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Epithelial buccal cells (KB) were exposed to orange juice or orange juice fractions containing either
the dry matter (DM), the volatile compounds (aqueous distillate, AD), or individual nonvolatile or volatile
components. Intracellular formation of the pro-inflammatory cytokine IL-6 was analyzed by flow
cytometry. Exposure to whole orange juice resulted in an increase in IL-6 formation of 23% compared
to nontreated control cells, whereas treatment of the cells with either DM or AD resulted in a 22 or
1% increase, respectively. Dose–response experiments revealed that exposure of the cells to a 2- or
4-fold concentrated AD resulted in an increased IL-6 formation, whereas an inhibiting effect was
measured after treatment of the cells with an 8-fold concentrated AD. These results indicated the
presence of pro- as well as anti-inflammatory compounds in the aqueous distillate. To identify the
active principles, volatile compounds present in the AD-treated cells were analyzed by GC-MS. In
particular, limonene, linalool, and R-terpineol were shown to be present in significant amounts.
Subsequent studies on the IL-6 formation revealed that limonene had a stimulating effect and
R-terpineol had an inhibiting effect, whereas linalool had no effect. This anti-inflammatory effect of
R-terpineol on IL-6 formation was verified by quantitative real-time reverse transcription Polymerase
Chain Reaction experiments in which R-terpineol inhibited the gene expression of the IL-6 receptor.
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INTRODUCTION

Due to its high vitamin C content, orange juice is commonly
believed to support resistance to common viral infections. In
fact, drinking of two glasses (500 mL) of orange juice per day
for two weeks has recently been shown to decrease the levels
of pro-inflammatory markers in healthy adults (1). The active
principle of orange juice is widely hypothesized to be ascorbic
acid (1, 2), although results reported from controlled human
trials are conflicting (3). This might be due to the fact that
systematic, controlled dose–response trials in humans with a
standardized nutritional and immunological status are still
lacking.

Ascorbic acid and terpenes, such as limonene and perillic
acid, are also assumed to act as immune-modulatory agents (4, 5).
However, for volatile compounds in particular, knowledge about
health effects is scarce because appropriate biological test
systems suitable for measuring the structure-related bioactivity
are missing.

The oral mucosa is the first tissue in contact with undigested,
nonmetabolized food after oral ingestion and is, thus, exposed
to all of its volatile and nonvolatile components. Moreover, one

important feature of the mucosal surfaces is their function as a
barrier protecting the underlying tissues from micro-organisms
and toxic products. However, the epithelial structure covering
these surfaces is also not simply a physical border. It also serves
as a selective uptake and transport site for a variety of molecules
and is, thus, part of the immune system. Epithelial cells from
the oral cavity have been shown to be involved in the early
inflammatory signal transduction pathways by producing cy-
tokines in response to different stimuli (6). Particularly, the oral
mucosa cell line “KB” has been reported to produce a variety
of cytokines (7). Cytokines are part of the immune system that
defends the human body against attacks by bacteria, viruses,
and parasites. Besides the adaptive immune reactions involving
antigen-specific activity and specific antibody production, the
innate immune reactions are nonspecific, consisting of physical
and chemical barriers such as skin, gastric acid, mucus, or tears,
as well as active mechanisms by cells, for example, phagocytes.
Phagocytes have the capacity to directionally extend cellular
portions of their plasma membrane, engulfing and overtaking a
foreign particle or microorganism. One group of phagocytes
are macrophages, which release the pro- and anti-inflammatory
cytokines at a potential infection site. Among the pro-inflam-
matory cytokines released in response to cell or tissue damage,
interleukin-6 (IL-6) is the most important mediator of fever and
induces the secretion of acute phase response proteins during
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inflammation. In addition, IL-6 is a pathophysiological factor
in several hyperproliferative diseases and paraneoplastic syn-
dromes often accompanying cancer (8).

Whereas an induction of IL-6 release is considered to be a
pro-inflammatory event, its inhibition results in anti-inflamma-
tory effects, which help to reduce inflammatory reactions
associated with various infections, including that of the common
cold.

So far, no systematic study has been reported on the influence
of orange juice and its components on IL-6 formation, although
KB cells have been demonstrated to produce IL-6 (9).

Therefore, the aim of the present work was to develop a cell
culture model using buccal (KB) cells to characterize the
immune-modulatory agents of orange juice by applying activity-
guided fractionation techniques.

MATERIALS AND METHODS

Chemicals. Unless stated otherwise, reagents and chemicals were
purchased from Sigma. Chemicals for quantitative real-time reverse
transcription Polymerase Chain Reaction (QRT-PCR analysis) were
ordered from Quiagen. Orange juice from concentrate was purchased
from a local supermarket and stored in its original packaging at room
temperature in the dark prior to use. Linalool, limonene, and R-terpineol
were purchased from Fluka.

Carcinoma Buccal (KB) Cell Line. KB (ACC 136) is an epithelial
cell line originally described as an epidermoid carcinoma established
from the mouth of a Caucasian man in 1954, but recently reported to
be a subclone of the human cervix carcinoma cell line HELA (German
National Resource Centre for Biological Material). KB cells were
maintained in 90% Dulbecco Eagle minimal essential medium with
nonessential amino acids and Earle’s balanced salt solution supple-
mented with 10% fetal calf serum, 2% L-glutamine, and 2% penicil-
lin–streptomycin (PAA Laboratories’ no. A15-151, M11-004, P11-010,)
at 37 °C and 5% CO2. For each assay, cells were exposed to medium
without fetal calf serum at 37 °C and 5% CO2 for 24 h.

Determination of IL-6 Formation in KB Cells. For the determi-
nation of IL-6 formation, KB cells (2 × 106 cells/mL) were exposed
to 1 µg/mL brefeldin A (Sigma, no. B-7651). Brefeldin A inhibits the
Golgi-mediated cytokine transport, resulting in intracellular cytokine
accumulation, which can be detected by flow cytometry (10, 11). As a
reference, maximum IL-6 production was achieved by treatment of the
cells with 10 ng/mL phorbol-12-myristate-13-acetate (PMA) and 1 µg/
mL ionomycine (12, 13) in a total volume of 1 mL cell culture medium
at 37 °C for 0, 3, 6, 9, 12, and 24 h. Each reference assay was performed
in six replicates.

For sample treatments (n g 4), KB cells were exposed at 37 °C for
6 h either to whole orange juice (100 µL plus 900 µL of cell culture
medium, corresponding to a 1:10 dilution), dry matter, sugars, organic
acids, ascorbic acid, or aqueous distillate according to the quantified
content in 100 µL of orange juice. In other sets of experiments, KB
cells were exposed to the aqueous distillate (corresponding to 200, 400,
or 800 µL of orange juice plus 800, 600, or 200 µL of cell culture
medium, respectively), limonene, linalool, and R-terpineol according
to the amount present in 800 µL of orange juice (Figure 1).

After the incubation period, 2 mL of FACS lysing solution (Becton
and Dickinson Biosciences; no. 349202) was added to wash off the
sample and to facilitate the subsequent permeabilization. Sample tubes
were centrifuged at 500g for 5 min. Supernatants were discarded, and
sample tubes were incubated with 500 µL of FACS permeabilizing
solution 2 (Becton and Dickinson Biosciences; no. 340973) to perme-
abilize the membranes of the cells. Samples were incubated at room
temperature in the dark for 10 min. KB cells were washed with 2 mL
of buffer containing 1.2 g of KH2PO4/L, 8.22 g of Na2HPO4/L, 0.1%
sodium azide, and 0.5% bovine serum albumin (PAA Laboratories;
no. K41-001-100) and centrifuged at 500g for 5 min. The supernatants
were discarded. A volume of 20 µL of a specific fluorescent antibody
solution against human IL-6 (anti-Hu IL-6 FITC, Becton and Dickinson
Biosciences; no. 340526) was added. Samples were mixed and
incubated at room temperature in the dark for 30 min. Afterward, cells

were washed with 3 mL of buffer and resuspended in 500 µL of FACS
cell fix solution (Becton and Dickinson Biosciences). Afterward, a total
amount of 10000 KB cells was analyzed by flow cytometry.

Fractionation of Orange Juice. For the isolation of the dry matter
(DM), orange juice (100 g) was freeze-dried. An aqueous distillate (AD)
containing the volatile components of orange juice (100 g) was prepared
by using the solvent-assisted flavor evaporation (SAFE) technique (14).
The yields of both fractions were determined by weight.

Quantitation of Selected NonVolatile Components. Sucrose, D-
glucose, and D-fructose were determined enzymatically by using a test
kit from R-biopharm (no. 10716260035). R-biopharm test kits
10139068035, 10139076035, and 10409677035 were used to quantitate
L-malic acid, citric acid, and L-ascorbic acid, respectively.

Quantitation of Selected Volatile Compounds. The aqueous distillate
was extracted three times with distilled diethyl ether. Organic layers
were combined and dried over anhydrous sodium sulfate. After filtration,
volatile compounds were concentrated at 42 °C by means of a Vigreux
column.

Samples were analyzed by high-resolution gas chromatography
(HRGC) and mass spectrometry. Important compounds were identified
by comparing the retention indices and mass spectra with those of
reference compounds. For quantitation, p-menth-1-ene was added as
internal standard prior to sample extraction. Compounds were quantified
by calculation of FID response factors and recovery studies (Maier and
Schieberle, unpublished results).

RecoVery of Volatiles in KB Cells. KB cells were cultured until
confluency and incubated with a mixture of cell culture medium and
AD for 6 h. The resulting concentration corresponded to that of 800
µL of orange juice. Also, KB cells were exposed to cell medium without
any additions.

After 6 h, exponates were aspirated and collected. The cells were
washed twice with 10 mL of phosphate buffer solution (PAA
Laboratories; no. K41-001-100) and aspirated. Washing solutions were
added to the particular exponates. Thereafter, KB cells were lysed with
2 mL of lysis buffer (20 mM HEPES buffer; PAA Laboratories; 150
mM sodium chloride, 5 mM EDTA, 0.5% Triton X-100, 1.5 mM
magnesium chloride, 10 mM potassium chloride, 1 mM sodium
vanadate, 10 mM sodium fluoride, and 100 mL of bidistilled water).

Lysates were aspirated and combined. To isolate the cell lysate, the
suspension was centrifuged at 15000g for 1 h and divided into the pellet
and lysate. Exponates, pellets, and lysates were extracted with diethyl
ether and distilled by means of the SAFE technique (14). Identification
and quantification of the target compounds were performed as described
above.

Flow Cytometry. Measurement of the intracellular IL-6 content was
performed by using a Fluorescence Activated Cell Sorter (FACS)
(Calibur Flow Cytometer, Becton and Dickinson Biosciences, Heidel-
berg, Germany). A beam of an argon laser of 488 nm frequency is
directed onto a hydrodynamically focused stream of fluid. Each
suspended single cell passes through the beam and scatters the light.
Cells can be characterized by the forward scatter (FSC) in size and by
the sideward scatter (SSC) in granularity. Cells labeled with the specific

Figure 1. Intracellular production of interleukin-6 in carcinoma buccal (KB)
cells after 3, 6, 9, 12, and 24 h of exposure to a mixture of 12-phorbol-
13-myristate-acetate and ionomycin (n ) 5) (control without additions )
100%). Student’s t test versus nontreated control cells: //, p < 0.01; ///,
p < 0.001.
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fluorescent antibody against human IL-6 (anti-Hu IL-6 FITC) can be
detected by one of the four fluorescent detectors (FL-1 λ ) 530 nm).
The intensity of the detected emission light is proportional to the
intracellular IL-6 content. Per single measurement, 10000 cells were
measured, and the concentration of IL-6 was determined for each control
and treated cell. Results are expressed as percent relative to values
obtained from nontreated control cells (nontreated cells ) 100%).
Linearity of the measurements was r2 ) 0.9999 for dilutions of the
dry matter fraction ranging from 1:1 to 1:10. Day-to-day and day-within-
day precisions were below 5 and 3%, respectively.

High-Resolution Gas Chromatography (HRGC). Identification of
compounds was performed using a gas chromatograph type 8160
(Fisons Instruments, Mainz, Germany) equipped with a fused silica
capillary column, FFAP, 30 m × 0.32 mm, film thickness ) 0.25 µm
(Phenomenex, Torrance, CA). The samples were injected at 40 °C.
The oven was held at this temperature for 10 min and then raised at 6
°C/min to 240 °C. A flame ionization detector (FID) was used.
Retention indices (RI) were calculated from the retention times of
n-alkanes by linear interpolation (15).

For identification, mass spectra were generated by means of a mass
spectrometer MAT 95S (Finnigan, Bremen, Germany) at 70 eV in the
electron impact mode (MS-EI) and at 115 eV in the chemical ionization
mode (MS-CI; reagent gas, isobutane) using the capillaries and oven
programs mentioned above.

Influence of Selected Volatile Compounds on the Gene Expres-
sion of the IL-6 Receptor. Sample treatment was performed as
described above. After 6 h of exposure, cells were washed with 4 °C
phosphate buffer solution, and RNA was isolated using RNeasy MiniKit
(Qiagen). Thereafter, RNA samples were quantitated by photometric
methods, and cDNA was synthesized. For all cDNA samples, a QRT-
PCR of 10 protein genes, including GAP-DH, �-actin, �-tubulin, PPIA,
ACTB, YMHAZ, TBP, RPLP, GUSB, HPRT1, and UBC, was
performed. �-Actin was used as the housekeeping gene as its expression
was not influenced by either of the samples (data not shown). Therefore,
amplification of the IL-6 receptor gene was normalized to �-actin gene
amplification.

Statistical Analysis. The unpaired Student’s t test was used to
analyze constitutive and stimulated/inhibited intracellular IL-6 produc-
tion in KB cells. Significant differences were defined as having a p
value of at least <0.05. Data are presented as mean values ( standard
deviation.

RESULTS AND DISCUSSION

For the characterization of anti-inflammatory compounds in
orange juice, first, a screening model for compounds inhibiting
the intracellular formation of the pro-inflammatory cytokine IL-6
in KB cells had to be developed. Formation of intracellular IL-6
was measured by flow cytometry. Compared to ELISA tech-
niques, which are also widely applied for this purpose, flow
cytometry analysis offers the advantage of very precisely
measuring single-cell effects with a high number of technical
replicates, as many thousands of cells can be measured in a
single run.

Because it was necessary to exclude cytotoxic effects, the
influence of orange juice on the viability of KB cells was tested
in a preliminary experiment. Up to concentrations of 100 µL/
mL (10% dilution) and an exposure time of 6 h, the viability of
the orange juice treated cells did not significantly differ from
nontreated cells (data not shown), whereas higher concentrations
and longer treatment resulted in a significant decrease of living
cells.

Next, a screening model for the inhibition of the intracellular
IL-6 formation in KB cells was developed, based on the
maximum stimulation mediated by a combination of the well-
known IL-6 inducers phorbol-12-myristate-13-acetate (PMA)
and ionomycine (12, 13). Cells were exposed to a mixture of
both mediators for up to 24 h in a preliminary experiment, and
the resulting IL-6 formation, measured by flow cytometry,

reached a maximum of 19% higher than the control after 6 h of
exposure (Figure 1).

The effect of orange juice on IL-6 formation in KB cells was
then tested by applying orange juice in a concentration of 100
µL plus 900 µL of cell culture medium (1:10 dilution) for up
to 9 h. The results (Figure 2) showed a maximum of IL-6
formation (22% higher than the control) after 6 h of exposure.
However, at any time, IL-6 contents were above those of
nontreated control cells, thereby indicating a pro-inflammatory
effect of orange juice in KB cells.

The following experiments were, therefore, aimed at identify-
ing the pro-inflammatory orange juice components. In these
settings, orange juice was always applied to the cells in a dilution
of 1:10 for 6 h.

To identify the most active orange juice components respon-
sible for the increase in IL-6 formation in KB cells, orange juice
was fractionated into an AD, containing the volatiles, and the
DM. The yields of both fractions isolated from 100 g of orange
juice were 87 g (AD ) water + volatiles) and 11 g (DM),
respectively.

Treatment of KB cells with 1:10 diluted orange juice for 6 h
resulted in an increase of IL-6 formation of 23%, whereas the
AD (concentration according to 10% orange juice) did not
induce the IL-6 formation at a level of statistical significance
compared to the nontreated control cells (Figure 3). In contrast,
treatment with either the DM or the combination of DM and
AD (concentrations according to 1:10 diluted orange juice)
resulted in IL-6 increases of 22 and 23%, respectively. These
results clearly demonstrated that components present in the dry
matter of orange juice are responsible for its IL-6 enhancing
effect. To identify the active components on IL-6 production,
selected compounds were quantified and applied to the cells in
concentrations corresponding to 1:10 diluted orange juice. The
amounts quantified (Table 1) were well in line with published
data on orange juice constituents (16). None of the quantified
compounds affected the viability of KB cells significantly when
used in concentrations corresponding to 1:10 diluted orange juice

Figure 2. Intracellular production of interleukin-6 in carcinoma buccal (KB)
cells after 3, 6, and 9 h of exposure to 1:10 diluted orange juice (n ) 5)
(control without additions ) 100%). Student’s t test versus nontreated
control cells: /, p < 0.05; ///, p < 0.001.

Table 1. Concentration of Selected Compounds in Orange Juice

compound concna (mg/100 g)

ascorbic acid 34 ( 1
citric acid 862 ( 4
L-malic acid 188 ( 5
sucrose 3520 ( 11
D-glucose 2514 ( 13
D-fructose 2436 ( 17

a Data are mean values of triplicates ( standard deviation.
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(data not shown). To investigate the effect on IL-6 formation,
cells were treated with either a mixture of sucrose, fructose,
and glucose or a mixture of citric and malic acid, whereas
ascorbic acid was applied singly. Again, all compounds were
applied in “natural concentrations” according to their quantified
amounts in 1:10 diluted orange juice. Treatment with either the
sugar or the organic acid mixture resulted in clear increases in
IL-6 to about 10 and 11%, respectively (Table 2). The effect
of the organic acids was not based on a change in pH, because
control cells exposed to a cell culture medium that was adjusted
to the same pH as the medium with the mixture of acids (pH
4.2) did not show any increase in IL-6 formation compared to
the nontreated control cells exposed to a cell culture medium
at pH 7.2 (data not shown).

IL-6 contents of cells treated with ascorbic acid (250 µM)
also did not differ from nontreated control cells. Therefore,
no anti-inflammatory effect on IL-6 formation was found for
ascorbic acid. In contrast, anti-inflammatory effects for
ascorbic acid had earlier been reported in the literature (2, 17).
However, a decreasing effect of ascorbic acid on IL-6-producing
human monocytes has been reported for ascorbic acid concen-
trations of 20 mM (2), a concentration 80-fold higher than that
applied in the present experiments. In a randomized, placebo-
controlled cross-over human intervention trial in which 3 g of
ascorbic acid per day (about 30 times the recommended daily
intake) was administered for 2 weeks, no effect on the blood
contents of pro-inflammatory cytokines such as IL-6 or IL-1ra
was demonstrated (18). Therefore, anti-inflammatory effects of
ascorbic acid in diet-representative concentrations may be based
on mechanisms other than IL-6 inhibition.

Nevertheless, the results presented herein suggest carbohy-
drates and malic and citric acid as mediators for IL-6 production
in the cells. This result was also confirmed by a recombinate
experiment in which the mixture of the sugars and these acids

induced the same IL-6 formation as the entire fraction (Table
2). Because the tested components making up 85% of the DM
are responsible for the pro-inflammatory effect, the remaining
15% of the DM components are not likely to have a predominant
effect on the formation of IL-6.

The AD had shown no significant effect on IL-6 content in
KB cells when applied in concentrations representative of their
content in 1:10 diluted orange juice (Figure 3). To investigate
whether this effect was dose-dependent, KB cells were treated
with increasing concentrations up to those corresponding to a
1:1.25 diluted orange juice (800 µL of orange juice plus 200
µL of cell culture medium).

None of the concentrations of the AD applied showed
cytotoxic effects (data not shown). However, in this set of
experiments, a dose-dependent effect on IL-6 formation was
observed (Figure 4). Again, treatment of KB cells with the AD
in the “natural” amounts present in the 1:10 diluted juice did
not show any effect, whereas the application of 2- and 4-fold
higher concentrations resulted in increased IL-6 contents
compared with the untreated control cells. Interestingly, treat-
ment of the cells with the 8-fold amount (corresponding to
1:1.25 diluted orange juice) led to a significant decrease in IL-6
formation. This anti-inflammatory effect of the AD was further
proven in another set of experiments in which KB cells were
exposed to either a mixture of the stimulants phorbol-12-
myristate-13-acetate/ionomycine (PMA/I), the AD of 1:1.25
diluted orange juice, or the combination of PMA/I and the
respective AD. Treatment of the KB cells with PMA/I stimulated
the production of IL-6 in the cells by 19% compared to the
nontreated control cells (Figure 5). Exposure of the cells to
PMA/I plus AD led to a significant decrease of this effect (p <
0.05), as the total increase of IL-6 formation was 12% compared
to nontreated control cells (II in Figure 5).

One possible explanation for this dose-dependent effect of
the AD may be that volatile compounds present herein bind to
the IL-6 receptor, leading to an internalization of the entire
ligand–receptor complex. Although the effect of volatile com-
pounds on the cellular production of IL-6 or its receptor has
not been studied so far, this hypothesis is supported by
mechanistic studies. It was demonstrated that IL-6 exerts its
action via the IL-6 cell surface receptor complex, which
internalizes upon ligand binding. The internalization is carried
out by endocytic pathways and results in an increased IL-6
production and IL-6 receptor protein expression via a positive
feedback mechanism (19). However, this positive feedback
depends on the intracellular IL-6 concentration (20–22). On the

Figure 3. Intracellular production of interleukin-6 in carcinoma buccal
(KB) cells after 6 h of exposure to 10% orange juice and to fractions
isolated thereof: I, 1:10 diluted orange juice; II, dry matter; III, aqueous
distillate; IV, dry matter + aqueous distillate (n ) 12; control without
additions ) 100%). Student’s t test versus nontreated control cells:
///, p < 0.001.

Table 2. Percent Increase of Intracellular Production of Interleukin-6 in
Carcinoma Buccal Cells after 6 h of Exposure to Orange Juice
Constituents

sample increasea (%)

dry matter 22 ( 5***
glucose, fructose, sucrose 10 ( 4*
citric acid, malic acid 11 ( 4*
ascorbic acid 1 ( 4
recombinate of all constituents 22 ( 3***

a Data (n ) 9) are mean values ( standard deviation; Student’s t test vs
nontreated control cells: /, p < 0.05; //, p < 0.01; ///, p < 0.001.

Figure 4. Intracellular production of interleukin-6 in carcinoma buccal (KB)
cells after 6 h of exposure to increasing amounts of volatiles isolated
from orange juice of different dilutions ranging from 1:10 to 1:1.25 (n )
6; control without additions ) 100%). Student’s t test versus nontreated
control cells: /, p < 0.05.
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other hand, IL-6 formation decreases with low binding rates to
the IL-6 receptor or by ligand-binding to other KB cell surface
receptors (19–22).

With respect to the increased IL-6 formation in KB cells after
exposure to the 2- and 4-fold concentrated AD of orange juice
(cf. Figure 4), one might speculate that the AD contains
compounds which bind to the IL-6 receptor. The resulting
decrease in IL-6 formation after exposure to an 8-fold concen-
trated AD might be explained by activation of IL-6 inhibiting
signal transduction pathways due to a feedback mechanism
initiated by high concentrations of AD components binding to
the IL-6 receptor and internalized thereafter.

As this hypothesis is highly speculative at this point, KB cell
lysates were analyzed for volatile components after being
exposed to the AD. Because, after IL-6 receptor binding, the
internalized receptor–ligand complex is degraded in the lyso-
somes (23), AD compounds must be detectable in cells.
Although there might be other pathways for a cellular uptake
of volatiles, the intracellular detection of these compounds would
support the present hypothesis and is the basis for further studies

elucidating the mechanism by which volatile compounds of
orange juice act as anti-inflammatory agents.

KB cells were, therefore, treated again for 6 h with AD,
corresponding to its “natural content” in 1:1.25 diluted orange
juice. Afterward, the cells were washed and treated with a lysis
buffer. The volatile fraction was isolated and separated by
HRGC. Compared to nontreated control cells, the gas chro-
matogram obtained from the AD-exposed cells showed three
additional peaks (Figure 6). On the basis of a comparison of
retention studies and mass spectra with data of the respective
reference compounds, these peaks were identified as linalool,
limonene, and R-terpineol, which have been reported as orange
juice odorants earlier (24, 25).

To quantitate the recovery of limonene, linalool, and R-ter-
pineol in the lysed cells in relation to the total amount present
in the AD, the contents of these three volatiles were determined
in the AD and in the orange juice. Limonene was analyzed at
a concentration of 40108 µg/kg, linalool at a concentration of
950 µg/kg, and R-terpineol at a concentration of 3930 µg/kg.
Particularly, the relatively high contents of R-terpineol con-
comitant with the rather low concentrations of limonene suggest
a long period of storage as R-terpineol is known to be formed
as an oxidative limonene degradation product (25).

The percent recovery of these AD components in the cells’
exponate (cell culture medium + AD), the air space of the cell
culture flask, and the cell lysate showed 104, 87, and 88% for
limonene, linalool, and R-terpineol, respectively. The percentage
recoveries found in the lysate of the cells for limonene, linalool,
and R-terpineol were 10.3, 0.3, and 0.4%, respectively. Although
these amounts might have originated from orange juice, it was
not clear whether, for example, R-terpineol had been also formed
by an intracellular metabolization of limonene as reported
earlier (26–28). However, in another set of experiments, in
which KB cells were exposed to limonene, no R-terpineol could
be detected (data not shown). Thus, the amount of R-terpineol
quantitated in the KB cell lysate after exposure to the AD is
likely to be derived from R-terpineol present in the aqueous
distillate.

On the basis of the idea of receptor internalization, the
presence of the volatiles limonene, linalool, and R-terpineol in
the KB cell lysate supports the hypothesis that these compounds
might act as ligands of the IL-6 receptor. To further prove the
IL-6 stimulating activity of the volatiles quantitated in the KB
cell lysate, KB cells were exposed to limonene, linalool, and
R-terpineol in concentrations according to their amounts in
1:1.25 diluted orange juice. Treatment with limonene resulted
in a 5% increase of IL-6 production, whereas cells treated with
linalool showed no significant effect in comparison to the
nontreated control cells (Figure 7). In contrast, exposure of the
cells to R-terpineol inhibited IL-6 formation by 3% compared
to nontreated control cells (Figure 7).

The anti-inflammatory effect of R-terpineol was further
proven in another set of experiments in which KB cells were
treated with 1:10 diluted orange juice, R-terpineol in a concen-
tration corresponding to 1:1.25 diluted orange juice, or the
combination of both, orange juice and R-terpineol. Treatment
of the KB cells with orange juice increased IL-6 formation by
23% compared to nontreated control cells (Figure 8). This effect
was significantly reduced by exposing the cells to orange juice
plus R-terpineol, resulting in a total IL-6 increase of 20% (p <
0.05).

Because recombination experiments in which IL-6 formation
in KB cells was analyzed after treatment with a combination
of limonene, linalool, and R-terpineol did not demonstrate the

Figure 5. Intracellular production of interleukin-6 in carcinoma buccal
(KB) cells after 6 h of exposure to the positive control in combination
with the aqueous distillate corresponding to the concentration of 1:1.25
diluted orange juice: I, phorbol-12-myristate-13-acetate + ionomycin;
II, aqueous distillate; III, phorbol-12-myristate-13-acetate + ionomycin
+ aqueous distillate (n ) 4; control without additions ) 100%).
Student’s t test versus nontreated control cells: /, p < 0.05; ///, p <
0.005; I vs III, p < 0.05.

Figure 6. Gas chromatogram of the volatiles isolated from a cell lysate,
which had been exposed to the distillate for 6 h (n ) 4; upper trace)
versus a gas chromatogram of a control cell lysate (n ) 4; lower
trace).
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same IL-6 stimulation as experiments with the total AD (data
not shown), additional IL-6 modulating compounds must be
present in the AD of orange juice.

However, the immunomodulating effects on IL-6 formation
in KB cells described for the volatiles limonene and R-terpineol
gave rise to the question of whether these compounds might
regulate the IL-6 receptor on a molecular level, such as affecting
its gene expression. As KB cells were reported to express the
IL-6 receptor protein (29), cells were again exposed to AD,
limonene, or R-terpineol and IL-6 gene expression was analyzed
by QRT-PCR

In this experiment, treatment of the KB cells with limonene
resulted in a higher level of the IL-6 receptor gene expression
compared to nontreated control cells (Figure 9), whereas
treatment with R-terpineol resulted in a significant decrease.
Interestingly, the aqueous distillate showed no significant effect
on the IL-6 receptor gene expression, leading to the question
of whether other active compounds present in the AD might
compensate each other. However, the decreased IL-6 formation
in KB cells after exposure to R-terpineol and the increased IL-6
formation after incubation with limonene support the hypothesis
of both aroma compounds acting as ligands of the IL-6 receptor.

In summary, the presented results clearly support the hy-
pothesis that orange juice does contain compounds able to inhibit
the IL-6 formation in KB cells, such as R-terpineol. The cellular
mechanism is suggested to be based on binding to the
IL-6 receptor and subsequent internalization of the entire
ligand–receptor complex.

The presented results suggest that addition of volatile
compounds and, in particular, R-terpineol, can be a strategy to
reduce the pro-inflammatory effect of orange juice in buccal
cells. Fortification of orange juice with R-terpineol at 3144 µg/
L, a concentration that effectively lowered IL-6 formation in
buccal cells, will not cause any off-flavor, because the off-flavor
threshold for R-terpineol in orange juice is 9060 µg/L (30).
However, future controlled human intervention trials are needed
to verify the presented results and to test whether a common
exposure time of buccal cells to ingested orange juice leads to
different effects compared to the long-term treatment of 6 h
that was applied in the cell culture experiments presented herein.
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