverse effects. The methods and
histological examinations are rigid and instructive. The presentation is good. This
present study is an interesting trial.
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