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To estimate the role of the submandibular gland (SMG) in liver regeneration, i) the tissue min-
eral dynamics in SMG after 1/3 partial hepatectomy (pHx) and ii) the influence of olive (OO)
and corn-oil (CO) enriched diets on these events were investigated. Different nutrition of BALB/c
mice lasted 3 weeks, and the minerals in SMG were determined by microwave digestion and
ICP spectrometry. The diet containing CO initially suppressed liver regeneration (after 24 h)
and then, similarly to OO, increased liver growth (on day 7). In mice fed standard food, Zn2+

and Ca2+ accumulated in SMG and the concentration of Mg2+ decreased in the early phase of
liver regeneration. These changes were, however, significantly less expressed in mice fed CO
and OO enriched diets, suggesting that monounsaturated oleic acid (C18:1n-9) and polyunsatu-
rated linoleic acid (C18:2n-6) might interfere with some metal-dependent activities of SMG
that participate in the control of liver regeneration.
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INTRODUCTION

Liver regeneration that follows after partial hepatectomy
(pHx) is a commonly used model for investigation of
growth processes, during which the liver architecture re-
mains intact and hepatocyte replication occurs in normal
parenchyma.1,2 The process is characterized by activation
of a large number of genes, which are usually grouped
into stages that correspond to the transition of hepatocytes
from quiescence into the cell cycle (priming) and the
progression of the committed hepatocyte through the G1

phase to DNA replication and cell division.3–5 Mediators

such as tumor necrosis factor � (TNF-�) and interleukin
6 (IL-6) participate in the priming phase, while the pro-
gression through the cell cycle is driven by the hepatocyte
growth factor (HGF) and transforming growth factor �

(TGF-�). The termination phase is initiated by upregula-
tion of TGF-�1 and activin, which suppress epithelial cell
growth,1–8 but the signals that precisely synchronize the
start and the end of liver regeneration are still investi-
gated.

These events are strongly influenced by tissue met-
als and metallothioneins,9–15 as well as by the diets con-
taining different quantities of mono-and polyunsaturated



fatty acids (MUFA and PUFA, respectively),16–22 since
they might be responsible for structural integrity and en-
zyme activities involved in transduction signals, transcrip-
tion and replication of factors during cell proliferation
and apoptosis. Contributing to this field, we previously
reported on the activation of a zinc-dependent hepato-
thymic axis after pHx,23 as well as on the additional he-
patectomy-induced changes in concentrations of Zn2+,
Fe2+, Mg2+ and Ca2+ in regenerating liver, thymus and
spleen.24 It the latter study, we reported also on the mark-
ed pHx-induced changes in the metal tissue dynamics at
the level of the submandibular gland (SMG), suggesting
that during liver regeneration these metals might be im-
portant regulators of exocrine and endocrine functions of
salivatory glands. The latter finding was not too unex-
pected owing to the presence of a large body of evidence
demonstrating that SMG is a crucial part of the cervical
sympathetic trunk-submandibular gland neuroendocrine
axis, involved in maintaining systemic homeostasis after
tissue damage, inflammation and other »stress condi-
tions«,25–29 as well as owing to the fact that SMGs are
the main source of the epidermal growth factor (EGF) and
other growth factors involved in the control of liver re-
generation.1–8,30–33 To our knowledge, however, no pre-
vious experimental evidence showing the effects of pHx
on metals tissue dynamics of the salivary gland has been
reported. In an attempt to extend our knowledge about
the regulatory effects of metals on SMG functions dur-
ing liver regeneration, in the present study we investigat-
ed the influence of diets containing different quantities
of mono-and polyunsaturated fatty acids (MUFA and
PUFA, respectively) on these events, because of their
known influence on oxidative stress and lipid peroxida-
tion, matrix metalloproteinases, signal transduction path-
ways, cytokine production, etc.16–22

The data showed that the dynamics of tissue metals
in SMG was sensitive to diets enriched with olive and
corn, indicating the participation of MUFA and PUFA in
this control.

EXPERIMENTAL

Animals

Mice of BALB/c strains, aged 2–3 months, were used in the
experiment. They were housed in groups 6–8, kept under
standard conditions and exposed to a natural day-night cy-
cle. Animals were bred and maintained according to the
»Guide for Care and Use of Laboratory Animals« (NIH,
1996), and the ethical committee for handling laboratory
animals of the School of Medicine, University of Rijeka,
approved the study.

Feeding Procedure

During the three research weeks, animals were fed standard
laboratory pellets or diets enriched with olive or corn oil (5 g

addition to 100 g of standard pellet), containing predomi-
nantly oleic acid (C18:1n-9) or linoleic acid (C18:2n-6), re-
spectively.

Partial Hepatectomy

Under ether anesthesia, mice were subjected to 1/3 pHx af-
ter removal of the median liver lobe. To avoid possible di-
urnal variability, all operations were performed between
8:00 – 9:00 a.m. Animals were sacrificed by bleeding on
days 1, 2, 7 and 15 after pHx and compensatory liver growth
was calculated from the wet and dry weights of the remain-
ing and removed liver.

Tissue Sample Preparations for Liberalization

The submandibular gland of mice sacrificed by exsangui-
nations was carefully removed using plastic instrumentation.
Tissue samples were selected and prepared as previously
described.34 Briefly, 20–50 mg of the SMG was dried at
105 °C for 5 hours. After that, 3 ml of conc. HNO3 (»Kemi-
ka« d.d., Zagreb, Croatia) and 0.5 ml of 30 % H2O2 (»Ke-
mika« d.d., Zagreb, Croatia) were added. Microwave diges-
tion occurred in the MLS – 1200 Mega, Microwave Diges-
tion System with MDR Technology, under the following
conditions: 5 min at 300 W, 30 s at »zero« W, 5 min at 600 W
and 1 min of ventilation. After cooling for 15 min, samples
were transferred into flasks and filled with distilled/demi-
neralizated water to the mark of 10 ml.

Inductively Coupled Plasma Spectrometry (ICP)

Liquid samples were introduced into the apparatus by pneu-
matic nebulization, which is the most popular way because
of its desirable characteristics (relatively good stability, ra-
pid change-over and no memory effects with specificity in
operation). Measurements were performed using a PHILIPS
PU 7000-ICP Spectrometer, by the ASTM D 19756-91 meth-
od (power 1 kW, coolant 12 L/min, nebulizer 38 psi) and a
wavelength of 213.856 nm. Single zinc standard (Merck,
Darmstadt) of 1000 ppm was diluted to obtain appropriate
standard concentrations. Lower detection limit was 0.05 ppm
and r.s.d. was 3 %.

Statistical Analysis

The data were analyzed using the Sigma Plot Scientific
Graphing System, Version 8.0. Statistical significance was
calculated by two-tailed Student’s t-test for unpaired sam-
ples. Data are reported as mean +/– SEM. The results were
considered statistically significant at p<0.05.

RESULTS

Changes in Liver Regeneration Induced by Olive

and Corn Oil Enriched Diets

Partial hepatectomy in the control mice provoked a very
fast growth of the liver remnant in the first 24 h, increas-
ing the regenerating index, calculated as the ratio of the
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remaining to removed liver mass, to 2.75 (Figure 1). A
new increase of liver mass was observed again in the in-
terval between postoperative (p.o.) days 7 and 15, when
the regenerating index reached the value of 4.4. The corn
oil enriched diet significantly decreased the early phase
of liver regeneration, (p<0.001), but on p.o. day 7 increas-
ed regenerating indices were noticed (p<0.001) in mice
fed both experimental diets.

Changes in Tissue Dynamics of Zinc, Calcium,

Magnesium and Iron in the Submandibular Gland

Induced by pHx and by Diets

Submandibular gland masses were found to be unaffect-
ed by pHx and either type of diet (Figure 1), but marked
changes were observed in the tissue metal content in
SMG (Figure 2). In mice fed standard diet during liver
regeneration, concentrations of Ca2+ (p<0.001) and Zn2+

(p<0.01) went up, while that of Mg2+ decreased (p<0.01).
Changes lasted until the p.o. day 7 and then returned to
the initial values. Both diets influenced this dynamics,
diminishing the accumulation of Zn2+ and Fe2+ (from
p.o. days 1–7), and after the p.o. day 2 also the accumu-
lation of Ca2+. Some differences were also noticed be-
tween the effects of the two diets, since in corn-oil fed
mice the initial values of Zn2+ and Fe2+ were changed
even before pHx (time 0), while on the p.o. day 7 the in-
hibiting effects of olive-oil diet on Zn2+, Ca2+, and Fe2+

accumulation were more expressed. In contrast, after the
olive-oil-enriched diet, higher accumulation of Mg2+

was recorded 48 h after pHx (p<0.05).

DISCUSSION

The data show that metal tissue kinetics in SMG is
markedly affected by pHx and additionally changed by
olive and corn oil enriched diets, suggesting that the
submandibular salivary glands have an active lipidic me-
tabolism, which is sensitive to dietary fatty acid intake
and local turnover of Zn2+, Fe2+, Ca2+ and Mg2+. The
complex relationship of the estimated metals,9–15 as well
as dietary lipids,16–22 to almost all steps of cell biology
allows, however, only speculation about the significance
of our findings.

As a key organ in the neuro-immuno-regulatory net-
work,25–29 the SMGs play an integral role in physiological
adaptations and contribute to the maintenance of syste-
mic homeostasis, particularly under the 'stress conditions'
seen during tissue damage and inflammation. Behaving
as an endocrine gland, SMG produces and secretes a
large number of physiologically active proteins and pep-
tides, such as growth factors, homeostatic proteases, and
regulatory peptides, which subserve a range of biologic
functions not directly associated with the alimentary di-
gestive system, indicating that they possess endocrine
functions. Furthermore, the synthesis and release of these

SMG-derived factors are regulated by hormonal and
neural mechanisms,25–29 which ensure a prompt re-
sponse of SMG to various stressful stimuli.

Owing to the fact that they accumulate biologically
active peptides and hormones, such as the epidermal
growth factor (EGF), nerve growth factor (NGF), TGF-�,
TGF-� and HGF,25–33 it was suggested that the liver was
a major target of factors released from the submandibular
salivary glands. The existence of a proposed SMG-liver
axis was especially evident in sialoadenectomized mice,
which showed a transient wave of apoptosis in the liver,
followed by alterations in cellularity, and delayed liver
regeneration.35–37

It may be also relevant for our data that EGF, secret-
ed from SMG, might affect the adipose tissue develop-
ment and lipolysis stimulated by isoproterenol and gluca-
gon, interfering with the signal transduction between
lipolytic hormone receptors and adenylate cyclase.38 Fur-
ther, the evidence showed that the fatty acid composition
of the submandibular salivary gland and synthesis of a
great variety of its lipids might be strongly dependent on
the dietary intake of PUFA, which were in this way able
to modulate the growth of salivary gland tumors.39
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Figure 1. a) Dynamics of liver regeneration, presented as the re-
generation index (calculated as the ratio of remaining liver mass
to removed liver mass). b) Changes in wet masses of the sub-
mandibular gland in partially hepatectomized (pHx) mice fed dif-
ferent diets for 3 weeks before pHx. Data are mean � SE of 4–6
mice. *** p<0.001.



The herein presented data show that dietary intake
of MUFA or PUFA may modulate also the tissue dynam-
ics of several trace metals in SMG after pHx, indicating
that some of their effects might be Zn2+, Fe2+, Mg2+ or
Ca2+-dependent.

Namely, supporting the extensive literature data of
the effects of trace elements on all aspects of cell biolo-
gy,9–15 our data showed that liver regeneration was fol-
lowed by marked changes in the SMG mineral content,
emphasizing the regulatory role of Zn2+, Ca2+, Fe2+ and
Mg2+ for the processes activated by pHx.24 Thus, as pre-
sented in Figure 2, immediately after pHx, an initial in-
crease in the concentrations of Zn2+ and Ca2+ and a de-
crease in the Mg2+ content was found in the control group
of mice, suggesting that these metals influenced the pro-
duction or release of factors involved in the initiation of
liver growth. However, as recently reported,24 in the late
phase of liver regeneration in mice fed the standard diet,
highly significant negative correlations were found be-
tween the concentrations of Zn2+, Fe2+, Ca2+ and Mg2+

in SMG and the index of liver growth, indicating that
these metals participated also in reestablishment of new
morphostasis after pHx. Since marked changes in metal
tissue kinetics were simultaneously visible also in the re-

generating liver, thymus and spleen, we hypothesized that
these interconnected changes occurred as a consequence
of the breakdown of tolerance to self antigens and/or ac-
tivation of cytokine and growth-dependent pathways af-
ter pHx,24 in which an important role might be that of
the metallothionein (MT) gene induction by stress medi-
ators, or by EGF or TGF-�, which were able to induce
MT gene expression in cultured rat hepatocytes in paral-
lel with DNA synthesis.9,3,40–47

As presented here, olive and corn-oil enriched diets,
containing oleic acid (C18:1, �-9 MUFA) and linoleic acid
(C18:2, �-6 PUFA), respectively, additionally changed
the SMG mineral content. Thus, the corn-oil enriched
diet significantly diminished the early phase of liver re-
generation, while both diets increased the regeneration in-
dexes on the p.o. day 7 (Figure 1). Simultaneously, both
types of diet markedly diminished the accumulation of
Zn2+, and Fe2+ and Ca2+ and increased the early accumu-
lation of Mg2+ in SMG after pHx (Figure 2), pointing to
interconnection between the metabolism of metals and
fatty acids in SMS and supporting the extensive evi-
dence of the modulation of cellular activities by nutri-
ents.9–19,36–43
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Figure 2. Metal tissue content in the submandibular gland of pHx mice fed the standard diet or diets enriched with olive (OO) or corn oil
(CO) for 3 weeks before pHx. Data are mean � SE of 4–6 mice. *** p<0.00; ** p<0.01; * p<0.05 (compared to the control group);

�p<0.05 (comparison between the OO and CO fed groups).



Mechanisms by which MUFA and PUFA affect the
metal tissue dynamics in SMG during liver regeneration
are, however, still unclear, since they might be connect-
ed with the effects of dietary fats on the tissue fatty-acid
composition in SMG, as well as by direct and indirect
effects of both FA and trace metals on immune and in-
flammatory responses, activated by pHx. Thus, dietary
FA incorporated into membrane lipids can change mem-
brane fluidity and affect intercellular interactions, recep-
tor expression, nutrient transport, as well as the signal
transduction pathways regulated by several metal-con-
taining enzymes.48,49 Further, the concentration and com-
position of dietary fat (FA and cholesterol) can alter the
serum-lipoprotein profile, as well as the eicosanoids pro-
duction, which influence the numerous activities of in-
nate and adaptive immunity.16–22 In general, eicosanoids
derived from �-3 PUFA are less potent mediators of in-
flammation than those derived from arachidonic acid
(C20:4, �-6) or linoleic acid (C18:2, �-6), but increased
PUFA intake increases also the oxidative stress, which can
cause lipid peroxidation and modulate a number of genes
involved in the inflammatory response, including those en-
coding for TNF-�, IL-l�, IL-1�, IL-6, and PDGF. Addi-
tionally, dietary fatty acids and their oxidation products
are ligands for the peroxysome proliferator-activated re-
ceptors, and nuclear transcription factors, which regulate
a variety of anabolic and catabolic functions in different
cell types.16–22,45–47

Since tissue metals are involved in almost all steps
of the cited mechanisms, acting as cofactors for enzymes,
having the central or modulatory role in their activities,
as well as in structural stabilization and functional regu-
lation of numerous transcription factors involved in cell
proliferation and apoptosis,9–15,36–50 it is obvious that re-
gulatory pathways exerted by the olive and corn oil en-
riched diet in our experiments might involve very differ-
ent mechanisms, which include a series of events related
to activation of SMG itself, but also to participation of
other regulatory factors in the neuroendocrine-immune
circuit activated during liver regeneration.9,13,25–29,51

Regardless of the unknown mechanisms of actions,
we would like to conclude that our data emphasize that
pHx induces significant and interconnected changes in
the tissue concentrations of Zn2+, Fe2+, Ca2+ and Mg2+ in
SMG, which might be additionally modulated by olive
and corn enriched diets, indicating participation of the
salivatory gland in the control of growth and regulatory
effects of micronutrients and MUFA and PUFA in this
organ.
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SA@ETAK

Modulacijsko djelovanje prehrane maslinovim i kukuruznim uljem na sadr`aj minerala u
submandibularnoj `lijezdi nakon parcijalne hepatektomije

^edomila Milin, Marin Tota, Robert Domitrovi}, Radojka Pantovi}, Jasminka Giacometti, Mira ]uk, Ines
Mrakov~i}-[uti}, Hrvoje Jakovac i Biserka Rado{evi}-Sta{i}

Istra`uju}i ulogu submandibularne `lijezde (SMG, submandibular gland) u regeneraciji jetre ispitivali smo:
1) dinamiku promjena u koncentracijama minerala u tkivu SMG nakon 1/3 parcijalne hepatektomije (pHx) i
2) u~inke dijeta s ve}im sadr`ajem maslinovoga (OO, olive oil) i kukuruznoga ulja (CO, corn oil) na ove proce-
se. BALB/c mi{evi hranjeni su razli~itim dijetama tijekom 3 tjedna, a minerali u SMG odre|ivali su se mikro-
valnom digestijom i ICP spektrometrijom. Dijeta oboga}ena CO smanjivala je po~etnu fazu regeneracije jetre
(nakon 24 h), a obje dijete pove}avale su rast jetre nakon 7 dana. U kontrolnih mi{eva u ranoj fazi regeneracije
jetre u SMG nakupljali su se Zn2+ i Ca2+, a smanjivala se koncentracija Mg2+. Ove promjene bile su zna~ajno
manje izra`ene u mi{eva hranjenih CO i OO-dijetama, pa je pretpostavljeno da oleinska (C18:1n-9) i linolna
(C18:2n-6) masna kiselina utje~u na odre|ene, o metalima ovisne, putove kojima SMG sudjeluje u kontroli
regeneracije jetre.

446 ^. MILIN et al.

Croat. Chem. Acta 78 (3) 441¿446 (2005)


