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Induction of Salivary Polypeptides Associated With
Parotid Hypertrophy by Gallotannins Administered
Topically into the Mouse Mouth
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Abstract Isoproterenol-induced salivary polypeptides (IISP), a group of proline-rich proteins synthesized by mouse
parotids, have been considered as markers for isoproterenol-induced parotid hypertrophy. Rodents fed diets containing
high-tannin cereals (sorghum), also develop parotid hypertrophy. To test whether tannins are directly involved in
provoking sialotrophic growth, we studied the effect of intraperitoneal and topical oral administrations of tannic acid (TA)
on the induction of IISP polypeptides in endogamic mice (A/Snell). TA was characterized by HPLC chromatography and
spectral analysis and shown to be composed solely of gallotannins, a complex family of glucose and gallic acid esters. IISP
polypeptides were monitored in saliva by SDS–polyacrylamide gel electrophoresis during 36 h after ending TA
stimulation. Single daily intraperitoneal administrations of TA for 3 consecutive days (0.033 mg/g bw/day), at variance of
parallel administrations of isoproterenol (0.042 mg/g bw/day) failed to induce IISP polypeptides. However, repeated
topical applications of TA into the mouse mouths (1.21 mg/g bw divided into three equal doses given at 4-h intervals within
a single day) resulted in unequivocal induction of IISP polypeptides. That response was clearly intensified by increasing the
stimulation frequency to eight equivalent doses given at 1.5-h intervals within a single day (corresponding to 3.23 mg/g
bw) and even further by repeating this protocol for 3 days. Under these productive schemes of stimulations by TA,
electrophoretic fractionation of parotid homogenates showed new polypeptide bands migrating in parallel to salivary IISP.
These results suggest that topically administered gallotannins are effective inducers of trophic growth in mouse parotids.
J. Cell. Biochem. 100: 487–498, 2007. � 2006 Wiley-Liss, Inc.
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Rodent salivary glands recurrently stimu-
lated by b-adrenoceptor agonists, such as
isoproterenol, have been used as a study model

of hypertrophy [Schneyer, 1962; Novi and Base-
rga, 1971]. That cellular and glandular
response has been associated with the induc-
tion, accumulation, and secretion of a group of
salivary proline-rich proteins [Muenzer et al.,
1979a,b; López Solı́s et al., 1987, 1989]. In
mouse, the assessment of isoproterenol-induced
salivary proline-rich polypeptides (IISPs) in
saliva, rather than in salivary glands, has
allowed a much earlier recognition of the
trophic response of parotid acinar cells [López
Solı́s et al., 1989, 2003a,b; López Solı́s and
Kemmerling, 2005]. In effect, IISP polypeptides
can be detected in saliva as early as 24 h after a
single intraperitoneal administration of the
powerful sialotrophic b-adrenoceptor agonist
isoproterenol whereas protocols to induce sali-
vary gland hypertrophy are currently based
on recurrent administrations of the same
agonist for several days or weeks [Muenzer
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et al., 1979a,b; Humphreys-Beher et al., 1987a;
Ann et al., 1987; Li et al., 1997].

A few reports have shown that experimental
salivary gland hypertrophy can be also pro-
duced by feeding rodents on cereal-based or
legume-based diets containing high levels of
tannin. Thus, rats fed a sorghum variety rich in
condensed tannins (‘‘high-tannin sorghum’’),
in contrast to rats fed either ‘‘low-tannin
sorghum’’ or control diet of chow, showed both
parotid gland enlargement and increased
synthesis and accumulation of salivary pro-
line-rich proteins [Mehansho et al., 1983, 1985,
1987; Humphreys-Beher et al., 1987b]. Similar
results have been obtained in rats maintained
on diets containing high levels of condensed
tannins from faba beans (Vicia faba L) [Jans-
man et al., 1994]. Altogether, data from those
reports highly suggest that the molecular and
cellular effects produced by high-tannin diets
both on the parotid salivary tissue and on saliva
of rats are indistinguishable from those pro-
duced by iterative isoproterenol stimulations
[Tu et al., 1993; Lin et al., 1996; Ann et al., 1997].
Despite those similarities, marked differences
between isoproterenol and tannin-rich diets as
sialotrophic agents may well exist. Thus, at
variance of isoproterenol, whose sialotrophic
effect is thought to be mediated by its direct
interaction with b-adrenoceptors located on the
basolateral surface of the responsive acinar
cells, a mechanism linking dietary tannins to
the sialotrophic response has not yet been
identified [González et al., 2000]. In our view,
a main difficulty in this regard is that the
sialotrophic effect of cereal-based or legume-
based diets rich in tannins has not yet been
paralleled by reports on the corresponding
effect of experimentally controlled oral admin-
istrations of diet-free tannins, the putative
sialotrophic agents [Mehansho et al., 1983,
1985, 1987; Humphreys-Beher et al., 1987b;
Jansman et al., 1994]. Thus, it cannot yet be
discarded the possibility that other unconsid-
ered components of the cereal or legume
variants that were used in the above-mentioned
feeding trials may be primarily involved in
the induction of the sialotrophic response. On
the other hand, salivary gland hypertrophy
has been so far provoked by providing animals
with permanent and unrestricted access to
tannin-rich diets for several days or weeks
what would hamper any temporal mapping
of the molecular steps being part of

mechanisms coupling the stimulus to the
trophic response.

Previously, we reported that a number of
synthetic structural analogs of isoproterenol
that display a major sialotrophic effect in mouse
also provoke the induction of a single group of
IISP polypeptides in the hypertrophic glands
[López Solı́s et al., 1990]. Later studies showed
that those isoproterenol-induced salivary poly-
peptides (IISP) were secretory in nature and
that their identification was greatly facilitated
by screening whole saliva (the one collected
from the mouse mouth) rather than salivary
gland homogenates [López Solı́s et al., 1989,
2003a]. Thus, it was reasonable to assume that
an eventual trophic effect of tannin extracts on
mouse parotid glands may well be accompanied
by changes in the polypeptide profile of saliva
and particularly by the appearance of IISP
polypeptides. The purpose of this study was to
determine whether tannic acid (TA), a tannin
extract obtained from oak gall nuts from
Quercus infectoria, induces the appearance of
IISP polypeptides in the saliva of mice when
applied topically into the mouth under strict
time-controlled schedules. Several administra-
tion schedules were evaluated.

MATERIALS AND METHODS

Animals

Female or male mice of the A/Snell strain,
inbred in our laboratory and weighing 24� 3 g
were used when 3–4 months old. The animals
were maintained on a 12-h light and 12-h dark
schedule and fed ad libitum.

HPLC Analysis of Tannic Acid (TA)

One gram of TA was dissolved in 100 ml of
20% v/v ethanol, stirred at 308C in the dark for
2 h and concentrated in vacuo to a quarter of its
original volume. The concentrate was extracted
three times with 25 ml of diethyl ether, three
times with 25 ml of ethyl acetate and the organic
fractions were combined. The resulting organic
extract was evaporated to dryness in vacuo
and the residue was dissolved in 2 ml of 1:1 v/v
methanol/water and 5 ml-aliquots were sub-
jected to HPLC chromatography. To do so,
reversed-phase separations of TA were carried
out in triplicate at 258C using a 300 mm� 3.9 mm
i.d., 4 mm particle size Nova Pack C18 column. A
photodiode-array detector (Waters, model 991,
Milford, MA) was set at 280 nm. Two mobile
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phases were used: A, water/acetic acid (98:2 v/v)
and B, water/acetonitrile/acetic acid (78:20:2 v/
v/v). A two-step gradient was carried out at a
constant flow rate of 1.0 ml per min: 0–55 min,
100%–20% A and 55–70 min, 20%–10% A.
Equilibration times of 15 min were allowed
between injections. Each major peak in the
HPLC chromatogram of the TA extract was
characterized both by retention time and
absorption spectrum in the 210–400 nm wave-
length range and contrasted against an electro-
nic library of UV/Vis spectra of standard
polyphenols that has been developed in our
laboratory to assist identification of grape and
wine phenolic compounds by routine HPLC
analysis [Peña-Neira et al., 2000].

Tannic Acid Administration

A 400 mg/ml stock solution of TA was
prepared in water (no antioxidants added)
immediately before its administration. Depend-
ing upon the experiment, TA was either injected
intraperitoneally or administered topically into
the mouse mouth. When injected, 0.2 ml of 10-
fold serial dilutions of the stock solution
(0.8 mg–8 mg) were administered intraperito-
neally at 24-h intervals for 3 consecutive days.
Saline was injected to control mice. For topical
administration, 200 mg of TA were placed in an
Eppendorf tube and were dissolved in 0.5 ml of
water. The tube containing the TA solution was
weighed in an analytical balance. Mice were
hand-held by pulling the fur from the back of the
neck, as for an intraperitoneal injection. During
the procedure, the mouth of the mouse remains
open. A narrow paintbrush was soaked into the
TA solution and used for painting inside of the
mouse mouth. The procedure was carried out
three times at 30-s intervals (an application).
Finally, the Eppendorf tube was weighed again
in order to calculate the total volume used per
application. In these experiments, control ani-
mals were subjected to sham treatments in
which tannic acid solution was replaced by tap
water.

Isoproterenol Administration

As a positive control for the induction of IISP
salivary proteins, 0.2 ml of a freshly prepared
aqueous solution of isoproterenol (0.16 mmol/g
body weight) was administered intraperitoneally
once a day at 24-h intervals for3 days [López Solı́s
et al., 2003a]. Control unstimulated mice con-
sisted of animals that were injected with saline.

Salivary Tissue

Control and experimental mice were orga-
nized in groups of four mice each. In those
studies in which IISP were monitored in the
salivary tissue, the animals were killed by
cervical dislocation and both parotid glands
from each animal were dissected free of fat and
lymph nodes. After vigorous homogenization in
2.5 ml of 20 mM potassium phosphate/6.7 mM
sodium chloride (pH 6.9, 208C) using five
strokes in a motor-driven Teflon-glass homo-
genizer, the homogenates were filtered through
four layers of cheese-cloth laid at the bottom of a
5 ml disposable syringe and adjusted to 2 ml
with the same buffer. An aliquot from each
homogenate was saved for protein quantifica-
tion and the rest was distributed in multiple
aliquots and stored at �848C until the electro-
phoretic fractionation [López Solı́s et al., 1993].

Collection of Whole Saliva

A single dose of 10 ml of 4% pilocarpine was
instilled directly into the mouse mouth (time
zero). Once salivation became visible (at about
5 min), aspiration of the salivary fluid was
initiated by means of a disposable tuberculine
syringe fitted with a bent disposable tip [López
Solı́s et al., 2001]. Saliva from every single
mouse was accumulated in preweighed Eppen-
dorf tubes while kept on ice. At the end of the
collection procedure (at about 20 min), the
Eppendorf tubes were weighed in order to
estimate the amount of collected saliva by
assuming a specific gravity of 1.00 g/ml. Routi-
nely, over 150 ml of saliva per mouse were
obtained by this procedure. A 10-ml aliquot of
saliva was saved for protein quantitation and
the rest of the sample was distributed into
several aliquots and saved at �848C until the
electrophoretic fractionation.

Protein Content

Ten microliters of aliquots of either saliva or
whole salivary gland homogenates from every
single mouse were spotted onto cellulose discs
and processed for spectrophotometric protein
quantification as described by Bramhall et al.
[1969].

Protein Electrophoresis

Aliquots of whole saliva containing 30 mg of
protein or aliquots of parotid gland homoge-
nates containing 100 mg of protein were mixed
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with sample buffer and subjected to electrophor-
esis in SDS–polyacrylamide slab gels (12%)
as specified elsewhere [Laemmli, 1970; López
Solı́s and Miranda Wilson, 1986]. Each sample
subjected to electrophoresis was obtained from a
single animal. Electrophoretic fractionations
were calibrated by using the following molecular
weight standards: ovotransferrin (78 kDa),
bovine seroalbumin (66 kDa), ovoalbumin
(42.5 kDa), and carbonic anhydrase (30 kDa).
After the electrophoretic separation, gels were
fixed overnight in 15% isopropanol/10% acetic
acid, rinsed twice in the same solution for 30 min
each, stained for at least 12 h in 0.25% Coomassie
blue R-250 dissolved in 45% isopropanol/10%
acetic acid and rinsed exhaustively in 10%
isopropanol/10% acetic acid until clear back-
ground. Finally, gels were rinsed in three 5-min
changes of distilled water and scanned in an
AGFA-Snapscan 1236 device. Printed reports
were produced by using both TIFF and JPG
image file formats.

Materials

Tannic acid (T-0125), gallic acid (G-7384),
(þ/�)-isoproterenol-HCl (I-5627), protein mole-
cular weight standards for gel electrophoresis
and other reagent-grade chemicals were
acquired from Sigma, St. Louis, MO. Pilocar-
pine was obtained from pharmaceutical suppli-
ers as a 4% ophthalmic solution (LicarpinTM,
Saval Laboratories, Chile). Solvents used for gel
processing were purchased from Merck-Chile.
Cellulose discs (Whatman grade 1; 2.5 cm
diameter) were obtained from Whatman, Maid-
stone, England.

RESULTS

Characterization of Tannic Acid (TA)

TA are commercially available extracts obtai-
ned from a number of plant species. In this
study, an extract ofQuercus infectoria galls was
used [Sigma-Aldrich, 2005]. This extract was
highly soluble in water at room temperature.
The absorption spectrum of freshly prepared
aqueous solutions of TA showed a single peak at
275 nm. Light absorption at this wavelength is
directly proportional to the concentration of TA
in the range from 1 to 5 mg/ml. Under those
conditions, the percent solution extinction
coefficient for a water solution of TA was
2,544/[(g/100 ml) � cm]. This value was used
for the routine normalization of TA solutions.

Reversed-phase HPLC fractionation of TA con-
firmed a complex composition. At least 50 peaks
eluting from 3 to 85 min after the start of the
HPLC run were identified by UV detection
(280 nm), being the most prominent those whose
average retention times were 4.9 (gallic acid),
50.7, 60.5, and 61.5 min (Fig. 1A). Spectral
analysis (wavelength range 250–600 nm) of
each major peak of the chromatogram showed
that, despite some minor variations, all the
absorption profiles exhibited a single prominent
broad peak whose maximum occurs at about
275 nm, a feature that is distinctive of gallo-
tannins, that is, those which yield gallic acid on
hydrolysis (Fig. 1B). In addition, no absorption
peak whatsoever suggesting the presence of
either ellagitannins or condensed tannins was
observed. Thus, the TA extract appears to
consist entirely of a number of variant gallo-
tannins which would be generated by the
interaction between the carboxyl group of gallic
acid molecules and one or several OH groups of
both glucose and other gallic acid residues
(Fig. 2) [Frohlich et al., 2002].

Lack of Effect of the Intraperitoneal
Administration of TA on the
Salivary Polypeptide Profile

Groups of mice were injected intraperitone-
ally either with TA or with isoproterenol (IPR), a
powerful sialotrophic catecholamine. In this
study, a dose of 1 mg IPR/mouse/day was
routinely used for provoking the appearance of
IISP polypeptides in saliva, when injected once
in a day for three successive days. By contrast, a
wide range of doses of TA were assayed for their
ability to induce the appearance of the sialo-
trophic polypeptides. Under those conditions,
even the highest nontoxic dose of TA (0.8 mg/
mouse/day) proved to be fully ineffective in
inducing IISP polypeptides in contrast to IPR
that displayed a main inductive effect (Fig. 3).

Induction of IISP Salivary Polypeptides by
Topical Oral Administrations of TA

Mouse mouths were paintbrushed with
freshly prepared aqueous solutions of TA. The
amount of TA supplied per application was
9.7� 1.4 mg (n¼ 60). Once-a-day applications of
TA to the mouse mouths, according to the same
administration schedule used for the intraper-
itoneal injection of TA and IPR resulted in no
effect on the salivary polypeptide profile. In
contrast, when TA was administered three
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times per day for 3 days, the salivary IISP
polypeptides became readily visible in saliva
(Fig. 4). Since the inductive effect of TA seemed
to be positively influenced by the frequency of
topical oral administrations, experiments were
conducted in which TA was administered
several times in a single day. In these experi-
ments, animals were paintbrushed iteratively
in their mouths at 1.5-h intervals for eight times
(between 9 AM and 7.30 PM) in a first day and
saliva was collected during the evening of the
second day (7.30 PM). Under this schedule, most
of the mice displayed a marked and unequivocal
expression of IISP polypeptides in saliva. Inter-
estingly, however, in these studies always a few
exceptional animals exhibited no change at all
in the salivary polypeptide profile (data not
shown). Since in this schedule of stimulations

Fig. 1. HPLC chromatography of TA fromQuercus infectoria. A: A
methanol water solution of TA was fractionated through a Nova Pack
C18 column according to the schedule and conditions described
under Materials and Methods. Around 50 fractions were consistently
identified by DAD-UV (280 nm) detection on the basis of their
retention times ranging between 5 and 75 min. B: Each fraction
displayed the characteristic absorption spectrum of gallotannins with
a single peak whose maximum was between 270.5 and 275.1 nm.
The panels show representative absorption spectra corresponding to
three main HPLC fractions whose retention times (minutes) were
5 (gallic acid) (panel A), 51 (panel B), and 62 (panel C). Data are
representative of three independent experiments.

Fig. 2. Basic structure of gallotannins. A: A polyol core
molecule, usually glucose, binds (arrows) via its OH groups to
the carboxyl group of one or several gallic acid molecules (GA).
In turn, the OH groups of GA may be also esterified by additional
molecules of GA. TA used in this study comprises a mixture of a
diversity of gallotannins. B: For comparison, the structure of
isoproterenol, a powerful sialotrophic b-adrenergic catechola-
mine agonist, is shown.
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only 24 h elapsed between the end of the TA
treatment and the collection of saliva, experi-
ments were conducted in which saliva was
collected at a later time (36 h) after the end of
the TA treatment. It was expected that a longer
period of rest after successive TA stimulations
might contribute to a higher accumulation of
the IISP polypeptides in the salivary glands.
This was clearly observed among the positive

control mice subjected to isoproterenol stimula-
tions and somewhat less evidently among the
TA-treated mice (Fig. 5). However, under these
experimental schedules practically the whole
group of TA-treated mice expressed the IISP
polypeptides in saliva although some occasional
unresponsive mice were still observed.

Given that the frequency of stimulations by
topically administered TA into the mouse
mouth appeared to be critical for the induction
of IISP polypeptides and that some occasional
mice exhibited a complete absence of those
salivary polypeptides, a consolidated stimula-
tion schedule was assayed. Accordingly, mice
received eight topical oral applications of TA
at 1.5-h intervals (between 9 AM and 7.30 PM)

Fig. 3. Lack of effect of the intraperitoneal administration of TA
on the polypeptide composition of mouse saliva. Mice were
injected at 24-h intervals for 3 days either with TA (range of
doses), isoproterenol (42mg/g body weight) as positive controls or
with saline as negative controls. Saliva from each experimental
or control animal was taken at 24 h after the third injection.
Aliquots of saliva (30 mg of protein) from individual mice were
processed for gel electrophoresis. Note the marked presence of
IISP polypeptides (labeled as C-G on the right of the gel) in
the saliva of an isoproterenol-stimulated mouse (Iso) and
their absence in the saliva of mice that received either
intraperitoneal saline (Ct) or TA (doses in mg/g body weight/
day: lane 1, 0.3; lane 2, 3.3; and lane 3, 33.3). On the left of the
gel, A and B indicate normal secretory polypeptides and the
numbers indicate standard molecular weights: ovotransferrine
(78 kDa), bovine serum albumin (66 kDa), ovoalbumin (45 kDa),
and carbonic anhydrase (30 kDa).

Fig. 4. Inductive effect of sparsely repeated topical oral
administrations of TA on the polypeptide composition of mouse
saliva. Groups of mice received three daily oral administrations
of TA separated by 4-h intervals for 3 days (between 9 AM and
5 PM). Saliva from individual mice was separately collected at
24 h after the last administration of TA and processed for
electrophoresis. The representative gel shows polypeptide bands
C-G in three out of four TA-treated mice (lanes 1–4) although
their intensities are clearly weaker than in saliva of an
isoproterenol-injected mouse used as positive control (Iso). Ct
stands for saliva of a saline-injected mouse used as negative
control. Standard molecular weights and normally secretory
polypeptides A and B are indicated on the left of the gel.
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during 3 successive days and saliva was
collected at 36 h after the end of the TA
treatment. This time, the whole population of
TA-treated mice expressed IISP polypeptides in
saliva (Fig. 6).

In isoproterenol-treated mice, IISP polypep-
tides are synthesized and secreted by hyper-
trophic parotid glands [López Solı́s et al., 1987,
1993]. Accordingly, parotid tissue from TA-
treated mice was examined for the presence of
IISP polypeptides. To do so, groups of mice were
paintbrushed in their mouths at 1.5-h intervals
during four successive days and their parotid
salivary glands were dissected at 36 h after
the end of the TA-treatment, homogenized
and fractionated electrophoretically. With no
exception, the parotid tissue expressed IISP
polypeptides whose mobilities coincided with
the ones of IISP polypeptides observed in the
saliva (Fig. 7).

DISCUSSION

We report here that in mouse, tannic acid is
an effective IISP-inducing agent. The effect is
observed when those tannins are applied topi-
cally into the oral cavity but not when adminis-
tered intraperitoneally. Since the IISP salivary
polypeptides are overexpressed by hypertrophic
parotid acinar cells and thus are considered as
markers for mouse parotid hypertrophic growth
[López Solı́s et al., 1987, 1993, 2003a], tannic
acid may be included now in a list of noncate-
cholamine sialotrophic agents [López Solı́s
et al., 1990]. So far, evidence based on the
induction of sialotrophic effects by providing
experimental animals directly with tannin
extracts rather than feeding high-tannin diets
were necessary. Thus, this study lends strong
support to previous observations from several
laboratories that pointed to dietary tannins as

Fig. 5. Inductive effect of clustered oral administrations of TA
on the polypeptide composition of mouse saliva. Groups of mice
received eight oral administrations of TA separated by 1.5-h
intervals in a single day (between 9 AM and 7.30 PM). Saliva from
individual mice was collected either at 24 or 36 h after the last
administration of TA and processed for electrophoresis. The
representative gel shows the unequivocal presence of polypep-
tides C-G in saliva from eight TA-treated mice. The last four lanes
on the right of the gel correspond to salivas collected at 36 h after
the end of the TA treatment while the previous four lanes show

the fractionation of salivas from TA-treated mice whose
collection was performed at 24 h post-TA. For comparison,
salivas from four mice injected for 3 days with isoproterenol (Iso,
positive control) and collected either at 24 h (second and third
lanes) or at 36 h (fourth and fifth lanes) after the third
isoproterenol stimulation, as well as saliva from a saline-injected
mouse (Ct, negative control), are included in the fractionation.
Note the higher intensities in the polypeptide bands C-G of
salivas collected at 36 h in respect to salivas collected at 24 h after
the end of the stimulations by either TA or isoproterenol.
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the sialotrophic agents when rodent parotid
glands become greatly enlarged after feeding
cereal or legume variants high in tannins
[Mehansho et al., 1983, 1985; Jansman et al.,
1994].

Tannins include a widely diverse group of
water-soluble protein precipitant polyphenols
which have been grossly classified into two main
categories: proanthocyanidins (or nonhydrolyz-
able condensed tannins) that are structured by
variable numbers of CC bound units of flavan-3-
ols, and hydrolysable tannins, which are com-
plex esters whose basic units are glucose and
either ellagic acid (ellagitannins) or gallic acid

(gallotannins) [Haslam, 1989; Riedl et al.,
1998]. In all the previous studies linking the
sialotrophic response to experimental diets,
only cereals or legumes containing mostly
nonhydrolyzable condensed tannins were used
[Mehansho et al., 1983, 1985, 1987; Hum-
phreys-Beher et al., 1987b; Jansman et al.,
1994]. In contrast, in our study the sialotrophic
effect has been produced by tannic acid from
Quercus infectoria, a complex extract in which
only gallotannins were identified. Altogether,
these observations suggest that the sialotrophic
effect is more probably related to common
functional properties of tannins, such as protein
complexing and precipitation, rather than to a
molecular mechanism triggered through a
specific ligand (tannin)-receptor interaction.

Fig. 6. Inductive effect of oral administrations of TA on the
polypeptide composition of mouse saliva. Consolidated stimula-
tion schedule. Groups of mice received eight oral administra-
tions of TA separated by 1.5-h intervals (between 9 AM and
7.30 PM) for 3 consecutive days. Saliva from individual mice was
collected at 36 h after the last administration of TA and processed
for electrophoresis. The representative gel shows a marked
induction of polypeptide bands C-G in all the TA-treated mice
(lanes 1–4). For comparison, saliva from a mouse injected for
3 days with isoproterenol (Iso, positive control) and collected at
36 h after the third isoproterenol stimulation and saliva from a
saline-injected mouse (Ct, negative control), are included in the
fractionation. Standard molecular weights and normally secre-
tory polypeptides A and B are indicated on the left of the gel.

Fig. 7. Inductive effect of oral administrations of TA on the
polypeptide composition of mouse parotid glands. Groups of
mice received eight oral administrations of TA separated by 1.5-h
intervals (between 9AM and 7.30 PM) for four consecutive days
and parotid glands were dissected at 36 h after the last
administration of TA and processed for gel electrophoresis. The
representative gel shows the fractionation of parotid homoge-
nates (50 mg protein/lane) prepared from three unstimulated
control mice (Ct) and three TA-treated mice (T). For comparison,
samples of saliva collected from a control mouse and from a TA-
treated mouse are included (first two lanes). Note that the
induction of polypeptides C-G can be appreciated in the glands
of TA-treated mice despite the high-polypeptide background of
the glands in respect to the low background observed in saliva.
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Another main characteristic of the present
study is that the expression of IISP polypeptides
was assessed by analyzing saliva rather than
salivary glands [Muenzer et al., 1979a; Mehan-
sho et al., 1983, 1985, 1987; López Solı́s et al.,
1993]. Under this approach, early expression
(within 2–3 days) of a specific group of IISP
polypeptides was readily defined on the basis
that the polypeptide background of murine
saliva is certainly much lower than the poly-
peptide background observed in the electro-
phoretic fractionation of salivary gland
homogenates [López Solı́s et al., 2003b; López
Solı́s and Kemmerling, 2005].

Among several stimulation schemes that
were assayed in this study, those consisting in
recurrent and very frequent topical oral appli-
cations of TA proved to be critical or more
effective in inducing the sialotrophic response.
That experimental condition resembles other
effective sialotrophic schemes based on feeding
trials using high-tannin diets provided ad
libitum for several days or weeks but fully
differs from those based on once-a-day or twice-
a-day administrations of isoproterenol in
which this b-adrenoceptor agonist becomes
metabolized and eliminated from the organism
within a couple of hours [Baserga, 1970; Hum-
phreys-Beher et al., 1987a; Ann et al., 1987; Li
et al., 1997]. Thus, major temporal differences
are expected to occur at least at some stages in
the signaling mechanisms activated by both
sialotrophic agents.

A common observation in the present study
was that regardless the effective topical stimu-
lation scheme, the intensities of the TA-induced
electrophoretic bands were significantly lower
than those observed after daily intraperitoneal
administrations of isoproterenol. However, no
qualitative differences whatsoever between the
IISPs induced by both types of stimuli could be
appreciated. A number of previous studies
regarding the effect of high-tannin diets had
observed that similarity long ago [Mehansho
et al., 1983]. Thus, at least some common
sialotrophic mechanisms, more probably those
related to salivary-specific gene expression,
should be finally activated in response to both
types of agonists [Lin et al., 1996; Ann et al.,
1997; Zhou et al., 1997]. Despite the structural
analogy between the polyphenol domains of
tannins and the catechol domain of isoproter-
enol, that might tempt to invoke common
receptor mechanisms for both sialotrophic

agents on the target tissues, previous reports
in reference to the relative sialotrophic power of
a variety of structural analogs of isoproterenol
have shown that the catechol domain is a
necessary but not sufficient feature for the
agonists to express a sialotrophic effect [López
Solı́s et al., 1990]. In the present study we
observed that intraperitoneal administrations
of single doses of TA as low as 4 mg/mouse
resulted in strong toxic effects leading fre-
quently to a rapid death of the animal (data
not shown). In contrast, we also observed that
topical applications into the mouth at doses as
high as 80 mg/mouse given during a time span of
8 h and repeated for 3 or 4 consecutive days were
outstandingly well-tolerated with no evident
toxic signs at all within the 14 days following the
treatment. These observations highly suggest
that gastrointestinal absorption of gallotannins
in mouse would be at most a minor event. In the
same direction, the oral administration of TA to
rats has revealed that gallic acid, a major
hydrolysis product of TA, can be detected in
urine [Koss and Koransky, 1982; Zong et al.,
1999]. Toxicological assays in mice have shown
the full absence of adverse effects following the
oral administration of acute doses of gallic
acid as high as 5 mg/g body weight and subacute
daily doses of 1 mg/g body weight given for a
28-day period [Rajalakshmi et al., 2001].
Contrarily, a few reports have claimed the
occurrence of necrotic processes in the liver
and kidney of ruminants after consumption
of TA probably provoked by absorbable low-
molecular weight metabolites derived from
the microbial metabolism in the rumen [Austin
et al., 1989; Hagerman and Robbins, 1993;
Zhu and Filippich, 1995]. Thus, although any
eventual gastrointestinal absorption of TA in
mouse is yet to be characterized and despite the
similarity in the sialotrophic response to that
of isoproterenol, the sialotrophic mechanism
activated by iterative topical oral administra-
tions of TA may well differ drastically from that
associated to the pharmacological agonist.
While the sialotrophic response to intraperito-
neal administrations of IPR would be mediated
by the interaction of the agonist with adreno-
ceptors of the b1 subtype, that are presumably
located on the basolateral surface of the
target acinar cells and facing the inner milieu
[González et al., 1994, 2000], most if not all the
components of the TA extract would become
part of oral protein–tannin complexes which
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may remain unabsorbed while moving along
the gastrointestinal tract as it has been
observed in regard to condensed tannins
[Hagerman and Butler, 1981]. Some families
of salivary proteins, such as the proline-rich
proteins and the histatins, are currently con-
sidered as primary candidates for being part of
those complexes [Bennick, 2002]. High-affinity
interactions of TA with salivary proteins would
alter the protective salivary film covering the
mouse mouth [Haslam, 1974; Charlton et al.,
1996; Baxter et al., 1997]. That highly disturb-
ing effect at a supramolecular level would be
perceived as a tactile sensation via trigeminal
nerve endings and would lead to a reflex
stimulation of the salivary tissue to secrete
proteins and restore the altered salivary film
[Lawless, 1996]. Such a protective and adaptive
response against tannins, probably mediated by
physiological catecholamine neurotransmit-
ters, would involve not only the synthesis of
more proteins but the synthesis of qualitatively
different sets of salivary proteins displaying a
higher affinity for tannins [Hagerman and
Butler, 1981; Mehansho et al., 1983; Katsukawa
et al., 1999; Bennick, 2002]. That seems to be the
case of the murine polypeptides IISP which are
part of the major family of proline-rich proteins
whose high affinity for tannins as well as
their transcriptionally regulated inducibility
by high-tannin diets are two of their well-known
features [Hagerman and Butler, 1981; Carlson
et al., 1991; Tu et al., 1993; Ann et al., 1997;
Bennick, 2002]. Were it so, prolonged contact of
the mouse oral mucose with high-tannin diets
would result in parotid hypertrophy, as pre-
viously reported by other laboratories [Mehan-
sho et al., 1983, 1985; Jansman et al., 1994]. In
such a case, hypertrophy would be a necessary
condition for parotid glands to produce new
secretory macromolecules in order to neutralize
the astringent effects of tannins. In agreement
with that view, it has been reported that wild-
herbivorous mammals feeding naturally on
tannin-containing diets have become adapted
by expressing in a constitutive manner high
levels of proline-rich proteins in saliva [Austin
et al., 1989; Hagerman and Robbins, 1993].
However, it remains to be seen whether in those
species the proline-rich proteins are induced by
their tannin-rich diets during the normal
development of the salivary system or whether
a constitutive expression of the PRP proteins
allow them to feed on those diets. In humans,

PRP proteins are expressed constitutively and
so they serve as natural filters for the high
content of tannins present in our diet [Kim et al.,
1993].

Although in this study we demonstrated that
gallotannins are inducers of a sialotrophic-
adaptive response in mouse, it remains yet to
be identified which out the many members of
that subfamily of polyphenols that are present
in the commercial extract of tannic acid, or all of
them, have that sialotrophic potential. In
humans, the intensity of the sensorial percep-
tion of astringency, which is characteristically
produced by tannins present in a variety of
foods, has been associated differentially to the
size and degree of polymerization of those
complex organic molecules [Noble, 1998; Drew-
nowski and Gómez-Carneros, 2000]. In the
mouse model, induction of IISP salivary poly-
peptides by topical oral applications of tannins
may well become a more objective procedure to
assess the astringency of pure or complex
tannin solutions.
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1990. Effect of isoproterenol analogs on the polypeptide
composition of mouse parotid glands: Relationship to
enhanced growth. Biochim Biophys Acta 1054:311–316.
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