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Intestinal Transport of Foods

Molecules found in foods can be absorbed by multiple routes.
Carbohydrates, proteins and lipids are broken down into
monosaccharides, amino acids and faity acids, respectively, by
diverse hydrolases secreted in the gut lumen or associated with
membranes of intestinal epithelial cells (IECs). These food
components are actively transported via specific carrier
molecules on the surface membrane of IECs and used as
nutrients (Fig. 1). Vitamins and minerals in foods are also
absorbed through IECs by passive diffusion or active transport
using specific carrier molecules (Fig. 1), The main role of
vitamins and minerals is to regulate the various physiological
functions of cells.

Indigestible macromolecules such as rigid proteins are
incorporated into Peyer’s patches (PPs) developing throughout
the intestine (1). PPs are organized lymphoid tissues that are
covered by a particular epithelial layer, the follicle-associated
envelope (FAE), and composed of both follicles rich in B cells
and an interfollicular area filled with antigen-presenting cells
and T cells. Horseradish peroxidase (HRP) given orally to
mice was detectable in M cells (microfold cells) within the
FAE (2). Moreover, a study using isolated intestinal loops from
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piglets has revealed that the absorptive rate of HRP was higher
in the intestinal segments with PPs than without (3). These
results demonstrate that M cells in FAE are the route for
efficiently incorporating indigestible proteins (Fig. 1). Macro-
molecules incorporated into PPs are taken by antigen-presenting
cells and induce antigen-specific immune responses, On the
other hand, macromolecules with higher molecular size such
as carrageenan (88 110 kDa) are hardly absorbed in the
intestine.

Small molecules can be transported through IECs by endo-
cytosis (Fig. 1). By contrast, food-derived substances are not
usually transported between IECs (paracellular transport),
because IECs closely connected by tight junctions do not
usually allow food-derived substances to pass through.
However, the barrier function of tight junctions is not stiff and
breast milk-derived proteins can be transported without degra-
dation between IECs in newbomns (4} (Fig. 1). As the immune
system in newborns is immature, it is reasonable that newborns
incorporate breast milk-derived proteins including lactoferrin
and maternal IgG to protect from infection. In contrast,
dysfunction of the tight junction due to genetic defect is
dangerous. Patients with food allergy have intestines with a
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Figure 1. Mechanisms for transport of food-derived substances. Carbohydrates, proteins and lipids ace digested by multiple hydrolases secreted into the gut
lurnen and associated with membranes of columnar epithelial cells. Specific carrier molecules transport monosaccharides, amino acids and faty acids, and vita-
mins and minerals are incorporated by passive diffusion or transporied by carrier proteins, In contrast, indigestable macromolecules are incorporated by M cells
present in the follicle-associated envelope of Peyer’s patches or through endocytosis by columnar epithelial cells. The incorporation of foods by diffusion through
intercellular spaces between ¢olumnar epithelial cells does not occur except for in newborns or in subjects with a genetic deficiency in a barrier function.
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reduced barrier function, and therefore an antigenic load in the
gut lumen can be easily incorporated into the body (5).

The intestine and liver are important organs in terms of
supply of nutrition and self-defense, and these organs are
equipped with specialized immune systems. A huge number of
IgA-producing cells and intraepithelial T lymphocytes (IELs)
with unique physiological functions are colonized in the gut
and play a pivotal role in defense against pathogens (6).
Moreover, natural killer (NK) T cells are enriched in liver and
highly effective in the eradication of tumor cells (7). Hazardous
substances (pathogens, toxins and allergens) are recognized as
antigens and activate the immune system, but most gut
antigenic loads {food-derived molecules and indigenous intes-
tinal bacteria} are harmless and the immune response to these
antigens is suppressed in healthy humans (oral tolerance). In
contrast, the immune system of patients with inflammatory
bowel disease responds excessively to the indigenous intestinal
bacteria, causing inflammation in the intestine (8).

It is of great interest that some substances in foods can
cpen tight junctions between IECs. When the capsianoside
contained in a sweet pepper was added to the apical side of a
monolayer formed by the human IEC line Caco-2, the tight
junctions transiently opened, followed by a drop of electric
resistance between the apical and basal sides (9). While the
tight junction basically acts as a barrier to pathogens or toxic
substances in the intestine, the tramsient opening of tight
junctions may be so important that antigens can be captured by
dendritic cells in the intestinal lamina propria and iromune
responses to these antigens are efficiently evoked (10).

Regulation of Inmune Functions by Foods

Immune-medulating abilities of foods have been investigated
in a number of human studies. We tentatively classified these
researches into three categories according to the state of
immune system in subjects enrolled for investigation:
(i) healthy individuals; (ii) patients with hypersensitivity; and
(iii) subjects in immunocompromised state.

Foods Capable of Improving Immune Functions in
Healthy Individuals

Immune functions are not stable and usually fluctuate within
fixed limits. In addition, various endogenous and exogenous
factors can influence immune functions. Corticosteroids sup-
press a broad range of immune functions efficiently and
exhibit anti-inflammatory activity, Malnutrition, aging, stress
and undesirable lifestyle are also factors lowering immune
functions. The elderly exhibit higher susceptibility to infection
than the young, and delayed type hypersensitivity (DTH),
antigen-specific  antibody production, the proliferative
response of T cells and the relative proportion of T cells
decline with aging (11-16). Many kinds of physical and mental
stress also disturb immune functions. For instance, a surgical
operation exhausts patients and is accompanied by a decline
in their DTH, and caregivers of dementia patients show a
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decrease in NK cell activity, antigen-specific antibody
production and T cell proliferation on account of depression
(17,18). Moreover, NK cell activity deteriorates under not only
mental stress after divorce but also physical stress of heavy
exercise (19-24). It is widely known that systemic malnutri-
tion associated with a deficiency of protein and energy causes
a decline in immune functions and results in susceptibility to
infection (25-28). A deficiency in vitamins and minerals
induces an attenuation of immune functions including phago-
cytic activity, NK cell activity, DTH, antigen-specific antibody
production, and the proliferative response of T cells (29,30). In
addition, NK cell activity and the proliferative response of T
cells decline in patients with chronic fatigue syndrome (31).

The deterioration of immune functions possibly causes loss
of health. A higher risk of infection is closely linked with low
NK cell activity, and increased risk of mortality in the elderly
after pathogenic infection is correlated with a decline in DTH
(32-35). Bodily dysfunctions in chronic fatigue syndrome
patients are negatively correlated with the proliferative
response of T cells (36).

These findings clearly demonstrate that immune functions in
healthy individuals tend to be disturbed by various factors, and
deterioration of health is closely connected with dysregulation
of immune functions. On the other hand, it has been proposed
that food-derived components can improve the immune
functions in healthy jndividuals. Vitamins, minerals, and fatty
acids enhance DTH (37-40), vitamins and minerals enforce
antigen-specific antibody production (41—45) and vitamins,
minerals and oligosaccharides increase T cells and augment
their proliferative response (30,37,43,46-51). In addition,
vitarnins, minerals and lactic acid bacteria promote phagoeytic
activity and NK cell activity (30,43,52-61) (Fig. 2). The
ingestion of these foods not only normalizes immune functions
but also reduces the incidence of pathogenic infection
(30,41,43,62-64).
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Figure 2. Modulation of immune functions by foods. The immune system is
divided into innate immunity and acquired immunity, and food-derived sub-
stances can modulate either innate or acquired immunity. For example, probi-
otics such as lactic acid bacteria and some vitamins enhance phagocytic
activity and natural kilter (NK) cell activity (innate immunity), while vitamins,
minerals, amino acids, fatty acids and oligosaccharides augment T cell
responses and antibody production {acquired immunity). A balance of innate
and acquired immunity is desirable for good health.
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Table 1. Parameters available for evaluating the immune-modulating effects
of foods in humans ’

Subjects Beneficial changes to parameters induced

by ingesting foods

Detayed type hypersensitivity T (37-40),
Antigen-specific antibody antibody
production T (41-45),

Mitogen- or antigen-induced T cell
proliferation and T eelt number T (46-51),
NK cell activity and phagocylic activity T
(52-61)

Patients with hypersensitivity Soluble CD4 level in serum 4 (67), TNF-a
level in feces 4 (79),
Inducible surface CD23 level 4 (78),
soluble IL-2R level in serum 4 (67,78),
Soluble VCAM level in serum | (78), ECP
level in feces or serum J. (67,86,
IFN-y production T (81), TGF-p
level L (67), eosinophil number 4 (81)

Phagoeytic activity T (133), NK cell

nomber T (134,137),

T cell number and IFN-vy level in serum T (135),
Delayed type hypersensitivity T (133,135),
NK cell activity T (139), antigen-specific
antibody production T (140,

T cell number and IgG level in serum T (141)

Healthy individvals

Subjects tn
immunocompromised state

Summarizing the results reported so far, it is reasonable to
conclude that the effect of foods on immune functions can be
evaluated in healthy subjects by measuring either parameters
concerning innate imrnunity (phagocytic activity and NK cell
activity} or parameters concerning acquired immunity (DTH,
antigen-specific antibody production, the proliferative
response of T cells and T cell number) {Table 1). Therefore,
despite fears that immune functions may decline due to mal-
nutrition, aging, stress or undesirable lifestyle, one can remain
healthy and reduce the risk of infection or cancer by eating
foods capable of enhancing phagocytic activity, NK cell
activity, DTH, antigen-specific antibody production, the
proliferative response of T cells and/or T cell numbers.

Foods Capable of Improving Clinical Symptoms in
Patients With Hypersensitivity

Immune reactions are usvally evoked in response to externally
derived hazardous antigens. However, in patients with hyper-
sensitivity represented by immediate type allergy, immune
reaction to non-toxic antigens and sometimes to the body’s
own molecules is induced. The causes of hypersensitivity are
mainly genetic, but environmental factors, including air
pollution, dietary components and residential conditions,
also play an important role. As clinical condition and immune
parameters change concomitantly in allergic patients, it is
possible to observe the effects of foods by measuring the
immune parameters associated with allergic reactions.
" Generation of pro-inflammatory cytokines and chemokines
and expression of cell adhesion molecules are involved in the
progression of allergic diseases including atopic dermatitis,
pollinosis and allergic rhinitis. Levels of pro-inflammatory

cytokines and chemokines increase and the expression of cell
adhesion molecules is enhanced in allergic patients (65-70).
Furthermore, eosinophils as wel} as mast cells secrete chemical
mediators and worsen the clinical symptoms-in the inflam-
matory areas (71,72). In order to establish an objective assess-
ment of the clinical state of allergic patients, a skin test, the
antigen-induced response and the SCORAD score have all
been utilized (73,74).

When the immune parameters representing clinical symptoms
characteristic of atopic dermatitis, pollinosis and allergic rhini-
tis normalize, the patients recover from allergic diseases
(67,75). Therefore, normalization of these immune parameters
by foods is helpful in that allergic patients recover their health
and persons with a predisposition to allergies may avoid
falling ill. Parietaria extract (76,77}, herbal extract (78) and
lactic acid bacteria (67,79-89) have been found to suppress
allergic diseases in human subjects as well as animal models.

Based on findings reported to date, we conclude that the
following immune parameters can be used to evaluate the
effects of foods on the clinical symptoms of allergic patients:
(i} parameters to directly assess clinical symptoms in allergic
patients: skin test (75,82), skin-induced response (76), SCO-
RAD score (74,78,90); (ii) parameters that vary in association
with the clinical symptoms of allergic patients: TNF-c level
(65,66,79,91), soluble CD4 level (67), soluble CD23 level or
inducible surface CD23 level (68,78,92), soluble IL-2R level
(67,68,93,94), soluble VCAM level (70,78), amount of
granular protein in eosinophils (ECP, EPX) (67,86,95); (iii)
parameters possibly involved in the clinical symptoms of aller-
gic patients: IgG, level (75), IL-4/IFN-v production (81,96),
TGF-f level (67,97,98), eosinophil number (81,99) (Table 1).

An allergic reaction is a sequential immune response involving
the processing and presentation of the allergen, activation of
allergen-specific T and B cells, production of IgE against the
allergen, and activation of mast cells and eosinophils triggered
by the allergen. Therefore, food-derived materials could prevent
allergy by counteracting at least one step in the cascade of aller-
gic reactions, It has been reported that a variety of foods contain
substances able to prevent an allergic reaction (100-102).

Foods Capable of Improving Immune Functions in
Subjects in an Immunocompromised State

Cancer patients are usually immunosuppressed and at high risk
of infection due to a reduction of immune functions. Therefore,
foods capable of enhancing the immune responses of cancer
patients with disturbed immune functions are valuable.

Invading pathogenic bacteria or viruses are captured and
killed by phagocytes such as neutrophils and macrophages,
and NK cells recognize and lyse infected cells. Activated NK
cells and T cells produce huge amounts of IFN-vy, which
further augments the anti-bacterial activity of macrophages
(103-106).

Pathogens that have escaped capture by phagocytes or NK
cells are incorporated and processed by professional antigen-
presenting cells, which stimulate T cell clones expressing
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antigen receptors specific for pathogens. Activated
antigen-specific T cells secrete various arrays of cytokines
necessary for antibody production, and pathogen-specific
antibodies play an important role in the exclusion of pathogens
invading the airway, intestine and urinary tract {107-109). I[gA
secreted in the intestinal mucosa can neutralize toxins
produced by pathogens and prevents diarrhea (110), and IgG
circulating in sera is principally for defense against infection
in the upper respiratory tract (107).

The incidence of infection increases and the aggravation of
infectious diseases occurs when innate and acquired immune
functions decline or are insufficient. Patients with undetectable
levels of NK cell activity suffer frequent viral infections and
the transfer of NK cells into suckling mice can render the
recipient mice resistant to infection for murine cytomega-
tovirus (111,112). Patients with Gaucher disease, who were
highly susceptible to serious bacterial infections, had
macrophages with impaired anti-bacterial activity and the rate
of infection among marrow transplant recipients 100~365 days
after transplantation was negatively correlated with the total
number of B cells and monocytes (113,114). On the other
hand, several reports have shown that the improvement of
depressed immune functions by ingesting foods reduced
infection rates and mitigated the severity of infectious disease
(43,115-118). When assessing the anti-infectious capabilities
of foods, phagocytic activity, NK cell activity, T cell number,
production of antigen-specific antibodies and total IgG level
can be regarded as useful parameters.

NK cells exhibit cytotoxic activity against not only infected
cells but also cancer cells (119-121). IFN-y produced by
activated NK cells suppresses the proliferation of cancer cells
and activates cytotoxic T cells and macrophages (122,123).
While NK cells kill cancer cells in an antigen non-specific
manner, cytotoxic T cells recognize specific antigens of cancer
cells for killing. Moreover, macrophages secrete molecules
toxic to cancer cells and induce the apoptosis of cancer cells
(124-126).

The proliferation and metastasis of cancer cells accelerate
when immune functions are disturbed. It has been found that
cancer patients have lower NK cell activity than healthy
controls and persons with lower NK cell activity are subject to
higher rates of cancer incidence, metastasis and aggravation of
cancer {(127-131). The macrophages infiltrating solid tumor
have less phagocytic activity (132). On the other hand, when
cancer patients ingest foods capable of improving immune
functions, the prognosis becomes much better (133-137).
Based on the reports of clinical trials with cancer patients,
phagocytic activity, NK cell number, T cell number, DTH and
IFN-vy production are all useful immune parameters for assess-
ing the effect of foods on prognosis after surgical operation for
cancer {Table 1). Moreover, it has been reported that NK cell
activity deteriorates in AIDS patients (138), and branched
chain amino acids, probiotics and vitamin A improves
virus-triggered diseases (139-141).

Newborns exhibit immature immune functions and are vul-
nerable to pathogenic infection. Supplementation of vitamins
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in malnourished children and ingestion of probiotics in
newborns enhance immune functions and prevent viral infection
(118,142).

Mechanisms by which Foods Influence
Immune Functions

Food-derived substances incorporated into the body via various
routes modulate immune functions. Taking into consideration
that malnutrition or calorie restriction cause reduced activity
in immune functions, nutritional condition is indispensable
for the development of the immune system {143). Moreover,
food-derived substances exhibit a special role in influencing
immune functions.

The way that food-derived substances modulate immune
functions is either indirect or direct. Comparative analyses of
conventional and germ-free animals revealed that indigenous
intestinal microflora play a pivotal role in the development of
host immune systems. Ingestion of probiotics stabilizes the
intestinal microflora, and normalization of the intestinal
microflora by probiotics could lead to modulation of the host
immune system (144). In addition, probiotics such as lactic
acid bacteria are recognized by specific receptors on the
surface of phagocytic cells. Additionally, vitamins, minerals or
fatty acids affect cellular functions by preserving the cell
membrane or regulating gene expression after being incorpo-
rated into lymphocytes (Fig. 3). One group of foods
represented by lactic acid bacteria stimulates innate immunity
(phagocytic activity, NK cell activity), while other foods,
including vitamins and minerals, activate acquired immunity
(T cell response, antibody preduction). However, as innate
immunity and acquired immunity are closely linked, both
groups of foods may regulate both immune systems. It has
been reported that various nutrients found in foods exhibit
anti-infectious functions (145). We would like to briefly
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Figure 3. Mechanisms by which food-derived substances modulate the
immune functions of cells. Components of probiotics are recognized by cell
surface receptors such as the mannose receptor and Toll-like receptors (TLRs).
It has been clarified that agonists of TLRs transmit signals to DNA by activat-
ing intracellular adaptor molecules such as MyD88, In contrast, vitamins and
minerals prevent the oxidation of cell membranes and affect gene expression.
Furthermore, fatty acids modulate immune functions by stabilizing the cell
membrane and regulate the ranscription of genes.



246 Modulation of immune functions by foods

describe the pathways by which food-derived substances exert
their immune-modulating abilities.

Probiotics ingested may be partially digested in the gut and
incorporated into M cells present in FAE, and then captured by
dendritic cells or macrophages in the interfollicular area of
PPs. These professional phagocytic cells hold various receptors
on their surface capable of binding commen structures of
microbes, the pathogen-associated molecular patterns
(PAMPs). Among the receptors for PAMPs, molecular structure
and functions of TLRs (Toll-like receptors) have been recently
unveiled. Ten TLR families (TLR1-TLR10) have been identi-
fied and ligands recognized by some TLRs have been deter-
mined. TLR2 recognizes peptidoglycans and lipopeptides as
TLR4 does lipoteichoic acids and lipopolysaccharides.
Moreover, the CpG oligonucleotides universally detected in
bacterial DNA are recognized by TLR9. The signaling
response to stimuli recognized by TLRs is mainly mediated by
an intracellular adaptor molecule, MyD8&8 (myeloid differenti-
ation factor 88). Thereafter, the nuclear transport of NF-«xB
(nuclear factor-kB) is stimulated and de novo synthesis of
cytokines is induced (146). It has been proposed that stimuli
through TLR2 activate both JNK (c-Jun N-terminal kinase)
and ERK (extracellular signal regulated kinase) and induce
production of IL-10, while stimuli through TER4 activate JNK
and induce production of IL-12 (147).

Immune-modulating effects of amino acids such as gluta-
mine and arginine have been evaluated. Ingestion of glutamine
improved nitrogen retention and lowered incidence of bac-
teremia in patients with trauma, and enteral supplementation
of glutamine-enriched diet enhanced the recovery of immune
functions and reduced the length of hospital stay after surgical
operation in cancer patients (148,149). Glutamine is a nutrient
for immune cells and acts as precursor for glutathione, which
circumvents oxidant stress and improves cell-mediated
immunity. Arginine is a substrate for synthesis of nitric oxide
and improves helper T-cell numbers. Peri-operative feeding of
arginine and n-3 polyunsaturated fatty acids (PUFAs) restored
DTH and decreased infection rates in colorectal cancer
patients (150).

Nucleotides are rich in foods containing nucleic acid/
nucleoprotein and supplementation of nucleotides is important
for growth of infants. Addition of nucleotides increased the
proportion of TCR-y8-bearing IELs through stimulating IL-7
production by IECs in mice (151), and ingestion of formula
supplemented with nucleotides augmented NK cell activity
and TL-2 produetion in human infants (152). It remains to be
elucidated whether immune cells may utilize ingested
nucleotides as substrates for synthesis of nucleic acids.

Vitamins and minerals exhibit important immune-modulating
functions by entering cells and regulating gene expression.
Vitamin A affects the differentiation of epithelial cells and
inhibits IFN-y production by T cells at the transcriptional
level, which results in stimulation of antibody-mediated
immune respenses (153). Vitamin C prevents the production of
reactive oxygen intermediates and reduces DNA damage in
immune cells. Moreover, vitamnin C inhibits the transcription of

Table 2. Major food-derived substances that modulate immune functions

Nutrients/nutricines Immune-modutating functions

Nutrients/calorie Indispensable for normal development of immune

system
Amino acids
Glutamine Trophic for immune cells, circumvention of oxidant
stress
Arginine Substrate for synthesis of nitric oxide, enhancement
of Th cells
Fatty acids
n-3 PUFAs Anti-inflammatory
Vitamins
Vitamin A Regulation of Th1/Th2 balance
Vitamin C Circumvention of oxidant stress
Vitamin E Circumvention of oxidant stress, anti-inflammatory
Minerals
Selenium Stimulation of cell-mediated immune response
Zinc Stmulation of cell-mediated immune response
Nucleotides Stimulaticn of cell-mediated immune response
Probiotics
Peptidoglycan, Stimulation of IL-12/TL- 10 production

lipoteichoic acids

CpG oligonucleotides  Anti-inflammatory

NF-«B, and down-regulates the production of pro-inflammatory
cytokines (154). Vitamin E is also an anti-oxidant and exerts an
anti-inflammatory effect. Vitamin E stabilizes the membrane
of immune cells and enhances the binding of antigen-presenting
cells and T cells (155). :

Minerals prevent the oxidation of lipids in the cell membrane,
which can reduce oxidative stress affecting immune cells. For
instance, selenium is indispensable to the function of reducing
enzymes such as glutathione peroxidase and thicredoxin
reductase, and is needed to stimulate cell-mediated immune
functions (156). Furthermore, zinc may be required for the
translocation and binding of NF-kB to DNA (157).

Long-chain PUFAs in foods can modulate immune functions.
Dietary n-3 PUFAs alter the lipid composition of the cell
membrane and regulate the function of immune cells. Antigen-
presenting cells from mice and humans fed n-3 PUFAs
exhibited the capacity to suppress excessive activation of
T cells (158,159). As a result, n-3 PUFAs can act as anti-
inflammatory agents.

Major food-derived substances and their immune-modulating
functions are summarized in Table 2.

CONCLUDING REMARKS

We have reviewed and systematized studies reporting the effects
of food-derived materials on immune functions in intervention
studies or randomized controlled trials in order to clarify
whether the immune-modulating activities of foods have been
evaluated in a scientific manner. This search has revealed the
following points; (i) many foods or food-derived materials
improve or enhance immune functions in a wide range of human
subjects; and (ii) foods with immune-modulating activitics
affect either innate or acquired immunity. Phagocytic activity
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and NK cell activity are representative parameters of innate
immunity, and phagocytes and NK cells rapidly kill pathogenic
bacteria, viruses and cancer cells in an antigen-independent
manner. In contrast, DTH, antigen-specific antibody production
and the proliferative response of T cells are major parameters
reflecting acquired immunity, which is responsible for the
antigen-specific exclusion of pathogenic bacteria, viruses and
cancer cells, Many kinds of foods can improve parameters
exhibiting either innate or acquired immunity.

Ingestion of foods does not always change many immune
parameters. Therefore, it is useful to define immune parame-
ters affected by foods. Vitamins, minerals, amino acids, proteins,
carbohydrates or lipids, for example, enhance parameters of
acquired immunity. In contrast, probiotics, including lactic
acid bacteria, mainly augment parameters of innate immunity,
These findings support that food-derived materials act on
different immune cells or distinct molecules of the cells and
improve at least one parameter of either innate or acquired
immunity. In other words, these results mean that one can eval-
uate the immune-modulating abilities of foods by analyzing
parameters of either innate or acquired immunity.

The components in foods that improve immune functions
and the mechanisms by which foods exert immune-modulating
effects are still far from fully understood. To confirm the
scientific basis of the immune-modulating activities of foods,
there is a need to keep on systematizing newly obtained
scientific data on foods.
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Effects of oral administration of extracts of Hypericum
perforatum (St John’s wort) on brain serotonin
transporter, serotonin uptake and behaviour in mice

Kazufumi Hirano, Yasuhiro Kato, Shinya Uchida, Yumi Sugimoto,
Jun Yamada, Keizo Umegaki and Shizuo Yamada

Abstract

The pharmacological effects of extracts of Hypericum perforatum (5t john's wort) were characterized
in-vitro and ex-vivo, in relation to its behavioural effects. In in-vitro experiments, St John's wort
inhibited brain synaptosomal {?H]serotonin uptake in mice with little effect on specific [*Hlparoxetine
binding. For selective serotonin-reuptake inhibitors (SSRIs), the 150 value for [PH]serotonin uptake
{molar concentration of unlabelled drug necessary to displace 50% of specific uptake} correlated well
with the inhibition constant K, value for PH]paroxetine binding in mouse brain, Oral administration of
5t John's wort (900mgkg™"), paroxetine (1 mgkg™"} and sertraline (10mgkg™") brought about signifi-
cant increases in the K, value for {*H]serotonin uptake into brain synaptosomes 4 h later, and only 5SRls
suppressed specific [*H]paroxetine binding in mouse brain. 5t John's wort and SSRIs significantly
inhibited marble-burying behaviour in mice and the time-course of attenuation of this behaviour by
st John's wort was similar to that of [*Hlserotonin uptake inhibition. In the forced swimming test,
St John's wort, but not S5Ris, suppressed the immobility time of mice after oral administration. These
results provide the first in-vivo evidence to suggest that the mode of antidepressant action of St John's
wort differs from that of SSRls. Thus, this study may have a significant impact on phytotherapy with
St John's wort.

hesdkicn 1

Extracts of Hypericum perforatum (St John’s wort) are frequently prescribed in Germany
and other European countries in the treatment of mild to moderate depression, anxiety
and sleep disorders. Several recent reviews of controlled clinical studies with St John’s
wort have come to the conclusion that it represents an effective antidepressive principle,
superior to placebo (Linde etal 1996; Volz 1997; Wheatley 1997; Wong etal 1998) and
having a similar effect to some standard antidepressant drugs (Philipp et al 1999; Brenner
et al 2000; Schrader 2000; Woelk 2000). Furthermore, this extract has proved to be free of
cardiac and anticholinergic side effects, which are typical for the tricyclic antidepressants
{Ernst et al 1998). In accordance with the clinical studies, many recent pharmacological
studies with St John’s wort also support its antidepressive activity, and attention has
increasingly focused on hyperforin (a phloroglucinol derivative) as an active ingredient.
St John’s wort and hyperforin (80-200nm) inhibit synaptosomal monoamine uptake
in-vitro (Chatterjee et al 1998), and these hyperforin concentrations are close to its plasma
Cax value in human subjects given daily St John’s wort (300 mg of the extract containing
5% hyperforin} (Biber et al 1998). In in-vivo experiments, acute systemic treatment with
St John’s wort exerts significant antidepressant activity in some behavioural tasks (forced
swimming test, learned helplessness and tail suspension test) (Chatterjee etal 1998;
Butterweck etal 2003) and St John’s wort (500mgkg™", p.o.) or hyperforin alone
(10mgkg™", i.p.) significantly enhances levels of brain serotonin, noradrenaline (norepi-
nephrine)} and dopamine in rats (Calapai etal 1999; Kaehler et al 1999).

Although a wide variety of bioactive compounds, such as phenylpropanes, flavonol
derivatives, biflavones, proanthocyanidines, xanthones, phloroglucinoels, some amino
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acids, naphthodianthrones and essential oil constituents,
have been identified in the extracts (Nahrstedt &
Butterweck 1997), it is still not clear which components
could account, wholly or partly, for the antidepressant
activity of St John's wort. Because elimination of hyper-
forin from St John’s wort does not result in a loss of
behavioural pharmacological activity (Butterweck etal
2003) and the brain-to-plasma ratio of hyperforin is only
4%, the corresponding brain concentration of hyperforin is
probably far from the levels required to affect the neuro-
transmitter mechanisms {Cervo etal 2002). Thus, the exact
mechanism by which St John’s wort exerts its antidepres-
sant effect still remains to be resolved. Most previous stud-
ies on St John’s wort and its ingredients have involved
in-vitro experiments and behavioural effects but little in-vivo
study has been undertaken to establish the pharmacological
relevance of in-vitro findings. Therefore, it would be of
general importance to elucidate the in-vivo mode of action
of St John’s wort under the influence of pharmacokinetic
and pharmacodynamic factors. In this study, the binding
characteristics of 5t John's wort to serotonin transporters
and its effects on serotonin uptake in mouse brain were
examined in-vitro and ex-vivo, in relation to its behavioural
effects. Mice received St John’s wort (100-900mgkg™),
paroxetine (I mgkg™')} and sertraline (10mgkg™") orally
at doses chosen to significantly increase the extracellular
serotonin in rat brain (Calapai etal 1999; Malagié etal
2000; Bymaster et al 2002).

‘Materials and Methods L
Chemicals

[*H]Paroxetine (806.6 GBqmmol™') and [*HJserotonin
(1.0 TBg mmol ™"} were purchased from Dupont-NEN Co.
Ltd (Boston, MA). The Hypericum perforatum dry extract
(St John's wort) was kindly supplied by Indena (Milan,
Italy). The content of hypericin (0.3%) and hyperforin
(3.2%) was quantified by Indena. Fluvoxamine maleate
was purchased from Tocris (UK). Fluoxetine hydrochlor-
ide, paroxetine hydrochloride and sertraline hydrochloride
were kindly donated by Eli Lilly pharmaceuticals
(Greenfield, IN), GlaxoSmithKline pharmaceuticals (West
Sussex, UK) and Pfizer Inc. (Groton, CT), respectively. All
other drugs and materials were obtained from commercial
SOurces.

Drug administration

Male ICR strain mice, 6-8 weeks old (Japan SLC Inc.,
Shizuoka, Japan), were housed five per cage in the labora-
tory with free access to food and water, and were maintained
on a 12-h dark-light cycle in a room with controlled tem-
perature (244 1°C) and humidity (554 5%). Mice were
fasted for 16h before the administration of drugs. St
John’s wort (100, 300 and 900mgke™'), paroxetine
(Imgkg™") or sertraline (10mgkg™") was administered
orally, and control mice received vehicle. St John’s wort
was suspended in distilled water and sonicated for 10min

before oral administration; SSR1s were dissolved in distilled
water. At 1-12h after the administration, mice were exsan-
guinated by taking the blood from the descending aorta
under light anaesthesia with diethyl ether and the brain
was perfused with 0.9% NaCl from the aorta. Then, the
whole brain was removed and used for [*H]paroxetine bind-
ing or PH]serotonin uptake experiments. All the procedures
used in this study were conducted according to guidelines
approved by the Experimental Animal Ethical Committee
of the University of Shizuoka.

[*H]Paroxetine binding assay

The whole brain tissue was homogenized in 19 volumes of
50 mm Tris-HCl buffer (pH 7.4) containing 120mn NaCl
and 5mm K CI with a Polytron homogenizer and the homo-
genate was centrifuged at 40000 g for 15 min. The pellet was
resuspended in 24 volumes of the buffer. All steps for the
tissue preparation were performed at 4°C. The binding
assay for serotonin transporters in brain homogenates
from mice was performed by using [*H]paroxetine, as pre-
viously described (Habert etal 1985), Briefly, the brain
homogenates (approximately 400 pg of Erotein) were incu-
bated with different concentrations of ["Hjparoxetine (0.1,
0.3, 0.5, 1.0 and 2.0nm) for 2h at 20°C in the buffer. The
reaction was terminated by rapid filtration (Cell Harvester;
Brandel Co., Gaithersburg, MD) through Whatman GF/B
glass fibre filters, and filters were rinsed three times with
2mL of ice-cold buffer. Tissue-bound radicactivity was
extracted from filters overnight in scintillation fluid (2L of
toluene, 1L of Triton X-100, 15¢g of 2,5-diphenyloxazole,
0.3g of 1,4-bis[2-(5-phenyloxazolyl)]benzene) and it was
determined in a liquid scintillation counter. Specific binding
of [’H]paroxetine was determined experimentally from the
difference between counts in the absence and presence of
10 0 fluoxetine, All assays were conducted in duplicate,
Every binding experiment was performed using fresh tis-
sues. Protein concentration was measured according to the
method of Lowry etal (1951) using bovine serum albumin
as standard.

Synaptosomal uptake of [*Hiserotonin

Synaptosomal preparations from the whole brain of mice
were used for serotonin uptake as previously described
(Chatterjee etal 1998; Singer etal 1999). The tissue was
homogenized in 0.32M sucrose solution with a Teflon—
glass homogenizer and diluted with 10 mL of homogeniz-
ing medium. The nuclear fraction was eliminated by cen-
trifugation at 750g for 10min and the supernatant
was centrifuged at 17400g for 20min to obtain the
crude synaptosomal pellet. The pellet was suspended in
19 volumes of HEPES buffer (composition in mm
{except where stated): 10HEPES, 150NaCl, 6.2KCl,
L2Na,HPO,, 1.2Mg80,, 10 glucose, 10um pargylin,
0.1% ascorbic acid, pH 7.4). All steps for the tissue pre-
paration were performed at 4°C. The sample of suspen-
sion was incubated at 37°C for 15min and cooled on ice.
[PH]Serotonin (10, 20, 30, 50 and 100 nm) was added and
the uptake started by incubation at 37°C for 4 min, during

30



which time the uptake is linearly dependent on time. The
reaction was terminated by rapid filtration and radioac-
tivity was determined in a liquid scintillation counter as
described above, Nonspecific uptake of [*H]serotonin was
determined in the presence of 500 umM serotonin and spe-
cific uptake was expressed as fmol min~' (ug protein) ™.
All assays were conducted in duplicate.

Behavioural test

Mice received St John’s wort (100, 300 and 900 mgkg™"),
paroxetine (1mgkg™') or sertraline (10mgkg™") orally
and control mice received vehicle. At 1-12h after the
administration, mice were subjected to the forced swim-
ming test or marble-burying test. The forced swimming
test was essentially similar to that described previously
(Porsolt etal 1978). A glass cylinder (height 25¢m, dia-
meter 10cm) was utilized and this was filled with water
maintained at 23°C (depth 10cm). Mice were dropped
individually into the cylinders, and left there for 6min. A
mouse was judged to be immobile when it floated in an
upright position and made only small movements to keep
its head above water. The total immobility time(s) of each
mouse was expressed as the sum of the immobility periods
observed during the 6-min forced swimming test,

For the marble-burying test, an open cubic transparent
plastic box (22.5 x 33.8 x 14.0cm} was used, and 20 clean
glass marbles (15 mm diameter) were evenly spaced (Sem
apart) on sawdust (5cm deep) as previously described
(Njung’e & Handley 1991; Ichimaru etal 1995). Mice
were placed into the cubic box individually for 30min
and the number of marbles left uncovered was counted.
The results of the marble-burying test were expressed as
the number of marbles covered with sawdust by mice
during 30-min testing period.

The locomotor activity of mice was measured for
30min by an activity sensor (NS-ASOl; Neuroscience
Inc., Tokyo, Japan) in the same apparatus utilized for
the marble-burying test (without marbles and sawdust)
as a separate experiment. The results were represented as
activity counts (the number of movement of mice) during
the 30-min testing period.

Data analysis

Analysis of binding data was performed as described pre-
viously (Yamada etal 1980). The apparent dissociation
constant (K4} and maximal number of binding sites
(B.ax) for PH)paroxetine were estimated by Rosenthal
analysis of the saturation data (Rosenthal 1967). Kinetic
parameters (K, and V,,) were calculated using
Lineweaver-Burk plots. The ability of St John's wort
and SSRIs to inhibit specific [*H]paroxetine (0.3 nu) bind-
ing and [*Hlserotonin (10nM) uptake in-vitro was esti-
mated by IC50 value, which is the molar concentration
of unlabelled drug necessary for displacing 50% of specific
binding or uptake (estimated by log probit analysis). The
inhibition constant, K;, was calculated from the equation,
Ki=1C50/(1 + L/K,), where L is the concentration of the
radioligand.
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Statistical analysis was performed by the non-para-
metric Kruskal-Wallis test followed by Dunn’s post test
for multiple comparisons utilizing the Prism 4.0 program
(GraphPad Inc,, San Diego, CA). The number of determi-
nations (n} was noted in each figure and table, and the
level of P < 0.05 was considered significant.

:ReSUItﬁ_ .

In-vitro inhibitory effect of St John's wort and
SSRIs on specific [*Hlserotonin uptake and
[*H]paroxetine binding in mouse brain

The [*HJserotonin (10-100nm) uptake and [*H]paroxetine
(0.1-2.0 M) binding in mouse brain were saturable with K,
and Ky values of 21.5 and 0.13 nm, respectively, in accord-
ance with previous observations (Habert etal [985; Singer
etal 1999). The total uptake of [*H]serotonin into brain
synaptosomes was reduced to a nonspecific level by incuba-
tion at 4°C or by the presence of 10 um fluoxetine instead of
500 M serotonin. St John's wort (hyperforin equivalent: 30—
300 nm) and {luvoxamine (1-100 num), fluoxetine (1-100 nm),
paroxetine (0.1-10nmM) and sertraline (1-100 nm) inhibited
synaptosomal uptake of [*H]serotonin in a concentration-
dependent manner and the inhibitory effect was in the order:
paroxetine > serfraline > fluvoxamine > fluoxetine >> St
John’s wort, For St John's wort, both the IC50 for
[H]serotonin uptake and the K, for [*H]paroxetine binding
were expressed as the corresponding concentration of hyper-
forin calculated from the amount (3.2%) of this constituent
(Table 1). IC50 values of SSRIs for ["Hlserotonin uptake
were similar to their K; values for [PH]paroxetine binding.
On the other hand, St John’s wort exerted little inhibitory
effect on specific [*H]paroxetine binding in-vitro.

Effect of oral administration of St John’s wort
and S$SR!s on specific [*H]serotonin uptake and
[3H]paroxetine binding

The effect of oral administration of 8t John's wort and SSRIs
on [*H]serotonin uptake into mouse brain synaptosomes

Table 1 In-vitro inhibition by St John's wort and $SRIs of specific
[H]serotonin uptake and [*H]paroxetine binding in mouse brain

1C50 (nm) for K; (nm) for
I*H]serotonin uptake l"l{lparoxeline binding

Drug

St John's wort 17948 (4) > 1000 (4)

(by hyperforin equiv.)
Fluvoxamine

6.29 1 1.40 (4) 5.52+0.82 (3)

Fluoxetine 128+ 1.2 (4) 0.8+ 1.9 (3)
Paroxetine 0.17£0.05 (4) 0.541£0.04 (3)
Sertraline 3110184 339+ 1.25(3)

Values for St John’s wort are expressed as hyperforin content of the
3.2% extract. Values are mean £ s.¢. of 3 or 4 mice (no. of replicates
given in parentheses).
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Figure 1 Lineweaver-Burk analysis for synaptosomal [*H]serotonin
uptake in mouse brain after oral administration of St John's wort
(SIW), paroxetine and sertraline. Mice received St John's wort
(900mgkg™"), paroxetine (Imgkg™") or sertraline (10mgkg™!),
and were exsanguinated by taking blood from the descending aorta
at 1 or 4h after the administration. Specific [*Hserotonin (10—
100 om) uptake into brain synaptosomes was measured. Each point
represents mean £ s.d. of 4 mice.

was examined. Synaptosomal [*H]serotonin uptake was little
affected by oral administration of St John's wort, at a dose of
300mgkg~" (Figure 1, Table 2) but was significantly sup-
pressed by a dose of 900 mg kg™, In fact, the K, values were
enhanced by 25.4 and 77.8%, respectively, at | and 4 h after
the St John’s wort (900 mgkg™"} administration compared
with control values, the value at 4 h being statistically signifi-
cant, with little change in V,,,, values. Similarly, paroxetine
(1 mgkg™") and sertraline (10mgkg™") brought about sig-
nificant increase in K,,, values for ["H]serotonin uptake 4h
after their oral administration, the increase being 6.38 and
7.46 fold for paroxetine and sertraline, respectively. A sig-
nificant (24%) decrease in the V.., value was also observed
for sertraline.

Oral administration of paroxetine (1 mgkg™') and ser-
traline (10mgkg™") produced significant (15.1 and 15.9
fold, respectively) increases in Ky values for specific

Table 2 Effect of oral administration of St John’s wort and SSRIs
on the K, and Vy,,, values for specific [3H]scrolonin uptake into
mouse brain synaptosomes

Drug n  Time (h) K, (am) Vimax (fmol min™
(e protein)~')

Control 4 2719+ 1.2 0.75+£0.02

St John's wort 4 4 30.1+£0.1 0.82+0.02
300mgke ™

St John's wort 4 [ 150£1.0 0.82+0.05
900 mg kg"

St John’s wort 4 4 49.6£42% 0.7540.02
%00mg kg™

St John's wort 3 12 274140 0.751+0.06
900mg kg™

Paroxetine 4 4 178 £ 37* 092+ 0.06
1mgkg™'

Sertraline 4 4 2084 34%  0.57£0.01*
10mgkg™!

Valuesare means+s.e. of 3or4 mice. * P < 0.05,**P < 0.01, compared
with control values.

Table 3 Effect of oral administration of St John’s wort and
SSRIs on K4 and By, values for specific [*H)paroxetine binding in
mouse brain

Drug n Time (h) Kg(nv) Binax (fmol
(mg protein)")
Control 5 0131001 2925
St John's wort 5 4 0.11+£001 27249
900 mgkg™'
Paroxetine lmgkg™' 4 4 1.96+0.26* 2044 20*
Sertraline 10mgkg™' 4 4 2.07£0.30* 272443

Values are means3se. of 4 or 5 mice. P < (.05, compared with
control values.

{(*H]paroxetine binding in mouse brain at 4h compared
with the control value, and also a significant (30%) decrease
in the B,,ax value (paroxetine) (Table 3). On the contrary,
St John’s wort (900mgkg™") had little effect on K4 and
Bpuax for brain [*H]paroxetine binding.

Effect of St John's wort and 5SRls on
marble-burying behaviour and immobility
time in the forced swimming test

Oral administration of St John’s wort (300, 900mgkg™")
suppressed marble-burying behaviour in mice in a dose-
dependent manner (Figure 2). The decrease in the number
of marbles buried by mice at 4h was 26,2% after a dose of
300mgkg™"; after 900mgkg™! the decrease was 46.4, 95.2
and 29.8% at 1,4 and 12h, respectively (the decreasec at 4h
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Figure 2 Effect of oral administration of 5t Tohn's wort (SJW),
paroxetine and sertraline on marble-burying behaviour in mice. Mice
received St John's wort (100, 300 or 900mgkg™"), paroxetine
(1mgkg™") or sertraline (10 mg kg™') orally, and they were subjected
to the marble-burying test 1-12h later. Mice were placed into the
open cubic plastic box (22.5 % 33.8 x 14.0cm} where 20 clean glass
marbles (15mm diameter) were evenly spaced (5cm apart) on saw-
dust (5cm deep), and the number of marbles buried by mice during
the testing period (30 min) was counted. Each column represents the
mean + 5.2, of 5-9mice. **P < 0.01, ***P < 0.001, compared with
vehicle control values.

after 900mgkg™" was statistically significant). Similarly,
paroxetine (1 mgkg™") and sertraline (10mgkg™") signifi-
cantly attenuated the marble-burying behaviour at 4 h after
oral administration (54.6 and 74.5%, respectively).

In the forced swimming test, there was significant
decrease in the immobility time of mice after oral admin-
istration of St John’s wort and the reduction rates were
21.8% (300mgkg™", 4h), 29.6 and 29.2% (900 mgkg~!,
1 and 4 h, respectively) (Figure 3). On the other hand, the
immobility time of the mice was unaffected by oral admin-
istration of paroxetine and sertraline. Locomotor activity
counts during the testing period (30 min) in mice remained
unchanged after oral administration of each drug com-
pared with the vehicle control group (Table 4).

e e o mtr

“Discussion: .. s T

The relationship between brain serotonin transporter
binding, effects on serotonin uptake and behaviour in
mice was investigated after oral administration of St
John's wort, in comparison with SSRIs, to elucidate the
pharmacological relevance of in-vitro observation. In in-
vitro experiments, fluvoxamine, {luoxetine, paroxetine
and sertraline inhibited both [HJserotonin uptake and
[P*H]paroxetine binding in mouse brain at a nanomolar
range. The calculated IC50 values for [*HJserotonin
uptake and the K; values for [*H]paroxetine binding of
each SSRI became simifar and there was a significant
(r=0.98, P < 0.01) correlation between both parameters.
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Immobility time {5}

Figure 3 Effect of oral administration of St John's wort (SIW),
paroxetine and sertraline on the immobility time of mice in the forced
swimming test. Mice received St John's wort (100, 300 or
900mgke™"), paroxetine (1mgkg™') or sertraline (10mgkg™"
orally, and they were subjected to the forced swimming test 1-12h
later. Mice were dropped individually into glass cylinders (height:
25cm, diameter: 10cm} containing 10cm of waler, and left there for
6min. A mouse was judged to be immobile when it floated in an
upright position, and made only small movements to keep its head
above water. The total immobility time of each mouse was expressed
in seconds as the sum of immobility periods during the 6-min forced
swimming test. Fach column represents mean+s.e. of 5&mice.
**p <001, ***P < 0.001, compared with vehicle control values.

Table 4 Effect of oral administration of St John'’s wort and SSRIs
on total activity in mice

Drug n Time (h) Total activity (counts)
Control 7 1160 £ 40
St John's wort 100mgkg™' 5 4 1080 %40
St John's wort 300mgkg™' 6 4 1210 + 50
St John's wort 900mgkg™! 6 1 1100 £ 90
" St John's wort 900 mgkg™' 5 4 1090 +£ 50
St John's wort 900mgkg™' 5 12 1220+ 70
Paroxetine 1mgkg™" 7 4 1150+ 50
Sertraline lOmgkg'1 7 4 1160 £ 40

Values are means £s.e. of 5-7 mice.

On the contrary, St John's wort inhibited [*H]serotonin
uptake into mouse brain synaptosomes in a concentra-
tion-dependent manner but had little effect on
PH]paroxetine binding, which is consistent with previous
reports (Gobbi etal 1999; Singer etal 1999). The 1C50
value expressed as hyperforin equivalent of 3.2% extract
became 179 nM and it was similar to the value for hyper-
forin (205 nM) reported previously (Chatterjee etal 1998).
These data suggest that the inhibitory effect of St John’s
wort on serotonin uptake into brain synaptosomes is not
due to direct interaction with [*H]paroxetine binding sites
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on serotonin transporters, and hyperforin plays a major
role as an active ingredient of this extract in-vitro,

A series of bioactive compounds, such as phenylpro-
panes, flavonol derivatives, biflavones, proanthocyanidines,
xanthones, phloroglucinols, some amino acids, naphtho-
dianthrones and essential oil constituents, have been identi-
fied as constituents contained in St John's wort (Nahrstedt
& Butterweck 1997) and extensive scientific studies have
contributed towards the elucidation of their pharmacologi-
cal effects and mode of action (Butterweck 2003). However,
the effects and the mechanism of action of these constituents
are still a2 matter of debate and the pharmacological effects
of St John'’s wort can not be explained by a single compound
such as hyperforin, as previously described (Butterweck
2003; Butterweck et al 2003). Thus, based on recent reports,
it is likely that synergistic and antagonistic interaction
among the various ingredients is important and multiple
bioactive compounds contribute to the antidepressive effects
of St John’s wort in a complex manner. Therefore, in this
study, the effects of systemic administration of St John’s
wort (whole extract) on brain serotonin transporters, sero-

tonin uptake and behaviour in mice were investigated, since -

the situation under the influence of pharmacokinetic and
pharmacodynamic factors makes it possible to take not only
its constituents but also its metabolites into consideration.
Oral administration of St John's wort (900mgkg™),
paroxetine (1mgkg™") and sertraline (10mgkg™') pro-
duced a significant increase in K, value for [*H]serotonin
uptake into mouse brain synaptosomes after 4 h. Paroxetine
and sertraline significantly suppressed specific [°H]paroxetine
binding in mouse brain as revealed by a significant increase
in Ky, whereas St John’s wort had little effect on binding
parameters for [*H]paroxetine. Thus, in accordance with
in-vitro experiments, our data suggest that SSRIs, but not
St John's wort, suppress serotonin uptake into brain
synaptosomes through binding to serotonin transporters
and that none of the constituents or metabolites have a
significant affinity for serotonin transporters in mouse
brain after oral administration of St John’s wort. Systemic
administration of St John’s wort (125-500mgkg™", p.o.)
significantly increased serotonin levels in the cortex of rats
and noradrenaline and dopamine levels in the diencephalon
(Calapai et al 1999), and hyperforin alone (10mgkg™", i.p.)
produced a significant increase in extracellular serotonin,
noradrenaline, dopamine and glutamate in the rat locus
coeruleus using microdialysis (Kaehler etal 1999).
Nonselective inhibition by St John's wort of various neuro-
transmitter uptake into presynaptic neurons has been
reported. According to the in-vitro observation, the
mechanism underlying this inhibitory effect might be due
to an increase in free intracellular sodium concentration by
hyperforin (Singer etal 1999) through interaction with
amiloride-sensitive sodium-conductive pathways such as
the Na* channel and Na*-H* exchanger (Wonnemann
et al 2000). It is well known that the sodium gradient is the
driving force of all neurotransmitter transporters (Lester
etal 1994) and this property would result in nonselective
uptake inhibition by St John’s wort. Such nonspecific
uptake inhibition of St John's wort, which may be one of
the possible mechanisms contributing to the antidepressant

effect, is supported by our observation that this extract
inhibited synaptosomal uptake of serotonin without inter-
acting with serotonin transporters.

The marble-burying test and forced swimming test are
utilized to evaluate the therapeutic effects in obsessive—com-
pulsive disorder and depression, respectively (Porsolt et al
1978; Njung'e & Handley 1991; Ichimaru etal 1995) and we
investigated the potential behavioural activity of St John’s
wort in comparison with SSRIs. Oral administration of
St John's wort (900 mg kg™") significantly suppressed mar-
ble-burying behaviour in mice, with little change in loco-
motor activity, and the time-course of the sug)pression of
this behaviour approximately paralleled that of ["H]serotonin
uptake inhibition. Similarly, significant attenuation of this
behaviour was observed after oral treatment with paroxe-
tine (1mgkg™") and sertraline (10 mgkg™"). In accordance
with our results, the suppressive effect of St John's wort
(300mgkg™", p.0.) on marble-burying behaviour in mice
was reported by Skalisz etal (2004). We have previously
found that brain serotonin transporter occupancy by SSRIs
significantly correlated well with their suppressive effects on
marble-burying behaviour after oral administration in mice
(unpublished observation), suggesting that St John’s wort
exerts its suppressive effect on marble-burying behaviour
through the activation of serotonergic neurotransmission.
In the forced swimming test, St John’s wort, but not SSRIs,
significantly decreased the immobility time of mice without
changing locomotor activity. The potential antidepressant
activity of St John’s wort in the forced swimming test is well
known (Chatterjee et al 1998; Butterweck etal 2003} and the
lack of efficacy of SSRIs on this behavioural model at the
doses used here is also consistent with previous reports
(Cervo etal 1991; Sanchez & Meier 1997). Systemic treat-
ment with paroxetine (3mgkg™!, s.c) and sertraline
(10mgkg~!, sc.) selectively increased the brain level of
extracellular serotonin but not noradrenaline and dop-
amine (Bymaster etal 2002), and imipramine and desipr-
amine, which have a high affinity for noradrenaline
transporters, are utilized as positive controls in the forced
swimming test (Egawa etal 1995; Sanchez & Meier 1997).
Since St John's wort significantly suppressed both the mar-
ble-burying behaviour and the immobility time in the forced
swimming test, it is plausible that St John’s wort adminis-
tered systemically enhances not only serotonergic neuro-
transmission but also noradrenergic neurotransmission to
pharmacologically effective levels. Also, the involvement of
other neurotransmitter pathways cannot be excluded
(Calapai etal 1999; Kaehler et al 1999).

Conclusions

This study has shown that oral administration of St John’s
wort inhibits brain serotonin uptake without interacting
with the transporter molecule, Furthermore, this extract
effectively suppressed both the marble-burying behaviour
and the immobility time in the forced swimming test in
mice. These results provide the first in-vivo evidence to
suggest that the mode of antidepressant action of St John’s
wort differs from that of SSRIs. Thus, this study may have a
significant impact on phytotherapy with 8t John’s wort.
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iabetes has been considered to be

associated with oxidative stress. It

has been suggested that increased
free radicals and decline of antioxidant
defense mechanisms induce diabetic mi-
cro- and macrovascular complications
(1-3). Vitamin C is one of the major an-
tioxidants and is detected in various
blood components (4). However, mea-
surements of vitamin C levels have shown
inconsistent results, and the interpreta-
tion of vitamin C levels in diabetes as an
antioxidant biomarker has not been clar-
ified {5—8). In this study, we investigated
the lymphocyte and plasma vitamin C
levels in type 2 diabetic patients with and
without diabetes complications.

RESEARCH DESIGN AND

METHODS — Forty-one patients
with type 2 diabetes (63 = 8.9 years
[mean = SD]; 25 men and 16 women)
attending the Department of Endocrinol-
ogy and Metabolism at Shizuoka City
Hospital were recruited. Type 2 diabetes
was diagnosed according to the American
Diabetes Association criteria. The dura-
tion of illness was 11 * 8.3 years, fasting
plasma glucose was 137 £ 43 mg/dl, and
HbA,, levels were 7.1 * 1.0%. Twenty-
six patients had diabetes complications
with neuropathy, retinopathy, or ne-
phropathy, and 15 patients had no com-
plications. Both diabetic groups were
matched by age, sex, fasting plasma glu-
cose, and HbA | level (63 % 9.7 years, 18

men and 8 women, 137 * 45 mg/dl], and
7.2 = 1.0% for diabetic patients with
complications compared with 64 * 7.5
years, 7 men and 8 women, 137 = 42
mg/dl, and 6.8 + 0.8% for diabetic pa-
tients without complications, respec-
tively). The duration of illness was longer
in the diabetic patients with complica-
tions than in diabetic patients without
complications (13 * 9.1 vs. 7.7 * 5.2
years, respectively, P = 0.051). For the
normal control subjects, 50 age- and sex-
matched healthy volunteers (63 * 3.7
years, 31 men and 19 women) were re-
cruited. The participants taking vitamin
supplements were excluded from the
study. All participants gave informed con-
sent before entering the study. The study
was conducted in accordance with the
Declaration of Helsinki and was approved
by the ethics committee at the hospital.
Blood samples were obtained by vein
puncture in the mormning while the pa-
tients were in the fasting state. Lympho-
cytes and plasma were prepared by
centrifugation and the Ficoll gradients

method, then immediately treated with -

metaphosphoric acid (final 5% wt/wt) to
stabilize vitamin C (9,10). These pro-
cesses were performed within 2 h under
cooled conditions on ice to obtain reliable
data. The vitamin C samples were stored

—80°C until analyzed, and the vitamin
C (ascorbic acid, reduced form) levels
were measured by high-performance lig-
uid chromatography with the electro-
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chemical detector method (11). All
samples were handled and stored simi-
larly in both diabetic patients and control
subjects.

The lymphocyte and plasma vitamin
C levels in type 2 diabetic patients were
compared with those of the control sub-
jects. The differences between the vitamin
C levels in type 2 diabetic patients with
and without diabetes complications were
also studied. Statistical analysis was per-
formed with the unpaired Student’s t test
to compare the data between diabetic pa-
tients and control subjects and between
type 2 diabetic patients with and without
diabetes complications. A P value <0.05
was considered significant.

RESULTS — The lymphocyte vitamin
C level in diabetic patients was signifi-
cantly lower than in control subjects
(18 * 4.5 vs. 28 * 7.9 nmol/mg protein,
P < 0.0001), whereas the plasma vitamin
C level was not different (59 % 19 vs.
53 = 18 pmol/, P = 0.17) (Fig. 1A and
B). There were no significant linear corre-
lations between the lymphocyte and
plasma vitamin C levels in diabetic pa-
tients {r = 0.011, P = 0.95) as well as in
control subjects (r = 0.14, P = 0.35). The
lymphocyte vitamin C level in diabetic
patients with complications was signifi-
cantly lower than in those without com-
plications (17 * 3.3 vs, 21 * 5.4
nmol/mg protein, P = 0.011) (Fig. 10),
whereas the plasma vitamin C level was
not different (59 * 18 vs. 59 * 21
pmoll, P = 0.97).

CONCLUSIONS — Increased oxida-
tive stress in diabetes could contribute to
depletion of antioxidants such as vitamin
C (2,3). In this report, we demonstrated
that the lymphocyte vitamin C level is sig-
nificantly lower in type 2 diabetic pa-
tients, but we could not observe such an
association in plasma vitamin C levels.
The plasma concentration of vitamin Cis
considered to be strongly correlated with
transient consumption of foods such as
fruit, supplements, and vegetables (4).
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Lymphocyte vitamin C in type 2 diabetes
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Figure 1—Lymphocyte and plasma vitamin C levels in type 2 diabetic patients (n = 41) and
control subjects (n = 50). A: Lymphocyte vitamin C level in diabetic patients was significantly
Tower than that in the control subjects (**P < 0.0001). B: Plasma vitamin C level in diabetic
patients was not different from that in the control subjects (P = 0.17), C: Lymphocyte vitamin C
level in diabetic patients with complications (n = 26) was significantly lower than that in those
without complications (n = 15) (*P = 0.011). The horizontal bars represent the mean + SD,

Compared with plasma, lymphocyte has
been reported to maintain a vitamin C
concentration as large as 80- to 100-fold
across the plasma membrane (12,13) and
to have cell-membrane transporting
mechanisms between vitamin C and glu-
cose (14,15). In diabetes, therefore, the
measurement of lymphocyte vitamin C
might be expected to be a more reliable
antioxidant biomarker than plasma vita-
min C level.

It is unclear whether leukocyte vita-
min C correlates with diabetes complica-
tions. VanderJagt et al. (5} reported that
vitamin C levels in mononuclear leuko-
cytes were decreased in the whole group
of type 1 diabetic patients compared with
control subjects but were niot different be-
tween patients with and without long-
term complications. We showed the
significant lower lymphocyte vitamin C
levels in patients with type 2 diabetes with
complications compared with those with-
out complications. However, the results
should be interpreted carefully because of
the small sample size and because the dif-
ferences of lymphocyte vitamin C level
among different diabetes complications

are not fully clarified, Further studies are
required to investigate the precise corre-
lations of lymphocyte vitamin C with du-
ration or severity of diabetes and to
establish the clinical usefulness of lym-
phocyte vitamin C level as a biomarker in
developing diabetes complications.
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<Summary>

Recently functional focds have been spreading out rapidly to the public in Japan because of their anticipated effects
on the disease prevention as complementary medicine. Therefore, it is essential for medical practitioners to examine
closely enough the information on the safety and effectiveness of functionat foods. Food safety should be considered as
an adverse reaction by food itself or an interaction with co-administered drugs. However the national regulations
against food safety are less strict compared to those of the registered drugs and the organizing system of collecting
safety information has not been satisfactory achieved yet. As a result, there has been extremely few information
available as reliable clinical evidences, and individual experiences or an opinion of a clinical specialist influence the
decision of taking functional foods in the public. The National Institute of Health and Nutrition has constructed recently
the scientific database system on the safety and effectiveness of functional foods and the database is expected to

become a valuable information source for citizen as well as medical practitioners.

Food Safety from a Viewpoint of Clinical Practice HIROSHI YAMADA, MD, Ph.D.
Associate Professor

General Clinical Research Center

Hamamatsu University School of Medicine
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