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Abstract. Chronic (six-day) injection of insulin (im, 50 pMlanimal) into BALB/c mice 
resulted in changes in secretory function, hypertrophy and hyperplasia of the parotid 
and submandibular glands. There were no significant changes in the flow rate or 
concentrations of proline-rich proteins, TGF,, or amylase in saliva when measured 
against constant protein levels. However, amylase enzyme activity and total saliva 
protein content were reduced when measured against constant saliva volume. In 
contrast, EGF synthesis and secretion from the submandibular gland was increased. 
Both the parotid and submandibular gland showed evidence of gland hypertrophy and 
increased rates of DNA synthesis as indicated by [3H]-thymidine incorporation in 
response to insulin treatment. Chronic injection of insulin did not effect the level of 
receptor in the plasma membrane of either gland. [P.S.E.B.M. 1994, Vol 2051 

nsulin is necessary for the active transport of glu- 
cose across the cell membrane. In diabetes, a I pathological state reflecting the loss of insulin, glu- 

cose entry into the cell is impaired. Loss of the bio- 
logical function of insulin results in hyperglycemia, 
glucosuria, polydipsia, weakness, and weight loss (1). 
Diabetes also effects the general metabolism of protein 
and fat, leading to complications affecting the function 
of many organ systems. Thus, our basic understanding 
of the physiological and biochemical effects of insulin 
have been derived from studies involving the loss of 
the hormone. Diabetes has been associated with al- 
tered salivary secretion and mouth dryness. 

The action of insulin on cell physiology appears to 
be mediated by its binding to the a subunit of the trans- 
membrane receptor, intrinsic tyrosine kinase activa- 
tion, receptor autophosphorylation, and association of 
insulin receptor substrate-1 (2). Additional substrates 
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in the signal transduction cascade include the insulin 
receptor substrates phosphotidylinositol 3-kinase (3), 
phospholipase Cy (4), growth factor receptor-bound 
protein 2 (3, protein tyrosine phosphatase-2, and 46 
and 52 kDa Shc proteins (6). Thus, the activation of 
many of the same SH-2-containing elements of the ty- 
rosine-kinases previously associated with growth fac- 
tor receptor activation of cell proliferation, suggest in- 
sulin may also play a role in tissue homeostasis (7). 
Insulin also activates additional cellular kinases and 
phosphatases through specific serinelthreonine (serl 
thr) phosphorylation mechanisms (7-9). The level of 
phosphorylation of the serlthr kinases and phos- 
phatases regulate cellular metabolism such as the 
CAMP response in a variety of cells and tissues (7-9). 

The effects of insulin on salivary gland function 
have been detailed by chemically inducing diabetes in 
animal models with either alloxan or streptozotocin 
followed by insulin supplementation (1G12). In the 
rat, the loss of insulin resulted in decreased salivary 
gland growth rates and secretory enzyme levels (10). 
Treatment of rats with exogenous insulin following 
chemically induced diabetes results in increased pro- 
tein synthesis in both the parotid gland and pancreas 
(13-15). Treatment of submandibular gland dispersed 
cell cultures with insulin has been shown to stimulate 
protein synthesis in a rapid dose dependent fashion 
(16). More specifically, it has been observed that the 
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rate of synthesis of the secretory protein, amylase, is 
dramatically altered by the level of insulin both in vivo 
and in vitro (13-15). Recently it has been shown that 
the insulin response of amylase gene expression in 
pancreatic acinar cells is directly related to chromo- 
somal regulatory DNA sequences activated by the 
presence of insulin (17). 

In the present investigation, we have examined 
the effects of chronic high doses of insulin supplemen- 
tation on the function of the salivary glands of normal 
mice. We present evidence showing that increased in- 
sulin does not affect the general protein profiles of 
saliva or stimulated flow rates of saliva from the sali- 
vary glands, while reducing the overall concentration 
of protein in saliva in animals receiving chronic stim- 
uli. The synthesis and concentration in saliva of amy- 
lase (an acinar cell product of the parotid gland) were 
reduced while EGF levels (a duct cell product of the 
submandibular gland) were increased following insulin 
treatment. Additionally, increased insulin concentra- 
tions in mice resulted in hypertrophy and hyperplasia 
of the parotid and submandibular glands. 

Materials and Methods 
Materials. Male BALB/c mice six months of age 

were purchased from the Department of Pathology, 
University of Florida breeding colony. All animals 
weighed between 15 and 20 g. Insulin, dl-isoproterenol 
HC1, and pilocarpine were from Sigma Chemical Co. 
(St. Louis, MO). Chemicals for SDS-polyacrylamide 
gels and prestained molecular weight standards were 
obtained from Bio-Rad (Richmond, CA) . Radiolabeled 
['251]-protein A was purchased from Amersham (Chi- 
cago, IL) and [3H]-thymidine (specific activity 20 Ci/ 
mmole) from New England Nuclear (Boston, MA). 
Antibody to a-amylase was purchased from The Bind- 
ing Site Co. (Birmingham, UK). Polyclonal antibody 
to TGF, and rat acidic proline-rich protein were gen- 
erous gifts from Dr. Gregory Schultz, Department of 
Obstetrics and Gynecology, University of Florida, 
Gainesville, FL and Dr. David Castle, Department of 
Anatomy and Cell Biology, University of Virginia 
Charlottesville, VA, respectively (18, 19). All other 
reagents were of ultrapure quality and obtained 
through commercial sources. Radioimmunoassay of 
plasma insulin levels was performed in the Department 
of Pathology, University of Florida. 

Animal Preparation. Animals were given ad libi- 
tum exposure to food and water. Consumption rates of 
each were measured after a 24-hr period. Toxic insulin 
effects were monitored by observation of animal be- 
havior as well as by dietary intake rates, in addition to 
measuring blood glucose levels in response to hor- 
mone administration by using Boehringer Mannheim 
Diagnosis (Indianapolis, IN) ChemStrip bG reagent 
strips. Peripheral blood was obtained from the tail 1 hr 

following insulin administration. Separate groups of 
animals (n = 6) were given either twice daily intra- 
muscular injections of 0.1 ml containing saline or in- 
sulin (50 pMlanima1) for one to six days. The animals 
were killed 15 min following the last injection by cer- 
vical dislocation of the spine. The parotid and subman- 
dibular glands were subsequently identified by gross 
morphology, quickly trimmed of connective tissue and 
lymph nodes and dispersed into 2.0 ml of 10 mM Tris 
buffer pH 8.0 containing 1 .O p M  leupeptin and 100 p M  
PMSF. Since plasma insulin levels average 1.0 ng/ml 
(25 U/mg) for rodent species (20), the bolus injection of 
insulin would be equivalent to a 2000-fold increase in 
hormone concentration based upon unit equivalents. 
The insulin level achieved in blood plasma was 100- 
fold greater than untreated animals (data not shown). 

Saliva was collected from mice following the re- 
moval of laboratory chow for 18 hr as previously de- 
scribed (21). Briefly, total saliva was collected from 
the oral cavity by micropipette following stimulation 
of secretion using 0.20 mg isoproterenol and 0.05 mg 
pilocarpine/100 g body wt dissolved in saline and in- 
jected (0.1 ml volume) ip into control and experimental 
mice. The saliva was placed into chilled 1.5-ml micro- 
centrifuge tubes. Volume was calculated based on 
weight change of the preweighted tubes using a Met- 
tler analytical balance. Saliva was collected over a 15- 
min period. 

Total Protein and Amylase Content of Saliva. 
For each analysis, all samples were assayed at one 

time and in duplicate to minimize error. Total protein 
was measured by the method of Bradford using bovine 
serum albumin as standard (22). Amylase activity was 
determined by activity assays (21, 23) using starch as 
standard substrate. Saliva was diluted 1000-fold for 
these assays in PBS. One unit of amylase was defined 
as the amount that hydrolyzed 1 mg starch min-' mg 
protein- * at 37°C. 

Submandibular Gland and Saliva Levels of 
EGF. For EGF estimation, the volume of total saliva 
was brought to 1.0 ml with sterile water. Fifty-eight 
microliters of glacial acetic acid were added to obtain 
a 1 N solution. The solution was cooled on ice for 30 
min and then centrifuged at 4°C for 30 min in an Ep- 
pendorf centrifuge. The supernatant was transferred to 
a new tube, frozen at - 80°C and then lyophilized. The 
remaining proteins were resuspended in 200 p1 sterile 
water. One hundred microliters of clarified saliva or 
submandibular gland lysate were added to 100 pl of 
human placental microvillus membranes and [ 1251]- 
labeled human EGF. After incubation at 37°C for 2 hr, 
the membrane mixture was diluted in 3.5 ml PBS, cen- 
trifuged for 20 min at 7000g, and the radiolabel asso- 
ciated with the membrane determined in a Beckman 
gamma counter (24). This method of binding is inde- 
pendent of the species of the EGF source (21, 25). 
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Polyacrylamide Gel Electrophoresis. Ten mi- 
crograms of whole saliva protein or 20 pl of saliva 
volume were subjected to electrophoretic separation 
on a 1.5-mm thick 10% or 15% SDS-polyacrylamide 
gel system as described by Pugsley and Schnaitman 
(26). The gels were fixed and stained by protocols de- 
scribed previously for mouse saliva (21, 27). 

For Western blot analysis of salivary proteins, 30 
pg of whole saliva protein was separated by SDS- 
polyacrylamide gel and transferred to nitrocellulose at 
17 V for 12 hr (28). The nitrocellulose filters were 
blocked for 1 hr in PBS containing 3% BSA and 0.1% 
Tween-20 (Bio-Rad). The filters were then incubated 
for 12 hr at room temperature with a 1500 dilution of 
antibody monospecific to the proline-rich protein, 
amylase, or TGF,. Following repeated washing, the 
nitrocellulose was incubated for 2 hr with blocking 
buffer containing [ 12'1] protein-A, washed repeatedly 
and finally placed at -80°C for 72 hr for autoradiog- 
raphy using Kodak XAR-5 film. 

The analysis of the insulin receptor was performed 
using 50 pg of plasma membrane prepared from the 
parotid and submandibular glands as described by Ar- 
van and Castle (29). Polyclonal antibody to the a sub- 
unit of the insulin receptor was obtained from Upstate 
Biotechnology , Inc. (Lake Placid, NY). 

Incorporation of [3H]-Thymidine into DNA. The 
rate of in vivo DNA synthesis of the parotid and sub- 
mandibular gland was determined by the incorporation 
of [3H]-thymidine into TCA precipitable counts. Con- 
trol and experimental animals were injected with 0.05 
pCi [3H]-thymidine 4 hr prior to killing. Following re- 
moval of the gland, wet weight was determined by an 
analytical balance. Following homogenization using a 
polytron tissue dispenser and Dounce homogenization 
in 10 mM Tris HC1 pH 8.0 containing 100 p M  PMSF 
and 1.0 p M  leupeptin, 100 p1 were removed to deter- 

mine radiolabel incorporation as described previously 
(30). 

Statistical Analysis. The Bonferroni paired com- 
parisons test was used to determine significant differ- 
ences among means after a significant analysis of vari- 
ance (ANOVA) test. P < 0.05 was considered to be 
significant difference. The number of animals per ex- 
perimental time point was n = 6 unless otherwise in- 
dicated. All values are expressed as the mean k stan- 
dard error. 

Results 
Physiological Responses of BALB/c Mice to In- 

sulin Injection. The effects of chronic insulin injec- 
tion on mouse physiology were measured by analyses 
of body weight and changes in food consumption. As 
indicated in Table I, intramuscular bolus injections of 
insulin, at 2000-fold concentrations of blood levels for 
the hormone, did not significantly (P > 0.05) alter total 
body weight or consumption of food and water during 
the course of the experimental protocol. 

Salivary Gland Hypertrophy and Hyperplasia. 
The parotid and submandibular glands were analyzed 
for the effects of chronic insulin treatment on gland 
weight. Changes in gland weight were recorded per 
100 g body wt. As shown in Figure lA, the parotid 
gland exhibited a 1.6-fold increase in wet weight 24 hr 
after the injection of insulin into mice (P < 0.01). No 
further increase in gland size was observed for the six 
days of injection. There was a smaller increase in wet 
weight for the submandibular gland. A gradual in- 
crease out to four days of chronic treatment is evident 
in Figure 1B. However, this increase was not statisti- 
cally different from control animals until Day 3 of 
treatment (P < 0.05). In both the parotid and subman- 
dibular glands, the levels of total protein in cell lysate 
increased 1.3- and 1.4-fold respectively 24 hr after the 

Table 1. Effects of Chronic Insulin on Mouse Physiology 

lnsu I i n Body Water Food Gland weightd Blood Gland protein' 
treatment weight" consumptionb consumptionC PAR SMX glucosee PAR SMX 

CTL 16.6 f. 0.85 23 k 4 3.3 k 1.7 0.20 f. 0.03 0.37 k 0.03 180 14.8 k 2.6 18.2 f. 1.7 
1 Day 16.5 * 1.06 25 k 3 3.1 k 0.8 0.32 f. 0.05 0.38 k 0.02 120 19.0 k 1.7 25.4 2.8 
2 Day 16.8 k 0.83 22 f. 4 3.4 k 1.0 0.31 ? 0.04 0.43 k 0.04 120 25.2f. 1.1 27.8 k 2.1 
3 Day 16.7 f. 0.89 25 f. 4 3.8 k 0.9 0.33 2 0.03 0.45 f. 0.03 80 26.2 k 1.7 28.9 ? 2.3 
4 Day 17.1 5 0.88 23 k 4 3.3 k 1.1 0.31 f. 0.04 0.47 k 0.05 80 30.2 k 3.5 26.3 k 1.9 
5Day 16.5 k 1.11 23 k 4 3.6 k 0.7 0.34 ? 0.05 0.48 5 0.05 80 28.5 k 1.7 26.1 k 2.3 
6 Dav 17.0 k 1.50 21 2 5  3.2 k 1.2 0.30 k 0.01 0.45 k 0.05 80 25.6 * 4.8 26.5 k 2.5 

* All values expressed a mean g -+ SE. 

dValues expressed as mean mg -+ SE. 
* Blood glucose values are expressed as mean mg/dl -+ SE as per manufacturers instructions. 
'Values expressed as mean mg cell protein 2 SE. 
n = 6 for all experimental groups. 

Values expressed as mV24-hr period _t SE. 
Values expressed as mean g chow consumed/24 hr -+ SE per animal. 
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Figure 1. Histogram of salivary gland wet weight following 
chronic insulin treatment of BALBlc mice. Panel A represents 
values for the parotid gland while Panel B represents values for 
the submandibular gland. All values are the mean tissue weight 
of six experimental animals * SE/100 g body wt. 

initial injection of insulin (Table I; P < 0.05). There 
was a further increase at 48 hr, although there was not 
any appreciable changes in the following days of hor- 
mone administration. 

Chronic insulin injection into mice caused a tran- 
sient increase in hyperplasia as indicated by the in- 
crease in [3H]-thymidine incorporated into DNA (Fig. 
2). In the parotid gland, thymidine incorporation in- 
creased from 55 c p d g  tissuellO0 g body wt to reach a 
maximum incorporation at Day 4 of 165 c p d g  tissue/ 
100 g body wt (P < 0.01). Following the maximum rate 
of [3H]-thymidine incorporation, DNA synthesis de- 
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Figure 2. Histogram of the rates of DNA synthesis following 
chronic insulin treatment of the parotid gland (Panel A) and 
submandibular gland (Panel B). DNA synthesis was measured by 
the rate of incorporation of [3H]-thymidine into TCA precipitable 
counts. All values are expressed as mean cpm 2 SE/g tissuell00 
g body wt. n = 6 animals per group. 

clined on Day 5 and 6 (Figure 2A). For the subman- 
dibular gland, the greatest rate of DNA synthesis was 
observed after two days of chronic insulin treatment. 
The rate of [3H]-thymidine incorporation increased 
from 96 c p d g  tissue/100 g body wt to 172 c p d g  tis- 
sue/100 g body wt (P < 0.05). By Day 5 of insulin 
injection, the rate of DNA synthesis returned to con- 
trol values (Figure 2B). 

The decline in hypertrophy and hyperplasia under 
conditions of chronic insulin injection was further in- 
vestigated by examining the level of receptor present 
in plasma membranes from the parotid and subman- 

356 INSULIN EFFECTS ON SALIVARY GLAND FUNCTION 



Figure 3. Autoradiography of insulin receptor levels in the pa- 
rotid (Panel A) and submandibular gland (Panel B) following 
insulin injection into BALB/c mice. Fifty pg of plasma membrane 
protein were separated on 10% SDS-polyacrylamide gels prior 
to Western blot analysis using [1251]-protein A. Each membrane 
sample represents a pool of six animals per day of insulin injec- 
tion. Prestained molecular weight standards are: myosin, 
205,000 Da; p-galactosidase, 116,500 Da; bovine serum albumin, 
80,000 Da; and ovalbumin, 49,500 Da. Lane 1 (C), control, saline 
injected mice; Lane 2, one day of insulin treatment; Lane 3, two 
days of insulin treatment; Lane 4, three days of insulin treat- 
ment; Lane 5, four days of insulin treatment; Lane 6, five days of 
insulin treatment; Lane 7, six days of insulin treatment. 

dibular glands. As shown in Figure 3, the level of a 185 
kDa protein (presumably the insulin receptor) re- 
mained unchanged in membrane preparations for these 
tissues. The identification of the insulin receptor in 
both glands also serves to suggest that the effects on 
gland physiology by the hormone are most likely me- 
diated by direct binding to cells of the salivary glands 
rather than indirectly through a product of insulin me- 
tabolism. 

Saliva Flow Rate and Composition. Changes in 
the flow rate of stimulated saliva of animals receiving 
insulin injections were measured following stimulation 
of secretion by a combined injection of isoproterenol 
and pilocarpine (21). As shown in Figure 4, while fluc- 
tuations in saliva flow were observed for Day 4 and 5, 
there was no significant difference in the volume of 
saliva collected over the 15-min time course. 

The protein content of saliva was examined by 
SDS-polyacrylamide gel electrophoresis. Similar 
staining patterns of the total proteins present were ob- 
served (Figure 5A) when evaluated using constant pro- 
tein per experimental group. If, however, a constant 
volume of saliva was analyzed on the gels, the 
Coomassie blue staining pattern showed that there was 
a decrease in the total protein content of stimulated 
saliva with chronic insulin treatment (Figure 5B). The 
major protein at approximately 56 kDa is amylase. An 

1 T I 

0 1 2 3 4 5 6  

TIME COURSE (DAYS) 
Figure 4. Histogram of stimulated saliva flow rates from insulin 
treated BALB/c mice. Whole saliva was collected following stim- 
ulation of secretion by a combined injection of isoproterenol 
and pilocarpine. All values are expressed as mean pl/min f SE. 
n = 6 animals per time point. 

analysis of enzyme activity using a constant volume of 
saliva from the experimental groups again showed the 
same pattern in the loss of enzyme activity from sa- 
liva. By Day 6 of chronic treatment with insulin, amy- 
lase activity was reduced by 82% compared with saline 
injected controls (P < 0.01; Figure 6A). Changes in 
saliva amylase levels were also reflected in a decrease 
in glandular levels of enzyme activity. Parotid gland 
lysates showed a progressive loss of amylase activity 
with increasing days of insulin treatment (Figure 6B). 
Following five days of chronic insulin treatment, en- 
zyme activity in the gland was reduced by 76% (P < 
0.01). 

Western blot analysis of the proportion of proline 
rich proteins, amylase, and TGF, in mouse saliva fol- 
lowing chronic insulin treatment was performed using 
constant protein as was done for data shown in Figure 
5A. The results shown in Figure 7,  suggest the con- 
centration of all three of the proteins remained con- 
stant as would be predicted from the Coomassie blue 
stained saliva protein profiles. The antibody to amy- 
lase detected a single peptide of approximately 58,000 
Da (Panel A). Two proteins were detected in saliva 
with the antibody to the proline-rich proteins with mo- 
lecular masses of approximately 40,000 and 20,000 Da 
(Panel B). A single protein species of approximately 
6000 Da was identified with antibody to TGF, which 
comigrated with purified human TGF, as previously 
shown (18). The lower migrating protein species may 
be a degradation product of the growth factor (Figure 
7,  panel C). 

Receptor binding assays for EGF levels in saliva 
and the submandibular gland indicated an increase in 
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Figure 5. SDS-polyacrylamide gel profile of saliva proteins following chronic insulin treatment of BALB/c mice. Panel A, whole saliva 
profile following electrophoresis of constant protein per time point (1 0 kg). Panel B, protein profile of saliva following electrophoresis 
of a constant volume (20 kl) of saliva. Each time point represents a typical profile observed for six individual animals in each group. 
Prestained molecular weight standards were: phosphorylase B, 106,000 Da; bovine serum albumin, 80,000 Da; ovalbumin, 49,500 Da; 
carbonic anhydrase, 32,500 Da; and soybean trypsin inhibitor, 27,500 Da. Lane 1, molecular weight standards; Lane 2, control, saline 
injected mice; Lane 3, two days of chronic insulin injection; Lane 4, four days of chronic insulin injection; Lane 5, six days of chronic 
insulin injection. 

the presence of the growth factor with chronic insulin 
administration. Unlike the synthesis of amylase by the 
acinar cells of the parotid gland, duct cell synthesis of 
EGF in the submandibular gland increased when ex- 
pressed per unit protein (Table 11) during the initial 
three days of insulin injection. Synthesis by Day 6 was 
reduced from the peak day of synthesis but was still 
above control values (P < 0.005). The levels of EGF in 
saliva increased throughout the injection regimen 
when expressed as concentration per unit volume. Sa- 
liva values for EGF as well as those for the gland are 
similar to previously reported concentrations based 
upon radioimmunoassay (3 1, 32). 

Discussion 
In the present investigation, we have examined 

the role of elevated levels of insulin on the normal 
physiology and biological function of the salivary 
glands of mice. To accomplish this, normal BALB/c 
mice (i.e., fully functional pancreatic insulin producing 
islet cells) were given twice daily supplemental injec- 
tions of 2000-fold greater International Units of insulin 
than present in normal blood hormone levels. While 
animal behavior such as food and water consumption 

remained normal, the increased insulin produced dra- 
matic decreases in blood glucose concentrations. Too, 
there was no evidence of alterations in the physical 
appearance of the animals or total body weight over 
the six-day injection regimen. 

Chronic injection of insulin resulted in increased 
rates of DNA and protein synthesis. The abrupt in- 
crease in glandular levels of protein could, in part, be 
responsible for salivary gland hypertrophy. From our 
measurement of glandular protein levels, it is not pos- 
sible to conclude the increase is due to de novo syn- 
thesis or decreased secretion in response to insulin. 
Insulin has previously been shown to increase the rate 
of protein synthesis in rat submandibular gland dis- 
persed cell cultures (16). Compared with glandular 
protein levels, increased DNA synthesis was delayed 
in the parotid and submandibular gland. The rate of 
[3H]-thymidine incorporation reached a peak at four 
days of insulin treatment in the parotid gland versus 
two days in the submandibular gland. During this time, 
insulin caused a substantial increase in the level of 
EGF synthesis in the submandibular gland as well as 
its secretion into saliva. Insulin signal transduction oc- 
curs through tyrosine kinase phosphorylation of pro- 
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Figure 6. Histogram of a-amylase activity in saliva (Panel A) and 
parotid gland lysates (Panel B) following chronic insulin treat- 
ment of BALB/c mice. Amylase activity was calculated as mean 
2 SE of mg starch split/min/ml saliva (A) or mg starch split/min/g 
parotid tissue (B). n = 5 animals for each experimental time 
point. 

tein substrates previously shown to be involved in cell 
proliferation (33). The observation of acinar cell hy- 
perplasia with chronic insulin treatment of the parotid 
and submandibular gland suggest similarity to growth 
stimulation involving components of the tyrosine ki- 
nase signaling pathway described for chronic EGF or 
isoproterenol treatment of rat parotid glands (34-37). 
The increased synthesis of EGF could contribute to 
the observed gland hyperplasia by an autocrine growth 
stimulation of the submandibular gland or paracrine 
effects from saliva on the parotid gland by systemic 
dissemination. 

While the level of EGF synthesis and secretion 
increased in the submandibular gland, amylase synthe- 
sis and secretion from the parotid gland was reduced. 
An analysis of whole saliva by SDS polyacylamide gel 

Figure 7. Autoradiographic detection of amylase, proline-rich 
protein, and TGF, in saliva from BALB/c mice following chronic 
insulin treatment. Thirty micrograms of whole saliva protein was 
analyzed for each experimental group. Prestained molecular 
weight standards are as indicated above in Figure 3 and 5. Lanes 
are labeled as in Figure 3, except for Panel C, the last lane on 
right side (p), which contains human recombinant TGF, as a 
positive control. Note the similar gel mobility with mouse saliva 
TGF, identified by the antiserum. 

profiles revealed that chronic insulin treatment de- 
creased protein content per unit volume. Proline-rich 
proteins and TGF, are synthesized by both the parotid 
and submandibular glands. However, their concentra- 
tion in saliva and salivary glands were also reduced 
when evaluated relative to unit protein (data not 
shown). Thus using specific markers for the parotid and 
submandibular gland (i.e., amylase and EGF, respec- 

Table II. EGF Concentrations in Submandibular 
Gland and Whole Saliva 

Sal ivac Submandi bular 
glandb Animal n treatmenta 

0 Day 6 22 ~t 8 29 +_ 9 
1 Day 6 140 It 27 456 5 102 
3 Day 6 420 & 63 970 +- 153 
6 Day 6 76 5 38 2550 -+ 368 

* Animals given twice daily injections of insulin or saline (0 day 
control). 

'Values for saliva EGF concentrates are expressed as mean 
pg/ml whole saliva +- SE. 

Values expressed as mean pg/mg gland protein 2 SE. 
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tively) we have shown differential effects on the func- 
tion of the salivary glands. It should also be considered 
that the regulation of these proteins is unique in the 
salivary glands since amylase synthesis appears to be 
directly regulated by insulin (14, 15) and EGF synthe- 
sis by a number of hormones (31, 32), although we 
found no evidence for insulin effects. Kasayama and 
Oka (38) have, however, shown genetic and chemi- 
cally induced diabetic mice to synthesize less NGF in 
the submandibular gland duct cells than normal mice. 
Both NGF and EGF are synthesized by the same cells 
of the submandibular gland (29). Since amylase syn- 
thesis has been shown to be responsive to insulin lev- 
els (14, 15), we do not have an explanation for the 
paradoxical behavior for enzyme regulation in a situ- 
ation governed by high levels of hormone. One possi- 
ble mechanism may involve the observation that amy- 
lase synthesis is down-regulated during acinar cell pro- 
liferation (40). EGF and amylase are also the product 
of different glandular cell subtypes which may influ- 
ence their response to insulin. 

Insulin effects on various cells’ metabolism and 
homeostasis are mediated by protein phosphorylation 
activities (7). These include not only the tyrosine ki- 
nases but a number of ser/thr kinases such as protein 
kinase A, protein kinase C and the calmodulin- 
dependent protein kinase I1 (7, 41). The activation of 
protein kinase A in response to cAMP has been shown 
to be involved in P-adrenergic agonist stimulation of 
protein secretion from salivary gland acinar cells (42, 
43). Insulin inhibits a number of cellular CAMP- 
dependent phosphorylations and alters enzyme activ- 
ity, but the mechanism by which insulin directly me- 
diates these effects is unclear. In adipocytes and mus- 
cle cells insulin decreases isoproterenol-dependent 
phosphorylation of cAMP dependent protein kinases 
and regulates the activity levels of phosphodiesterases 
and protein phosphatases, thus effectively lowering 
the concentration of cellular cAMP (8, 9, 44). Insulin 
has been shown to modulate salivary gland cAMP lev- 
els (45). Since protein release from salivary acinar 
cells is cAMP dependent, the lower total protein con- 
tent of saliva from insulin-treated animals may be a 
consequence of hormone induced changes in the levels 
of phosphorylation of proteins necessary for proper 
secretion. The accumulation of secretory proteins may 
subsequently result in a feedback down-regulation of 
synthesis by the cells of the salivary glands. The in- 
crease in glandular protein would initially result from 
the intraglandular accumulation of secretory proteins 
as well as synthesis of proteins required for DNA syn- 
thesis and cell division. Clearly, as we learn more 
about the phosphorylation patterns of proteins of the 
salivary glands in response to insulin, a more detailed 
understanding of the effects on gland function will 
emerge. 
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